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AbStmet

Traditionally, probabilistic risk assessments (PRA) of severe accidents in nuclear power plants have considered initiating
events potentially occurring only during full power operation. Recent studies and operation experience have, however,
implied that accidents during low power and shutdown could be signi6 cant contributors to risk. In response to this
concern, in 1989 the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine the
potential risks during low power and shutdown operations. Two plants, Surry (pressurized water reactor) and Grand Gulf
(boiling water reactor), were selected as the plants to be studied. The progrsm consists of two parallel projects being )
performed by Brookhaven National Laboratory (Surry) and Sandia National Laboratories (Grand Gulf) The program
objectises include assessing the risks of severe accidents initiated during plant operational states other than full power
operation and comparing the estimated risks with the risk associated with accidents initiated during full power operation
as assessed in NUREG-1150. The scope of the program includes that of a Level-3 probabilistic risk assessment (PRA)

The subject of this report is the PRA of the Grand Gulf Nuclear Station, Unit 1. The Grand Gulf plant utilizes a 3833
MW BWR-6 boiling water reactor housed in a Mark lli containment. The Grand Gulf plant is located near Port Gibson,
Mississippi. The regime of shutdown analyzed in this study was plant operational state (POS) 5 during a refueling
outage which is approximately Cold Shutdown as defined by Grand Gulf Technical Specifications The entire PRA of
POS 5 is documented in a multi-volume NUREG/CR report (i e., NUREG/CR-6143). The internal events anal) sis is
documented in Volume 2. Internal fire and mternal flood an'ilyses are documented in Volumes 3 and 4, respectively A
separate study on seismic analysis, documented in Volume 5, was performed for the NRC by Future Resources
Associates, Inc. The Lesel 2/3 study for traditional internal events is documented in Volume 6, and a summary of the
results for all analyses is documented in Volume 1.

The analysis documented in this volume of the report is the Level 2/3 anal) sis of the traditional intemal esents. Plant
damage states, which deGne the configuration of the plant and its systems at the onset of core damage for the accidents
scenanos deseloped in the Lesel 1 analy sis, were used to define the interface between the Level 1 and Level 2/3
anal) ses in the Lesel 2/3 analysis, tne possible progressions of the accident following the onset of core damage were
delineated and the amount of radioactive material released to the environment was estimated Based on the amount of
radioactive material released to the envitonment, health effects to the general public were estimated In addition to the
offsite consequences, a scoping anal) sis of the potential doses and dose rates within the site were also estimated The
Gnal product of the analy sis was the integration of the accident frequencies with the consequences of the accidents to
form an expression for aggregate risk.

The risk associated with Grand Gulf as it operates in POS 5 during a refueling outage was shown to be comparable with
the risk associate with full power operation In NUREG-1150 the nsk from full power operation of Grand Gulf was
shown to be quite low While the risk associated with POS 5 is low, there are sery few features of the plant that are
available to attenuate a release should one occur. The most likely accidents in POS 5 have an open containment, the
suppression pool is bypassed, the containment sprays are not available, and the sessel fails releasing the core debris into
the containment. The low values for risk gisen the high condit. anal releases are, in part, due to the extremely low core
damage frequency and the sparse populatwn around the plant.

.

.

Vol 6, l>m I iii NUREG/CR-6143
,

__ _ ___



_

t

-ry 3

b1- )J.
i

This PagYis intentionIIIf4ft blank.

.

i
;

,

;

,

,

:

r

t

F

r
,

,

,

9

NUREG/CR-6143 iv Vol. 6, Part 1 i

i

. _ _ _ _ _ _ _ _ _ . _ _



i

l

1

JRAFT |
l

Contents
|

Acronyms . vi
a

|Foreword . viii.

!
Acknowledgements x 1

, ,

1
1 "xecutive Summary 11 i

1.1 Objectives , 1-1,

1.2 Approach 11
1.3 Results 12.

1.3.1 Core Damage Frequency 1-2
1.3.2 Accident Progression . 13
1.3.3 Aggregate Risk 1-3

'

.

l.4 issues 1-8
1.5 Conclusions 1-8
16 References 1-9

2 Introduction 2-1
2.1 Background 2-1
2.2 Study Objectives 2-2
23 Scope of Study and Major Assumptions 2-2

2 3.1 Study Scope 22
2.3.2 Major Assumptions 2-3,

2.4 Strengths and Limitations 2-5
2.5 References 2-6

3 Methodology 3-1
3.1 Background . 3-1
32 Oversiew of Analysis Approach 31

3 21 Representation of Risk 3-2
3 2.2 Description of Analysis Components 3-2

3 2 2.1 Accident Frequency Analysis 3-2
3 2 2.2 Accident Progression Analysis 33
3.2.2.3 Source Term Analysis 3-4
3 2.2 4 Consequence Analysis 3-5
3 2.2 5 Risk Integration . 3-6

3 2.3 Treatment of Uncertainties 3-6 1

3 2.3 1 Types of Uncertainties ,3-6 |
3.2.3.2 Propagation of Uncertainties . . 38 '

33 References 38 ;

4 Plant Description 4-1 <

4.1 General Description 4-1
4.1.1 Primary System . 4-1
4.1.2 Containment Structure 4-2
4.1.3 Drywell Structure and Suppression Pool . 4-2
4.14 Reactor Pedestal Cavity 4-4
4.1.5 Emergency Power System 4-4.

4.16 Hydrogen Ignition Sy stem . .4-5
4.1.7 Containment Heat Removal Sy stem .4-5
4.18 Coolant Injection Systems 45
4.1.9 Secondary Containment 4-6 |

Vol 6, Part i v NUREG/CR-6143

|



!

i

JRAFT
Contents (Continued)

4.2 Definition of Plant Operating State (POS) 5 4 -6 i
'

4.2.1 Definition of Plant Operating States . 4-7
4.2.2 Characterization of POS 5 4 -7

4.3 References 4-10
-

5 Plant Damage State Analysis 5-1
I5.1 Development of Plant Damage States 5-1.

5.2 Description of Plant Damage States 5-3 I

5.3 Plant Damage State Results 5-6

6 Accident Progression Analysis . 6-1
6.1 Accident Progression Model 6-1.

6 1.1 Major Assumptions 6-1
,

6.1.2 Overview of the APET 6-3 '

6.2 Quantification of Accident Progression Model .6-6
6.3 Accident Progression Bins 6-6,

64 Evaluation of Accident Progression Event Tree 6-6
65 Results frorn Accident Progression Analysis 6-7
66 References 6-16,

7 Radionuclide Release and Transport Analy sis 7-1
7.1 Definition of the Source Term 7-1
72 Description of the Source Term Model 7-1
73 Quantification of Source Term Model 7-5
7.4 Partitioning of Source Terms 7-6 ,

7.5 Results 7-6
76 References 7-7

8 Consequence Analysis 81
8.1 Onsite Consequences 81

81.1 Method 8-1

81.2 Results 82
8.2 Offsite Consequences 8-3

821 Description of the Offsite Consequence Analy sis 8-3
8 2.2 MACCS Input for Grand Gulf . 8-4
8 2.3 Results from the Offsite Consequence Analy sis 8-6

83 References 8-6

9 Risk Integration 91
9.1 Risk Results 9-1

92 Contributions to Risk 9-3
9.3 References 9-6

10 Comparison to Full Power Results 10-1

10.1 Comparison Between POS 5 and Full Power Risk 10-1

10.2 References 10-2

11 Open Issues Il 1

12 Summary 12-1

NUREG/CR-6143 vi Vol. 6 Part 1



|

|

DRAFT
Contents (Continued)

1

!

Appendix A Supporting Information for the Plant Damage State Analysis A-1
A.] Development of End States A1
A.2 Development of Plant Damage States A-1.

A3 Comparison Between Level 1 and Level 2/3 PDS Frequencies . A-2
*

l
Appendix B Supporting Information for the Accident Progression Analysis B-1

B.1 Description of POS 5 APET B1
B.2 Listing of POS 5 APET , B 56

B.3 Quantification of POS 5 APET . B-72
B.3.1 Sources of Information Used to Quantify the APET . B 72
B.3.2 Level 2 Iluman Reliability Analysis . B 77

Appendix C Supporting Information for the Source Term Analysis C-1 |
C1 Listing of GGSORP5 FOR C1
C.2 Input Data for GGSORPS . C-4 9
C3 Partitioned Source Terms . C-59

Appendix D Supporting Information for the Consequence Analysis D-1
D1 Radionuclide Inventories D-1

D 1.1 Inventory for Time Window 1 D-1
D 1.2 Inventory for Time Window 2 D-2
D.13 Insentory for Time Window 3 D3

D2 Listing of Code Used to Estimate Onsite Consequences D-5
D.3 Onsite Consequences for Source Term Groups Dd2

Appendix E Supporting Information for the Risk Analysis . E-|

Appendix F Summary Report for Abridged Study of POS 6 . F-1

Vol 6, Part I vii NUREG/CR-6143

_ _ _ . . - __ _



!

DRA3T l

|
List of Figures

1-1 Simplified Representation of POS 5 Accident Progressions 1-4
1-2 Comparison of POS 5 Risk with Full Power Risk - 1-6 -|
l-3 Comparison of Individual Risks with the Safety Goals 1-7
4-1 Schematic of Grand Gulf Containment
4-2 POS 5 Time Window '

4-3
48

6-1 Simplified Representation of POS 5 Accident Progressions 6 13
62 Simplified Representation of LOCA PDS Group Accident Progressions 6-14
63 Simplified Representation of Station Blackout PDS Group Accident Progressions 6-14
6-4 Simplified Representation of "Other" PDS Group Accident Progressions 6-15
65 Probability of Containment Closure and Probability of Core Damage Arrest . 6-17
6-6 Probability of Containment Failure Given that it was Closed Before Core Damage 6-18
91 Comparison of Individual Risks with Safety Goals 9-2
9-2 Early Fatality Risk for PDS Groups 9-4
9-3 Total Latent Cancer Risks for PDS Groups 95
10-1 Comparison of Grand Gulf Early Fatality Risk 10-2
10-2 Comparison of Total Latent Cancer Risk 10-3
10-3 Comparison of Population Dose within 50 Miles of the Site Risk 10-4
10-4 Comparison of Population Dose within 1000 Miles of the Site Risk 10-5
10-5 Comparison of Grand Gulf Core Damage Frequencies 10-6

NUREG/CR-6143 viii Vol 6, Part I



D3AFf
List of Tables

1-1 Core Damage Frequencies for LOCA, SBO, and Other Transient PDS Groups 11
12 Distributions for Aggregate Risk for POS 5 15
13 Mean Fractional Contnbution to Aggregate Risk for the LOCA, Station Blackout (SBO),

and Other Transient PDS Groups 1-5
3-1 Offsite Consequence Measures Calculated in NUREG-1150 m . 3-7
4-1 Relationship Between Operating Conditions and Plant Operating States 47 |
51 Plant Damage State Results 5-7
6-1 POS 5 Accident Progression Event Tree Questions . 6-4
6-2 Accident Progression Bin Characteristics 6-7
6-3 Accident Progression Bin Definitions . 6-8
7-1 Isotopes in Each Radionuclide Release Class 72
7-2 Sources of Information Used to Quantify the Source Term Parameters . 7-8
8 1-1 Mean Parking Lot Doses and Dose Rates Predicted by Wilson Model 8-2
8 1-2 Mean Parking Lot Doses and Dose Rates Predicted by Ramsdell Model 8-2
82-1 Offsite Consequence Measures Calculated in POS 5 83
82-2 Site Specific Input Data for Grand Gulf MACCS Calculations 8-5
82-3 Population Surrounding Plant 8-6
82-4 Shielding Factors used for Grand Gulf MACCS Calculations 8-6
82-5 Mean Offsite Consequence Results 8-8
9-1 Distribution for Aggregate Risk for POS 5 9-1 |92 Mean Fractional Contnbution to Aggregate Risk for the LOCA, Station Blackout (SBO),

and Other Transient PDS Groups 9-3
9-3 Mean Conditional Consequences for the LOCA PDSs: PDSI-1. PDS2-1, PDS3-1 9-6
9-4 Mean Fractional Contribution to Aggregate Risk for Time Windows 1,2, and 3 9-6
95 Mean Fractional Contributions of Plant Damage States to Risk 9-7 l

10-1 Mean Core Damage Frequency and Mean Risk for POS 5 and Full Power 10-1 |
12-1 Core Damage Frequencies for LOCA, SBO, and Other Transient PDS Groups 12-1
12-2 Distnbutions for Aggregate Risk for POS 5 12 2
12 3 Mean Fractional Contribution to Aggregate Risk for the LOCA, Station Blackout (SBO),

and Other Transient PDS Groups 12 3 I

A-1 End State Characteristics and Attributes A-3
A-2 End State and Plant Damage State Definitions A8
A-3 Plant Damage State Characteristics and Attnbutes A-9
A-4 Plant Damage State Definitions A-l' I

A-5 Comparison Between Level 1 and Level 2 Plant Damage State Results A-13
J

,

1

B 3 1-1 APET Quantification . B-73
B.3 2-1 Summary of HEPs for Level 2 Analysis . B-77
B 3 2-2 HEP 1 Calculation . B-78
B 3.2-3 HEP 1: Sequence Timing and Indications . B 78
B 3.2-4 HEP 1: Potential Operator Action . B-79.

B.3 2-5 HEP 1: Time Available to Diagnose and Perform the Task . B-80
B.3 2-6 HEP 1: Operator Action Performance Time . B-81

1B.32-7 HEP l Diagnosis Time for Operator Action . B 82
B.3.2-8 IIEP 1: Diagnosis Analysis . B-82
B 3 2-9 HEP 1: Post Diagnosis Action Time Identification per Step 10, Table 8-1 of ASEP HRAP . . B-83
B 3.2-10 HEP 1: Post Diagnosis Stress-Level identification per Step 10, Table 8-1 of ASEP HRAP . B-84
B 3 211 HEP 1: Total HEP . B-85
B 3 2-12 HEP 2 Calculation . B-86
B 3 2-13 HEP 2: Sequence Timing and Indications . B 87
B.3 2-14 HEP 2: Potential Operator Action . B-88

Vol 6, Part 1 ix NUREG/CR-6143
1

b



1N([[[Y
List of Tables (continued)

B 3 2-15 IIEP 2: Time Available to Diagnose and Perform the Task . B 89
B.3 2-16 liEP 2: Operator Action Performance Time . B-89
B.3 2-17 liEP 2 Diagnosis Time for Operator Action B 90*

B 3.2-18 IIEP 2: Diagnosis Analysis . B-90
B.3 2-19 IIEP 2: Post Diagnosis Action Time Identi6 cation per Step 10, Table 8-1 of ASEP llRAP . - . B-91
B 3 2 20 llEP 2: Post Diagnosis Stress-Lesel Identification per Step 10, Table 81 of ASEP IIRAP . B-92
B 3 2-21 liEP 2: Total IIEP , B-93

i
B 3.2 22 liEP 3 Calculation . B-94 |

B 3.2-23 liEP 3: Sequence Timing and Indications . B-95 l

B 3 2 24 IIEP 3: Potential Operator Action . B-95
B.3 2 25 liEP 3: Time Available to I)iagnose and Perform the Task . B-96
B.3 2-26 IIEP 3: Operator Action Performance Time . B 97
B 3 2-27 11EP 3: Diagnosis Time for Operator Action . B-98
B 3 2 28 IIEP 3: Diagnosis Analysis . B-98 j

B 3 2 29 IIEP 3: Post Diagnosis Action Time Identification per Step 10, Table 8-1 of ASEP liRAP . . B-99 )
B 3 2 30 11EP 3 Post Diagnosis Stress-Level Identi6 cation per Step 10, Table 81 of ASEP llRAP B 100
B 3 2-31 IlEP 3. Total llEP B-101
B 3 2-32 IIEP 4 Ca:cuhtion B-102
B 3 2-33 1-{EP 4 Sequence Timing and Indications B-102 )
B 3 2 34 liEP 4 Potential Operator Action B-103 '

B 3 2-35 IIEP 4 Time Available to Diagnose and Perform the Task B-104
B.3 2 36 IIEP 4: Operator Action Performance Time B 105
B 3 2 37 IIEP 4: Diagnosis Time for Operator Action B-105 |
B 3 2 38 liEP 4. Diagnosis Analysis B-105 |
B 3.2-39 IIEP 4. Post Diagnosis Action Time Identification per Step lo, Table 8-1 of ASEP IIRAP . B 106 I

B.3 2-40 liEP 4 Post Diagnosis Stress-Lesel Identification per Step lo, Table 8-1 of ASEP IIRAP B 107
B 3 2-41 ITEP 4: Total liEP B-108

C 3-1 Source Terms for Partitioned Source Term Groups . C-60

D 3-1 Dose and Dose Rates Calculated Using WilsonSeg Guide Model D-13
D 3-2 Dose and Dose Rates Calculated Using Ramsdell Model D-18

E-1 Plant Damage State Risk Results .E1

|

NUREG/CR-6143 x Vol. 6 Part 1

. _ ,



i

l

DT'* A TF1hfL.L' --

Acronyrns |

ADHR Auxiliary Decay llent Removal
ADS Automatic Depressurization System '

APB Accident Progression Bin
APET Accident Progression Event Tree |

,

BNL Drookhaven National Laboratory -

|BWR Boiling Water Reactor '

CCI Core-Concrete Interaction
CD Core Damage
CDS Condensate
CNMT Containment
CRD Control Rod Drive
CS Containment Spray
CVS Containment Venting System
DCH Direct Containment Heating
ECCS Emergency Core Cooling Systems
EOP Emergency Operating Procedures
EPS Emergency Power System '

ES End State
ESF Engineered Safety Feature
FCI Fuel-Coolant Interaction
HEP liuman Error Probability
111 S Hydrogen Igniter System
IIPCS High Pressure Core Spray
HRA Human Reliability Analysis
LilS Latin Hypercube Sampling
LOCA Loss of Coolant Accident
LPCI Low Pressure Coolant Injection
LPCS Low Pressure Core Spray
LP&S Low Power and Shutdown
MSIV Main Steam Isolation Vahe
NRC Nuclear Regulatory Commission
OC Operating Condition
PDS Plant Damage State
POS Plant Operating State
PRA Probabilistic Risk Assessment
PWR Pressurized Water Reactor
RCIC Reactor Core Isolation Cooling
RHR Residual Heat removal
RPV Reactor Pressure Vessel
SBO Station Blackout

,

SDC Shutdown Cooling System (s)
SGTS Standby Gas Treatment System
SP Suppression Pool
SPC Suppression Pool Cooling
SPMU Suppression Pool Makeup
SRV Safety Relief Valve
SSW Standby Service Water Crosstie
STO Source Term Group
VB Vessel Breach

Vol 6, Part 1 xi NUREG/CR-6143



. . - - _ _ _ -. .

DRAFT |
Foreword

:

(NUREG/CR-6143 and 6144)
Low Power and Shutdown Probabilistic Risk Assessment Program

,

Traditionally, probabilistic risk assessments (PRA) of severe accidents in nucicar power plants have considered initiating
events potentially occurring only during full power operation. Some previous screening analyses that were performed for
other modes of operation suggested that risks during those modes were small relative to full power operation. Ilowever,
more recent studies and operational experience have implied that accidents during low power and shutdown could be

.significant contributors to risk.
>

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine the
potential risks during low power and shutdown operations The program includes two parallel projects performed by
Brookhaven National Laboratory (BNL) and Sandia National Laboratories (SNL), with the seismic analysis performed by i
Future Resources Associates. Two plants, Surry (pressurized water reactor) and Grand Gulf (boiling water reactor), were
selected as the plants to be studied.

The objectives of the program are to assess the risks of severe accidents due to internal events,intemal fires, internal
floods, and seismic events initiated during plant operational states other than full power operation and to compare the
estimated core damage frequencies, important accident sequences and other qualitative and quantitative results with those
accidents imtiated during full power operation as assessed in NUREG-1150. The scope of the program includes that of a '

les el-3 PRA.

,

The results of the program are documented in two reports, NUREG/CR-6143 and 6144. The reports are organized as
follow s:

For Grand Gulf:

NUREG/CR-6143 - Evaluation of Potential Severe Accidents During Low Power and Shutdown
Operations at Grand Gulf. Unit 1 '

Volume 1. Summary of Results
Volume 2: Analysis of Core Damage Frequency from Internal Events for Plant

Operational State 5 During a Refuehng Outage
Part 1: Main Report
Part 2. Intemal Events Appendices A to H
Part 3: Internal Events Appendices I and J
Part 4: Internal Events Appendices K to M '

Volume 3: Analysis of Core Damage Frequency from Internal Fire Events for Plant
Operational State 5 During a Refueling Outage

Volume 4: Analysis of Core Damage Frequency from Intemal Flooding Events for Plant
Operational State 5 During a Refueling Outage

Volume 5: Analysis of Core Damage Frequency from Seismic Events for Plant
Operational State 5 During a Refueling Outage

Volume 6: Evaluation of Severe Accident Risks for Plant Operational State 5 During a
Refueling Outage
Part 1: Main Report
Part 2: Supporting MELCOR Calculations

,

,

,
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Foreword (Continued)

For Sury:

NUREG/CR-6144 - Evaluation of Potential Severe Accidents During Low Power and Shutdown Operations at
Surry Unit 1

Volume 1: Summary of Results
Volume 2: Analysis of Core Damage Frequency from Internal Events During Mid loop

Operations
Part 1: Main Report
Part 2: Internal Events Appendices A to D
Part 3: Intemal Events Appendix E
Part 4: Intemal Events Appendices F to 11
Part 5: Intemal Events Appendix 1

Volume 3: Analysis of Core Damage Frequency from Intemal Fires During Mid-loop
Operations j

Volume 4: Analysis of Core Damage Frequency from Internal Floods During Mid loop '

Operations
Volume 5: Analysis of Core Damage Frequency from Seismic Events During Mid-loop

Operations
Volume 6: Evaluation of Severe Accident Risks During Mid loop Operations

Part 1: Main Report
Part 2: Appendices

i

l
i

|
|

.

|

|
'

Vol 6, Part 1 xiii NUREG/CR-6143

|

_ _ ____ -



!
I

w

:

Acknowledgements |

The authors wish to thank the NRC project manager, Chris Ryder, for his support, interest, and thoughtful management
of the project. We would also like to thank the MELCOR development team at Sandia for making the modifications to

j
the code that enable us to analyre accidents at conditions other than full power.

j

|
'

.

,

W

.

NUREG/CR-6143 xiv Vol 6, Part I



DRAE
1 Executive Summary

Traditionally, probabilistic risk assessments (PRAs) of severe accidents in nuclear power plants have only considered
accidents initiated during full power operation Some previous screening analyses that have been perfonned for other
than full-power modes of operation suggest that risks during those modes of operation were small relative to those
occurring during full power ope ation. However, recent studies and operational experiences indicate that low power and
shutdown accident risk may be significant Although the power of the reactor core is much less in off power conditions
than at full power, the technical specifications allow for more equipment to be inoperable in off power conditions (e g ,
in certain conditions the containment can be open).

In response to the concerns over risk during low power and shutdown conditions, the U.S. Nuclear Regulatory
Commission's Office of Nuclear Regulatory Research (NRC RES) has undertaken a two phase project to analyze the
frequencies, consequences, and risk of accidents occurring durmg modes of operation other than full power.

Phase 1 of the project was completed in September of 1991 [ Whitehead, et al.,1991). This phase involved a coarse
screening of potential accidents that could occur at a Boiling Water Reactor (BWR) while operating a other than full
power and was adopted as a means of obtaining, in a relatively short time, some estimate of the potential for accidents
during low power and shutdown conditions The BWR examined was the Grand Gulf Nuclear Power Station, a single
unit 1250 MWe (net) BWR 6 power plant with a Mark Ill containment, located near Port Gibson, Mississippi

The coarse screening analysis indicated that risk during these conditions cannot be shown to be insignificant by a
conservative screening analysis. Hence, the NRC decided to have follow-on detailed analy ses performed. Consequently,
the NRC decided to first perform a detailed analysis consisting of a Level 3 PRA on one of the off power conditions.
Based on trends indicated in the results of the cocrse screening analy sis, plant operational state (POS) 5 (consisting
mainly of Cold Shutdown Operating Condition) was selected for detailed analysis (NOTE: Plant operational states are
artificial subdivision of the time plants spend in low power and shutdown conditions This concept was developed
during Phase 1 of this project to all ow the analyst to better represent the plant as it transitions form power operation to
non power operation ) The report presents the results of the detailed analysis of the Grand Gulf facility in POS 5 during
a refueling outage

A companion project for the Surg Pressurized Water Reactor (PWR) is being conducted by Brookhaven National
Laboratory (BNL).

This volume of the report, Volume 6, presents the Lesel 2/3 portion of the Level 3 PRA that was performed on POS 5

1.1 Objectives

The primary objective of this study was to perform an analysis of potential accidents that could occur at Grand Gulf
while the plant is in POS 5. Additional specific objectives for this study include:

For POS 5, perform a preliminary characterization of the accident progressions following core damage ande

estimate the consequences that result from these accidents.

Determine quantitatively the risk and estimate the uncertainty in risk for the risk significant mode of operation*

Compare the risk associated with POS 5 to the safety goals and to the risk associated with full power operation,e

Proside an assessment of the potential for a radioactive release to cause onsite consequenceso

1.2 Appmach

The risk associated with POS 5 was determined in the Level 2 and 3 portions of the PPA using a simplified form of the
NUREG-1150 methodology [U S NRC,1990]. The Level 2/3 portion of the PRA is concerned with the progression of
postulated accidents followmg the onset of severe core damage and the estimation of the consequences that result from

Vol 6, Part i 11 NUREG/CR-6143



|

Executive Summary

the release of any radioactive material and, as such, consists of the following constituent analyses: plant damage state
(PDS), accident progression, source term, consequence, and risk integration A brief summary of the approach used in
each of the constituent analy ses is provided below. ;

Plant Damage State Analysis: PDSs were deseloped to denne the interface between the accident frequency analysis
(Level 1) and the accident progression analysis (Level 2). Core damage accidents that have similar plant and system
configurations at the onset of core damage are grouped together; each group is called a plant damage state.

Accident Pmgression Analy sis: Based on the configuration of the plant defined by the PDSs, event tree techniques were
used to delineate the accident progressions following the onset of core damage. The accident progressions denne the
status of the containment and other features of the plant that are used to mitigate the accident during the various phases
of the accident and also identify phenomena that may impact the release of radioactive matenal. The accident
progression event tree (APET) developed in this study is similar in concept to the APETs developed in NUREG-1150,
however, it is not as detailed Compared to the NUREG-1150 APETs, the POS 5 APET included fewer questions (i e ,
top events), issues were addressed in less detail, and formal expert judgement procedures were not used to quantify the
APET.

Source Tenn Analy sis: Source terms, which characterize the type and amount of radioactive material releases from the
plant, were estimated for groups of accident progression using the parametric approach developed in NUREG-1150 [Jow,
et al 1993] The parametric expression was quantified, to the extent possible, using information from the NUREG-ll50
full power analysis of Grand Gulf [ Harper, et al,1992). The source terms were then combined into a manageable
number of source term groups using partitioning algorithm first deseloped in NUREG-1150 study [Iman, et al,1990]
and then modified in the full power study of the LaSalle plant [ Brown, et al,1992). |

Consequences: Offsite consequences were estimated for each source term group using the MACCS code. The
emergency response assumption used in this study are the same as those used in the NUREG-1150 analysis [ Brown, et
al.,1990]. In addition to offsite consequences, this study also included a scoping analysis of onsite consequences

Rhk Integration: The risk results reported in this study are estimates of aggregate risk which is the sum over all
accidents scenarios of the product of the accident frequency with its consequence.

A limited uncertainty anal) sis, which included variables from the PDS, accident progression, and source term analyses,
was also performed In contrast to NUREG-1150, expen opinion techniques were not used in this study to quantify the
accident progression and source term models

To analyze the potential accident that can occur during POS 5 it was necessary to divide POS 5 into three distinct time
regimes (also called time windows): (1) entry into POS 5 to 24 hours after shutdown,24 hours after shutdown to entry
into POS 6 (i e , POS 6 begins approximately 94 hours after shutdown), and POS 5 after core alterations (i e., this last
time regime starts 40 approximately days after shutdown and lasts for approximately 10. 4 days). For each time window
the appropriate core power and radionuclide inventory was used to estimate the timing of the accident and its potential
consequences

1.3 ResultS

1.3.1 Core Damage Farquency

for discussion purposes, the core damage scenarios identified in the Level 1 analysis can be combined into the following
three PDS groups (12 PDSs were'actually evaluated in the accident progression analysis): LOCAs, Station Blackouts
(SBOs), and Other Transients. The mean core damage frequencies and the mean fractional contributions to the core
damage frequency for these three groups are provided in Table 1-1. The LOCA PDS group is the dominant contributor
to the core damage frequency followed the by SBO PDS group and the Other Transients PDS group
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Table 1 1
Core Damage Frequencies for LOCA, SBO, and

Other Transient PDS Groups
.

PDS Group Mean Core Damage Mean Fractional
Frequency (1/yr) Contribution

LOCA 1. l E-06 0.51

SBO 7.4 E-07 0.33

Other Transients 2 4E-07 0.17

Total 2 lE-06

1.3.2 Accident Progtession

A simplified representation of the APET that addresses the major aspects of the accident is shown in Figure 1-1. The
actual APET included 59 top events or questions). Figure 1-1 combines the result from all of the accidents and is
conditional on the occurrence of core damage; the values displayed in these figures are mean conditional probabilities
From the simpli6ed tree presented in Figure 1-1,it can be seen that the most hkely accidents in POS 5 have an open
containment, the suppression pool is bypassed, and the vessel fails. For the cases where the vessel fails, there is a !
sigm5 cant probability that the core debris will either be quenched in a Dooded cavity or the interactions between the
core debris and the concrete structures beneath the vessel (referred to as CCI) will occur in a flooded cavity. For the
former, the releases associated with CCI are prevented in latter case, the releases are scrubbed by the water in the
Gooded cavity. If the containment is closed prior to core damage,it is predicted to either fail or to be vented after core
damage since containment heat removal is not available in these accidents; venting the containment late in the accident is
the most likely scenar o. For the accidents identified in POS 5, the containment sprays were never available during core
damage.

1

1.3.3 Aggregate Risk I

Table 1-2 presents the offsite risk results for the following six measures early fatalities, total latent cancer fatalities,
population dose within 50 miles of the site, population dose within 1000 miles of the site, individual early fatality risk
within 1 mile of the site, and individual latent cancer risk within 10 miles of the site. The core damage frequency for {
POS 5 is also provided in Table 1-2. The factors that lead to low offsite risk values include the followmg-

|

The core damage frequency calculated for the Grand Gulf plant is extremely low. Thus, while a significant
'e

release may occur, the frequency of the release is sufficiently small that the resulting risk is also small.
1

The population density around the Grand Gulf plant is also low. Although many factors induence the )
e

magnitude of the consequences, in general, for a given release, the smaller the population, the smaller the !
number of fatalities. Of the four Mark Ill plants in the United States, Grand Gulf has the fewest number of I

people living within 50 miles of the plant according the 1990 census data.

Although in many of the accidents the containment equipment hatch is open, the suppression pool is bypassed,e

and the c ontainment sprays are unavailable, the releases pass through the auxiliary building before escaping into
the envionment Because of its large volume and surface area, the auxiliary building provides a location for the
radionue ides to be attenuated by deposition and thereby reduce the source term to the environment. Without
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Status of Stseus of Suppnssion
CNMT CNMT Pool Vessel Status

PDS Before CD During CD Bypass Failun of CCI

Dry CCI(039)

Yes (0.98) Flooded CCI(0 38)

IBypassed (0 85) None (033)

No(0 02)
,

t

_Open (0 99) Open (l .0) '

Dry CCI(0 0)

Yes (10) Flocxied CCI(0 62)

None (0.15) None (038) 1

ALL No (0 0)

i

Eark Failure (0 05) Bs pass Yes Dry CCI
|

Late Venting (0 93) Bs pass Yes Dry CCI
i

Closed (0.0I) 12te Failure (0 02) Bs pass Yes Dn CCI J

|No Failure (0 On)

Figure 1 1
Simplified Representation of POS 5 Accident Progressions

the auxiliary building, considerably more radioactive material would be released to the environment.
,

!

The accidents delineated for these shutdown conditions progress more slowly and, therefore, there is generallye

more time for the public to respond to the accident and evacuate before they are exposed to the release. This is
primarily important for the early health effects consequence measures which are more strongly affected by the
time available to evacuate

Radioactive decay has reduced the radioactive potential of these shutdown accidents relative to the inventoryo
j

that is present at shutdown This factor is primarily important for early health effects which are more strongly
affected by the shorter lived radionuclides. This affect is much less noticeable for latent health effects which are
more strongly affected by the long lived isotopes.

To place the risk from POS 5 into context,it was compared to the risk from power operation as estimated in NUREG- j

l150 [ Brown, et cl.,1990] and was also compared to the NRC quantitative safety goals. From Figure 12, it can be
seen that the risk from POS 5 is comparable to the nsk from power operation While the mean risk from POS 5 is
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Table 1-2

,

t

Distributions for Aggregated Risk for POS 5
(All values are per year)

(Population doses are in person-rem)

Consequence Descriptive Statistics
Measure 5th PCT 50th PCT 95th PCT MEAN- STD Dev.

i
Core Damage Frequency 4. lE-07 1.4 E-06 5.6E-06 2. l E-06 2.7E-06
Early Fatality Risk 3.7E-11 2.8E-09 3.9E-08 1.4E-08 5.4 E-08 $
Total Latent Cancer Risk 4.3E-04 1.9E-03 1.2E-02 3.8E-03 7.7E-03
Population Dose within 50 miles of the plant 1.3E-01 5.3E-01 3 lE+00 9.9E-01 1.9E40
Population Dose within 1000 miles of the 9.9E-01 4.4 E40 2.8E+01 8 7E+00 1.8E+0! {

,

plant

Individual Early Fatality Risk-- O to 1 mile 4.2E 13 2.7E 11 3.0E 10 9.6E 11 3.4E 10
individual Latent Cancer Risk- O to 10 miles 2 SE-10 9.4E-10 4.9E-09 1.6E-09 2 4E 09

I

greater than the mean risk from full power operation, there is considerable overlap between the distribution suggesting
that any difference that exists is small. In Figures 1-3, the risk from POS 5 is also shown to be well below the safety
goals. While the safety goals do not necessarily apply to selected modes of operation (i e., ideally they should be
compared to the plants total riskt a comparison of POS 5 risk to the safety goals does provide an indication, in an

,

absolute sense, of the risk associated with this mode of operation. ,

',>

The mean fractional contributions to risk from the LOCA, SBO, and Other Transient PDS groups are provided in Tcble :

1-3. The SBO PDS group is the dominant contributor to the early fatality risks (total and individual). The SBO PDS
group's large contribution to early fatality risk can be attributed to its relatively high contribution to the core damage
frequency coupled with the fact that the containment equipment hatch is off in these accidents, the suppression pool is

. ,
'

bypassed, and the auxiliary building fails early in the accidents. Combined, these factors cause the SBOs to have
relatively high risk values The LOCA PDS group, however,is not a dominant contributor to early fatality risk even

I

,

though it is a dominant contributor to the core damage frequency. This stems primarily from the fact that the accidents
|

that are the dominant contributor to the LOCA core damage frequency occur in POS 5 after core alterations (i c., many a

weeks after shutdown) by which point the amount short-lived radionuclides that are. important to early health hase been
significantly reduced by radioactive decay.

!
i

!

Table 1-3
Mean Fractional Contribution to Aggregate Risk for the LOCA, Station Blackout (SBO),

and Other Transients Plant Damage State Groups
-

PDS Core Early Total Latent Population Population Individual Individual
Groups Damage Fatalities Cancers Dose Dose Early Latent

Frequency (<50 miles) (<1000 miles) Fatalities Cancers

(0-Imiles) (0-10 miles)
LOCA 0 51 0.16 0.42 0.43 0,41 0.17 0.51
SBO 0.33 0.73 0 45 0.42 0.45 0.70 0.35
Other 0.17 0.12 0.13 0.15 0.14 0.12 0.14

*
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For latent cancer health effects, the LOCA and SBO PDS groups are the dominant contributors to risk. Since the
radionuclides that are important to the latent health effects are the long lived radionuclides, these risk measures are not

!
particularly sensitive to when the accident occurs relative to shutdown. Latent cancers primarily depend on the total
amount of radioactive material released and not on when it was released (i e., early in the accident versus late in the

,

accident). Since latent cancers are not strongly dependent on the timing characteristics of the accident (i c., start of |
'

release or release duration), the latent cancer risk will depend on the hkelihood of the accident and on the total amount
of radioactive material released. In all of the accidents delineated in this study, the containment is either open at the '

start of the accident or fails during the accident and in most of the accidents the core damage process is not anested in
the vessel - Although the timing of the accident may vary, all of the accidents have the potential to release a significant
amount of radioactive material to the environment. Hence, the mean fractional contribution to latent cancer risk tends to
be roughly proportional to the contribution to the core damage frequency. The fraction contributions from the LOCA
and Other Transients tend to be less than there fractional contribution to the core damage frequency because for these
PDSs portions of the release are scrubbed by either the suppression pool or by water in the reactor cavity. The fractional
contribution from the SBO PDS group tends to be greater than the fractional contribution to the core damage frequency
because for these accidents the containment is open at the start of the accident, the auxihary building fails early in the
accident, vessel always fails, CCI always occurs and none of the releases are scrubbed by water. Therefore, the releases
associated with the SBO tend to be large relative to the other accidents analyzed in this study.
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1.4 Issues |
|

|

The study presented in this volume is for a single POS (namely POS 5) and, as such, assesses the risk associated with I

this POS. This study does not, howeser, attempt to assess the risk with the entire LP&S regime of operation While the
Level I screening study and other qualitative insights suggest that POS 5 is the risk dorninant mode of shutdown, no I
detailed study has been performed on the other POSs to confirm this beHef.

1

It is important to realize that reducing the risk in one POS, for example by changing when equipment is available and |
unavailable, can shift the risk to another POS. Since this study only addresses the risk associated with one POS, the |

affect of this change on oserall risk (i e., risk across all the POSs) cannot currently be quantitatively assessed.

Since only a single plant was analyzed, these results cannot be considered generic and applicabir to a population of ;

plants The plant and system models used in this study are based on the Grand Gulf plant as it operates in a selected I

mode of operation. Thus, while some insights may be applicable to other plants, in general, the results from this study
should not be arbitrarily applied to other plants or conditions The model used to deselop the progression of the
accidents after the onset of core damage is, in part, based on the Grand Gulf Emergency Operating Procedures and other
proc $dures and practices at the plant. Changes in these procedures and practices can certainly affect the progression of
the accident and the ultimate risk of the POS Similarly, since the offsite consequences are sensitive to the site
characteristics and surrounding region (e g , weather, population, land usage), for a gisen release of radioactise material,
the consequences can be expected to vary from one site to the next. J

l1.5 Conclusions

The followmg conclusion can be drawn from this stuJy-

1
Without many plant features available to mitigate a release, the potential exists for a large release of radioactive 'e

material should core damage occur. For the most likely accidents the containment is open, the suppression pool
is by passed, and the containment sprays are not asailable The auxiliary building is one of the few plant
features that is available to attenuate a release

in the esent that the containment is closed prior to the onset of core damage,it is always predicted to fail sincee

containment heat removal was not available in the analyzed accidents

The risk associated with the operation of the plant during POS 5 is comparable to full power risk and the )*

individual risks are well below the safety goals The low values for risk gisen the high conditional releases
|

described abose are, in part, due to the extremely low core damage frequency and the sparse population around '

the plant.

Although only a simplified scoping study of the onsite consequences was performed, the possible onsiteo

consequences of an accident during shutdown could be significant, particularly since in many of the accidents |
the containment remains open allowing for an early release of radioactive material. '

l
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2.1 Backgmund

The safety of commercial nuclear plants during power operation has been previously assessed in many probabilistic
safety assessment studies. The U S Nuclear Regulatory Commission (NRC) has been an active participant in these
studies including the landmark Reactor Safety Study [USNRC,1975], the five plant studies performed as part of the
NUREG-1150 study [USNRC,1990] and the Lasstle plant analy sis performed under RMIEP/PRUEP programs {Payne,
1992 and Brown, et al,1992]. Furthermore, all licenses are required to perform an individual plant examination which
also assesses the safety of the plant during full power operation.

Recent events at several nuclear power generating stations, recent safety studies, and operational experience, however,
hase all highlighted the need to assess the safety of plants during low power and shutdown modes of operation. In
contrast to full power operation, there is very little information on the safety of plants during low power and shutdown
modes of operation In the past, the assumption has been that power operation is the risk dominar.t mode of operation
because the decay energy is greatest at the time of shutdown and then decays as a function of time. Thus, the rationale
was that dunng shutdown modes of operation the decay heat would be sufficiently low that there would be plenty of
time to respond to any abnormal event that may threaten the core cooling function. Furthermore, given the unlikely
event that a release did occur, radioactive decay would lessen the radiological potential of the release. This argument's
Achilles' heel is that the technical speciGcations allow for more equipment to be inoperable in off power conditions 1

Thus, while there may be more time to respond to an accident during shutdown, many of the systems that are relied on i

to rritigate an accident during power operation may not be available during shutdown.

To gain a better understanding of the nsk significance of low power and shutdown modes of operation, the Office of !

INuclear Regulatory Research at the NRC has undertaken a two phase program to analyze the frequencies, consequences,
and nsk of accidents occurring during modes of operation other than full power. To investigate the likelihood of severe

'

core damage accidents during off power conditions, probabilistic risk assessments (PRAs) were performed for two
nuclear plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR-6 Mark.111 boiling water reactor (BWR) and
Unit I of the Surry Power Station which is three loop, subatmospheric, pressurized water reactor (PWR) This report
discusses the analysis that was performed on the Boiling Water Reactor.

Phase 1 of the project was completed in September of 1991 [Whitel end, et al.,1991). This phase involved a coarse
screening of potential accidents that could occur at a BWR while operating a other than full power and was adopted as a i

means of obtaining, in a relatisely short time, some estimate of the potential for ac.;idents durir.g low power and I
shutdown conditions The coarse screening analysis indicated that risk during these conditions cannot be shown to be
insignificant by a conservative screening analysis Hence, the NRC decided to have follow-on detailed analy ses ]
performed Consequently, the NRC decided to first perform a detailed analysis consisting of a Level 3 PRA on one of I

i

the off power conditions. Based on trends indicated in the results of the coarse screening analysis, plant operational state
(POS) 5 (consisting mainly of Cold Shutdown Operating Condition) was selected for detailed analysis (NOTE: Plant
operational states are artificial subdivision of the time plants spend in low power and shutdown conditions. This concept )
was developed during Phase 1 of this project to all ow the analyst to better represent the plant as it transitions form |

power operation to non power operation ) The report presents the results of the detailed analysis of the Grand Gulf
facility in POS 5 during a refueling outage.

There are several reasons to perform a Level 3 PRA and produce estimates of risk as opposed to only estimating the
i kelihood of core damage. The con 0guration of the plant during shutdown can be very different from the configuration
during full power which can lead to drastically different accident progressions and releases of radioactive material.
llence, it is not sufficient to determine the frequency of core damage during shutdown and then infer the risk based on
PRA results from full power operation if the core damage frequency associated with shutdown is less than the full
power core damage frequency, for example, it is not valid to infer that the risk will also be less since the consequence
could be higher during shutdown. Also, to be able to assess the safety of shutdown modes of operation it will be
necessary to (1) determine the relatne importance of shutdown risk as compared to the risk of full power operation, and
(2) compare the shutdown risk with the NRC's safety goals, the safety goals are expressed in terms of risk. The risks
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associated with the operation of these two plants at full power were characterized in the NUREG-1150 study [USNRC,
1990].

The analysis of the BWR was conducted at Sandia National Laboratories while the analysis of the PWR was performed
at Brookhaven National Laboratory. The LP&S PWR anal) sis is reported in NUREG/CR-6144 [Chu, et al.,1997) and
will not be discussed any further in this report. This multi-volume report presents and discusses the results of the BWR
analysis Volume 1 is a summary of the BWR study. Volumes 2 5 present the accident frequency analysis (i e., Level
1) performed under FIN L1923 Volume 6 presents the Level 2/3 analyses performed under FIN Ll679. Part 1 of
Volume 6 presents and discusses the accident progression, radionuclide release and transport, consequence, and risk
analy ses Part 2 of Volume 6 presents the deterministic code calculations, performed with the MELCOR code [ Summers,
et al,1991), that were used to support the development and quantification of the PRA models.

2.2 Study Objectives

The primary objectise of this study was to perform an analysis of potential accidents that could occur at Grand Gulf
while the plant is in POS 5 during a refuehng outage Additional specific objectives for this study melude:

For POS 5, perform a prehminary characterization of the accident progressions following core damage and
e

estimate the consequences that result from these accidents.

Determine quantitatively the risk and estimate the uncertainty in risk for the risk significant mode of operation.
e

Compare the risk associated with POS 5 to the safety goals and to the risk associated with full power operation
e

Provide an assessment of the potential for a radioactise release to cause onsite consequences
e

This study will address the following types of questions:

What are the characteristics of accident progressions for the selected regime of shutdown? Are there any
*

significant differences between these progressions and progressions typical of full power accidents? What are
the dominant phenomena?

What is the risk associated with this regime of operation and how does this compare to the safety goals and to
e

full power operation? What are the risk significant configurations? Can anything be done to reduce this risk?
;
'

What is the potential for releases from these accidents to cause onsite consequences? Is the plant in a
*

particularly vulnerable configuration (i e., containment open, large numbers of people in the vicinity of the
plant)?

|

2.3 Scope of Study and Major Assumptions 4

i

|2.3.1 Study Scope

The study reported in this volume is the Level 2/3 portion of a Level 3 PRA that was performed to investigate the risk |

|
associated a selected regime of shutdows The Lesel 2/3 portion of the PRA is concerned with the progression of

|
postulated accidents following the onset of severe core damage and the estimation of the consequences that result from I

the release of any radioactive material and, as such, consists of the following constituent analysis: plant damage state
(PDS), accident progression, source term, consequence, and risk integration. The Level 2/3 portion of this PRA utilized
an ahdged form of the NUREG-1150 methodology in that simplified models were used to perform the accident

i
progerssion analysis and only a limited uncertainty analysis was performed This analysis isfocused in that the models
deve.oped and used in this analysis (e g , accident progression esent tree and parametric source term model) are specific
to accidents represented by the PDSs and no effort has been expended to make the models general in the sense that they
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would be applicable to any type of postulated accident or other plants The advantage of the focused approach is that
resources are expended on the accidents that are of concern' the disadvantage to this approach is that if a different type,

of accident is postulated after the models are constructed, the models must be modified. Other point that define the
scope of the analysis include:

~

The consequence analysis includes the traditional offsite assessment (i e., similar to the offsite consequencee

assessment performed in the NUREG 1150 plent studies) and will also include a scoping assessment of onsite
consequences.

The simplified uncertainty analysis will only include issues thought to be the most important to risk and will*

only include issues from the accident progression and source term analyses. (The uncertainty in the core
damage frequency will be propagated through the analysis via the uncertainty in the plant damage states) For
many of these issues, distributions developed during the NUREG-1150 project will be used. If an applicable
distribution from an existing study does not exist, the project staff will develop the aporvriate distribution.
Formal expert elicitation techniques (i e., the use of panels of experts from a variety of organizations and
companies) will not be used to select issues nor be used to develop distributions.

Only one plant was analyzed in this study The plant selected for this study is Unit 1 of the Grand Gulfo

Nuclear # lon

While the low power and shutdown modes of operation encompass many plant and system configurations, onlye

the cold shutdown regime of operation during a refueling outage was investigated in detail in this study. This
regime of shutdown is referred to as plant operationg state (POS) 5. This mode of operation was selected
because of its importance in the Level I coarse screening anal > sis [ Whitehead, et al.,1991) and a qualitative
assessment of its importance relatise to the other modes of operation For more discussion on the rationale used
to select POS $ for this study, see Section 3 Volume 2, Part I

Only accidents initiated by traditional internal events were analyzed (i e., accident initiated by internal fire,e

intemal Good are not included in this study).

Abridged Analysis of POS 6: An abridged PRA of POS 6 (i e., refueling mode of operation prior to fuel mosement) was
performed in the spring of 1992. POS 6 was selected because the containment and vessel are both open during this
mode of operation, this plant configuration was of particular interest to the NRC. The scope of the abridged PRA of
POS 6 was considerably narrower than the abridged anal > sis of POS 5. The POS 6 analysis relied on very simplified
pla r damage state, accident progression and t,ncertainty analyses. Compared to the POS 5 analysis, the POS 6 accident
progression analy sis considered fewer issues and addressed them in less detail. Since the PDSs were based on results

from the Level I coarse screening study [ Whitehead, et al,1991], which only grouped core damage sequences into
categories and did not provide frequency estimates, the POS 6 results were conditional on the occurrence of the PDS

and, therefore, estimates of risk were not calculated While the abridged analysis of POS 6 was very limited in scope
and detail, it did, however, provide insights into the impact that the configuration of the plant has on the progression of
the accident and the resulting consequences. For the sake of completeness, this study is presented in Appendix F. It is
important to remember that the scope, level of detail, methods and assumptions used in the analysis of POS 6 are very
different from those used in the analysis of POS 5.

2.3.2 Major Assumptiorts

During the course of the study it was necessary to make a number of assumptions to keep the analysis manageable.
Many of these assurnptions, if changed, could have a significant impact on the results. While many assumptions are
listed in the in'dividual analysis chapters, a list of the more significant assumptions is presented below. The major
assumptions used in the Level 1 analysis are listed in Volume 2 of this report.

During POS 5 the plant is in the cold shutdown mode of operation with the vessel head attached Thee

Vol 6, Part 1
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variability of the plant configuration and system availability during POS 5 can be adequately captured by
dividing the cold shutdown mode of operation into 3 segments or " time windows"

e Each time window has a characteristic decay heat load and radionuclide inventory.

* Accidents assigned to a particular time window are assumed to be initiated at the start of the time window.

Core damage is defined in the Level I analysis as the start of fuel heatup. For the sake of consistency this same*

definition was used in the Level 2/3 analysis.

The mission time for the Level 1 analysis was 24 hours Thus, sequences for which core damage did not occur*

within 24 hours from the start of the accident were dropped from the analysis.

DC power from the station batteries is required to restore offsite power to the plant in the event that offsite*

power is lost prior to or during the accident Therefore,if the station batteries deplete prior to the restoration of
offsite power, it is assumed that offsite power cannot be restored during the accident.

At the start of the accident the reactor pressure vessel head vent is open This vent can be clased prior to core*

damage if ac power is available.

The containment and drywell are both open at the start of the accident. The containment can only be closed ife

offsite ac power is available containment closure must be completed prior to the onset of core damage. The,

drywell is assumed to remain open throughout the accident.

if the containment fails, it k assumed to fail abose the auxiliary buildmg roof, thereby allowing radioactivee

releases to bypass the auxiliary building and enter the environment directly. The enclosure building that
surrounds the portion of the containment that is above the auxiliary building roof is estimated to offer essentially
no attenuation to the release. This assumption is consistent with the assumption used in the Grand Gulf plant
analysis performed as part of the NUREG-1150 study [ Brown, et al.,1990].

if the containment is closed prior to the onset of core damage and then subsequently vented after the onset ofe

core damage, it is assumed that the vent stays open throughout the accident. While the emergency operating
procedures (EOps) direct tne operators to close the containment once its pressure drops below a certain pressure,
without containment heat removal, the containment will hase to be vented again later in the accident when the
pressure again increases abose the nnt pressure There was no attempt in this analysis to model the opening
and closing of the containment .ent. Furthermore, since the availability of the containment purge system during
POS 5 is not being modelled (and it is not required by the technical specification), it is assumed that the
containmer.; Wil be ventd directly to the environment and will not pass through the containment purge sy stem
with its associated filters and charcoal beds.

If the containment equipment hatch and/or personnel locks are open, the airborne radioactive material will entere

the auxiliary building prior to being released to the environment. The auxiliary building is assumed to fail on a
5 psi overpressure. Neither the standby gas treatment system nor the ventilation system are modelled. Thus,it
is assumed that no engineered features are available to attenuate the release in the auxiliary building and the
only attenuation that the release will experience in the building is that due to natural processes (e g , natural
deposition).

The Grand Gulf Emergency Operating Procedures are applicable after the onset of core damage and thee

operators will continue to follow them ,

l

l
No operator actions were modelled that would require the operators to enter the containment or auxiliary

]
e

buildmg following the onset of core damage.
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Recovery of coolant injection after the onset of core damage is only considered if (1) injection systems were note

available prior to core damage but become available following core damage, or (2) conditions occur following
the onset of core damage that would cause the operators to use a system that was previously available but not
used prior to core damage.

2.4 Stmngths and Limitations -

As with any study, this study has it strengths and limitations In order to place this study in its proper context and to
use the results appropriately,it is necessary to be aware of these attributes of the study. The strengths are listed first,
followed by the studfs limitations.

The strengths of this study include:

The anal) sis is a Level 3 PRA that accounts for the progression of the accident following the onset of core*

damage, the release of radioactive material from the core and its transport through the primarv system and 'he
evntainment, and the transport of the radioactise material in the environment and the resulting health effect(
The PRA techniques allow the many possible types of accident to be delineated and systematically evaluated

e Risk results are calculated

The analysis includes a detailed coupling with the accident frequency analysis via the plant damage statee

analy sis.

An estimate of the uncertainty in risk that results from the uncertainties associated with input parameters to the*

accident progression analysis and source term analy sis is calculated and displayed

The study includes a hmited assessment of onsite consequences Doses and dose rates within the site boundarye

that result from a radioactise release are estimated

A liuman Reliability Analysis GIRA) was performed to quantify the human enor probabilities 01EPs) associatede

with key operator actions during the progression of the accident following the onset of core damage.

MELCOR calculations were used to support the development and quantification of accident frequency, accident*

progression, and source term analyses Wherever possible, consistent calculations were used to quantify the
Level I and Level 2/3 models

i

The limitation of this study include:

1

Since only a single plant was analyzed, these results cannot be considered generic and applicable to a populatione

of plants The plant and sy stem models used in this study are based on the Grand Gulf plant as it operates in a
selected mode of operation Thus, while some insights may be applicable to other plants, in general, the results
from this study should not be arbitranly applied to other plants or conditions The model used to develop the l

progression of the accidents after the onset of core damage is, in part, based on the Grand Gulf Emergency I
Operating Procedures and other procedures and practices at the plant. Changes in these procedures and practices |
can certainly affect the progression of the accident and the ultimate risk of the POS. Similarly, since the offsite

{
consequences are sensitive to the site characteristics and surrounding region (e g , weather, population, land j
usage), for a given release of radioactive material, the consequences can be expected to vary from one site to the j

|
next.

,

|

Only a single POS was analyzed and, therefore, the risk of the entire low power and shutdown regime ofe

operation was not assessed
i

Vol 6, Part 1
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While it is believed that progression of the accident following core damage is adequately model for the intendede

pu: poses, the accident progression model is not as detailed as the models deseloped in the NUREG-1150 study
or the PRUEP study.

The uncertainty in the values for input parameters to the consequence models was not characterized. The onlye

uncertainty included in the consequence assessment was the stochastic variability in the weather at the time of
the accident, this uncertainty was only accounted for in the offsite consequence assessment.

Formal use of expert clicitation techniques were not used to quantify the uncertainty in input parameters.e

Distributions for important parameters were either developed by the project staff or obtained from existing
PRAs (i e , primanly NUREG-1150).
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3 Methodology

3.1 Backgmund

The probabilistic risk assessment (PRA) performed in this study utilizes methods developed and applied in the NUREG-
1150 study [USNRC.1990] and the PRUEP study [ Brown, et al.,1992) A primary objective of the NUREG-1150 study
was to provide a current assessment of the risks of Gve nuclear power plants of different designs and to provide
quantitative estimates of the risk uncertainties. To achieve this objective, an analytical PRA framework was developed
that allowed accidi s to be modelled at a level of detail that was consistent with the state of knowledge and that also
allowed uncertaintiis in important physical and chemical phenomena to be characterized. Areas where sigruGcant
advancements in the state-of-the-art were made included the consistent and comprehensive treatment of uncertainty in all
areas of the PRA, the development of detailed accident progression and source term models, and the development and
application of expert judgement techniques to assess the likelihood and nature of rare and complex phenomena associated
with severe core damage accidents. NUREG-1150 was peer reviewed and when it was published in 1990 it represented
the state-of the-art in Level 3 PRA. While improvements have been made to the PRA models and additional data on
severe accidents have been acquired since NUREG-1150 was published, the general methodology was judged to
represent the state-of-the-art in Level 3 PRAs. Therefore, its framework was used, to the extent possible, in this study.

The objectises of the NUREG 1150 study lead to an analysis approach based on the following ideas: ;

general and relatively fast-running models for the individual analysis components,o

well defined interfaces between the individual analysis components,o

use of Monte Carlo techniques in conjunction with an efficient sampling procedure to propagate uncertainties,o

f

use of expert panels to develop distributions for important phenomenological issues (as explained later, thiso

aspect of the NUREG 1150 approach was not used in this study), ,

o automation of the overall anal) sis.

An overview of the analysis approach is presented in Section 3 2. A simplified version to the NUREG 1150 approach
was applied to study the risk of POS 5. The significant differences between the NUREG-1150 methods and the methods
employed in this study are discussed where appropriate.

,

3.2 Overview of Analysis Appmach

Since the NUREG 1150 methods are described in detail elsewhere IEricson, et al.,1990), [Gorham, et al,1994), this
section will only provide a brief overview of these methods Much of this discussion has been extracted from Volume 1
of NUREG/CR-4551 and a related joumal article [ Breeding, et al.,1992).

The NUREG-il50 plant studies are fully integrated probabilistic risk assessments which can be characterized as
consisting of four analysis components, a risk integration component and an uncertainty analysis component. The first
component is the accident frequency analysis which determines the likelihood and nature of accidents that result in a loss
of cooling to the fuel and that subsequently lead to fuel damage. This state of the core is referred to as core damage.
The second component is the accident progression analysis which determines the progression of the accident following
the onset of fuel damage and addresses the response of engineered barriers, such as the reactor pressure vessel and the
containment, to loads that occur during the accident. The third component is the radioactive material release and
transport analysis (this analysis is also called the source term analysis) which determines the amount of radioactive
material released during the accident and its subsequent transport and deposition in the engineered environment (e g.,
containment) The fourth component is the consequence analysis which determines the transport of radioactive material
outside the plant and estimates the health effects and costs associated with the release of this radioactive material. The
fifth cosnponent is risk integration which assembles the results of the preceding analysis components into an overall
expression of risk. The sixth and Gnal component is the uncertainty analysis which estimates the uncertainty in the risk
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results due to uncertainty in the characterization of important physical and chemical phenomena. Measures of
uncertainty in risk are obtained by repeating the calculations just indicated many times with different values for
important parameters selected randomly by a form of Monte Carlo sampling. This provides a distribution of risk
estimates that is a measure of the uncertainty in risk.

The representations of risk used in this report are dermed in the next section. Following the dennition of risk is a
description of the individual analysis components and a description of the treatment of uncertainty in the PRA.

3.2.1 Representation of Risk

Two representations of risk are used in this report. The first definition is the order set of triples [Kaplan and Garrick,
1981] of the form:

R = { (s,, f,, o, ), i= 1, nS ) (31)

where
s, a scenario (i c , accident) that leads to an outcome (i e , consequence) of interest,=

f, frequency (amts: yr") for scenario i,=

o, outcome associated with scenario i,=

and
nS number of scenarios under consideration.=

The objectise of a probabilistic risk assessment is the determination of the triples that constitute the set R. Combined,
the accident frequency and accident progression analy sis define the accident scenarios, s, and the frequency of each
scenario, f, Similarly, the source term analy sis and the consequence analysis combine to determine the outcome or
consequence of the accident scenario, o,. When complicated technical systems, such as nuclear power plants, are
analyzed the number of scenarios can be quite large (i.e., thousands) at which point it is neither practical to present the
risk results in this form nor reasonable to expect one to draw conclusions or make decisions based on this representation.
In such cases it is convenient to collapse the set of triples into a value for aggregate risk Aggregate risk is defined as

as

r ={ f,o, (3.2) |

41

i

Although aggregate risk is appealing because it is a summary measure of the order set of triples, it is important to !

recognize that information is lost when the order set of triples is converted into an expression for aggregate risk. To !

assess the importance of various contnbutors to aggregate risk,it will often be necessary to examine the constituents of )
the risk triple Thus, both representations of risk are employed in a PRA.

The term risk is often used loosely and may refer to any number of possible products of the PRA, for example, the core
damage frequency v the probability of containment failure. To avoid ambiguity, in this solume, the term risk will refer
to aggregate risk (i e , defined in equation 3:2) where the outcome of interest, o, , represents the offsite consequences i
that result from the clease of radioactive material frorn the plant. Since there are various measures of offsite
consequences (e g , c arly fatalities, total latent cancer fatalities, population dose within 50 miles of the plant, etc.), there
will be an equal nur iber of risk measures. The various consequence measures used in this study are discussed in Section
3.2.24.

3.2.2 Desenption of Analysis Components
'

3.2.2.1 Accident Frequency Analysis

NUREG/CR-6143 3-2 Vol. 6, Part I
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The accident frequency analysis uses event tree and fault tree techniques to identify the combinations of events that can
;

lead to core damage and to estimate their frequencies of occurrence. On a system level, these combinations of events are
)denoted " sequences." On an individual fault level (e g , failures of specific pumps and valves), these combinations of
i

events are called " cut sets." The cut sets ofinterest are those which contain no more faults than those required to cause i

core damage These cut sets are denoted " minimal cut sets." The cut sets are identified by means of fault trees, and the
minimal cut sets are sorted into accident sequences by means of event trees The frequency of an accident sequence is '

obtained by combining the frequency of the initiating event with the sum of the probabilities of all the minimal cut sets I

in the sequence. The accident frequency analysis that was performed as part of this program is discussed in detail in
Volumes 2-5 of this report.

Typically, there are too many sequences to individually analyze in the subsequent analyses Furthermore, within the
resolution of the PRA, many of these sequences will result in similar progressions following core damage and, therefore,

t

it would be redundant to individually analyze each sequence. Instead, accident sequences that provide a similar set of
i

initial and boundary conditions for the subsequent accident progression analysis are grouped into a plant damage state '

(PDS). The PDSs form the interface between the accident frequency analysis and the accident progression analysis The
number of PDSs that are defined for a given analysis depends on the diversity of accident sequences and the resolution
desired in the subsequent analyses In some cases the deOni ion of the PDSs does not correspond exactly to the accidentt

sequence denmtions so that it may be necessary to place se minimal cut sets from a sequence in one PDS and the ;

remaining minimal cut sets in another PDS. The frequ , of a PDS is the sum of the frequencies of the minimal cut
sets that it contains.

,

3.2.2.2 Accident Pmgression Analysis

The purpose of the accident progression analysis is to represent the progression of the accident from the point of core
)

damage until the completion of the release of radioactive material from the containment. This analysis models the I

response of the radioactive barriers (e g , reactor pressure sessel and containment) to the stresses placed upon them
during the various phases of the accident. The accident progression analysis uses an event tree called an accident

3

progression event tree or ADET to determine the possible ways in which an accident might evolve from each PDS Each |
different progression is represented by a different path through the APET. The definition of each PDS provides enough

;
information to denne the mitial conditions for the APET. Past observations, experimental data, and mechanistic code

!
calculations are used in the development of the model for the accident progression that is embodied in the APET. These j
same sources of inform tion were utilized in determining the probabilities at the branch points in the APET.

{

l

The APET deseloped for POS 5 is similar in concept and structure to the APETs developed in NUREG 1150 study '

however, it is not as detailed. As compared to the NUREG.1150 APETs, the abridged APET included fewer questions |
(i e , top events), issues were addressed in less detail (e g , hydrogen combustion phenomena), and formal expert l

judgement procedures were not used to quantify the APET. Some of this simplification was possible because the
conGguration of the plant during POS 5 precluded or minimized the need to address certain issues (e g., once the drys ell
equipment hatch has been removed it is no longer necessary to determine the structural response of the drywell to leads
that occur during the accident) In other cases, it was necessary to make simplifying assumptions in order to keep the
study manageable. While the analysis of POS 5 did not use formal expert judgement techniques to quantify issues (e g ,
branch point probabilities) in the accident progre,sion analysis, it did make extensive use of distribution developed in
NUREG-1150. Many of these NUREG 1150 distributions were generated using formal expert judgement techniques.

|
In the NUREG-1150 plant studies, the APET was evaluated for each PDS individually and, therefore, the results from
these individual analysis were conditional on the occurrence of the PDS that was evaluated. The analysis of POS 5
adopted the approach used in the PRUEP study [ Brown, et al.,1992), a single APET was developed for all of the
various PDS and it was only e aluated once. In this case the APET analysis is conditional on the occurrence of core
damage, not any particular PDS. This approach was taken because issues that affected many PDS could be easily treated I
in a consistent manner, the truncation of individual accident progression paths could be treated in a consistent manner
across all PDSs, and the management of output files is simplified.

The APET was quantined using information trom- (if the Level 1 analysis (see Volumes 2-5 of this report),(2) a human
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reliability analysis performed for this study to determine human error probabihties associated with operator actions i

during core damage; (3) MELCOR calculations performed specifically for this study (see Volume 6, Part 2 of this I

report), and data from the NUREG-1150 Grand Gulf plant study [ Brown, et al.,1990]. For those events that were
judged by the project staff to be important to risk and for which there was a large amount of uncertainty as to the value
to assign to the branch probabihty, a distribution of probabilities were assigned to the branch No rigorous analy tical
process was used to select these events. Rather, the events were selected based on prior experience and results from
existing PRAs. For the remaining events that were either judged to be less important or for which the branch probability
was not believed to uncertain, a single value was used.

i
i

The interface between the accident progression and source term analysis is defined through accident progression bins
(APB) Due to the large number of questions in a typical APET and the fact that many of these questions have more
than two branches, there are far too many paths through the tree to permit each path to be considered in the subsequent
source term and consequence analyses. Furthermore, many of the progressions (i e., event paths) developed with the
APET will lead to similar source terms (i e , within the resolution of the analysis). Therefore, to avoid performing
redundant calculations, similar accident progression paths are collected into groups called APBs Each APB defines a set
of unique initial and boundary conditions for the source term analysis.

The codes EVNTRE [Griesmeyer, et al.,1989] and PSTEVNT [Higgins,1989] were used to evaluate the APET and
process the results. The products of the accident progression analysis are the accident progression bin definitions, their

4

associated probabilities conditional on core damage, and an expression of the uncertainty in these probabilities. |

3.2.2.3 Source Term Anagluis

The source term analysis models the release and transport of radioactive material from the fuel and core debris to the
.

environment, it is performed so that the radiological seserity of the accident can be .ssessed. The product of this
|

analysis is a collection of parameters, referred to as the source term, that characterizes the type and amount of radioactive '

material released from the containment, the start and duration of the release, and the location of the release. In this
!

context, containment is generalized to include the region in which engineered barricts are available to attenuate a release
!

before it enters the environment (e g , auxiliary building that surrounds the containment building), and the environment is !
the region beyond the containment. The inputs to the source term analysis are the accident progression bins (APBs)
defined in the accident progression analysis The APBs describe the configuration of the plant, the status of systems that !
can be used to mitigate the release, and the occurrence of phenomena that can impact the source term. A source term is
calculated for each APB Although the source term analy sis follows the accident progression analysis, the two are
actually intimately coupled in that the release and transport of the radioactive material occurs during the acciden
progression and is affected by phenomena that occur during this phase of the accident.

|

Source terms for the sarious APBs were estimated using the parametric expressions developed in the NUREG-1150 1

I

study. These parametric expressions are implemented in a set of codes that are collectively known as XSOR [Jow, et al-, |

1993], [Cybulskis et al-,1989). These codes are similar in approach, however, a different code is developed for each
plant analysis in order to reflect the features unique to each plant. The parametric code GGSOR [Jow, et al.,1993),
[ Brown, et al.,1990) was modified to reflect the different p'snt configuration and the different possible release paths
durmg shutdown !n this approach a simple parametric model, which i: based on results from mechanistic code
calculations and other sources of information, is created and used to calculate a source term for each APB. Parametric
codes use a combination of parameters, which represent the physics of the accident at a very general level, to estimate i

j

the release to the environment. For example, a parameter can be used to represent the fraction of a particular
!

radionuclide in the fuel that is released to the vessel. Another parameter is then used to represent the fraction of the
|

radionuclide that is in the vessel that is released to the containment. The parametric approach is not meant to be a I

substitute for detailed calculations. Rather,it is a framework for integrating the results of these codes together with
experimental results and expert judgement.

The parametric approach was selected for the following reasons-

The code is relatisely fast running and, therefore, can be used to estimate source terms for each APB.e
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The approach is amenable to uncertainty analysis.*

The NUREG-ll50 XSOR code for Grand Gulf already exists, thus, the only modifications that would have to bee

made are those required to take into account the plant configuration during shutdown.

To a large extent, the XSOR code data base already exists (some modifications / additions were made to the data*

base to account for unique phenomena and the plant conGguration during shutdown).
,

While this approach also has several disadvantages, which include very little physics explicitly included in the model and
the timing of the release is characterized in a very coarse manner,its advantages make it a good choice when the
uncertainty in the source term is to be characterized.

The XSOR model was quantified using the following sources of information:

Wherever appropriate, distribution developed during the NUREG ll50 study were used [ Harper, et al.,1992].e

MELCOR calculations were used to identify areas where full power accidents are similar enough to shutdoun
accidents that the use of full power data was reasonable.

MELCOR calculations were used to determine timing information (e g , release times and release durations) and*

the energy associated with the release.

The uncertainties in important input parameters was characterized and propagated through the XSOR model to develop
an expression for the uncertainty in the resulting source term While no new source term issues were quantified with
formal expert judgement techniques, an internal " Source Term Advisory Group" was formed to provide guidance on the
use of existing methods and data and to review the source term issues being treated and identify any new issues that may
be important to shutdown accidents. This guidance was directed at an earlier study (see Appendix F) and was factored
into this analysis.

Since the parametric approach results in a source term for every accident progression bin, it is impractical to estimate
consequences for each source term indisidually. Instad, the source terms must be collapsed into a manageable number
of groups Source terms with a similar potential to cause early and chronic health effects are collected into a source term
group (STG), a single source term is then defined (e g., the mean of the group of source terms) for each STG. The STGs
were created using the PARTITION algorithm that was first deseloped during the NUREG-1150 study [Iman, et al.,
1990] and then modified in the PRUEP program [ Brown, et al,1992] Consequences for the STO are then estimated
using this representative source term. The source term groups form the interface between the source term analysis and
the consequence analysis.

The product of this analysis is the mean source term associated with each source term group.

3.2.2.4 Consequence Analysis

While the source term analysis is the analysis of the release and transport of radioactive material from the fuel and core
debris to the environment, the consequence analy sis is the analysis of the transport of this material through the
environment, the health effects, and the costs that result from the release of this radioactive material. Consequences that
would accompany a core damage accident are typically divided into two categories: offsite consequences and onsite
consequences The offsite consequence analysis predicts the health effects to the pubhc and economic impacts that are
associated with the dispersal of radioactive materials into the environment beyond the site boundary. The onsite
consequence analysis is conGned to the region within the site boundary. As such, onsite consequences include health
effects to personnel working at the plant at the time of the accident and the cost of replacement power, capital loss, and
cleanup of the reactor facility. The consequence assessment for most commercial reactor PRAs is focused on the

assessment of offsite consequences because the regulations promulgated and enforced by the NRC emphasize protection
of the public. Thus, most of the Level 3 PRAs that are performed, including the NUREG-1150 PRAs, include only an
assessment of offsite consequences. Because of this emphasis on offsite consequences, methods to perform offsite
consequence assessments are available, have been subjected to considerable review, and hase been applied in many
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PRAs This is not so with onsite consequence assessments The consequence analysis for this study includes both a
traditional offnte consequence analysis and a limited scope onsite consequence analysis.

Offsite Consequences

The offsite consequences to the general public were estimated using the MACCS code [Chanin, et al.,1990),[Jow, et al.,
1990),[Rollstin, et al.,1990). This code models the transport and dispersion of plumes of radioactive material released
from the plant. As the plumes travel through the atmosphere, material is deposited on the ground. Various pathway s
through which the general population can be exposed are considered. Emergency response and protective action guides

,

are also considered as means to mitigate the extent of the public exposure. For this study, the input to MACCS, aside
from tne source terms and the core inventory, were the same as what was used in the NUREG-1150 Grand Gulf study
[ Brown, et al.,1990), [ Sprung, et al,1990]. The same offsite consequence measures calculated and reported in NUREG-
1150, which are listed in Table 3-1, were also calculated in this stt a.

Onsite Consequences

in this limited onsite analysis, health effects are not calculated. Instead, doses and dose rates are estimated for a range
of distances out to the site boundary using building wake effect correlations (i e., referred to as parking lot doses). For
comparative purposes, two sets of correlations were used The first correlation was deseloped by Ramsdell [Ramsdell,
1990) whereas the second set uses a combination of models developed by Wilson [Wi| son,1984) and the NRC [USNRC,
1982). The calculations were performed for two sets of weather scenarios one that is stable and another that is unstable.
For simplicity, the directional dependence of the weather is ignored The dose rate is based only on the immersion
exposure path whereas the dose is based on inhalation exposure path as well as the immersion exposure path. The total
dose is a 50 year committed dose Two exposure times are assumed: the passage of the entire plume and a 15 minute
exposure. The products of this analysis include, for each source term group, the dose rate for each plume segment, the
total dose received by a receptor that is exposed to the entire plume, and the total dose received by a receptor that is
only exposed to the first 15 minutes of the plume.

3.2.2.5 Risk Integration

Risk to the general public was calculated using the aggregate risk definition In this calculation, the core damage
frequency, the conditional probabihties of the source term groups, and the offsite consequences associated with each
source term group are combined. The fractional contnbution to aggregate risk from selected PDSs and APBs was also
determined Because of the scoping nature of the onsite consequence analysis, an analogous calculation was not
performed to estimate onsite risk The products of this analysis include the following risk measures: early fatality risk,
total latent car,cer risk, population dose within 50 miles, population dose within 1000 miles, individual early fatality risk
within 1 rnile, and the individual latent cancer risk within 10 miles The uncertainty in each of these measures was also
characterized

3.2.3 Treatment of Uncettainty

An important and distinguishing feature of the NUREG-1150 plant studies was its consistent and comprehensive
treatment of the uncenainties in the PRA and its quantitative estimates of the uncertainties in aggregate risk. The types
of uncertainties addressed in the PRA and the propagation of these uncertainties through the constituent analysis are
discussed in the next two subsections.

3.2.3.1 Ty pes of Uncertainty

In the NUREG-1150 studies, two. kinds of uncertainty were considered: stochastic uncertainty and state-of-knowledge
uncertainty. Stochasite uncertainty is the characterization of the intrinsie variability associated with a system or process
within the resolution of our abihty to understand the system Phenomena may not be inherently stochastic, but can be
considered stochastic within the resolution of a particular analysis and/or within our ability to understand nature State-
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Table 31
Offsite Consequence Measures Calculated in NUREG 1150

Consequence Measure Description -

1

Early fatalities Number of fatalities occurring within 1 year of the accident due to early I

exposure (i e., exposure incuned within seven days of the accident).

Total latent cancer Number of latent cancer fatalities due to both early and chronic exposure
fatalities (i e., chronic exposure is that incurred more than seven days after the

accident).

|

Population dose within 50 Population dose, expressed in effective dose equivalents for whole body
'

miles exposure (person-rem), due to early and chronic exposure pathways
within 50 miles of the reactor. Due to the nature of the chronic
pathways models, the actual exposure due to food and water
consumption may take place beyond 50 miles (e g., food and water
originating within 50 miles of the plant may be consumed by people
located beyond 50 miles)

I
|

|Population dose within Population dose, expressed in effective dose equivalents for whole body
entire region exposure (person-rem), due to early and chronic exposure pathways

within the surrounding region

Individual early fatality Probability of dying within one year for an individual within one mile of
risk within one mile the site exclusion boundary (i e., ef/ pop, where ef is the number of early

fatalities within one mile of the exclusion boundary, and pop is the
population within one mile of the exclusion boundary). |

I
|

Individual latent cancer Probability of dying from cancer for an individual within ten miles of
i

fatality risk within 10 the plant (i e , cf/ pop, where cf is the number of cancer fatalities due to j
miles direct exposure in the resident population within ten miles of the plant,

1

and pop is the population size within ten miles of the plant). The l

calculation does not include ingestion but does include integrated j
groundshine and inhalation exposure. ;

1

I

I

|
j

of knowledge uncertainty results from a lack of complete information about systems, phenomena, and processes.
]

Both types of uncertainties exist throughout the PRA. In the accident frequency and accident progression antilyses,
stochastic uncertainty is expressed in fault trees and event trees. The trees account for alternative outcomes that are
expected to vary from one accident to the next in a random manner. State-of-knowledge uncertai ay is represented by
the values assigned to the inputs (e g , branch probabilities) to the trees. Similar to NUREG-1150, the source term
analysis performed for this study included the state-of-knowledge uncertainty associated with the uncertainty in the
values for the parameters in the parametric code. State-of-knowledge uncertainties were not addressed in the |
consequence analy sis Only the stochastic uncertainty due to weather variabihty was explicitly represented The
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calcuhtion of aggregate risk combines the results from all the individual accident scenarios and, as such, eliminates the
display of sto,-hastic uncertainty. A distribution of aggregate risk values is a representation of the state-of knowledge
uncertainty that arises from the uncertainty in the input values to the PRA models.

J

In the NUREG-1150 stud;es, these two types of uncertainty were deliberately separated such that the effects of each
could be ascertained. Since this study uses simplified models and issues are treated at a general level,it is.not alway s

,

i

, possible to make a clear distinction between stochastic processes and state-of-knowledge processes. -'

*

3.2.3.2 Propagation of Uncertainties

To evaluate the state-of knowledge uncertainties, the parameters that represent the events and phenomena thought to be
the most important to risk were represented by distributions rather than fixed values or point estimates Only issues that
were thought to be the most important to the uncertainty in risk were included in this study. The issues selected for such i

treatment were chosen by the project staff. No rigorous analytical process was used to select these issues. Rather, the
issues were selected based on prior experience, results from existing PRAs, uncertainty in the issue, anticipated
contribution to uncertainty in risk, and interest within the reactor safety community. For many of these issues, -

distributions used in the NUREG 1150 study were applied to this study. If an applicable distribution from an existing
.

study did not exist, the project staff developed the appropriate distribution The use of formal expert clicitation !

techniques (i e., the use of panels of experts from a variety of organizations and companies) was not used in this study.
.

t

The propagation of these uncertainties in the PRA was accomplished by using a modified form of Monte Carlo ''

simulation known as Latin hypercube sampling (LilS). In simple terms, the uncertainty was addressed by performing the
accident frequency, accident progression, and source term analysis many times (e g.,100) with different sets of input
values selected with LliS [Iman, et al.,1984], a value for aggregate risk was calculated for each set of inputs and the
collection of risk values resulted in a distribution of risk. The L11S form of Monte Carlo simulation was selected
because: ;

I

o It creates a mapping from analysis input to analysis results,
o It allows consideration of essentially any variable that can be supplied to's model as input or generated as an

,

output, i
o It will operate in the presence oflarge uncertainties and discontinuities, ')
o it is possible to incorporate correlations between variables, and

i
o it is easy to implement. j
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4 Plant Description |

i

Section 41 provides a general description of the Grand Gulf primary system, containment, and important sy stems that
'

: can be used to mitigate an accident. Section 4.2 describes the configuration of the plant as modelled in the Level 2/3
analysis.

4.1 Geneml Description
-

1

The Grand Gulf Nuclear Station, Unit I utilizes a Mark 111 containment design to house a BWR/6 boiling water reactor |

(BWR). The Grand Gulf Nuclear Station is operated by Entergy Operations Inc.. Umt I was constructed by Bechtel $

Corporation and began commercial operation in July 1985. The plant is located on the east bank of the Mississippi river +

in southwestern Mississippi, about 6 miles northwest of Port Gibson, Mississippi The nearest large city is Jackson, |

Mississippi approximately 55 miles to the northeast of the plant.

Because of their importance to the progression of an accident following the onset of core damage, the subsections that
3

follow will discuss in greater detail the following features of the plant: |

e Primary system,
'

e the containment structure,
e the drywell structure and suppression pool,
e the reactor pedestal cavity,
e emergency Power System,
e the hydrogen ignition system,
e the containment heat remosal systems, {

the coolant injection systems, and te
e secondary containment.

Much of the discussion provided in the following subsections has been extracted from the Grand Gulf UFSAR (Grand ;

Gulf UFSAR) and from Volume 6 of NUREG/CR-4550 [Drouin, et al,1989).
,

4.1.1 Primary System
r

The nuclear reactor of Grand Gulf Unit 1 is a 3833 MWt BWR-6 single-cycle forced circulation boiling water reactor |
!(BWR) designed and supphed by General Electric Company, in the Mark 111 design the reactor pressure vessel (RPV)is

founded on the reactor pedestal located in the drywell. The RPV contains the core, the jet pumps, the steam separators,
and the steam dryers. The vessel has an internal diameter of 20'-11* and an internal height of _73* It is fabricated of low
alloy steel and is clad intemally with stainless steel (except for the top head, nozzles, and nozzle weld zones which are
unclad) The reactor vessel has a design pressure and temperature of 1250 psig and 375 'F , respectively, The nominal J

_ pressure and temperature in the steam dome is 1040 psia and 549 'F. The reactor is cooled by water that enters the |
lower portion of the core and boils as it flows upward around the fuel rods The steam leaving the core is dried by the 1

steam separators and dryers located in the upper portion of the reactor vessel. The steam is then directed to the turbine
through four main steam lines Each steam line is provided with two isolation valves in series (i e.., main steam ime
isolation valves, MSIVs), one on each side of the containment barrier. Following reactor isolation, the steam in the
vessel is directed to the suppression pool via a series of tailpipes A safety relief valve (SRV) forms the boundary
between the main steam line and the tailpipe To help disperse the steam in the pool, the tailpipe is fitted with a
quencher which is located near the bottom of the suppression pool Following closure of the MSIVs,20 SRVs and :
associated piping are available for pressure relief. Eight of these valves are connected to the automatic depressurization
system (ADS) which is designed to rapidly depressurize the primary system to a pressure at which the low pressure
injection systems can provide coolant to the core. The SRVs are located in the drywell and drywell pressures of -
approximately 100 psi will present opening the valves

~

The reactor core is arranged as an upright circular cylinder composed of essentially two components: fuel assemblies and-
control rods The core contains 800 fuel assemblies The fuel assembly consists of a Zircaloy-4 fuel channel and the
fuel rods (the number of fuel rods and water rods can vary depending on the fuel design). The fuel channel provides a
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fixed flow path for the boiling coolant, serses as a guiding surface for the control rods, and protects the fuel during
handling operations A fuel rod consists of slightly enriched UO pellets sealed in a Zircaloy-2 claddmg tube The2

reactivity of the core is controlled by cruciform control rods dispersed throughout the lattice of fuel assemblies. The
control rods, which consist of B,C in stainless steel tubes surrounded by a stamiess steel sheath, enter the core from the
bottom and are positioned by individual control rod drises The core has an equivalent diameter of approximately 16
feet and an active fuel height of 12.5 feet -

)
|

The RPV meludes a two inch sent line. One end of the vent line is attached to the top of the vessel head, the other end
of the line discharges into the sump located in the reactor cavity directly below the vessel. While this line is closed and
is not used during normal operation, it is opened during cold shutdown Even though the vent line is small, the status of
this line (i e., opened or closed) can impact the time available to respond to a core damage accident and if core damage
does occur it can also impact the tnagnitude of the release of radioactive material to the environment.

!

4.1.2 Containment Structure

The Grand Gulf plant has a Mark Ill containment The general arrangement of the containment is displayed m Figure t-
1. The containment is a cylindncal reinforced concrete structure with a steel liner and a hemispherical dome. The
containment encloses both the dry well and the suppression pool During normal operation, the drywell and containment
communicate through passive vents m the suppression pool in addition to the passive vents, there are vacuum breakers
in between the containment and the drvuell that allow the containment atmosphere to be sented into the drywell if the -

drywell pressure should drop below the containment pressure. An important feature of the Mark Ill containment is its |
large free volume (1.4x10' ft') which allows it to have a low design pressure (15 psig) The internal design temperature
is 185* F. The assessed mean failure pressure of the containment is 55 psig [Ilarper, m) Because of its large solume,
the Grand Gulf containment is not inerted II)drogen control is accomplished via the hydrogen ignition system OllS)
The ll!S is designed to deliberately burn the hydrogen at low concentrations so the accompanying containment
pressunzation is neghgible The ultimate heat sink is comprised of mechanical draft cooling tower structures

Personnel can enter the containment through 3 penetrations the equipment hatch, the upper personnel lock and the lower
personnel lock The equipment hatch is a 19 ft diameter, steel pressure seating hatch. The center line of the equipment
hatch penetration is located at an elevation of 172'-P The hatch is attached from inside the containment via 20 bolts
The hatch uses two compression seals (gasket concept) around its periphery to maintain tightness along the mating
surfaces The hatch is stored inside the containment in a storage bin above the opening. Offsite ac power is required to
move and position the hotch Each personnel airlock corisists of a cylindrical steel shell with steel bulkheads at each
end and two steel doors in the bulkheads which open toward the reactor. Sealing of each door is accomplished by two, i

'continuous inflatable seals which surround the door edge. When the door is closed the seats inflate outwardly from the
door and impinge aFainst a smooth stainless steel sealing surface. The normal operating pressure of the airlock inflatable
seals is 60 psig The airlock doors are 6%8' high by 3'-6" wide. The center line of the upper lock is 212*-8" The
center line elevation of the lower lock is 124'-8* which is approximately 13 feet above the nominal suppression pool
level

In the event that the containment pressure cannot be maintained below the primary containment pressure limit, the
containment vent system (CVS) can be used to reduce the containment pressure. The vent path is a 20-inch diameter
purge exhaust line which is part of the containment ventilation and filtration system This line includes four air-operated
dampers which are normally closed. The CVS discharges to the roof of the auxiliary buildmg Containment senting
requires instrument air for opening the air-operated dampers The dampers also require pov.er from Divisions I and 2 of

'
emergency ac power for operation of the solenoids. The emergency operating procedures require containment venting
when the containment pressure exceeds 20 psig.

4.1.3 Drywell Structure and Suppression Pool

In the Mark 111 design, the drywell and suppression pool are completely surrounded by the containment structure. The j

drywell structure is a cylindrical reinforced concrete structure with a flat roof and a steel drywell head The drywell
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contains the reactor vessel, the SRV valves, the control rod drive (CRD) housings and the recirculation pumpsThe
drywell has a free solume of 2 7x10' ft', a design pressure of 30 psid and an mternal design temperature of 330' FT he
assessed mean failure pressure of the dry well structure is 85 psid [Ilarper, "4

The drvwell solume communicates with the containment volume through the vapor suppression pool. The suppression
pool serves as a heat sink during accident conditions. Passive horizontal sents in the drywell wall allow toteam and
noncondensibles released in the dry well to pass into the suppression pool where the steam is condensed and the

noncondensibles are released into the containment atmosphere The suppression pool has two regions The first region
is located in the containment (i e., wetwell) and is bounded on one side by the containment wall and on the other side by

|the drywell wall. The second region is in the drywell and is bounded on the one side by the drywell wall and on the
other side by the weir wall The passive horizontal vents in the drywell wall connect the two regions of the pool

'

There
are a total of 135 vents (three rows of vents and each row has 45 vents), each vent has a nominal diameter of 2 33 feet-
The suppression pool has a nominal volume of 136,000 ft' '

In the event that the dry well pressure drops below the containment pressure, there are vacuum breakers in the drywell
j

wall that will open and allow the pressure in the two volumes to equilibrate These vacuum breakers are powered by
1emergency ac power
!

Personnel can access the drywell through two penetrations' the drywell equipment hatch and the dryuell personnel lock
The drywell equipment hatch is approximately 10 feet in diameter and its center line is located at an elevation of 122'-4"
The drvwell personnel lock is similar in design to the containment personnel locks The center line of the drywell
personnel lock is located at an elevation of 1201

4.L4 Reactor Pedestal Cavity

The reactor pedestal cavity is located directly below the RPV. The upper section of the cavity is formed by the 5 75 ft
thick pedestal wall and the lower section of the casity is recessed into the drywell Door The pedestal cavity is
essentially a right cylinder with a diameter of 21.17 ft and a depth of approximately 28 ft. The upper section of the
cavity contains CRD housings The major pedestal penetrations are the CRD piping penetrations at the top of the
pedestal and the CRD remosal opening which is a 3 ft by 7 ft doorway located 9.5 ft above the cavity Doorit is
estimated that the cavity can contain all of the core debris releesed at the time of sessel failure Thus, direct attack of
the drs well wall by core debris is not an issue at Grand Gulf as it is for the Mark I containments.

When the drywell is Gooded to the top of the weir wall, a water depth of 22.8 ft can be established in the cavityWater
can enter the cauty from either the sessel following failure of the bottom head of the RPV or from the drywell. Water
can enter the drywell during a LOCA or from overnow from the suppression pool There are two paths by which uater
in the dry well can enter the reactor cavity, The first pathway is through the drywell floor drains There are four 4-inch
drains in the drywell Door that connect to the equipment drain sump in the pedestal The second pathway is through a
door in the pedestal located 3 33 feet above the dr> well Door. The potential for large amounts of water to be in the
cavity has two major implications. First, a large amount of water in the cavity has the potential to cool the core debris
that is released from the vessel and thereby prevent the erosion of concrete by the core debris. The water will also retain
a portion of the radionuclides that are released from the core debris in the event that it is not quenched Second, water
in the cavity when the core debris breaches the vessel creates the possibihty oflarge fuel-coolant interactions (FCis)

4.L5 Emery,ency Power System

!

The emergency power system (EPS) consists of the ac and de power divisions required by the Engineered Safet)
Features (ESF) to safely shutdown the plant Both ac and de are divided into three separate divisions. Divisions 1 and 2
are for the majority of the ESF while Division 3 is dedicated to the high pressure core spray system and its required
support systems The ac divisions normally receive power from one of three offsite sources through the ESF
transformers In addition to the normal supply, each ESF 4.16 kV bus has a standby diesel generator which is available |

to supply bus loads upon a loss of normal ac power.

i
4
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4.1.6 Ilydrogen Ignition System

The Grand Gulf containment utilizes a hydrogen ignition system (HIS) to control the accumulation of hydrogen during
accident conditions. In the core region there is an abundant supply of zirconium (i e , fuel cladding, channel boxes)
which, at the elevated temperatures typical of core damage accidents, readily reacts with steam to produce hydrogen
The function of the lilS is to prevent the buildup of large quantities of hydrogen inside the containment during accident
conditions. This is accomplished by igniting, via a spark, small amounts of hy drogen before large amounts accumulate.
The HIS consists of 90 General Motors ac division glow plugs (Model 70),45 powered by each ac power division The
HIS is manually actuated Igniters are located throughout the containment and drywell volumes. The Grand Gulf
Emergency Procedures indicate that the His is not to be used after hydrogen levels exceed 9%

4.1.7 Containment IIeat Removal Systems

Suppression pool cooling (SPC) and the containment spray sy stem (CS) are two modes of the residual heat remosal
(RJIR) system The RHR system is a two train system with motor-operated valves and pumps Both trains have two
heat exchangers in series downstream from the pump. The function of SPC is to remove decay heat from the
suppression pool during accident conditions. The SPC system takes suction from the suppression pool, cools the water
by passing the water through heat exchangers (with sersice water on the shell side), and returns the water to the
suppression pool The SPC system is manually initiated and controlled The function of the CS system is to suppress
the pressure in the containment during accidents This is accomphshed by taking suppression pool water, passing it
through a heat exchanger and distributing the water as fine droplets into the containment atmosphere via a series of spray
headers in the containment dome There are no spray headers in the dry well Both the SPC and the CS modes of RHR
require ac power.

4.1.8 Coolant Injection Systems

in a BWR there are many systems that can be used to supply coolant to the core. Systems that can be used when the
reactor pressure is high include the high pressure core spray system GIPCS) and the reactor core isolation cooling sy stem
(RCIC). The control rod drive system (CRD) can be used as a backup source of high pressure injection. Systems that
are used when reactor pressure is low include the low pressure core spray system (LPCS) and the low pressure coolant
injection system (LPCI) Additional systems that can be aligned and used as alternate sources oflow pressure injection
include the service water cross-tic system (SSW cross tie), the condensate sy stem, and the firewater system

|

The function of the HPCS system is to provide coolant to the reactor vessel during accidents in which the pressure in the I

vessel is high The HPCS sy stem consists of a single train with motor-operated valves and a motor driven pump which |
are powered by Division 3 emergency power. The pump is capable of delisering 550 gpm against a reactor pressure of )
1177 psig and full flow of 7115 gpm against a reactor pressure of 200 psig. Suction is taken from either the condensate

{
storage tank or the suppression pool 1

The RCIC system consists of a singic train with motor-operated valves and a turbine-driven pump The RCIC pump can
deliver 825 gpm at any reactor pressure greater than 200 psig. Suction is taken from either the condensate storage tank or
the suppression pool The coolant is supplied to the core via the feedwater line. Steam from the vessel is used to drive
the turbine. The technical specification do not require the RCIC system to be available during cold shutdown and,
therefore, was not modelled in this analysis

The CRD hydraulic system can be used as a backup source of high pressure injection This system includes two pumps
which together can achieve a flow rate of approximately 238 gpm with the reactor a 1103 psia. The CRD pumps take I

suction from the conderner hotwell makeup / reject line. CRD pump A requires Division I ac power; CRD pump B
requires Division 2 ac power. '

The function of the LPCS system is to provide coolant to the reactor vessel during accidents in which the vessel pressure
is low. The LPCS sy stem is a single train sy stem consisting of motor-operated and manual valves and a motor-dmen
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pump The LPCS pump is rated at 7115 gpm with a discharge head of 319 psig The source of water for the LPCS ,

pump is the suppression pool. The LPCS sy stem is powered by the Division 1 emergency power !
1

The function of the LPCI system is to provide coolant to the reactor sessel during accidents in which system pressure is
low. The LPCI system is but one mode of the RHR system and, as such, shares components with other modes The i

LPCI system is a three train system consisting of motor-operated vahes and motor-driven pumps Trains A and B each
have two heat exchangers in series downstream of the pump Train C is injection dedicated and has no heat exchangers
The LPCI pump suction source is the suppression pool. Train A is powered by Division I emergency power, Trains B
and C are powered by Division 2 emergency power.

The SSW cross-tie system is used as a source of coolant makeup during accidents in which normal sources of emergency
injection have failed The SSW cross-tie system uses SSW pump B (motor-driven pump) to inject water into the reactor
via the LPCI system Train B injection lines SSW pump B is a motor-driven pump and takes suction from the cooling
tower basins Both the SSW Train B and the LPCI system Train B are powered by Division 2 emergency power. The
system must be manually aligned and manually actuated

The condensate sy stem has three condensate pumps and three condensate booster pumps The pumps are motor-drisen
and each purnp is rated at 9170 gpm. The condensate system takes suction from the condensate storage tank and injects
coolant mio the sessel through the feedwater hne. The condensate pumps are powered by non-safety buses

The firewater sy stem can be used as a backup source of low pressure injection The Grewater system is a three train
system consisting of one motor-drisen pump and two diesel driven pumps The pumps feed into a common header that
supplies water to the fire hoses The pumps take suctmn from two 300,000 gallon water storage tanks The fire hoses
are connected, via an adapter, to various test connections in the auxiliary building These connections feed mto various
injection systems and water can then be injected through the systems' injection valve. The firewater system can supply
approximately 320 GPM at a vessel pressure of 0 psig, the shut off head is approximately 92 psig The operator is
required to align the ss stem and to start the pumps The diesel-driven pumps do not require ac power from the
emergency power system

4.1.9 Secondary Containment

The Grand Gulf plant utilizes a secondary containment that completely encloses the primary containment. This
secondary containment provides a method for controlling 'he unhkely release of radioactive materials from the primary
containment. Two buildings form the secondary containment. The auxiliary building, which contains safety systems,
fuel storage and shipping equipment and necessary auxihary support systems, surrounds the lower portions of the
containment. The enclosure buildmg encloses the upper portion of the containment above the auxiliary building roof.
The enclosure building provides a boundary for the standby gas treatment system, which maintains a negative pressure in
the solume between the containment and enclosure building to ensure that leakage of radioactive materials from the
containment is filtered prior to release to the environment in the unlikely event of a loss-of-coolant accident.

4.2 Definition of Plant Operating State (POS) 5

During full power operation the technical specification rigorously defines the configuration of the plant and its associated
systems to ensure that essentially na equipment important for mitigating an accident is unavailable for an extended
period of time. This includes both core tooling systems and containment sy stems. During shutdown, the technical
specifications allow much more latitude in the availability of systems. Furthermore, the configuration of the plant
changes during shutdown to allow fer maintenance and refueling (e g , systems are taken off line for maintenance and the
reactor vessel is opened to replace the fuel). Because technical specifications are not as prescriptive during shutdown as
they are during full power, and because of the need to perform maintenance on systems and alter the configuration of the
plant to refuel, the configuration of the plant and the asailability of accident mitigation systems varies drastically from
one mode of operation to the next To accommodate this variability, regimes of operation, or Plant Operating States
(POS), were defined where the configuration of the plant and its associated systems could be defined such that a plant
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model could be developed and potential accidents identified.

!

4.2.1 Definition of Plant Opemting States |

A Plant Operating State (POS) is defined as a plant condition for which the status of the plant systems (operating,
standby, unavailable) can be specified wie sufficient accuracy to model subsequent accident events. A POS is not
identical to a Mode (or Operating Condition) as defined in the technical specifications [ Grand Gulf, Tech Specs);
however, POSs are defined based on Operating Conditions. Using the OCs as s starting point, seven POSs were
defined. The relationship between the OCs and the POSs is provided in Table 41. A description of the process used to
identify and characterize a POS is provided in Appendix A of Volume 2 of this report. ;

i

Table 4-1
Relationship Between Operating Conditions and Plant Operating States

Operating Condition Plant Operating State

1. Power Operation 1. Vessel pressure from rated conditions to 500 psig and
thermal power not greater than 15%. Core coolant

2. Startup can be at any temperature

3. Ilot Shutdown 2. Vessel pressure from rated conditions to 500 psig
i(core coolant temperature greater than 200 F)

4. Vessel pressure less than 100 psig and RIIR/SDC on

4. Cold Shutdown 5. Until vessel head is detensioned ;

(include part of OC 5)

5. Refueling (vessel head detensioned or removed, 6. liead off and coolant level raised to the steam lines f
temperature of core coolant is no greater than 140 F) i

7. Head off, upper pool filled, and the refueling transfer
tube open. |

,

:'
4.2.2 Chameterization of POS 5

POS 5 is rigorously defined as Cold Shutdown (OC 4) and Refueling (OC 5) only to the point where the vessel head is
off. POS 5 can be entered either coming down from power or going back up to power.

For the purposes of delineating accident scenarios and estimating consequences,it was necessary to divide POS 5 into
time segments or ' time windows". During a refueling outage the plant can be in POS 5 for an extended period of time; I

Ithe event that initiates the accident can occur anytime during this time period. Since the decay heat load from the core.
decreases with time, the amount of time that is available to the operators to respond to an accident will depend on when
the event that initiates the accident occurs during POS 5. Furthermore, the radionuclide inventory also changes with time
and, therefore, the radiological potential of the accident will also change with time. Because of this dependency on time, ]
the time the plant is in POS 5 is divided into segments or time windows; a unique decay heat level and radiological
inventory is then assigned to each window. To keep the calculations manageable, only three time windows were defined
In POS 5 there are two natural time segments. The first segment corresponds to the time the plant is in POS 5 as it is
coming down from power prior to refueling. The second segment correspond to the time the plant again enters POS 5
after refueling In between these two POS 5 segments, the plant is in POS 6 and POS 7. Since on average, about 36
days elapses between the first and second POS 5 time segments, the decay heat and the radionuelide inventory for the

:
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first time segment will be significantly different from the second segment. The first segment was further subdaided to
account for the availability of an alternate source of decay heat removal. The Alternate Decay licat Removal System
(ADliRS) can be used to remose decay heat from the core once the reactor has been shutdown for at least 24 hours
Thus, the first segment was dwided to distinguish the time in POS 5 prior to 24 hours after shutdown from the time in
POS 5 after 24 hours after shutdown.

The time after shutdown that the plant enters POS 5 and the time spent in POS 5 are based on Grand Gulf' refueling
outage data While information was available for the first four refueling outages, only date fm n the second, third, and
fourth refueling outages were used in this study. Because of the number of special test that were conducted during the
first RFO, it was considered atypical and, therefore, data from this outage was excluded from the analysis. On escrage,
the plant enters POS 514 hours after shutdown and remains in POS $ for 80 hours before entering POS 6. On the way
back up to power, the plant again enters POS 5 40 days after shutdown and remains in POS 5 for 10 4 days Based on
this information, the three time windows were defined as-

Time Window 1: Starts 14 hours after shutdown and has a duration of 10 hours,
Time Window 2: Starts 24 hours after shutdown and has a duration of 70 hours, and
Time Wmdow 3- Starts 40 day s after shutdown and has a duration of 10 4 days

Although the plant can enter POS 5 during a refueling outage as early as 7 hours after shutdown,7 hours was not used
as the start time for Wmdow 1 because the aserage value of 14 hours was judged to be more representative of the time it
takes the plant to enter POS 5. However, to account for the fact that the plant could enter POS 5 as soon as 7 hours
after shutdown, the decay heat load used to represent Wmdow I was the decay heat load 7 hours after shutdown The
decay heat used to represent Window 2 is the decay heat load 24 hours after shutdown- Similarly, the decay heat used
to represent Window 3 is the decay heat load 40 day s after shutdown The three time windows are depicted graphically
in Figure 4 2.

Aserage entry Average entry tinse
ume for POS 5 for IUS 5 on the uay
dunng a RJ O bad up to peucr

|

l

END ofSIII'T D 0 % N windom i Windo : Windo 3 RFO
10 hr s 70 br s 10 4 days

!/
0 he s 7 h rs. 14 he s 24 hr.s 94 hr.s [[ 40 days M .4 d ay n 56 day n

|
'

RFO Refuchng Outage

} igure 4-2 1

POS 5 Time Windows

|

The configuration of the plant durmg POS 5, as modelled in the Level 2/3 analysis, was determined from requirements
imposed by the technical specifications, from plant procedures and practices during a refueling outage, critiques of
refueling outages, and interviews with plant personnel The technical specifications were used to define the minimum set
of requirements if a sy stem was not required by the technical specifications to be operable, then the plant procedures
and practices were reviewed For example, the technical specifications do not require the lilS to be operable during POS
5, however, the practice at the plant is to keep at least one train operable. Thus, in this analysis, even though the
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technical speciGeations do not r. quire the HIS to be available,it was assumed that a least one train was alwa)s available
Even though the configuration of the plant continues to change during POS 5, to model the plant in the Level 2/3
analy sis, a plant configuration at the start of the accident was specified For example, the containment equipment hatch
is removed during this POS Thus, when the POS is initially entered, the hatch is attached, which is one plant
configuration, and then it is subsequently removed during the POS creating a second configuration Howeser, it was
judged that the time spent in the first configuration was sufficiently small that only the second configuration needed to
be analyzed The configuration of the plant at the start of the accident, as modelled in the Level 2/3 analysis,is defined
below

Containment: The technical specifications do not require the integrity of the primary or the secondary containments
to be maintained during POS 5. A review of the Grand Gulf refueling critiques indicated that the containment
equipment hatch is typically removed shortly after entering POS 5. As modelled, the equipment hatch and both
personnel locks are open when the accident is initiated Given that the necessary support systems are available, the
model allowed the containment to be closed prior to core damage and if closed the containment could be vented it
necessary.

Dry w ell Integrity : The technical specifications do not require that the drywell integrity be maintained during POS 5.
A review of the Grand Gulf refueline critiques indicated that the drywell personnel lock is open and equipment hatch
is typically removed early m POS 5. Furthermore, during POS 5 a portion of the upper reactor pool is drained and
the drywell head is removed As modelled, either the drywell equipment hatch or the drywell personnel locks were
open and remained open throughout the accident

,

Reactor Pressure Vessel: In cold shutdown the reactor pressure vessel head is on. While the technical speciGcations
do not require any SRVs to be available, Grand Gulf administrative procedures require at least two SRVs to be
available Therefore,in this analysis the modelled allowed two SRVs to be available. The temperature of the vessel
water is required by the technical specifications to be less than 200* F. The water level can either be at the normal
level or the natural circulation level For the purposes of this analysis, it was assumed that at the start of the accident
the reactor water was at the normal level and its temperature was 200* F The RPV head vent was assumed to be
open at the start of the accident. The status of the MSIVs (i e., open or closed) is accident specific.

Suppression Pool: The suppression pool inventorv depends on the accident. Three lesels were considered (1) Low
water level (18 ft -41/2 m), (2) Drained lesel 12 ft 8 in, and (3) empty with 170,000 gal available to IIPCS from the
condensate storage tank.

Hydmgen Ignition System: The technical specifications do not require the 111S to be available during POS 5.
Howeser, since it is the practice at the plant to perform train based maintenance during a refueling outage, and half of
the igniters are on Train A and the other half are on Train B,it was assumed in this analysis that at least one train of i

lilS will alway s be available (Note, howeser, the }llS will not operate without ac power)

,
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5 Plant Damage State Analysis

Plant damage states form the interface between the accident frequency analysis (i e., Level I analy sis) and the accident
progression analysis (i e , Level 2 analysis) and as such define the initial and boundary conditions for the Level 2
analysis in the Level I analysis the sequence of events that will lead to core damage are identified The minimum set
of events that will result in core damage is called a cut set. In ihe plant damage state analy sis, cut sets with similar
characteristics that are important to the progression of the accident following core damage are grouped together, each
group constituents a PDS. The Level 1 analy sis is documented in Volume 2 of this report . |

5.1 Development of Plant Damage States

A four step approach was used to develop the PDSs Each step is discussed below.

In the first step, general features of the accidents that will define the initial and boundary condition for the Lesel*

2 analy sis are identified. These general features define the configuration of the plant at the start of core damage -

and the status of systems than can be used to mitigate the accident.

in the second step, specific systems and plant features are identified that address each of these general featurese i

Each specific feature is call a chamcteristic; the possible con 0gurations of each system or characteristic is call i

an artnbute. More than one characteristic may be used to define a general feature. For example, the following |

four systems (i e , characteristics) could be used to define the general feature that addresses the status of core |
coohng IIPCS, LPCI, SSW crosstre, and CDS. That is, IIPCS is one of four characteristics that defines the j

status of core cooling The possible configurations of the 11PCS system, or attributes, during the accident are: )
(A) IIPCS available but not being used, (B) HPCS not available and not recoverable, and (C) liPCS not
available but recoverable with the recovery of offsite power In this example, the llPCS charactenstic has three
attributes The list of characteristics and their associated attnbutes define the possible plant /s) stem
configuration for a particular accident This is displayed as a string of alphanumeric characters The first
position corresponds to the first characteristic, the second position corresponds to the second characteristic and

The alphanumeric character assigned to each position is the attribute for the appropriate characteristicso on

In the third step, the cut sets are reviewed and the appropriate attributes for each characteristic are assigned toe

each cut set. Since the list of characteristics generally describes the accident in less detail than the cut set,
groups of cut sets will have the same string of letters A unique string of letters is call an End State (ES) (ESs
are similar to PDSs except that they define the accident in more detail than the PDS ). While the number of
ESs can be significantly less than the number of cut sets, typically there are still too many ESs to analyze
individually in the Level 2 analysis

In the fourth and final step, the many ESs are combined into a manageable number of PDSs This step ise

possible because within the resolution of the Level 2 analysis many of the ESn will result in similar accident
progressions and releases of radioactise material To form the PDSs, ES characteristics are combined such that
only the information that is needed to define the initial and boundary conditions for the Level 2 analysis are
defined by the PDS. For example, the individual ESs indicate the availability of many different coolant
injection sptems (e g , LPCI, SSW cross-tie, and CDS) However,if LPCI is recoverable and the vessel is at
low pressure then the status of the other systems is not important for the model used in the Level 2 analy sis
Thus, assuming the other characteristics of the ESs are the same, all those ESs with LPCI recoverable would be
combined regardless of the status of SSW cross-tie and CDS. Through this process the majority of the ESs can
be combined into a dozen or so PDSs, however, the actual number of PDSs developed will depend on the
diversity of the accident sequences and the resolution desired for the Lesel 2 analysis.

The general features of the accident that were used in this study to develop the PDSs are: the status of electric power,
the status of core cooling, the stafus of containment heat removal, the status of reactor pressure vessel integrity, the status
of containment integrity, and accident timing characteristics Each of these general accident features is discussed below.
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Status of Electric Powen There are systems and components that can influence the progression of the accident following
core damage that were not modelled in the Lesel 1 analyses. Many of these systems depend primarily on electric power
and, therefore,in many cases this feature of the accident can be used to determine the availabihry of these systems :

following the onset of core damage For example, offsite ac power is required to close the containment. Similarly ,
emergency ac power is required to operate the hydrogen ignition system.

F

status of Core Cooling: This feature is used to identify systems that can be used to restore core coolant during the core '

damage process Restoration of core cooling offers the potential to arrest the core damage process and prevent vessel
failure. Preventing vessel failure can substantially reduce the consequences of the accident.

Status of Containment Heat Remosal: This feature addresses the status of systems that can be used to remove cecay
heat from the containment such as containment sprays and the suppression pool cooling systems. In cases where the
containment is closed, the energy released to the containment atmosphere during core damage will pressurire the
containment. These sy stems are used to attenuate this pressurization and thereby reduce the load on the containment
structure. Containment heat remosal is generally necessary to prevent containment failure. Containment sprays are also
useful in that they remove aerosols from the containment atmosphere and thereby reduce any potential release of
radioactive matenal. Since the suppression pool is an integral part of containment heat removal, this feature also
addresses the status of the suppression pool at the time of core damage (i e., amount of water in the pool and the
temperature of the pool) and is used to identify situations where its performance may be impaired The suppression pool
is used as a heat sink for the reactor, supplies water to ECCS, and is an effective device for removing radioactive

1
material released from the vessel.

Status of Reactor Pressure Vessel: This feature defines the integrity of the reactor pressure vessel and the pressure in the
vessel at the time of core damage The integnty of the vessel is important because it will determine the path by which
steam and radioactive material will escape from the vessel. If the vessel integrity is maintained the releases will pass
from the vessel to the suppression pool via the SRV tailpipes. As mentioned previously, the suppression pool is an
effectise device for mitigating the release. For a LOCA, the vessel releases will enter the drywell. For interfacing

,

systems LOCA, the release will bypass the containment altogether and enter auxiliary building. If the vessel head sent is
open a portion of the release will enter the drywell while the remaining portion will enter the suppression pool via the
SRV tailpipes. When the sessel integrity is maintained, the pressure in the vessel will affect the timing of the accident, i

the amount of radioactise material released during core damage, and the pressure in the containment following vessel
i

failure. The vessel pressure will also determine which systems can be used to provide makeup (i e., high pressure '

sy stems or low pressure systems) l

Status of Containment Integrity: This feature defines the integrity of the containment boundary at the time of core ;

damage: The integrity of the containment boundary is one of the most important factors that will determine the severity |
of the accident. For severe core damage accidents in which the containment boundary remains intact, the offsite |

consequences are generally small On the other hand, when the containment boundary is not maintained the
consequences can be quite severe. Since in POS 5 the containment equipment hatch and personnel locks can be open,it
is important to know the status of these penetrations at the time of core damage. This feature also addresses the status of

i

the containment vent sy stem which can be used to relieve pressure in the containment when containment heat removal !

systems are not available or are inadequate. Opening the containment. vent, however, will allow radioactive material in |

the containment atmosphere to enter the environment. |

Accident Timing Charneseristics: This feature defines the time window that the plant is in when the initiating event
occurs and the amount of time that elapses between the occurrence of the initiating event and the onset of core damage.
The time window will directly affect the amount of decay heat and the radionuclide inventory that is present at the start
of the accident. The time window combined with the amount of time that elapses between the start of the accident and
the onset of core damage will determine the amount of decay heat that is available at the onset of core damage which
will in turn affect the timing of key events following the onset of core damage (e g., vessel failure and containment
failure). The speed with which the accident proceeds can affect the amount of time that is available to restore core
cooling and will also affect the relative timing between when the release of radioactive material occurs and when the
public begins to evacuate. This last item can have a major impact of the magnitude of early health effects.
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The characteristics that are used to define the ESs are provided in Appendix A 1. Similarly, the characteristics used to
define the PDSs and the rationale used to collapse the ES characteristics into PDS characteristics is provided in Appenda
A 2.

5.2 Description of Plant Damage States
.

The Level 1 analysis generated 28 core damage sequences which contained a total of 38 cut sets These cut sets were
grouped into 22 ESs which were then collapsed into twelve PDSs The sequences contained in each ES and the ESs
contained in each PDS are presented Appendix A.l. A brief description of each of the twelve PDSs is provided below.
The first number in the PDS name identifies the Time Window in which the accident occurs, the second number
identifies the PDS number For example, PDSI-3 is the third PDS in Time Window 1.

Plant Damage State PDSI-1:

The accidents in PDSI-l are initiated by a LOCA (A or SI) while the plant is in Time Window 1. The break drains the
vessel to the top of the jet pumps (i e.,2/3 core height) The operators attempt to establish water solid operation (i e ,
form a water solid loop between the RPV and the suppression pool) with low pressure ECCS HPCS is unavailable due
to maintenance or random hardware failures. In a LOCA the water will drain from the vessel via the break into the
dryw ell To form a water sohd loop enough water must be pumped into the drywell (i e., via the break) to Dood the
drywell up to the weir wall to form a connection between the drywell and suppression pool. To establish a connection
between the drywell and the wetwell the operators must dump the SPMU into the suppression pool. In this scenario, |
however, the operators fail to dump the SPMU in sufficient time to prevent ECCS from failing on inadequate suction
head Once the ECCS pumps fail, they are assumed to be lost for the entire accident. Unable to perform a water solid
operation, the operators attempt to Good the containment with the standby service water crosstie. To successfully Dood

,

the containment, the lower personnel lock must be closed In this plant damage state, the operators did not close the !

lower personnel lock. Thus, the containment is Gooded up to the lower personnel lock at which point the water then
enters the auxiliary building it was assumed that the Gooding operation would Good the auxiliary building resulting in
the loss of all core and containment cooling one hour after the start of the accident. Core damage is estimated to occur
approximately one hour after the loss of core cooling (i e , core damage is estimated to occur two hours after the
initiating event). |

|
At the onset of core damage, the sessel integrity is breached (i e., the break), the vessel is at low pressure, the
containment is open While offsite power is available during the accident, both the core cooling and the containment
cooling functions are lost for the entire accident.

Plant Damage State PDSI-2:

The accidents in PDSl-2 are initiated by a loss of offsite power (TI) followed by a failure of the Train B emergency
diesel generator to either start or to run for sufficient time to prevent core damage. The initiating event occurs while the
plant is in Time Window 1. The Train A emergency diesel generator is unavailable due to maintenance. HPCS is also
unavailable due to either maintenance or random hardware failures. These events result in a station blackout (i e., loss of
all onsite and offsite ac power) resulting in a loss of all emergency core cooling. Furthermore, the station batteries
deplete within 2 hours from the start of the accident. Without de power, the SRVs cannot be opened to keep the vessel i

at low pressure. To complicate matters, the valves that isolate the low pressure piping and components on the SDC |
system from the high pressure piping associated with the RPV require se power to change position. Thus, without ac
power these valves remain open Without core cooling the vessel inventory begins to boil and the resulting steam
pressurizes the RPV. The pressurization of the RPV fails the low pressure components associated with the SDC system
resulting in a break outside the containment. The break drains the vessel to the top of the jet pumps (i e.,2/3 core
height). Without a means to suppfy coolant to the core, the accident proceeds to core damage. It is estimated that core
damage occurs 3.5 hours after the initiation of the accident.

At the time of cor: damage the vessel integrity has been breached and the primary system is at low pressure. It is
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assumed that the loss of de power precludes the recovery of offsite power. Without electric power, the containment
cannot be closed and the core an/ .;ontainment cochng systems cannot be restored

Plant Damage State PDSI-3:

This PDSs is similar to PDSl-2 except that the station batteries continue to provide de power for 12 hours With de
power available, the operators are able to open two SRVs to keep the v.ssel depressurized The operators then align the
firewater system to provide coolant to the core Once the station battenes fail 12 hours after the initiating event, the
SRVs close, the vessel pressurires and the firewater system is lost due to hiF.h vessel pressure. In this PDS, the
operators manually isolate the low pressure components of the SDC system from the high pressure primary system
(Note: In this PDS, as apposed to PDSI 2, there is considerable amount of time between the loss of offsite power and
the pressurization of the vessel which provides the operators sufficient time to manually isolate the SDC system )
Without core cooling the accident proceeds to core damage in approximately 12 hours.

At the time of core damage, the vessel is at system pressure with pressure relief being provided by the SRVs cychng at
their setpoints The reactor sessel head "ent is also open It is assumed that the loss of de power precludes the recosery
of offsite power Without electric power, the containment cannot be closed and the core and containment coohng
systems cannot be restored

Plant Damage State PDSI-4:

This PDS is similar to PDSI-2 except that the station batteries continue to provide de power for at least 3 5 hours in
this PDS the operators fail to open two SRVs and align the firewater system for core injection Furthermore, there is
insufficient time for the operators to manually isolate the SDC system from the primary system Without core cooling
the vessel inventory begins to boil and the resulting steam pressurizes the RPV. The pressurization of the RPV fails the
low pressure components associated with the SDC system resulting in a break outside the containment The break drains
the vessel to the top of the jet pumps (i e ,2/3 core height) Without a means to supply coolant to the core, the accident
proceeds to core damage. It is estimated that core damage occurs 3 5 hours after the initiation of the accident.

At the time of cere damaga the vessel integrity has been breached, the primary sy stem is at low pressure, and the
containment equipment hatch is open Since de power is available it is possible to restore offsite power after the onset
of core damage. Following the recovery of se power, low pressure ECCS can be used to provide coolant to the core

Plant Damage State PDSI-5:

The accidents in PDSI-5 are initiated by a valve misalignment that diverts vessel water to the suppression pool via the
RHR system (HI) while the plant is Time Window 1. The diversion of water is automatically isolated when the vessel
water level reaches Level 3. The operators recognize the diversion and attempt to restore core cooling using the water
solid operation (i e , form a water solid loop between the vessel and the suppression pool), however, the suppression pool
is empty. Next, the operators attempt to Good the containment by injecting water into the vessel using SSW crosstic
Once the vessel is full, the water passes through the SRVs and enters the suppression pool In this PDS, however, the
operator fails to close the lower containment personnel lock. With the lower personnel lock open, the water being used
to Good the containment will pass through the lock and nood the auxiliary building Once the auxiliary building is
Gooded, it is assumed that all core and containment cooling systems are lost. At this point in the accident the water
level in the vessel is at the main steamlines. Without core cooling the temperature of the core coolant will increase until
it reaches the saturation temperature at which point it will begin to boil. The steam generated during the boiling process
passes through the SRVs and is condensed in the suppression pool. Core damage is estimated to occur 7 hours after the
initiating event.

At the onset of core damage, two SRVs are open, the reactor vessel head vent is closed, and the primary system is at
low pressure. Even though offsite power is available, the containment is open and all core and cantainment cooling
systems are lost for the entire accident.
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Mant Damage Ssase PDS2-1: ,

The accidents in PDS21 are initiated by a LOCA (A or SI). This PDS is the same as PDSI l except that the accident ;
is initiated while the plant is in Time Window 2,

.

Plant Damage State PDS2-2:
- i

The accidents in PDS2-2 are initiated by a loss of offsite power (TI). This PDS is the same as PDSI-2 except that the -
initiating event occurs while the plant is in Time Window 2.

Plant Damage Staic PDS2 3:
i

The accidents in PDS2 3 are initiated by a loss of offsite power (TI). This PDS is the same as PDSI-4 except that the
initiating event occurs while the plant is in Time Window 2.

i

Plant Damage State PDS2-4: i

!

The ac;idents in PDS2-4 are initiated by a diversion of vessel water to the suppression pool via the RHR system due to
'

a misalignment of valvu This PDS is the same as PDSl-5 except that the initiating event occurs while the plant is in !

Tirae Window 2. i

.

Plant Damage State PDS2-5:
L

The accidents in this PDS are initiated by a loss of all SSW (T5A) which leads to loss of both Train A and Train B
,

ECCS. HPCS is unavailable due to maintenance of random hardware failures The operators recognize the loss of SDC ?

but are unable to establish water solid operation because all of the ECCS injection systems are unavailable. Without
,

core cooling, the core coolant inventory temperature increases until it reaches saturation at which point the vessel coolant i

begins to boil and the vessel begins to pressurize. In this PDS, the operators do not open the SRVs to keep the vessel at
low pressure and, therefore, the vessel will pressurize to system pressure and will be maintained at system pressure with !
the SRVs providing pressure relief at their pressure setpoints. The steam generated in the vessel is directed to the '

suppression pool, via the SRV tailpipes, where it is condensed Core damage is estimated to occur 12 hours after the ;
initiating event.

At the onset of core damage, the primary system is at sy stem pressure and the vessel head vent is open All core and |
containment cooling systems are lost for the entire accident. The containment can be either open or closed. In the case .

that the containment is closed prior to core damage, the containment vent system is available to relieve the pressure in .;
the containment. 4

t

Plant Damage State PDS2-6:

The accidents in PDS2-6 are initiated by a valve misalignment that diverts vessel water to the suppression pool via the -

RHR system (Hl) while the plant is Time Window 2. The diversion of water is automatically isolated when the vessel-
water level reaches Level 3. The operators recognize the diversion and attempt to restore core cooling using the water i

solid operation (i e., form a water solid loop between the vessel and the suppression pool). The operators turn on the )
ECCC pumps and pump water from the suppression pool into the vessel. In this PDS, the MSIVs are open at the start of
the accidert and the operators fail to close them during the accident. turthermore, the operators do not turn ECCS off j

once the vessel is full. Instead, the water fills the vessel and flows out through the steam lines to the turbine. This is 1

allowed to continue until the ECCS suction strainers in the suppression pool are uncovered. At this point ECCS will
fail. Furthermore, it is assumed that the resulting flood in the turbine building will fail any remaining core and
containment cooling systems. With the water level now at the main steamlines, the coolant temperature will increase

i

until it reaches saturation at which boil the water will begin to boil. The steam generated during the boiloff process will I
be transported to the condenser via the main steamlines. Without core cooling the accident will proceed to core damage
in 6.75 hours.
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i

At the time of core damage the MSIVs are open which establishes a direct path from the RPV to the turtWne building j
which is outside the containment Because the MSIVs are open, the primary system is at low pressure. Offsite power is )
available and the containment can be either open or closed. All core and containment cooling systems are lost for the ;
entire accident. I

Plant Damage State PDS3-1
.

The accidents in PDS2-1 are initiated by a LOCA (A or SI). This PDS is similar to PDSI-l except that the accident is
initiated while the plant is in Time Window 3 and liPCS was initially available. In this PDS, the failure by the
operators to dump SPMU results in a loss of all ECCS (both high pressure and low pressure)

5.3 Plant Damage State ReSults

The core damage frequencies and fractional contributions to the core damage frequency for the 12 PDSs are presented in
Tables 51. Two fractional contribution measures were calculated fractional contribution to the mean core damage
frequency and the mean fractional contribution to the core damage frequency. It, the first calculation, the mean of each
PDS is divided by the total mean core damage frequency This is the measure that was used to display the contribution
of groups of initiating events in the Level 1 analysis reported in Volume 2 of this report. The second measure is
calculated by dividing the PDS frequency for a single observation by the total core damage frequency for the same
observation This is repeated for all of the observations, the fractions are added together, and then the sum is dmded by
the total number of observations. This second measure is more representative of the fractional contribution of the PDS
across the entire distribution and is the measure that is used in the remaining sections of the report.

The Lesel 1 analysis used an LilS sample size of 1000 whereas the Level 2/3 analysis used a sample size of 200. While
a sample size of 1000 can be used in the Level 1 analysis, the large computational requirements of accident progression
and consequence analy ses precluded the use of such a large sample size in the Level 2/3 analysis. When selecting the
LilS sample size for the Level 2/3 analyses two objectises had to be considered (1) the sample size had to be
sufficiently large such that the Level 2/3 PDS results were reasonably similar to the Level I results, and (2) the sample
size had to be small enough that the calculations could be performed in a timely manner. A sample size of 200 satisfied
these two objectives The PDS frequencies from these two samples are compared in Appendix A 3.

,
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o.

Table 51 ,

Plant Damage State Results I

Plant Damage States Descriptive Statistics': Core Damage Frequency (1/yr) Fractional Contribution'

5% 50 % 95 % Mean FCM-CDF MFC-CDF

PDS l-1 1.6E-09 14E-0R 1.9E-07 4. l E-08 0.020 ~0.018
>

PDS I-2 14E-10 4.3E-09 1.3E-07 2.3E-08 0.011 0.015
;

PDSI-3 2.9E-09 1.7E-08 1.6E-07 4.4E-08 0 021 0.030 I

PDS1-4 6.0E-11 2 OE-09 3.5E-08 9.2E-09 0.004 0.006

fPDS I-5 4.9E-10 6.9E-09 4.8E-08 1.4 E-08 0.007 0.010

PDS21 1.3 E-08 1.4 E-07 1.5E-06 3.5E-07 0.168 0.153

PD52-2 2.2E-08 1.5E-07 1.6E-06 5.5E-07 0.264 0217
.

IPDS2-3 2.7E-09 2.9E-08 4.5 E-07 1. l E-07 0 053 0 059

PDS2-4 7.7E-09 8 8E-08 7.5E-07 2.0E-07 0 097 0 140 ,

?

PDS2-5 8 6E-11 2 7E-09 5.3E-0R 1.3 E-08 0.006 0.010

PDS2-6 2 6E-11 1.1E-09 2.8E-08 7.4E-09 0 004 0.006

PDS3-1 6 3E-08 3.8E-07 2 4E-06 7.3E-07 c.347 0 338 |
:

Total 4.1E-07 1.4 E-06 5.6E-06 2. l E-06

Note 1: Statistics based on a sample size of 200 I

Note 2: FCM-CDF = Fractional coninbution to mean core damage frequency

MFC-CDF = Mean fractional contnbution to core damage frequency
|
!
I

*
.
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6 Accident Pmgmssion Analysis

In the accident progression analysis, event tree techniques are used to delineate the many possible paths (i e., accident ;

progressions) that the accident can follow after the onset of core damage. The event tree that is used to model this ;

portion of the accident is called an Accident Progression Event Tree (APET). Many different paths are possible because i

there is uncertainty as to how equipment will operate, the actions the operators will perform, and the outcome of ,

complex phenomena. Of primary concern is the identification of events that can affect the release of radioactive material
from the core and the transport of this material through the engineered environment (e g , primary system,, containment, !
and auxiliary building) since this information will be used to estimate source terms in the subsequent analysis (see {
Section 7). The inputs to the APET are the PDSs described in Section 5. The products of the accident progression :
analysis are the delineations of the possible paths the accident may following after the onset of core damage and the |
probability of each path. Since a typical APET used to model severe accidents can delineate thousands or even hundreds ;

of thousands of paths, it is not practical to estimate a source term for each path individually. Instead, groups of j
progressions, called Accident Progression Bins (APBs), are form that have similar characteristics that affect the formation ;

of the source term In the subsequent analysis, the amount of radioactive material released to the environment is |
estimated for each APB. In the following subsections the APET model will be described, the sources ofinformation

'

used to quantify the APET identified, the characteristics of the accident used to develop the APBs discussed, and
summary of results provided

i

6.1 Accident Pmgmssion Model |
t
!

The APET developed for this analysis is similar in concept and structure to the APETs used in the NUREG-1150 study,
however,it is not be as detailed. As compared to the NUREG-1150 APETs, the POS 5 APET includes fewer ques 6ons j

(i e., top events), issues were addressed in less detail (e g , hydrogen combustion phenomena), and formal expert i

judgement procedures were not used to quantify the APET. While there are substantially fewer questions included in tie j
POS $ APET, as compared to the NUREG-1150 APETs, the POS 5 APET included a sufficient number of questions so
that important interactions between phenomenon / systems / operator actions were captured. Experience and insights gained
from other PRAs and the abridged analysis of POS 6 were used to focus the development of the trees and thereby limit |

'
the number of questions. In particular, the following factors allowed the size of the tree to be reduced (relative to the

!APET used in NUREG-1150): (1) in many cases, several related issues were combined and addressed as a single issue,
(2) the plant and sy stem configuration during shutdown minimized and/or eliminated the need to address many of the
issues that were considered in the full power PRA (e g , once the drywell equipment hatch has been removed it is no i

longer necessary to assess the structural response of the.drywell to loads that occur during the accident) and (3) where
'

necessary, simplifying assumptions were used to limit the size of the analysis (e g., the impact that the standby gas
treatment system has on the release of radioactive material is not included in this analysis), The selection of appropriate ;

top events was based on PRAs of full power operation, characteristics of the PDSs, results from relevant deterministic ;

calculations that were generated using state-of-the-art severe accident codes such as MELCOR (Summers, et al.,1991), i

and on knowledge of how the plant operates based on plant procedures, discussions with plant personnel, and relevant |

technical descriptions (e g , technical specifications, safety ar.alysis report, and system descriptions).

'

6.1.1 Major Assumptions
i

The major assumptions that were made during the development and quantification of the APET are presented below. |
Addition assumptions are discussed in Appendix B.1 which provides a detailed discussion of the questions in the APET. |
The major assumptions include;

During POS 5 the plant is in the cold shutdown mode of operation with the vessel head attached. Twoe
SRVs are available to control the pressure in the vessel.

,s

Core damage is defined as the start of fuel heatup. The time to core damage and other timing- !o
characteristics of the accident were determined from MELCOR calculations performed for this study. ,

MELCOR calculations were performed for various PDSs and are documented in Volume 6, Part 2 of |

this report. j

!
i
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The containment and drywell are both open at the start of the accident. The containment can only be
e

closed if offsite se power is available; containment closure must be completed prior to the onset of core
damage. The drywell is assumed to remain open throughout the accident. Also, for those accidents in

l
i

which the containment was unsuccessfully flooded (i e., the lower personnel lock was inadvenently left|
open resulting in a flood in the auxiliary building) it was assumed in the Level 1 analysis that the lock
remained open prior to core damage. Since no credit is given for closing the containment after the
onset of core damage, it is assumed that the containment remains open for the duration of the accident

DC power from the station batteries is required to restore offsite power to the plant in the event that
*

offsite power is lost prior to or during the accident. Therefore,if the station batteries deplete prior to
the restoration of offsite power,it is assumed that offsite power cannot be restored during the accident.

If the containment equipment hatch and/or personnel locks are open, the airbome radioactive material
*

will enter the auxiliary building prior to being released to the environment. The auxiliary building can
either fail from pressurization by steam and noncondensibles or from pressurization that accompanies a
hydrogen burn The auxiliary building is assumed to fail on a 5 psi overpressure. Prior to failure of
the auxiliary building it is assumed that no radioactive material enters the environment. While the
auxiliary buildmg is not a leak tight structure, it is assumed that the radioactive material is released into
the building slowly enough that a negligible amount of radiation escapes into the environment prior to
failure of the build ng. Neither the standby gas treatment system not the ventilation system are
modelled Thus, it is assumed that no engineered features are available to attenuate the release in the
auxiliary building and the only attenuation that the release will experience in the building is that due to
natural procc<s~ 'e g , natural deposition).

it the containment is ciowd prior to core damage, containment heat removal must be available to
e

prevent subsequent containment failure from long term overpressurization. This assumption is
supported by MELCOR calculations that show that the containment will ultimately fail from
overpn ssure it the decay heat is not removed from the containment. For the PDSs developed for this
analysis. containment heat removal is never available and, therefore, the containment will never remain
intact throughout the accident. If the containment is closed prior to core damage and does not fail from
loads accompany hydrogen combustion or vessel failure and it not vented, it is assumed to fail late in
the accident from the accumulation of steam and noncondensibles.

If the containment is closed prior to the onset of core damage and then subsequently vented after the
*

onset of core damage, it is assumed that the vent stays open throughout the accident. While the

emergency operating procedures (EOPs) direct the operators to close the containment once its pressure
drops below a certain pressure, without containment heat removal, the containment will have to be
vented again later in the accident when the pressure again increases above the vent pressure. There was
no attempt in this analysis to model the opening and closing of the containment vent. Furthermore
since the availability of the containment purge system during POS 5 is not being modelled (and it is not
required by the technical specification), it is assumed that the containment will be sented directly to the
environment and will not pass through the containment purge system with its associated filters and
charcoal beds

if the containment fails, it is assurned to fail above the auxiliary building roof, thereby allowing
e

radioactive releases to bypass the auxiliary building and enter the environment directly. The enclosure
building that surrounds the portion of the containment th-t is above the auxiliary building roofis
estimated to offer essentially no attenuation to the release. This assumption is consistent uith the

assumption used in the Grand Gulf plant analysis performed as part of the NUREG-ll50 study [ Brown,
et al.,1990)

Since the assessed containment failure pressure at the 99* percentile is only 97 psig and the drywell
e

pressure required to prevent the SRVs from opening must exceed 100 psi, failure of the SRVs due to
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high containment pressure is not considered in this study.

The Grand Gulf Emergency Operating Procedures are applicable after the onset of core damage and the*

operators will continue to follow them

No operator actions were modelled that would require the operators to enter the contairunent oro

auxiliary building fol!owing the onset of core damage.

Recovery of coolant injection after the onset of core damage is only considered if (1) injection systems*

were not available pnor to core damage but become available following core damage, or (2) conditions
occur following the onset of core damage that would cause the operators to use a system that was
previously available but not used prior to core damage.

If the reactor head vent is open and the vessel is pressurized, it is assumed that all of the in-vessel*

releases escape though the head vent and bypass the suppression pool This assumption is based on
results from MELCOR calculations performed for this study. If the sessel is depressurized prior to core
damage or the vessel is breached by a LOCA, the in-vessel release will either pass through the SRVs
and enter the suppression pool or escape out the break, which ever the case may be.

It is assumed that the core cannot be cooled and sessel failure cannot be prevented by flooding the*

lower portion of the containment which submerges in water the lower portion of the lower vessel head

e Although the containment is Gooded in the LOCA PDSs, it is assumed that the break occurs above the

water and, therefore, any releases that occur before sessel failure will not be scrubbed by water.

6.1.2 Overview of the APET

The APET for POS 5 considers the progression of the accident from the onset of core damage, defined in this analysis as
the start of fuel heatup as predicted by the MELCOR code, through the completion of the interactions between the core
debris and the concrete structure below the vessel These interaction that occur between the core debris released from
the sessel and the concrete structures below the vessel are termed core-concrete interactions or simply CCI. To model
these accidents, the APET addresses the 59 events or questions listed in Table 61. The first seventeen questions are
used to define the characteristics of the PDSs which form the initial conditions for the analy sis Following the definition
of the PDSs, the questions in the APET are divided into four general time regimes: (1) before core damage, (2) during
the m-sessel phase of the core damage process,(3) from vessel failure to the start of significant CCI, and (4) from the
start of significant CCI to the end of the accident. Events that are considered before core damage include events that are
important to the accident progression but that were not included in the Level 1 analysis. These events include operator
actions associated with containment closure and the imtiation the of hydrogen ignition system (HIS) Questions in the
second time regime are address the core degradation and relocation process in the vessel and the status of plant features
that caa be used to mitigate the release. Events that are included during the in-vessel phase of the accident include
esents that address the recosery of core coolant, events that address the status of the reactor vessel integrity and the
pressure in the reactor sessel, and events that address the status of the containment and auxiliary building. To address
the status of containment mtegrity events associated with hydrogen combustion, containment heat removci, and
containment senting are aho considered Since many of the systems that can be used to mitigate the accident depend on
ac power, the recovery of ac power during a station blackout is also addressed in this section of the APET. Events that
are included in the sessel failure time regime include events that determine the likelihood that the core debris is cooled
in the vessel resulting in termination of the accident with the core in a 3afe stable condition. For accidents in which the
core debris is not cooled and the ressel fails, events are included that address the phenomena associated with vessel
failure (e g , vessel melt though, high pressure melt ejection, and steam explosions) and the accompanying loads. The
response of the containment or auxiliary building to these loads are also assessed in this section of the APET. Esents
that are included in the time regime after sessel failure include events associated with CCI, the long-term pressurization
of the containment from the steam and noncondensibles generated during the CCI process, and the status of the
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Table 6-1
POS 5 Accident Progression Event Tree Questions

No.
APET Questions "

t

.

Plant Damage State Definitions
1 What is the Plant Damage State?
2 What is the status of electric power at core damage (PDS Char 1)?
3 What is the status of de power at core damage (PDS Char.1)?
4 What is the status of high pressure injection at core damage (PDS Char. 2)? I

5 What is the status of low pressure injection at core damage (PDS Char. 2)?
6 What is the status of containment sprays and SPC at core damage (PDS Char. 3)? |

7 What is the suppression pool level at the onset of core damage (PDS Char. 4)?
8 What is the suppression pool temperature at the onset of core damage (PDS Char. 5)?
9 What is the status of the reactor head vent at the onset of core damage (PDS Char 6)?
10 What is the status of the RPV integrity at the onset of core damage (PDS Char. 7)?

!
11 What is the status of the containment access penetrations at the onset of core damage (PDS Char. 8)?
12 What is the status of the containment vents system at the onset of core damage (PDS Char 9)? !

13- When does core damage occur (PDS Char.10)? '

lt While in POS 5, when does the initiating event occur (PDS Char.11)?
15 What type of event initiates the accident?
16 What is the pressure in the RPV at the time of core damage?

,

17 liow much water is in the reactor pedestal casity at the time of core damage?

Events that Occur Before Core Damage
|

18 Is the containment equipment hatch opened at the start of the accident? '

19 Do the operators close the containment before core damage?
>

20 Does the auxiliary building fail before core damage? '

21 What is the status of the drywell before core damage?
22 Do the operators turn on the filS before core damage?

Events that Occur During Core Damage
23 Do the station batteries depleted during core damage?
24 Is offsite power restored during core damage?
25 Is the RPV isolated during core damage''

;26 Do the operators initiate containment sprays during core damage?
?

27 Do the operators depressurize the RPV during core damage?
28 What is the status of the SRV vacuum breakers during core damage?
29 Is core cooling restored during core damage?
30 What is the peak hydrogen concentration in the containment during CD?

i31 What is the fraction of zirconium that is oxidized in the vessel during core damage? I
32 Do the operators turn on the Ills during CD ?
33 Does an uncontrolled hydrogen combustion event occer during CD?

f

,
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Table 61 (continued)
No APET Questions
34 What is the pressure in the containment during CD (no uncontrolled burn)?
35 Does the containment fail from quasi-static loads during core damage?
36 Do the operators vent the containment during core damage? .

37 What is the status of the containment during core damage?
38 What is the size of the containment opening dunng core damage?
39 Does the auxiliary building fait during core damage?

Events that Occur Around the Time of Vessel Failure
40 Is there water in the RPV pedestal cavity just prior to VB?
41 Is the core damage process arrested in the vessel?

42 What fraction of the core debris would be mobil at VB?
43 Does a large in vessel steam explosion occur?
44 Does an Alpha mode event occur?
45 Does a large in-vessel steam explosion fail the vessel?
46 What is the mode of VB?
47 Does high pressure melt ejection occur?

P

48 Does a large ex vessel steam explosion accompany VB?
49 Does the containment fail from pressure loads accompanying VB?

,

50 What is the status of containment integrity just after VB?
51 What is the size of the containment opening just after VB7
52 Does the auxiliary building fail just after VB7

Events that Occur After Vessel Failure I

53 What is the status of de power late in the accident?
54 Is ac power recovery late in the accident? ,

55 !s the core debris in the cavity coolable?
56 Do the operators vent the containment after VB?

i

57 Does the containment fail late in the accident?
58 What is the status of the containment late in the accident? >

59 What is the size of the containment opening late in the accident?

+

containment's integrity late in the accident. Because many of the systems that can be used to control the pressure in i

the containment depend on electric power (e g , containment sprays and containment venting) the status of electric power
is also addressed during this phase of the accident. By the end of the tree, the extent of core damage (i.e., only in-vessel !

releases versus both in-vessel and ex sessel releases), the release path, and the status of the systems that can be used to
mitigate the release have been identified. These features of the accident are then used as a basis for estimating the
magnitude of the release in the radioactive release and transport analysis. '

1

Each question included in the APET is discussed in detail in Appendix B.I. Because of the number of questions
included in the APET, it is not practical to represent the tree graphically. Instead, Boolean statements are used to
represent the tree which is then evaluated with the EVNTRE code [Griesmeyer and Smith 1989]. The Boolean I

representation of the POS 5 APET is provided in Appendix B 2.

I

l

|
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6.2 Quantification of Accident Pmgmssion Model

The quantification of the APET consists primarily of assigning probabilities to the branches in the APET. These ;

branches represent the possible outcomes for the various events included in the tree (i e., the occurrence of human !
actions, the system responses, the occurrence of phenomenological events). The probabilities in the POS-5 APET were
quantined using infonnation from the following sources:

Level 1 Analysis: The frequencies for the PDSs were obtained from the Lesel I analysis described in Volume 2
*

of this report.

HRA analysis: A Human Reliability Analysis (HRA) was performed to determine the human error probability
e

for operator actions during the core damage process (e g., containment closure and the recovery of core cooling
and containment cooling functions) For the sake of consistency, wherever possible, the same HRA models and
techniques used in the Level I analysis were also used in this study. The results from the HRA analysis are
provided in Appendix B 3.

e MELCOR calculations: A series of MELCOR calculations were performed specifically for this study. Results
from these calculations helped guide the development and quantification of the APET. SpeciGcally, the
MELCOR calculation were used to determine the timing of key events (e g , onset of core damage, vessel
failure, containment failure) and the pressure, temperature, and composition histories of the containment and
auxiliary building The MELCOR calculations are dccumented in Volume 6, Part 2 of this report. '

e Data from the NUREG-1150 PRAs: Where appropriate, data used in the NUREG 1150 full power PRA of
Grand Gulf was also used in this study (e g., structural capacity of the containment to static loads).

For those esents that were judged to be important to risk and for which there was a large amount of uncertainty as to the
value to assigned to the branch probability, an uncertainty distribution was assigned to the probability. Twenty three
variables in the APET were included in the uncertainty analysis. For the remaining events that were either judged to be
less importance or for which the branch probability was not believed to be uncertain, a single value was used The
primary sources of information used to quantify the question in the APET listed in Appendix B.3.1. Also,if the question f

was included in the uncertainty analysis, B.3.1 identines the distribution that was used to characterize the uncertainty and
the vanable name.

6.3 Accident Pmgmssion Bins

As each path through the APET is evaluated, the result of that evaluation is stored by assigning it to an Accident
Progression Bin (APB). The APBs are the means by which information is passed from the accident progression analysis
to the source term analysis (see Section 7) and as such the bin describes the evaluation in enough detail that a source
term (the release of radioactive material) can be estimated for it. The binning scheme for the POS 5 analysis utilizes
fourteen characteristics or quantities which define a certain feature of the accident progression (the definition of the
APBs is analogous to the de6nition of PDSs). A bin is deEned by specifying a letter for each of the 14 characteristics,
where each letter for each characteristic has a certain meaning. For each characteristic, the possible states are termed

attributes The selection of the characteristics and attributes is based on the information that is needed in the
radionuclide release and transport analysis to estimate the source term The fourteen characteristics used in this analysis
are identified and described in Table 6-2. The attributes for each characteristic are identified and described in Table 6 3.

6.4 Evaluation of Accident Pmgmssion Event Tne

The Grand Gulf POS 5 APET was evaluated using the EVNTRE code [Griesmeyer and Smith,1989]; the results from
EVNTRE were post processed with the PSTEVNT code (Higgins,1989]. All of the plant damage states are evaluated in

;
a single APET and EVNTRE run and, hence, the probabihties for the APBs generated in this analysis are conditional on
the occurrence of core damage, not a particular PDs. A path in the APET was dropped from the analysis when its j
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Table 6-2
Accident Progression Bin Characteristics

Characteristic Abbreviation Description |No.

I PDS Identifies the plant damage state -
-

2 CNT-STATUS Identifies the status of containment integrity during the various stages *

of the accident.

3 AUX STATUS Identifies the status of auxiliary building integrity during the various
t

stages of the accident

4 DW. STATUS Identifies the status of drywell integrity at the start of the accident

5 RPV-ISO Identifies the status of the reactor vessel integrity prior to core damage
6 RPV VNT Identifies the status of the reactor head vent before core damage
7 SRV-VBkr Identifies the status of the SRV tailpipe vacuum breaker during core ;

damage '

8 RPV-VB Identifies both the pressure in the reactor and the status of core coolant
at the time of vessel failure *

9 CNT-SPRAYS Identifies the status of containment sprays during core damage
,

10 ZROX1D-CD Identifies the amount of zirconium oxidized during core damage

11 IIPME-SE Identifies the occurrence of high pressure melt ejection and steam
explosion events

J12 TYPE-CCI Identifies the coolability of the core debris in the reactor pedestal
cavity following vessel failure

13 IE-TIME Identifies the time window during POS 5 in which the accident occurs

14 SP-TEMP Identifies the temperature of the suppression pool at the onset of core ;
damage '

!

l

|
probability dropped below 1.0E 07. Thus, the APBs consist of groups ofindividual progressions with each progression
having a conditional probability of at least 1 OE-07. The logic used to form the APBs is included in the APET logic
model which is described in Appendix B.2. The uncertainties associated with important events that affect the accident
progression analysis were propagated through the APET using a stratified form of simple random sampling call Latin
Hypercube Sampling (LHS) (see Section 2 for more discussion). In this technique, the APET is evaluated many times

,

|

using different sets ofinputs for each evaluation. The entire set of inputs is called the sample whereas the set ofinputs i
used for a single evaluation is called an observation A sample that consisted of 200 observations was used in this

i
analysis. The evaluation of the APET resulted in the generation of 242 unique APBs.

!

6.5' ResultS fmm Accident Pmgmssion Analysis

Since there are far too many APBs to present and discuss each one individually, only aspects of the accident progression
that have a major affect on the source term and risk will be discussed in this subsection. Features of the accident that
can have e major impact on the amount of radioactive material released to the environment include the containment's
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Table 6-3
Accident Progression Bin Definitions

Attribute Mnemonic Description

Characteristic 1: Plant Damage State (PDS)

A-P PDSl-1 - Attnbutes A through P identify individually the 16 PDSs
,

PDS3-1 -

Characteristie 2: Containment Status (CST-STATUS)

A OCnt-BCD The containment equipment hatch is open before core damage and remains
open throughout the accident.

B Vnt-CD The containment is vented during core damage.

C Cnt-Rpt-CD The containment fails, via a rupture in the containment wall above the
auxiliary building roof, during core damage.

!D Cnt Lk-CD The containment fails, via a leak in the containment wall above the auxiliary
building roof, during core damage.

E Cnt Rpt-VB The containment fails, via a rupture in the containment wall, from loads
accompanying vessel failure.

F Cnt-Lk-VB The containment fails, via a leak in the containment wall, from loads
accompanying vessel failure.

G Vnt Late The containment is vented during the late time regime
!H Cnt-R pt-La te The containment fails, via a rupture in the containment wall, from loads that
i

occur late in the accident.
,

;
I Cnt Lk-Late The containment fails, via a leak in the containment wall, from loads that

occur late in the accident.
1J Cnt-NF-Late The containment is closed prior to core damage and its pressure boundary is
;

maintained during the remaining portion of the accident.
;

Charneteristie 3: Ausillary building pressure integrity status - AUX-STATUS

iA OAux-BCD The containment is open during the accident and the auxiliary building fails
|

from overpressurization prior to the onset of core damage j
iB OAux-CD The containment is open during the accident and the auxiliary building fails
|

from oserpressurization during core damage.

C OAux-VB The containment is open during the accident and the auxiliary building fails
|from overpressurization after vessel failure.

D nOAux The containment is closed prior to the onset of core damage.

1

*
.
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Table 6-3 (continued)
.

Attribute Mnemonic Description
i

Charactedstic 4: Drynell pressure !niegrity stanas (DW-STATUS)
~

A Op-DW BCD The drywell equipment hatch and/or personnel lock are open at the start of the
.

'
accident. This is the case that is assumed in this analysis.

B Cis-DW-BCD The drywell equipment hatch and personnel lock are closed prior to the onset
of core damage.

Characteristic 5: Status of the reactor senel pressuse boundary (RPV-ISO)

A Iso-RPV-E The reactor vessel is isolated and its pressure boundary is intact prior to core
damage.

B RPV-LOCA The accident is initiated by a pipe break in the drywell (i e., LOCA) thus, the,

reactor sessel pressme boundary is breached prior to core damage.

C Iso-RPV-CD The reactor vessel was not isolated prior to core damage (either open MSIVs
or an unisolated interfacing systems LOCA) and the vessel is not isolated *

during core damage. It is assumed that any releases from the vessel, prior to
,

vessel failure, will bypass the containment and will pass directly into the '

auxiliary building.

D niso RPV-CD The reactor vessel was not isolated prior to core damage (either open MSIVs
or an unisolated interfacing s> stems LOCA), the sessel is, however, isolated
during core damage.

Characteristic 6: Status of the reactor head sent prior to core damage (RPV VNT)

A RPV-nVnt The reactor head vent is closed during core damage.

B RPV-OVnt The reactor head vent is open throughout the accident. '

'
Characteristic 7: Status of the SRV tailpipe sacuum breakers (SRV-VBkst

A OSRV-VBkr A vacuum breaker on the SRV tailpipe that is being used to relieve the
pressure in the RPV sticks open either before or during core damage. I

i
B cSRV-VBkr None of the vacuum breakers on the SRV tailpipes stick open prior to vessel

failure.
;

Characteristic 8: Status of the reactor sessel just prior to sessel failure (RPV-VB)

A RPV-liiP-ninj The vessel is pressurized (i c., near system pressure) just prior to vessel failure
and core coolant is not being injected into the vessel.

B RPV-lop-ninj The pressure in the vessel is less than 200 psig just prior to vessel failure and
core coolant is not being injected into the vessel.

C RPV-liiP Inj The vessel is pressurized (i e., near system pressure) just prior to vessel failure
and core coolant is being injected into the vessel.

D RPV-lop Inj ' ' The pressure in the vessel is less than 200 psig just prior to vessel failure and
core coolant is being injected into the vessel.

,

Vol 6, Part 1 6-9 NUREG/CR-6143
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Table 6-3 (continued)

Attribute Mnemonic Description

Characteristic 8: Status of the mactor sessel just pdor to sessel failum (RPV-VB) (continued)
, i

I

E nVB-hip
Core cooling is restored with the vessel at high pressure and the core damage
process is arrested in the vessel and the accident is terminated with the core in

.

a safe stable state (e g., TMI).

F nVB-lop
Core cooling is restored with the vessel at low pressure and the core damage
process is arrested in the vessel and the accident is terminated with the core in

,

'

a safe stable state (e g., TMI).

Charactedstic 9: Status of containment sprayn (CNT-SPRAYS)
I
!

A nCS-CD Containment sprays are not used during the core damage process.

B CS-CD Containment sprays are used during the core damage process.

Charactedstic 10: Fraction of zinonium oxidized in the sessel prior to sessel fallum (ZROXID-CD)
A Zroxid lii The fraction of zirconium oxidized in the vessel prior to vessel failure is

greater than 0.21.

B Zroxid-Lo The fraction of zirconium oxidized in the vessel prior to vessel failure is less
than 0.21.

Charactedstic 11: Fraction of com participating in HPME or steam esplosions (HPME-SE)

A HillPME Forty percent of the core participates in HPME !

B LoIIPME Ten percent of the core participates in IIPME

C liiEXSE An HPME event does not occur, however,40% percent of the core
participates in an ex vessel steam explosion.

D LoEXSE An llPME event does not occur, however,10% of the core participates in an
ex vessel steam explosion.

E nHPME-SE Neither an llPME event nor an ex-vessel steam explosion occurs.

Charactedstic 12: Status of the core debds in the mactor pedestal casity (TYPE-CCI)
!A DryCCI Core-concrete interactions proceed in a dry cavity following vessel failure.

B FidCCI Core-concrete interactions proceed in a flooded cavity following vessel failure.
C noCCI The core debris in the cavity is quenched and core-concrete interactions are

avoided.

I

;
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Table 6-3 (continued) i

Attribute - Mnemonic Description

Chameteristic 8: Status of die macter sessel just pdor to sessel failum (RPV-VB) (continued)

E nVB-hip Core cooling is restored with the vessel at high pressure and the core damage i

process is arrested in the vessel and the accident is terminated with the core in '

a safe stable state (e g., TMI). i

i
F nVB lop Core cooling is restored with the vessel at low pressure and the core damage

process is arrested in the vessel and the accident is terminated with the core in
a safe stable state (e g., TMI). -

Characteristic 9: Status of containnient sprays (CNT SPRAYS)
'

>

A nCS-CD Containment sprays are not used during the core damage process.
iB CS-CD Containment sprays are used during the core damage process.

Characteristic 10: Fraction of zinonium oxidized in the sessel prior to sessel failure (ZROXID-CD)

A ZrOxid-Hi The fraction of zirconium oxidized in the vessel prior to vessel failure is
greater than 0.21.

B ZrOxid Lo The fraction of zirconium oxidized in the vessel prior to vessel failure is less
than 0.21.

Characteristic 11: Fruction of com participating in HPME or steam explosions (HPME-SE) i

A lhHPME Forty percent of the core participates in HPME i

B LollPME Ten percent of the core participates in IIPME

C liiEXSE An HPME event does not occur, however,40% percent of the core !
participates in an ex vessel steam explosion.

D LoEXSE An HPME event does not occur, however,10% of the core participates in an ;

ex-vessel steam explosion.

E ni!PME-SE Neither an HPME event nor an ex vessel steam explosion occurs

Characteristic 12: Status of the con debris in the reactor pedestal casIty (TYPE-CCI)
tA Dry CCI Core-concrete interactions proceed in a dry cavity following vessel failure.

B FidCCI Core-concrete interactions proceed in a flooded cavity following vessel failure. ;

C noCCI The core debris in the cavity is quenched and core-concrete interactions are !

avoided ;

Vol. 6, Part 1 6-11 NUREG/CR-6143 !
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integrity during the accident, the recovery of core cochng and arrest of the core damage process in the vessel, the
coolabihty of the core debris that is released from the sessel and the availability of the plant features that can be used to
attenuate the release such as the suppression pool and the containment sprays. In none of these accidents are the
containment sprays available. Simphfied representations of the APET that address these aspects of the accident for all
PDSs considered together, the LOCA PDS considered es a group, the Station Blackout (SBO) PDSs consrdered as a
group, and the 'Other" PDSs considered as a group are shown in Figures 6-1, 6-2, 6-3, and 6-4, respectively. The
"Other* PDS group consists of those PDSs that are not LOCAs and are not SBO and includes the following PDSs:
PDSI-5, PDS2-4, PDS2-5, and PDS2-6. Figure 6-1 is conditional on the occurrence of core damage whereas the other
figures are conditional on the occurrence of the PDS under consideration. The values displayed in these figures are
mean conditional probabilities.

From the simplified tree presented in Figure 6-1, it can be seen that the most likely accidents in POS 5 have an open
containment, the suppression pool is bypassed, and the vessel fails The uncertainty in the probability that the
containment is closed prior to core damage and the uncertainty in the probability that core cooling is restored and vessel
failure is pret ented is displayed in Figure 6-5 The probabilities displayed in Figure 6-5 are conditional on the
occurrence of core damage. For the cases where the vessel fails, there is a significant probability that the core debris
will either be quenched in a flooded cavity or CCI will occur in a flooded cavity. For the former, the releases associated
with CCI are prevented In latter, the releases are scrubbed by the water in the Gooded cavity. If the containment is
closed prior to core, it is always predicted to either fail or to be vented after core damage since containment heat
removal is not asailable in these accidents, venting the containment late in the accident is the most likely scenario.
Given that the containment is closed prior to core damage the uncertainties in the probabilities that the containment fails
early in the accident (i e , early is defined as during core damage or at the time of vessel failure), that the containment is
vented late in the accident, and that the containment fails late in the accident are displayed in Figure 6 6 From this
figure it is clear to see that if the containment is closed, senting the containment late in the accident is the most likely
event.

For the LOCA PDS grcup the containment is always open, the suppression pool is always bypassed, and core cooling
never restored Without core cooling the vessel is always predicted to fail. Since the containment was flooded prior to
core damage in these PDSs, the core debris ejected from the vessel is released into a pool of water The mean
probabihty that the core debris is quenched and CCI is avoided is 0 38 For those cases where CCI does occur, the
releases will always be scrubbed by the water in the flooded cavity. Thus, while the vessel is always predicted to fail,in
half of these cases the core debris is quenched. The primary difference in the source term between cases with core

damage arrest and those cases with no CCI, is that for the latter cases it is still possible for ex-vessel steam explosions or
debris ejected at high pressure to contribute to the release of radioactise material (in the source term model used for this
analysis there is also a " puff" release associated with vessel failure, however, this release is small compared to the
sources) and, hence, the source term associated with the latter cases tends to be larger. Thus, for the LOCA accidents
the release associated with the core damage process can be large since the suppression poolis bypassed and the
containment spray s are unavailable. The ex-vessel releases, however, may be limited because there is a substantial
probability that the core debris will be quenched and for those cases where CCI does occur the releases will be scrubbed
by a pool of water For the LOCA accidents, the primary features that can attenuate the release are th- auxiliary
buildmg and the pool of water form when the containment was flooded.

,

For the SBO PDS group the containment is always open and the suppression pool is bypassed'. While there are
accidents in this PDS group in which ac power can be recosered and core cooling restored, the mean probability that the
core damage process is arrested and vessel failure prevented is only 0.04. For those accident that do involve vessel
failure the core debris will be released into a dry cavity. Without a means to cool the core debris in the cavity, CCI is

1 i

For station blackout accidents that involve a break in the SDC system which is subsequently isolated
when ac power is recovered, it is conservatively assumed that all of the in-vessel releases escape out
the break and bypass the suppression pool before the break is isolated This assumption is made i

because it is not known when during core damage that ac power is restored and the vessel isolated
]
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Status of Satus of Suppression
CNMT CNMT Pool Vessel Status

PDS Before CD During CD Bypass Failure of CCI
.

Dry CCI(0.39)

Yes (0.98) Flooded CCI(038)

Bypared (0 85) None (023)
No(0 02)

Open (0.99) Open (1.0)

Dry CCI(0 0)

Yes (l 0) Flooded CCI(0 62) '

None (015) None(038)
ALL

No(0 0)
si

Early Failure (0 05) Bypass Yes Do CCI ,

Late Venting (0 93) Hvpass Yes Dry CCI

Clowd (0 01) Iate Failure (0 02) Bs pass Yes Dry CCI

No Failure (0 00)

Figure 61
Simplified Representation of POS 5 Accident Progressions

,

j

|

|

certain to occur. Hence, for this PDS group the most likely scenario is that the vessel will fail and CCI will occur in a
dry cavity. Because the in-vessel releases bypass the sessel and CCI occurs in a dry cavity, the releases associated with
these accident can be large.

As can be seen from Figure 6-4, for the "Other" PDS group, many different accident progressions are possible. Of the
three PDS groups discussed, this is the only group in which the containment can be closed prior to core damage. The
mean probability that the containment is close, however, is only 0.09. If the containment is closed prior to core,it is

Ialways predicted to either fail or to be vented after core damage; venting the containment late in the accident is the racst '

likely scenario, The progressicns.in which the containment is closed prior to core damage stem from PDS2-5. In this

1
i
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Status of Status of Suppressloo
CNMT CNMT Pool Vennel Status i

PDS Before CD DurIna CD Bypass Falluse of CCI ;

~

Dry CCI (0.0)

,e.
'

Yes (1.0) Flooded CCI(0.62)

!
Bypassexf (10) None (038) ;

;

No(0 0)
|

Open(10) Open (1.0)

None (0 0)
LOCA

|

Cloed (0 0)
|

Figure 6-2
Simplified Representation of LOCA PDS Group Accident Progression

I

%:us of Status of Suppreukm
CNN1T CNN1T Poul Veuel Status -

PDS Before CD During CD Bypass Fauure ofCCI |

Dry CCI(10)

Yes (0 %) Thied CCI(0 0) ;

Bwassed (10) None (0 0)

No (0 04)

Open (1,0) Open (10) t

|

%ne (0 0)
SIC

i

l
Cimed (0 0) 1

i

|
|

Figure 6 3 !

Simplified Representation of Station Blackout PDS Group Accident Progression |
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Status of Status of Supprenske

CNNIT CNMT Pool Vessel Status
PDS Berore CD DurintCD Bypmas > nature ofCCI

Dry CCI (1.0) ~

|
'

Yes (1.0) Flooded CCI(0 0)
.

Dypassed (0 08) Nec (0 0)
'

No (0 0)

Open (0 91) Open (I 0)

LW CCI(0 0)

Yes (1.0) Fkoded CCI(0.62) ,

,

None (0 92) None (0.38)

Other No (0 0)

Early Failure (0 05) thpass Yes Dry CCI

late Venting (0 93) ihpass Yes Dry CCI J

Ckwed (0 09) late Failure (0.02) Dw Yes DrvCCI

No Failure (0 00)
|

|
|
,

Figure 6-4
Simplified Representation of *0ther* PDS Group Accident Progression

PDS, the suppression pool is always bypassed *, core cooling is never restored, and CCI always occurs in a dry cavity.
The accidents in which the containment remains open during the entire accident consist of cases where the suppression |

peol is bypass and cases where the radioactive material released during the core damage process passes through the
,

suppression pool. For the cases where the suppression pool is bypassed the vessel is always predicted to fail and the
resulting CCI occurs in a dry cavity. For these accidents, there is very little attenuation of the release. The accidents
that allow the in vessel releases to pass through the suppression pool also have a flooded cavity. In these cases the
vessel is always predicted to fail, however, there is a substantial probability that the core debris released from the vessel
will be quenched if the debris is not quenched, the CCI will occur under a pool of water and any radioactive releases

|
.

'

in PDS2-5 the reactor head vent is open and the vessel is pressurized at the onset of core damage. If
the reactor remains at high pressure all of the releases will escape out the vent and bypass the
suppression pool. If, however, the vessel is at low pressure the release will pass through the SRVs and
enter the suppression pool. While it is likely that the operators will depressurize the vessel during core
damage, it is not known when during core damage the operators will perform the action Hence, it is
conservatively assumed that the release escapes through the head vent while the vessel is pressurized.

,

!
i
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will be scrubbed by the water. For this, both the in vessel and a portion of the ex-vessel release will be scrubbed by a
pool of water and, therefore, the it is likely that the release will be less than the previous case.

The configuration of the plant in POS 5 is such that there are very few plant features that are available to attenuate the
release once core damage occurs. Contrary to full power,in many of accidents that could occur during POS 5 the
containment is open at the start of the accident, the suppression pool is bypassed, and the containment sprays are not
available. Also in these POS 5 accidents, there are very few PDSs where it is possible to recover core cooling and arrest
the core damage process in the vessel. Without these features to attenuate the release, a large release to the environment
is possible.
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7 Radionuclide Release and Transport Analysis

The Radicauclide Release and Transport Analysis, commonly referred to as the Source Term Anal) sis, addresses the
release v radioactive material from the fuel and core debris and its subsequent transport and deposition in the primary
systers and containment. The inputs to the source term analysis are the accident progression bins (APBs) dermed in the
An . dent Progression Analysis. The APDs describe the con 6guration of the plant, the status of systems that can be used
t., rnitigate the release, and the occurrence of phenomena that can impact the source term. The product of the analysis is
t collection of parameters, referred to as the source term, that characterizes the release of radioactive material from the
m:minment' to the environment. The source term is then used in the consequence analysis to estimate health effects
attri >utable to the release of radioactive material for each APB.

7.1 Definition of the Sourte Tenn

The source term, as defined in this analysis, consists of the following information: the amount and type of radioactive
material released from the containment, timing characteristics of the release, the energy of the release, the elevation of
the release, and the time at which a general emergency is declared and evacuation plans initiated (i e., referred to as the
warning time). The amount of material released is expressed as a fraction of the radionuclide' inventory present in the
core at the start of the accident for the radionuclides considered in this analysis. While many different radionuclides
would be released from the damaged fuel during an accident, health effects from only 60 radionuclides are considered in
the consequence analysis Furthermore, since in the source term analysis the release and transport of these radionuclides
are of concem and not the health effects from the radionuclides, it is possible to form groups of radionuclides that are
expected to hase similar release and transport characteristics. The 60 radionuclides considered in the consequence

anal) sis are combined into the nine release classes shown in Table 7-1. The dc6nition for each release class is based on
the definitions used in the NUREG-1150 study [Gorham, et al.,1993] Similar to the NUREG-1150, the timing of the
release is characterited by two release segments: the Erst or early release segment and the second or late release
segment. For each release segment, the time when the release segment begins, relative to the start of the accident, the
duration of the segment, release fractions for the nine release classes and the energy release rate are provided.

7.2 Description of the Souite Tenn Model

The source term is estimated using a modified sersion of the parametric code GGSOR that was developed for the
NUREG-1150 Grand Gulf plant study [ Brown, et al.,1990] Since the concept of the parametric approach for estimating

!

source terms is discussed in Section 2.0 and the code itself is described in detail in the XSOR Users Manual pow, et al.,
1993),it will not be described in detail in this report. Instead, the basic parametric equation will be presented and
aspects of the model that were modified will be identified The version of GGSOR that was used in this analysis,
GGSOR-PS,is listed in Appendix C. An assessment of the ability of the XSOR codes to produce source terms for PRA
purposes is provided in NUREG/CR 5346 [C bulskis, et al.,1989).3

GGSOR was modified to reDect the configuration of the plant during POS 5 and the types of accidents that are possible
during this mode of operation Speci6cally, GGSOR was modified to account for. (1) LOCAs in the containment,(2)
interfacing system LOCAs in the auxiliary building,(3) the passage of releases through the auxiliary building,(4) the
passage of releases through the reactor pressure vessel head vent, and (5) the timing characteristics of the accidents
initiated while the plant is in POS 5.

>

GGSOR accounts for two releases from the containment. The first release occurs roughly at the time of containment
failure. The second release begins after the first release has Gnished. When the containment is open prior to core

I
In this context, containment is generalized to include the region in which engineered features are
available to attenuate a release before it enters the environment (e g., the auxiliary building that
surrounds the containment building).

2
The terms radionuclide, isotope, and fission product are used interchangeably in this report.
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Table 71
1sotopes in Each Radionuclide Release Class j

Release Class Isotopes included i

1. Inert Gases Kr-85, Kr-85M, Kr-87, Kr-88, Xe 133, Xe-135
|

2. lodine 1-131,1 132,1 133,1-134,1 135

3. Cesium Rb-86, Cs-134, Cs-136, Cs 137

4. Tellurium Sb-127, Sb-129 Te-127. Te-127M, Te-129 Te 129M, Te-131M, Te-132

5. Strontium St-89, Sr-90, Sr-91, Sr-92
|

6 Ruthenium Co-58, Co-60, Mo-99, Tc-99M, Ru-103, Ru-105, Ru-106, Rh 105 >

?
'

7. Lanthanum Y-90, Y 91, Y-92, Y-93, Zr-95, Zr 97, Nb-9">, La 140, La-141. La-142,
Pr-143, Nd-147, Am-241, Cm-242. Cm-244

8. Cerium Ce-141, Cc 143, Ce-144, Np-239, Pu-238, Pu-239 Pu-240, Pu 241 !

|9. Barium Ba-139, Ba 140

i

,'

I

damage or fails before vessel breach, the first release is due to fission products that escape from the fuel while the core ;
is still in the RPV (i c., in-vessel releases) and releases that occur at the time of vessel failure. For this case, the second 2

release includes fission products that are released after vessel breach. Releases after vessel breach, referred to as the late ;

releases, include fission products from core-concrete interactions (CCI), material revolatilized from the RPV after vessel '

breach and iodine released from the suppression pool (and in some cases the RPV cavity water) For situations where
the containment fails many hours after vessel breach, both release segments consist ofin-vessel releases, fission products ,

released at vessel breach, and the late releases. The timing and duration of these releases depend primarily on the PDS
and the time and mode of containment failure.

t

For radionuclide class i, the basic parametric equation for GGSOR has the following form:
,

ST,
.

(7.1)
= FCOR,*FVES,'[(1.0 - IIVSPLT)*(RELF1 + RELF2 + RELF3) + 111SPLT/DFCAV,]'FCONV,/RBDF,

+ VBPUF,'(RELF4 + RELF5)*FCONC/RBDF,
+ (1 - FCOR, VBPUF,)*FLV'EVSE*FEVSE,'(RELF6 + RELF7)*FCONC,/RBDF,
+ (1 - FCOR, VBPUF,)'FLV'FiiPE*FDCil,'(RELF6 + RELF7)*FCONC/RBDF, ]
+ (1 - FCOR, VBPUF,)*FLV'XCCI'FCCI,'(RELF8 + RELF9)*FCONC/RBDF, i

+ FCOR,'(1 - FVESyFREVO,'(RELF10 + RELF11)*FCONC/RBDF, (i=2,3, & 4 ONLY) |
+ lFLTil'POOLI + FLT12*CAVWi*(RELF12 + RELF13)]'RELF14,

|where
,

RELF1 = FTLP'FPLBYE/DFSPRV,,
RELF2 = FTLP'(1 - FPLBYE)/ MAX (DFCPA,.DFSPRV,), _j

RELF3 = (1 - FTLP)/ MAX (DFVPA,,DFSPRV,), |

|
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RELF4 FPLBYP/DFSPRC,,=

RELF5 (1 - FPLBYP)/ MAX (DFCPA,,DFSPRC,),=

RELF6 = FPLBYD/DFSPRC,,
RELF7 = (1 - FPLBYD)/ MAX (DFCPA,,DFSPRC,),
RELF8 = FPLBYC/ MAX (DFCAV,,DFSPRC,),
RELF9 = (1 - FPLBYC)/ MAX (DFCAV,,DFCPA,,DFSPRC),
RELF10 = FPLBYC/DFSPRC,,

-

RELF11 = (1 - FPLBYC)/ MAX (DFCPA,,DFSPRC),
RELF12 - FPLBYC/DFCPA,,
RELF 3 = (1 - FPLBYC)/DFCPA,,
RELF14 = FCONC(l) (if no containment failure, use FCONC for Noble gases),

=10 (if containment failure),
XCCI = 1 - FHPE (if DCH occurs),

= 1 - EVSE (if an ex-vessel steam explosion occurs),
= 1.0 (if neither DCH nor ex-vessel steam explosion occurs)-

The first summation term on the right side of Equation 7.1 represents the in-vessel releases The second term describes
the puff release at sessel breach The third term represents the ex vessel steam explosion release The fourth term
represents the DCII release and is mutually exclusive with the third term. The fifth term represents the CCI release.
The sixth term is the revolatilization release from the reactor coolant system after vessel breach and is for I, Cs, and Te
classes only. The last tenn represents the evolution of iodine from the suppression pool and reactor cavity water late m -

the accident The dermitions of the various parameters in Equation 7.1 are as follows:
|

CAVW1 fraction of initial iodme core insentory scrubbed by the cavity water during the CCI=

relea se,

i

DFSPRC, = scrubbing decontamination factor for sprays acting on species i released into I

containment after vessel breach,
i

DFSPRV, = scrubbing decontamination factor for sprays acting on species i released into
containment from the vessel before vessel breach,

DFCAV, scrubbing decontamination factor for aerosol species i released into cavity water during=

CCI release,

DFCPA, scrubbing decontamination factor for aerosol species i flowing from drywell to the=

suppression pool, g
DFVPA, scrubbing decontamination factor for aerosol species i flowing from the vessel to the=

suppression pool,

FCCI, fraction of material released from the melt during molten CCI,=

FCONC, fraction of species i released from containment for CCI and other releases after vessel=

breach, not including the effects of scrubbmg by pools and sprays,

FCONV, fraction of species i released from containment for material released into containment=

before vessel breach, not including the effects of scrubbing by pools and sprays,

FCOR, fraction of initial inventory of species i released from the fuel prior to vessel failure,=

FDCll, fraction of species i in the portion of the core involved in direct containment heating=

that is released to the drywell at vessel breach,
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EVSE fraction of core material leaving the vessel that participates in an ex-vessel steam=

explosion and, therefore, is not available to participate in CCI,

FEVSE, fraction of species i in the portion of the core insched in an exoessel steam explosion=

that is released to the drywell at vessel breach,

fraction of core material leaving the vessel that participates in direct containment.FiiPE =

heating and, therefore, is not available to participate in CCI,

FLV fraction of the core material that leaves the vessel after the vessel breach,=

FREVO, fraction of species i that is deposited on the surfaces of the reactor vessel and structural=
;

materials that is revaporized and released in the drywell after vessel breach,

FPLBYC = fraction of CCI releases that bypass the suppression pool,

FPLBYD = fraction of DCll releases or ex vessel steam explosion releases that bypass the
suppression pool,

,

FPLBYE = fraction of in-vessel releases that bypass the suppression pool,

FPLBYP fraction of puff releases at sessel breach that bypass the suppression pool,=

FTLP fraction of the in-vessel releases that are released into the drywell through stuck-open=

SRV tailpipe vacuum breakers,

FVES, fraction of species i released from the fuel that is released from the vessel,=

FLTil fraction of iodine in the suppression pool that is volatilized and released after vessel=

breach,

FLT12 fraction ofiodine in the cavity water that is volatilized and released after vessel breach,=

IIVSPLT = fraction of inoessel release that passes through the reactor head vent,

POOLI fraction of initial core inventory for iodine scrubbed by the pool,=

RBDF, decontamination factor for aerosol species i flowing from the containment to the=

auxiliary buildmg,
,

ST, fraction of the initial core inventory of species i that is ultimately released to the=

environment,

VBPUF, fraction of initial core inventory of species i that is released to the drywell as puff at=

the time of vessel breach,

XCC1 fraction of core material that leaves the vessel and participates in CCI.=

In addition to the parameters that appear in Equation 7.1, there are a series of parameters that are used to define the
timing of the release and other characteristics of the release that are important for the determination of the consequences
These additional parameters include:

TW warning time which is taken to correspond to when a general emergency is declared=

NUREO/CR-6143 7-4 Vol 6, Part I
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and is when evacuation procedures are initiated (evacuation starts a short time later,
howeser, due to the time it takes to implement evacuation),

start or release segment 1T1 =

duration of release segment 1, -D1 =

energy release rate associated with release segment 1,El =

start of release segment 2,T2 =

du:ation of release segment 2,D2 =

energy release rate associated with release segment 2.E2 =

A detailed discussion of this equation is presented in NUREG/CR-5360 pow, et al.,1993). The FORTRAN listing of
GGSOR P5 is contained in Appendix C.

7.3 Quantification of Sourte Tenn Model
1

The parameters in Equation 7.1 were quantified using the same data that was used to quantify the NUREG-ll50 version
of GG50R. A major difference between the full power accidents analyzed in NUREG-1150 and the shutdown accidents |

analyzed in this study is the amount of decay heat that is present during the accident. While the decay heat load will |

have a major impact on the timing of the release and the energy of the release, it was judged that, given the large
uncertainties associated with parameters quantified in NUREG-ll50, the use of these full power parameters for thea
shutdown accidents would be acceptable'. This judgement was based on comparisons between MELCOR calculations for ;

'

shutdown accidents with NUREG-1150 source term data and on discussions with the Source Term Advisor Group that
was convened to review source information essociated with off power accidents. Many of the source term parameters
depended on conditions in the containment and/or core and were not necessarily tied to specific accident sequences (e g ,
FCOR depends on the amount of zirconium oxidized in the core) In these cases, shutdown accidents with similar i

containment / core conditions were associated with the relevant parameter values. In other cases, however, the parameter I

values used in NUREG-1150 were tied to a specific accident sequence (e g., short-term station blackout). In these cases, I

the rationale behind the quantification of the parameter was reviewed and the shutdown accident sequence that most
closely match the relevant attributes of the full power accident were associated with that parameter value. When new
parameters were added for this analysis, data wes obtained from relevant NUREG-1150 cases or from relevant MELCOR
calculations that were performed for this analysis Since the source term parameters that are used to define the timing
and energy of the release are accident specific, these parameters were quantified using information from MELCOR !

calculations performed for this study (the MELCOR cal:ulations are documented in Volume 6, Part 2 of this report)
The values assigned to the various parameters are listed in Appendix C.

Two of the parameters that appear in Equation 7.1 were not used in the NUREG-ll50 Grand Guir analysis: the fraction
of radionuclides that passes through the reactor head vent (HVSPLT) and the decontamination factor for the reactor
building (RBDF) During full power operation, the reactor vessel head vent is closed and, therefore, HVSPLT is not an
issue During shutdown, the reactor head vent is open at the start of the accident allowing for the possibility that some

3 Here we are discussing the parameters that are used to determine the fraction of the inventory at the
start of the accident that is released to the environment. By using the same parameters it is implied
that for a similar r,ccident, the release fractions for a full power accident and a shutdown accident
will be the same. While the release fractions may be the same, the amount of radioactive material
release to the environment will not be the same because of the differences in the radioactive
inventories at the start of the accident.
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of the inoessel release will lease the vessel via the head vent. The value used for the fractior4 of the in-vessel release
that passes through the head vent, HVSPLT, was obtained from MELCOR calculations performed for this study in the
NUREG-ll50 Grand Gulf anal) sis, the containment never failed into the auxiliary building and, therefore, a
decontamination factor (DF) for the auxiliary building (RBDF) was not required In this analy sis, however, the
containment equipment hatch is often open allowing radioactise material in the containment atmosphere to pass through
the auxiliary building before escaping to the environment. Since a DF for the Grand Gulf auxiliary buildirig was not
available from NUREG 1150,it was decided that the DF developed in NUREG-1150 for the Peach Bottom reactor
building would be an acceptable surrogate for the Grand Gulf DF. For these shutdown accidents, the absence of large>

driving forces (i.e , containment blowdown into the auxiliary building) result in fairly low flow rates in the auxiliary
building Also, due to the low flow rates and the relatively cool temperatures in the auxiliary building, there is a
considerable amount of condensation in the auxiliary building. Based on these conditions, Peach Bottom Reactor
Buildmg DF Case 4 (Drywctl shell melts though to the reactor building; the suppression pool is saturated) was used to
quantify the Grand Gulf auxiliary building DF parameter An assessment of the impact that the standby gas treatment
system or the auxihary buildmg ventilation sy stem would have on the source tenn was beyond the scope of this analy sis
and, hence, these systems were not modclied in this analy sis.

The sources of information that were used to quantify the parameters in Equation 7.1 are listed in Table 7-2; the
parameters that were included in the uncertainty analysis are also identified in this table. Sixteen of the parameters in
the Equanon 71 were sampled in the uncertainty anal) sis, distributions for these parameters were based on information
from the NUREG-1150 study. Ten of these sixteen parameters were generated by the NUREG-1150 Source Term Expert
Panel For each parameter that was assessed by the Source Term Expert Panel, the distribution for the parameter, the
reasoning that led each expert to his conclusions, and the aggregation of the individual distributions are fully described
in NUREG/CR-4551, Volume 2, Part 4 tilarper, et al.,1992) The remaining parameters included in the uncertainty
anal) sis were quantified by the NUREG-1150 project staff and are dircussed m NUREG-5360 [Jow, et al.,1993)

Unless specifically identified, there is no correlation between any of the source term variables, but complete correlation
within a variable FCOR is not correlated with FVES, FCONV, or any other variable, but the values for the different
cases for a given parameter and for the different radmnuchde classes are completely correlated That is, if the 0.05
quantile value is chosen for iodine for low zirconium oxidation, the 0 05 quantile value is also chosen for all the other
radionuchde classes and for all values for high zirconium oxidation

7A Partitioning of Sourte Tenns

As discussed abme, a source term is estimated for each APB. Furthermore, since the uncertainty analysis includes
variables from the source term analysis, there will be many source term estimates for a single APB. In this analysis,
approximately 35,000 source terms were generated Because of the large computauaal requirements of the consequence
analy sis, consequences cannot be estimated for each individual source term. Instead, the individual source terms that are
expected to result in similar early and chronic health effects are combined into source term groups (STOs), the
PARTITION program [ Brown, et al,1992) is used to form the STGs The source term for each STG is a frequency
weigthed aseraFe of the source terms for each of the APBs that are contained in the STG. Since a different radionuclide
inventory will be used for each time window in the consequence calculations, the source terms from each time window
were partitioned separately to ensure that each STG only contained source terms from a single time window

7.5 ReSults

Since the source term is a collection of 28 parameters that characterize the radioactive release to the environment and the
health effects that result from the release are a complicated function of these parameters and additional parameters that
affect the transport and depositiori of the material m the environment,it is not convenient or particularly useful to infer
the impact of the accident based on the source term--particularly when a consequence analysis, which will take these
factors into account, is being performed. Furthermore, since source terms were generated for several hundred APB, it is
not practical to present the source term for individual APBs Instead, to document the product of the source term
analysis, the source terms for the STGs are presented The partitioning process resulted in the generation of 54 STGs.
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The source term associated with each STO is provided in Appendix C. Insights regardmg the affect that different
accident characteristics hase on risk will be deferred to the insights and conclusion section of this report.

l
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Table 7 2
Sources o|Information Used to Quantify the Source Term Parameters j

'

Source Term Included in Quantification Source
Parameter Uncertainty Analysis

CAVW1 No Determined by various combination of other parameters

DFSPRC Yes NUREG-1150 Project Staff (DFSPRC and DFSPRV are completely
correlated, i e., same LilS variable used for both distributions)

DFSPRV Yes NUREG-1150 Project Staff (DFSPRC and DFSPRV are completely
correlated, i e., same LilS variable used for both distributions)

P

f
DFCAV Yes NUREG-1150 Project Staff

DFCPA Yes NUREG-1150 Project Staff (DFCPA and DFVPA are completely
correlated, i e , same L11S ~ariable used for both distributions)

DFVPA Yes NUREG-il50 Project Staff (DFCPA and DFVPA are completely
'

correlated, i e , same LliS variable used for both distributions)

FCCI Yes NUREG 1150 Source Term Expert Panel
I

Case 1: Coolable Debris Bed (FCCI set to 0 0)
Case 2: Dry cavity with high level of zirconium oxidized in the core ;

Case 3: Dry cavity with low lesel of zirconium oxidized in the core !

Case 4: Flooded cavity w/ high level of zirconium oxidized in the core
Case 5. Flooded cavity with low level of zirconium oxidized in the core ;

FCONC Yes NUREG 1150 Source Term Expert Panel
Case 1: No containment failure ,

Case 2: Early containment leak, subcooled suppression pool
Case 3: Early containment leak, saturated suppression pool
Case 4: Early containment rupture (includes case where containment
equipment hatch is open), subcooled suppression pool
Case 5: Early containment rupture (includes case where containment
equipment hatch is open), subcooled suppression pool
Case 6: Late containment leak
Case 7: Late containment rupture ,

FCONV Yes NUREG-ll50 Source Term Expert Panel ,

Same cases as FCONC with the following consideration: ,

Case 8: LOCA in auxiliary building or open MSIVs, FCONV = 1.0

FCOR Yes NUREG-ll50 Source Term Expert Panel '

Case I: High level of zirconium oxidation in the core
Case 2: Low level of zirconium oxidation in the core

FDCil Yes NUREG-1150 Source Term Expert Panel ,

EVSE No NUREG-1150 Project Staff
Case 1: Large amount of core debris participates in steam explosion
Case 2: Small amount of core debris participates in steam explosion

FEVSE Yes NUREG-1150 Project Staff
,

t

{
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Table 7-2 (continued) {

Source Tenn included in Quantification Source ]
Parameter Uncertainty Analysis

FHPE No NUREG-1150 Project Staff - |
'Case 1: Large amount of core debris participates in IIPME

Case 2: Small amount of core debris participates in HPME

FREVO Yes NUREG-1150 Source Term Expert Panel ;

Case 1: No vessel failure (FREVO=0 0)
Case 2: Injection available after vessel failure i

Case 3: No injection available after vessel failure

FPLBYC No Set to 1.0; drywell personnel lock and/or equipment hatch open |
FPLBYD No Set to 1.0, drywell personnel lock and/or equipment hatch open

FPLBYE No NUREG-1150 Project Staff

FPLBYP No Set to 1.0, drvwell personnel lock and/or equipment hatch open j
FTLP No NUREG 1150 Project Staff [

Case 1: Reactor vessel is at low pressure during core damage |

Case 2: Reactor vessel is at high pressure during core damage t

FVES Yes NUREG-Il50 Source Term Expert Panel
#

Case 1: Reactor sessel at high pressure during core damage
Case 2: Reactor vessel at low pressure during core damage

FLTil Yes NUREG 1150 Source Term Expert Panel (FLTil and FLT12 are completely !

correlated,i e., same LHS variable used for both distributions)
Case 1: Subcooled suppression pool
Case 2: Saturated suppression pool f

FLT12 Yes NUREG-1150 Source Term Expert Panel (FLTil and FLT12 are completely
correlated, i c., same LHS variable used for both distributions)

Case 1: Dry cavity |

Case 2 Flooded cavity
i

Case 3: No core-concrete interactions in cavity ;

'HVSPLT No MELCOR calculations for POS 5
Case 1: Head vent open

,

Case 2: Head vent closed (HVSPLT = 0 0) |
POOL 1 No Determined by various combination of other parameters

RBDF Yes NUREG 1150 Source ferm Expert Panel
'

(Distribution from NUREG 1150 Peach Bottom Analysis: drywell shell ,

melt-through with saturated suppression pool) - ;

VBPUF- Yes NUREG 1150 Project Staff

XCCl No Determined by various combination of other parameters '1
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Table 7-2 (continued) ;

Source Term included in Quantification Source
Parameter Uncertainty Analysis

TW No MELCOR calculations for POS 5 -

Case 1: PDSI-I
Case 2: PDSl 2 and PDSI-4
Case 3: PDSI-3 I

Case 4: PDS I-5
'

Case 5. PDS2-1
Case 6: PDS2-2 and PDS2 3 i

Case 7: PDS2-4
Case 8 PDS2 5: Containment equipment hatch is open
Case 9: PDS2 5: Containment fails during core damage
Case 10: PDS2 5: Containment fails at vessel breach ;

Case 11: PDS2 5 Containment vented or fails late in the accident
Case 12: PDS2-6
Case 13: PDS3-1

!

Tl No MELCOR calculations for POS 5
Same cases as TW except that Cases I,4,5,7, and 13 are divided to
distinguish between cases where the auxiliary building fails during core ,

damage from those that fail at the time of vessel failure

D1 No MELCOR calculations for POS 5
Case 1: Containment rupture or venting
Case 2: Auxiliary building failure at the time of vessel failure >

Case 3: Short duration
Case 4: Medium duration ,

Case 5 Long duration !

El No MELCOR calculations for POS 5
Case 1: Flooded CNMT & Aut Bldg failure at VB (no 11 bum)

2 ;

Case 2: Aut Bldg fails during CD 01 bum) or CNMT fails via rupture ;2

Case 3: SBO and the Aut Bldg fails at beginning of CD, or
CNMT fails via a leak, or CNMT open before core damage

Case 4: PDS2 6 (Aux. Blog fails prior to core damage) i

T2 No Combination of previously defined parameters (T2=T) + D1)

D2 No MELCOR calculations for POS 5 |
Case 1: No vessel breach i

Case 2: All other cases

E2 No MELCOR calculations for POS 5 i

Case 1: No vessel breach j
Case 2: CNMT not Dooded -

Case 3: Flooded CNMT I

|

.
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8 Consequence Analysis

As is typically done m PRAs of nuclear power plants, the consequences to the general public that result from a release of
radioactive matenal were estimated This study is unique in that onsite doses were also estimated, something that is not
typically estimated in full power PRAs of nuclear power plants Another important difference between this analy sis and
those previously performed for full power accidents is that the radionuclides m the fuel base had, in some cases, a
significant arnount of time to decay resulting in a different inventory than that present at shutdown ORlGEN2 [Croff, et
al.,1989] was used to calculate the insentories associated with the shutdown accidents analyzed in this study; a unique
inventory was defmed for each of the three time windows The resulting inventones were reduced to include only the
sixty radionuclides currently available in the MACCS code [Chanin, et al.,1990],[Jow, et al.,1990],[Rollstin, et al,
1990) It is these sixty radionuclide msentories that were then used as the basis for toth the onsite and offsite
consequence calculations These insentories, which do not include short-hved radionuclides, are appropriate for teth the
onsite and offsite analyses smce the reactor has been in shutdown for at least sesen hours at the beginning of the
accident thus allowing decay of the short-lived radionuclides The radionuclide inventories are provided in Appendix
D 1. The following subsections provide an overview of the methodology and list the pertinent results for both the onsite
and offsite consequences

8.1 Onsite Consequences

Onsite consequences base seldom been considered in the analy sis of sesere accidents at nuclear power plants During
shutdown there will be hundreds of onsite personnel and, thus, onsite consequences could be large for this reason a
method for estimating the potential doses to onsite personnel had to be deseloped as part of this study. In this onsite
consequence assessment, only the doses and dose rates are estimated for the surrounding region near the plant, referred to
as the parking lot region, healths effects to the onsite populatmn are not estimated in this study Since many
simplifying assumpoons are used in this assessment, the calculations should be viewed as scoping in nature. The intent
of these calculations is to proude some msight into the potential magmtude of the onsite doses and dose rates T he
method and results are discussed m the followmg two sections

8.1.1 Method

Doses and dose rates were estimated for a range of distances from the reactor For comparative purposes, two different
wake effect models were used to estimate the relatise concentrations downumd of the reactor The first model was
developed by Ramsdell [Ramsdell,1990]. The second model actually consists of two models a model developed by
Wilson [ Wilson,1984) which was used to estimate doses within 100 meters of the plant and a model used by the NRC
[USNRC,1982) which was used to estimate doses beyond 100 meters The Ramsde!! model was developed by using
multiple linear repression to fit everimental results to a statistical model that included the following four variables (1)
wind speed, (2) distance, (:L) building area and (4) stabihty. The result was that the exponent on each of these variables
was determmed by the expenmental results The Wilson and NRC models are based on Gaussian plume theory. The
NRC model allows for plume meander during low speed, stable atmospheric conditions for distances of less than 800 m
The Wilson models uses experimental data to fit the Gaussian model to the relative concentration for distances very close
to the release point An interesting difference between the two sets of models is that in the case of the Ramsdell model
the relative concentration is somewhat proportional to the wind speed end the stability class whereas in the case of the
Wilson and NRC models the relative concentration is predicter' to be inversely proportional to the wind speed Using
the integrated air concentrations for each building wake effect model, the dose and dose rate were estimated for each
partitioned source tenn group (see Section 7) The major ci nplifying assumptions used in this anal) sis were that
radioactise decay was neglected during the exposure time the d rectional dependence of the weather was ignored and a
single radioactive release location and building area was assw:wd. Two different weather scenarios were used for each
set of models The first weather scenario assumes stable conditions (stability class F) with a wind speed of 1
meter /seand. The second weather scenario assumes unstable conditions (stability class A) with a wind speed of 5
meters /second The dose calculation considered exposure from both the immersion and inhalation pathways and is a 50
year committed dose The dose rate only considered exposure from the immersion pathway. Doses were calculated
assuming exposure to the entire release and also exposure to only the first 15 minutes of the release A dose rate was
calculated for each of the release segments defined in the source term analysis. The code that implements these models
is listed m Appendix D 2.
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8,1.2 Results

Table 8.2-1 contains the rnean total dose,15 minute dose, and dose rates for each segment of the release based on the
Wilson / Reg Guide building wake effect model for several distances from the containment and for the two weather ,

'conditions Similar estimates of the mean doses and dose rates based on the Ramsdell model are shown in Table 8 2 2.
Results from these calculations for each of the source term group are provided in Appendix D 3. Since the relative air ]
concentration predicted by the Wilson / Reg Guide model is inversely proportional to the wind speed, the dose and dose ;

rates that correspond to a wind speed of I m/s are larger than the doses that correspond to a wind speed of 5 nt s. The/
opposite relationship holds for the Ramsdell model. For the weather condition with F stability and a wind speed of 1
m/s, the doses predicted by the Wilson / Reg. Guide model are considerably greater than the corresponding doses predicted ,

by the Ramsdell model For the weather condition with A stabihty and a wind speed of the 5 m/s, the doses predicted
'

by the Wilson' Reg Guide model are greater than the corresponding doses predicted by the Ramsdell model when the
receptor is within 100 meters of the plant. Beyond 100 meters, the doses predicted by the Ramsdell model are the
greatest. It should be pointed out that the dose rates reflect the duration of the release. The release durations for the
accidents delineated in this study were considerable (i e , many hours to 10s of hours). Thus, while the dose rates shown
in Table 81 1 and 8.1-2 are considerable, they would have been even higher had the release occurred over a shorter time
period |

t

As a comparison to the doses reported in Tables 8.1-1 and 81-2, the lethal dose in 50% of the population (LD50) is
approximately 400 rem [ Evans, et al.,1986). 7his highlights the fact that although only a simplified scoping study of
onsite consequences has been performed, the possible onsite consequences of an accident during shutdown could be
significant.

Table 81-1
Mean Parking I ot Doses and Dose Rates Predicted by Wilson Model

A Stabihty, Wind Speed - Sm s F StaNhrp Wind Speed - Im's
Distance Dose Rate (rem hr) Dose (rem) Dose Rate (rem hr) Dose (rem) i

First Second 15 min Total First Second 15 min Total
Release Release Exposure Release Release Exposure

10 44,640 17,064 546,000 40,600,000 223,560 85,320 2,730,000 203,000,000
*

50 1,789 684 21,800 1,620,000 8,928 3,416 109,000 8,120,000

100 75 29 918 68,300 2,646 1,012 32,300 2,400,000 !

250 5 2 57 4,260 666 255 8,150 605,000
,

500 1 0.2 7 522 235 90 2,870 213,000
i

,

Table 8.1-2 i

Mean Parking Lot Doses and Dose Rates Predicted by Ramsdell Model
|

A Stability, Wand Speed = Sm's F Stabihty, Wind Speed - Im's
Distance Dose Rate (rem hr) Dose (rem) Dose Rate (rem tr) Dose (rem)

(m) !First Second 15 min Total First Second 15 min Total
Release Release Exposure Release Release Exposure ;

10 461 176 5,630 418,000 338 129 4,130 307,000

50 75 29 915 67,900 55 21 669 49,700 {
100 34 13 418 31,000 25 10 306 22,700 +.

250 12 5 148 11,000 9 3 109 8,060

500 6 2 68 5,030 4 2 50 3,690

;

,

NUREG/CR-6143 8-2 Voi,6, Part 1

i

..,..m _ , . ~ _ __ _ . _ _ - . _ . _ _ ___ ___



.-

,

DA / 'r7p
Lt.UMd 1

Consequence Anal) sis

8.2 Offsite Consequences

Offsite consequences were calculated with version 1.5.11.1 of the MACCS code [Chanin, et al.,1993] for each of the
source term groups defined in the partitioning process. This code has been in use for some time and will not be
described in any detail Although the variables thought to be the largest contributors to the uncertainty in risk were
sampled from distributions in the accident frequency analysis, the accident progression analysis, and the source term
analysis, there was no analogous treatment of uncertainties in the consequence analysis. Variability in the weather was

,

fully accounted for, but the uncertainty in other parameters such as the dry deposition speed or the evacuation rate was
not considered.

8.2.1 Description of the Offsite Consequence Analysis

MACCS tracks the dispersion of the radioactive material in the atmosphere from the power plant and computes its
deposition on the ground MACCS then calculates the effects of thit radioactivity on the population and the

,

environment. Doses and the ensuing health effects from 60 radionuclides are computed for the following pathways.

Table 8.2-1
,

Offsite Consequence Measures Calculated for POS 5

Consequence Measure Description

Early fatalities Number of fatalities occurring within 1 year of the accident due to early
exposure (i e., exposure incuned within seven days of the accident).

Total latent cancer Number oflatent cancer fatalities due to both early and chronic exposure
fatalities (i e , chronic exposure is that incurred more than seven da3 s after the

accident).

Population dose within 50 Population dose, expressed in effective dose equivalents for whole body ,

miles exposure (rem), due to early and chronic exposure pathways within 50
m:tes of the reactor Due to the nature of the chronic pathways models,
'he actual exposure due to food and water consumption may take place
beyond 50 miles (e g , food and water originating within 50 miles of the

'
plant may be consumed by people located beyond 50 miles)

Population dose within Population dose, expressed in effective dose equivalents for whole body
entire region exposure (rem), due to early and chronic exposure pathways within the

surrounding region.

Individual early fatahty Probability of dying within one year for an individual within one mile of
risk within one mile the site exclusion boundary (i e., ef/ pop, where ef is the number of early

fatalities within one mile of the exclusion boundary, and pop is the
population within one mile of the exclusion boundary).

t

'
Individual latent cancer Probability of dying from cancer for an individual within ten miles of the
fatahty risk within 10 plant (i e., cf/ pop, where cf is the number of cancer fatalities due to
miles direct exposure in the resident population within ten miles of the plant, t

and pop is the population size within ten miles of the plant). The
calculation does not include ingestion but does include integrated
groundshine and inhalation exposure.
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immersion or cloudshine, inhalation from the plume, groundshine, deposition on the skin, inhalation of resuspended |
ground contaminstion, ingestion of contammated water and ingestion of contaminated food '

i

MACCS treats atmospheric dispersion by the use of multiple, straight line Gaussian plumes Each plume can have a
different direction, duration, and initial radionuclide concentration. Cross-wind dispersion is treated by a multi-step
function Both dry and wet deposition are treated as independent processes The weather variabihty is trested by means
of a stratified sampling process

For early exposure, the following pathways are considered. immersion or cloudshine, inhalation from the plume,
groundshine, deposition on the skin, and inhalation of resuspended ground contamination Skin deposition and
inhalation of resuspended ground contamination have generally not been considered in previous consequence models
For the long term exposure, MACCS considers the following four pathways: groundshine, inhalation of resuspended
ground contamination, ingestion of contaminated v.ater, and ingestion of contaminated food The direct exposure
pathwsys, groundshine and inhalation of resuspended ground contamination, produce doses in the population living in the
area surrounding the plant The indirect exposure pathway s, ingestion of contaminated water and food, produce doses m
those who ingest food or water emanating from the area around the accident site. The contamination of water bodies is
estimated for the washoff of material deposited on the land as well as direct deposition The food pathway model
meludes direct deposition onto crops and uptake from the soil.

Both short term and long-term mitigative measures are modeled in MACC5 Short term actions include evacuation,
sheltering and emergency relocation out of the emergency planning zone. Long term actions include later relocation and
restrictions on land use and crop disposition Relocation and land decontammation, interdiction, and condemnation are
based on projected long-term doses from groundshine and inhalation of resuspended radioactivity. The disposal of
agricultural products is based on the products' contamination levels and the removal of farmland from crop production is
based on ground contamination criteria The health effects models hnk the dose receised by an organ to predicted
morbidity or mortahty. The models used m MACCS calculate both short-term and long- term effects for a number of
organs

The MACCS consequence model calculates a large number of different consequence measures. Results for the following
six consequence measures are given in this report: early fatalities, total latent cancer fatalities, population dose within 50
miles, population dose for the entire region, early fatality risk within 1 mile, and latent cancer fatality risk within 10
miles These consequence measures are described in Table 8 2-1. For the analyses performed for NUREG-1150,99 5%
of the population is assumed to esacuate, and the remaining 0 5% of the population does not evacuate and continues
normal activity. This same assumption is used in this analysis.

8.2.2 MACCS Input for Grand Gulf

The input used in this study is identical to that used for Grand Gulf in the NUREG-ll50 study with the exception of the
core inventories (see Appendix D 1) and the source terms which resulted from GGSORp5. The emergency response
assumptions were not changed for this analysis. Since the methods used to calculate the MACCS parameters and the
parameter values deseloped using those methods are documented Volume 2, part 7 of NUREG/CR 4451 [ Sprung, et al-,
1990], only a small portion of the MACCS input is presented here.

Table 8 2 2 lists the MACCS input parameters that hase strong site dependencies and presents the values of these
parameters used in the MACCS calculations for the Grand Gulf site. The evar ion delay period begins when general
emergency conditions occur and ends when the general public starts to evacuate. .'on-farm wealth includes personal,
business, and public property , the farmland fractions do not add to one because not a:1 farmland is under cultivation In
addition to the site-specific data presented in Table 8.2-2, the Grand Gulf MACCS calculations used one year of

|
|

I
i
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meteorologi6al data from the Grand Gulf site and regional population data developed from the 1980 census tapes'. Table
8 2-3 gives the population within certain distances of the plant as summarized from the MACCS demographic input
Table 8.2-4 lists the shieldmg parameters used in this analysis

r

Table 8.2-2 -

Site Specific Input Data for Grand Gulf MACCS Calculations

Parameter Value

Reactor Power Level (MWt) 3833

Containment lleight (m) 32

Containment Width (m) 32

Exclusion Zone Distance (m) 696

Evacuation Delay (h) 1 25

Evacuation Speed (m/s) 3.7

Farmland Fractions by Crop Categories

pasture 0.7

Stored Forage 0.05

|Grains 0.18

Green Leafy Vegetables 0.0005 I

Legumes and Seeds 0.13 l

Roots and Tubers 0.0008 !

l

Other Food Crops 0 004 |

I
Non-Farm Wealth ($/ person) 53,000 ;

1

Farm Wealth !

1

Value ($/ hectare) 1824

Fraction in improvements 0.30

,

i
i

*
.

' Since the NUREG-ll50 full power analysis of Grand Gulf was based on the 1980 census data and an
objective of this study is to compare the risk from full power with the risk from shutdown, this data

,

!was also used in this study instead of using the more recent 1990 census data.
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Table 8.2-3
Population Surrounding Plant

Distance from Plant Population

(km) (miles) -

,

1.6 1.0 34
'

48 3.0 879
,

16.1 10.0 10,255
+

48 3 30.0 97,395 ,

160.9 100.0 1,614,883

563.3 350.0 22,259,422

1609.3 1000.0 142,024,448 <

,

Table 8.2-4 '

Shielding Factors used for Grand Gulf MACCS Calculations .

>
_ - _ _ _ _ - - - _ _ . _ . _ _ _ - . _ - - . _ - -

Population Response
Radiation Pathway

'

Evacuate Normal Take
Activity Shelter -

Cloudshine 1.0 0.75 0.70

Groundshine 0.5 0.33 0.25
,

Inhalation 1.0 0 41 0.33

Skin 1.0 0 41 0.33

)
8.2.3 Results from the Offsite Consequence Analysis

The mean (over weather variation) consequences for the source term groups are reported in Table 8.2-5. The 55* Source
Term Group in Table 8 2 5 is in case any source terms. fall into the special case of no release; the consequences for this
case are 0.0. The remaining results given in this table are conditional on the occurrence of a release. That is, given that
a release takes place, with release fractions and other characteristics as defined by one of the source term groups, then 1

- the consequences reported in this section are calculated. Table 8.2 5 contains no information about the frequency with
which these consequences may be expected. Information about the frequencies of consequences of various magnitudes is
contained in the risk results (Section 9). An early fatality consequence value less than 1.0 may be interpreted as the
probability of obtaining one death. The population dose is the effective dose equivalent to the whole body for the
population in the region indicated.
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Table 8.2-5
Mean Offsite Consequence Results

Source Early Total Latent Population Population Indnidual Individual
Term Fatalities Cancers Dose (rem) Dose (rem) Early Fatality Total Latent
Group <50 miles <1000 miles Risk Cancer Risk

00 001 124E-02 3 11E+03 7.38E+05 7.26E+06 1.08E-04 7 20E-04 !

0 0-002 9.65E-03 3.39E+03 7.98E+05 7.83E+06 9.30E-05 8.43E-04
GG-003 1.20E-02 3 57E+03 8.54 E+05 8 28E46 1.06E-04 6 72E-04 !-

. G0-004 1.08E-01 5 83E+03 1.30E+06 1.27E+07 4.79E-04 1.84E-03

GG-005 1.77E-02 4.78E+03 9.83E+05 1. l l E+07 141E-04 9.00E-04 s

GG-006 1.79E-03 2.06E+03 5 71E+05 4.79E+06 2.24E-05 9.01E-04

G0-007 1.35 E-03 1.85E+03 5 48E+05 4 43E+06 1.70E-05 7.22E-04
GG-008 3.14E-03 2.73 E+03 6$$E+05 6.30E+06 3.80E-05 1.01E-03

GG-009 3 31E 02 4.3 8E+03 9.76E+05 1.00E+07 1.99E-04 8.46E-04

0 0-010 2 41E-03 1.69E+03 4 66E+05 3.90E+06 2.96E-05 6 61E-04

GG-011 4.38E-03 1.73 E+03 4.13 E+05 3.90E+06 5.05E-05 8 26E-04

0G-012 2 98E-02 5.12 E+03 1.21E+06 1.20E407 192E-04 7.70E-04 -

G0-013 2,20E-02 4 16E+03 9 69E+05 9 39E+06 1.62E-04 9 47E-04

0G-014 8 20E-02 5 37E+03 1.12 E+06 1.10E +07 3.14E-04 1.llE-03
GG-015 1.56E-03 1.54 E+03 4.13 E+05 3.56E+06 1.95E-05 7 69E-04 '

0 0-016 2 33E-03 1.59E+03 4.34 E+05 3 82E+06 2.87E-05 7.57E-04

G0 017 3 94E-02 6.10E+03 155E+06 141E+07 2.60E-04 7.64E-04 ,

0 0-018 9 40E-04 9 02E+02 2 98E+05 2.13E+06 1.18E-05 5.81E-04

GG-019 7.25E-03 178E+03 4.78E+05 4.06E+06 7.30E-05 5 95E-04 ,

G0-020 6 65E-03 2 87E+03 615E+05 6 59E+06 6.75E-05 6.12E-04

GG-021 1.05E-05 4 41E+02 1.74 E+05 1.01 E+06 1.33E-07 4.63 E-04 i

GG-022 164E-07 8 22E+02 2 80E+05 1.86E+06 2.08E-09 7 37E-04 J
G0-023 0.00E+00 4.99E+01 2 88E+04 1.19EM5 0.00E+00 1.26E-04

GG-024 7.35E 03 135E+03 4 70E45 3 30E+06 7.10E-05 . 4 33E-04

GG-025 317E-03 1.72E+03 4.74E+05 4 03E+06 3.72E-05 7.11E 04

0 0-026 0 00E400 6 45E+01 4.19E44 1.79E+05 0.00E+00 1.66E-04

GG-027 6 00E 03 143E+03 4.14 E+05 3 23E+06 6.25E-05 6.83 E-04

0 0-028 4.12E-02 3.94 E+03 9 53E+05 8.74 E+06 2.25E-04 1.31E-03

0 0-029 1.54 E-02 3.16E+03 7.78E+05 7.37E+06 1.23E-04 7.88E 04

GG-030 2.76E 02 4.95E+03 9.89E+05 1.13E+07 1.80E-04 1.19E-03

0G-031 144 E-03 2.00E+03 5.71E+05 4.71E+06 - 1.81E-05 8 21E-04 )
GG-032 6.92E-02 6.52E@3 1.61E+06 147E+07 3.27E-04 1.49E-03 i

GG-033 2.54E-03 2 89E+03 6.85E+05 6.67E+06 3.14 E-05 9.95E-04

. GG-034 1.08E 03 1.70E+03 4.2 9E+05 3.89E+06 1.36E-05 8.22E-04

0G-035 3.93E-02 4.86E+03 1.06E+06 106E+07 2.24 E-04 1.02E-03

GG-036 ' 3 88E-03 2.89E+03 6.13E+05 6.64EM6 4.42E-05 7.33E-04 i

GG-037 8.10E-03 1.97E+03 507E+05 4 48E+06 7.85E-05 7.88E-04
|

|
l

i
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Table 8.2-5 (continued) l

Mean Offsite Consequence Results

Source Early Total Latent Population Population Individual Individual |
Term Fatalities Cancers Dose (rem) Dose (rem) Early Fatality Total Latent i

Group <50 miles <1000 miles Risk Cancer Risk I

G0 038 8 05E-03 3.26E+03 8.21E+05 7.62E+06 7.95E-05 8.60E-04
G0-039 9.35E-04 2.3 ] E+03 5.70E+05 5.28E+06 1.15E-05 6.76E-04 - )
0 0-040 8 75E 05 2.79EM)3 6.39E+05 6.39E+06 1.1IE-06 8.95E-04 |
GG-041 6.80E-04 1.44 E+03 4.32E+05 3.38E+06 8 60E-06 8.85E-04 ;
GG 042 3.72E-07 5.82E+02 2.29E+05 1.39E+06 4.72E-09 4.44 E-04 |
0 0-043 2.87E-03 2.16EM)3 6.24E405 5 l l E+06 3.50E-05 8.24E-04 j
GG-044 2.97E-07 9 85E+02 3.20E+05 2.24 E+06 3.76E-09 6.65E-04 ]GG-045 1.58E-03 122E+03 4 15E+05 2.93E+06 1.98E-05 6.37E-04
GG-046 0 00E+00 6.72E+01 4 92E+04 1.88E+05 0 00E+00 ~ 1.79E-04
GG-047 4 03E-03 137E+03 4 84E+05 3.28 E+06 4 64E-05 6.17E-04
0 0-048 4.96E-04 1.76E+03 4 79E+05 4 07E+06 6.25E-06 8.05E-04

,

GG-049 1.20E-02 4.06E+03 8 64E+05 8 82E+06 1.08E 04 102E-03
0 0-050 3 61E-03 3 08E+03 6 47E+05 6.76E+06 4.27E-05 9.24 E-04
G0-051 6 35E-04 2.21 E+03 5 37E+05 5.04 E +06 8.05E-06 8.31E-04 >

GG-052 0.00E400 164E+03 3.94E+05 3.60E+06 0.00E+00 9 60E-04
0 0-053- 0 00E+00 4.46E+02 1.74E+05 9.75E+05 0 00E+00 5.62E-04
0G-054 0 00E+00 7.4 7E+01 5.77E+04 1.70E+05 0.00E+00 2.04E-04
GG-055 0.00E+00 0 00E+00 0.00E+00 0.00E+00 0 00E+00 0 00E+00

t

I

,

i
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9 Risk Integmtion

As discussed in Section 2, the risk calculation combines the results from the previous four constituent analyses Results -
from the accident frequency and accident progression analyses determine the frequency of a release while results from
the source term and consequence analyses are used to estimate the magnitude of the release and the resulting
consequences to the offsite population Aggregate risk is the sum, over all accidents, of the accident frequency
multiplied by the consequence of the accident. In the following subsections, the aggregate risk results are presented and
the contributors to risk are discussed-

I

' 9.1 Risk Results
'

|

The aggregate risk results for POS 5 are presented in Table 91. Table 9-1 provides statistics that describe the risk '

di>tributions fer each of the consequence measures defined in Table 8 2-1. The descriptive statistics include the
following measures: 5* percentile, median value,95* percentile, mean value, and standard deviation. j

|
1

Table 91
Distributions for Aggregated Risk for POS 5

(All values are per year) t4

(Population doses are in person-rem)

Consequence Descriptive Statistics '

Measure 5th PCT 50th PCT 95th PCT MEAN STD Dev.

Core Damage Frequency 4 lE-07 1.4 E-06 5 6E-06 2.l E-06 2.7E-06

Early fatahty Risk 3.7E-11 2.8E-09 3.9E-08 1.4E-08 5.4E-08

Total Latent Cancer Risk 4.3E-04 1.9E-03 1.2E-02 3.8E-03 7.7E-03

Population Dose within 50 miles of the plant 1.3E-01 5.3 E-01 3. l E+00 9.9E-01 1.9E+00

Population Dose within 1000 miles of the 9.9E-01 4 4E+00 2.8E+01 8.7E+00 18E+01
plant

-)
Individual Early Fatality Risk-- O to 1 mile 4.2E-13 2.7E-11 3.0E-10 9.6E-11 3 4E-10 -

'

Individual Latent Cancer Risk-- O to 10 miles 2.5E-10 9.4E 10 4.9E-09 1.6E-09 2 4E-09

To place the results in context, descriptive statistics for the core damage frequency are also presented in Table 9-1 and i

the last two consequence measures are compared io the NRC safety goals in Figure 9-1. While the safety goals do not -

necessarily apply to selected modes of operation (i e., ideally they should be compared to the plants total risk), a
comparison of POS 5 risk to the safety goals does provide an indication, in an absolute sense, of the risk associated

,

with this mode of operation. The NRC estabbshed two quantitative safety goals in 1986. The first safety goal [Haskin
and Camp) is defined as:

"The risk to an average individual in the vicinity of a nuclear power plant of prompt fatalities that
might result from reactor accidents should not exceed one tenth of one percent of the sum of prompt
fatality risks resulting from other accidents to which members of the U.S. population are generally ;

exposed." The average accident fatality in the U S. is approximately 5 x 10" per individual per year, so
4the quantitative value for the first goal is 5 x 10 per individual per year. The. * vicinity of a nuclear

power plant" is defined to be the area within one mile of the plant site boundary.
,

The second safety goal is defined as:

"The risk'to the population near a nuclear power plant of cancer fatalities that might result from nuclear ;

power plant operation should not exceed on tenth of one percent of the sum of cancer fatality risks .|
resulting from all other causes.' The average U.S. cancer fatality rate is approximately 2 x 10'8 per |

,
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4year, so the quantitative value for the second goal is 2 x 10 per average individual per year. The
population *near a nuclear power plant" is defined as the population within ten miles of the plant site.

I While it is the mean value of the risk distribution that is used to compare to the safety goals, the entire distribution
should be considered when making an assessment of the plant's safety. From Figure 91 is can be seen that the mean
values for the individual risks calculated in this study are well below the safety goals and since the distributions are also
well below the safety goals, small changes in these distributions will not affect this conclusion-

There are several factors that contribute to the low offsite risk values at Grand Gulfin spite of the fact that the
containment equipment hatch is open in many of the accidents and the probability that the core damage process is
arrested in the vessel is small. At this point it is important to remind the reader that aggregate risk is a function of both
the frequency of the accident and the consequences that result from the accident and, therefore, both parameters must be
considered The factors that lead to low offsite risk values include the following:
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Comparison of Individual Risks with Safety Goals
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o The core damage frequency calculated for the Grand Gulf plant is low. Thus, while a sigm6 cant release may
occur, the frequency of the release is sufficiently small that the resulting risk is also small. Aspect of the core ,

damage frequency are discussed in Volume 2 of this report. j

o The population density around the Grand Gulf plant is also low. Although many factors in0uence the
magnitude of the consequences, in general, for a given release, the smaller the population, the smaller the ;

number of fatalities. Of the four Mark 111 plants in the United States, Grand Gulf has the fewest number of
people hving within 50 miles of the plant according the 1990 census data. The Mark Ill plant with the greatest
number of people living within 50 miles of the site has population that is more than an order of magnitude

n lf 50 mile population Therefore, for a different plant with similar accidents could have agreater than Grant u

substantially different risk.
,

o Although in many of the accidents the containment equipment hatch is open, the suppression pool is bypassed, '

and the containment sprays are unavailable, the releases pass through the auxiliary building before escaping into
the environment. Because of its large volume and surface area, the auxiliary building provides a location for the
radionuclides to be attenuated by deposition and thereby reduce the source term to the environment. Without
the auxiliary building, considerably more radioetive material would be released to the environment. !

i
''

o The accidents delineated for these shutdown conditions progress more slowly and, therefore, there is generally
more time for the public to respond to the accident and evacuate before they are exposed to the release This is
primarily important for the early health effects consequence measures which are more strongly affected by the
time available to evacuate.

,

o Radioactive decay has reduced the radioactive potential of these shutdown accidents relative to the inventory ,

that is present at shutdown This factor is primarily important for early health effects which are more strongly
affected by the shorter ined radionuclides. This affect is much less noticeable for latent health effects which are.
more strongly affected by the long lived isotopes

,

'

9.2 Contributors to Risk
i

This subsection provides the mean fractional contributions to risk. MFCR, for various groups of accidents MFCR is i

defined as the ratio of the aggregate risk for a group of accidents (e g., a PDS) to the total aggregate risk averaged over ,

all obsersations That is, the ratio is calculated for each observation and then an average value is determined by
summing all of the ratios and then dividing by the number of observations. This measure is net equivalent to the simple '

ratio of the mean risk for a group of accidents to the total mean risk.

Table 9 2 provides the fractional contributions for the following three PDS Froups: LOCAs, Station Blackouts, and Other ,

Transients From Table 9-2,it can be seen that the SBO PDS group is the dominant contributor to the early fatality risks -i

i

Table 9.2
Mean Fractional Contribution to Aggregate Risk for the LOCA, Station Blackout (SBO),

and Other Transients Plant Damage State Groups

PDS Core Early Total Latent Population . Population ' Individual Individual
Groups Damage Fatalities Cancers Dose Dose Early Latent j

Frequency (<SO miles) F1000 miks) Fatalities Cancers .,

(0-Imiles) - (0-10 miles)

LOCA 0 51 0.16 . 0 42 0 43 0 41: 0.17 - 0.51

SBO 0.33 0.73 0.45 0.42 0.45 0.70 0.35

Other 0.17 0.12 0.13 0.15 0.14 0.12 0.14

Vol 6, Part 1 9-3 NUREG/CR-6143
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Figure 9 2 l

Early Fatality Risks for PDS Groups

!

(total and individual) The early fatality risk distributions for these PDS groups is provided in Figure 9.2. The SBO
|

PDS groups large contribution to early fatality risk can be attributed to their relatively high contribution to the core ;

damage frequency coupled with the fact that the containment equipment hatch is off in these accidents, the suppression |
pool is bypassed, and the auxiliary building fails early in the accidents. Combined, these factors cause the SBOs to have J
relatively high risk values. The LOCA PDS group, however,is not a dominant contributor to cerly fatality risk even

'

though it is a dominant contributor to the core damage frequency. This stems primarily from the fact that the dominant
contributor to the LOCA core damage frequency is PDS31 which is a negligible contributor to early fatality risk (see |
Table 9-5). To understand these results it is important to understand that the radionuclides that cause the early health )
effects tend to have short half lives whereas the radionuclides that cause latent health effects tend to have long halflives.
Thus, for similar accidents, one would expect accidents in Time Window 3 to have the fewer early fatalities when
compared similar accidents in the other time windows. Similarly, one would not expect there to be a large difference
between the time windows for the number of latent cancers that result from an accident. To illustrate this point, Table 9-
3 shows the mean number early fa,talities and the mean number of total latent cancer fatalities for each of the three
LOCA PDSs (note the conditional consequences are a frequency weighted average of all the accidents in the given
LOCA PDS). From this table is can be seen that, as expected, there is a significant difference in the number of early
fatalities between PDSI-l and PDS3-1. The number of early fatalities for PDSI-l and PDS2-1 are similar because the ;

~ difference in the radionuclide inventories for these to PDS is small. Also, as expected, there is a similar number of '

latent cancers for each of the PDSs are similar.
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Total Latent Cancer R;sk for PDS Groups

For latent cancer health effects, the LOCA and SBO PDS groups are the dominant contributors to risk. The latent cancer
risk distributions for the three PDS groups are displayed in Figure 9-3. As explained above, since the radionuclides that
ore important to the latent health effects are the long lived radionuclides, these risk measures are not particularly
sensitive to when the accident occurs relative to shutdown. Latent cancers primarily depend on the total amount of -
radioactive material release.! and not on when it was released (i.e., early in the accident versus late in the accident)

|
Since latent cancers are not strongly dependent on the timing characteristics of the accident (i e., start of release or
release duration), the latent cancer risk will depend on the likelihood of the accident and on the total amount of
radioactive material released In all of the accidents delineated in this study, the containment is either open at the start
of the accident or fails during the accident and in most of the accidents the core damage process is not arrested in the
vessel Thus, while the timing of the accident may vary, when the uncertainty in the source term is considered all of the -

. accidents will result in roughly a similar release in radioas the material to the environment. Thus, as can be seen in
: Table 9 2, the mean fractional contribution to latent cancer risk tends to be roughly proportional to the contribution to
the core damage frequency. The fraction contributions from the LOCA and Other Transients tend to be less than there
fractional contribution to the core damage frequency because for these PDSs portions of the release are scrubbed by
either the suppression pool or the pool formed by flooding the containment. The fraction contribution from the SBO
PDS group tends to be greater than the fractional contribution to the core damage frequency because for these accidents
the containment is open at the start of the accident, the auxiliary building fails early in the accident, vessel always fails,
CCI always occurs and none of the releases are scrubbed by water. Therefore, the releases associated with the SBO tend
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to be large relative to the other accidents analyzed in this study. i
|

Table 9-3
Mean Conditional Consequences for the LOCA PDSs: ;

PDSI-1, PDS2-1, and PDS3 1 -

PDS Early Fatalities Total Latent i

Cancers j

PDS11 3.8E-03 1600 :
'

PDS21 2.0E-03 1600

]PDS3-1 2.2E-04 1100

1
!

The mean fractional contributions to aggregate risk for Time Windows 1,2, and 3_ are presented in Table 9-4. From
Table 9-4 it can be seen that Time Window 2 is the dominant contributor to early health effects followed by Time ;

Window 1. As explained above, Time Window 3 is a negligible contributor to the early health effects. For latent J

cancers, Time Window 2 is again the dominant contributor followed this time by Time Wmdow 3 and then Time
Window 1. As discussed above, for the latent health effects, the fractional contribution to risk is roughly propottional to
the contribution to the core damage frequency. |

|

|

Table 9-4
Mean Fractional Contribution to Aggregate Risk for Time Windows 1,2, and 3

;

PDS Core Early Total Latent Population Population Individual Individual . |
Groups Damage Fetalities Cancers Dose Dose Early Latent '

Frequency (<50 miles) (<tooo miles) Fatalities Cancers .

(0-Imiles) (010 miles)
TW1 0.08 0.22 0.09 0.09 0.09 0.22 0.07

;

TW2. 0.58 0.78 0.67 0.66 0 67 0.77 0.58 i

TW3 0.34 0.00 0.24 0.24 0.23 0.01 0.34

For complenness, the mean fractional contributions to risk and to the core damage frequency for each of the 12 PDSs is
tabulated in Table 9-5. The summary descriptive statistics for the aggregate risk distributions for each of the PDSs are
provided in Appendix E 1.

9.3 References.

[Ilaskin and Camp) F. E. Haskin and A. L. Camp, " Perspectives on Reactor Safety,* NUREG/CR-6042, SAND 93
0971, Sandia National Laboratories, March 1994.
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Table 9 5
Mean Fractional Contributions of Plant Damage States to Risk

PDS Core Early Total Latent Population Population Individual Indisidual
Damage Fatalities Cancers Dose Dose Early Latent

Frequency (<50 miles) (<1000 miles) Fatahties cancers .
(0-Imiles) (0-10 miles)

PDSIl 0 02 0.05 0 02 0.02 0.02 0 05 0.02

PDS I-2 0 01 0.05 0 02 0 02 0.02 0 05 0.02

PDS1-3 0 03 0 09 0.04 0.04 0.04 0 09 6 03

PDS I-4 0 01 0.02 0.01 0.01 0.01 0 02 0.01

PDS I-5 0.01 0 02 0.01 0 01 0.01 0.02 0 01

PDS2-1 0 15 0.11 0 16 0.17 0.16 0.12 0.15

PDS2-2 0 22 0 46 0.31 0.29 0.31 0 44 0.24

PDS2-3 0 06 0 12 0 08 0 07 0 08 0.11 0 06

PDs2-4 0.14 0.06 0.11 0.12 0 11 0.07 0.11

PDS25 0 01 0 04 0 01 0 01 0 02 0 03 0 01

PDS2-6 0.01 0 01 0 01 0.01 0 01 0 01 0.01

PDS3-1 0 34 0 00 0.24 0 24 0.23 0.01 0 34

1

1
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10 Comparison to Full Power ReSults

An objective of this analysis is to assess the risk significance POS 5. In the previous section the risk results were
'

presented and the individual risk measures were shown to be well below the safety goals. To further this assessment of
the risk significance of POS 5,in this section the POS 5 risk result will be compared to the risk of full power operation.
The risk to the general public from the operation of the Grand Gulf nuclear plant during full power operation was
analyzed in NUREG ll50 [USNRC,1990),[ Brown, et. al.,1990]. In that analysis it was shown that the full power risks
were small relative to both the safety goals and to the other plants analyzed in the study. From this comparison the risk
significance of POS 5 relative to full power can be determined which will help place the results from this study in
context.

10.1' Comparison Between POS 5 and Full Power Risk

The POS 5 and full power distributions for early fatality risk, total latent cancer risk, population dose within 50 miles
risk, and population dose within 1000 miles risk are displayed in Figures 10.1,10.2,10.3, and 10.4 respectively. To
help place these risk distributions in context, the POS 5 and full power core damage frequency distributions are displayed
in Figure 10.5. The mean values for the risk measures and the total core damage frequency from the two analyses are
listed in Table 10-1. From these figures it can be seen that POS 5 risk and the full power risks are comparable as are
the POS 5 and full power core damage frequencies. The mean, median,5* percentile, and 95* percentile values from
the POS 5 risk distributions are all greater than the corresponding values from the full power distributions with the
greatest difference occurring between the risk distributions for the total latent cancer risk. However, from these figures
it can be seen that any difference that exist between these distribution is small as is evident by the large overlap that
exist between distributions for the same risk measure. For the core damage frequency, the difference that exist between
POS 5 and full power is also small; the 95* percentile values from the POS 5 distributior. are less than the
corresponding values from the full power distribution while the median and 5* percentile values from the POS 5
distribution are greater than the full power distribution

Table 10-1
Mean Core Damage Frequency and Mean Risks for POS 5 and Full Power

Analysis Core Damage Early Fatality Total Latent Population Dose Population Dose

Frequency Risk Cancer Risk (< 50 miles) (<1000 miles)
Risk Risk

POS5 2.1E-06 1.4E 08 3.8E-03 9.9E-01 8.7E+00

Full Power 4.lE-06 8.2E-09 9.5E-04 5 2E-01 5.8E+00

Since the core damage frequency for POS 5 is similar to the full power core damage frequency and since the site
characteristics used to calculate offsite consequences (i e., populations, land usage, weather conditions) are the same for
both analyses, the primary difference between the two studies is the conditional probability of various magnitude
releases. Even though decay has reduce the radionuclide inventory present during shutdown, the releases for POS 5 tend
to be larger than the releases for full power because there are less features of the plant available to attenuate the release
during shutdown. For many of these shutdown accidents the suppression pool is bypassed, the containment is open, and

,

the containment sprays are unavailable. Since the latent health effects are affected by radionuclides with long half-lives,
the affect of decay is not significant. For early health effect, however, which are affected by the radionuclides with short
half lives, the affect of decay is more important and the difference between full power accidents and shutdown accidents
is not as significant. That is, for full power accidents there is a larger inventory of radionuclides that are important to
early health effects, as compared to POS 5, howeser, because of the mitigative features of the plant that are available
during power operation, not as much material escapes into the environment.
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Comparison of Grand Gulf Early Fatality Risk
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10.2 References

[USNRC,1990) U.S Nuclear Regulatory Commission," Severe Accident Risks: An Assessment for Five U. S:
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11 Open Issues

i

l

The study presented in this volume is for a single POS (namely POS 5) and, as such, assesses the risk associated with
this POS This study does not, however, attempt to assess the risk with the entire LP&S regime of operation While the |

Level 1 screening study and other quahtative insights suggest that POS 5 is the risk dominant mode of shutdown, no
detailed study has been performed on the other POSs to confirm this belief.

It is important to realize that reducing the risk in one POS, for example by changing when equipment is available and
,

unavailable, can shift the risk to another POS Since this study only addresses the risk associated with one POS, the I

affect of this change on overall risk (i e , risk across all the POSs) cannot be quantitatisely assessed.

For cases where the containment equipment hatch is open during the accident, the auxiliary building could play a major
role in mitigating the release The auxihary building acts as a large holdup volume allowing time for natural processes
to remose radionuclides from the building atmosphere before being released into the environment and is an important
plant feature that mitigates the release to the environment. Although the auxiliary building was included in the
MELCOR calculations performed for this study, no detailed analyses of the auxiliary building's structural capaci*y or its
capabihty to retain radionuclides were performed Instead, a number of assumptions were used in the modchng of this
issue, any of which if changed, could have a significant impact on the results since the most likely accidents have the
containment open and the radioactive releases pass through the auxiliary building The assumptions include:

While the auuliary building is not a leak tight structure,it was assumed that none of the radioactive materiale

escapes the buildmg prior to it reaching its assumed failure pressure of 5 psig This is only an issue for the
accidents in which the operators flood the containment in these accidents the auxiliary building pressurires
sery slowly and is predicted to stay intact until vessel failure In all of the other accident in which the
contamment is open, the building is predicted to fail prior to core damage

Neither the ventilation system nor the standby gas treatment sy stem were modelled and, therefore, the affecte

(i e , either beneficial or detrimental) that these systems would hase on the buildmg's ability to retain radioactive
material was not considered

The decontamination factor used in this analysis could be approximated by Peach Bottom decontamination factore

distribution des eloped for the NUREG-1150 analy sis

in addition to the issues discussed above, there is a more general issue that can affect the risk results generated in this
study, namely, the use of NUREG-1150 data, which was developed for accidents initiated at power conditions, for these
shutdown accidents While timing information was obtained from the MELCOR calculations performed for this study,
the NUREG-1150 data was used extensisely to quantify the parameters in the parametric source term expression Areas
where there could be substantial differences between full power accidents and shutdown accident include the retention
capabilities of the vessel during a L(X'A and the containment when the containment equipment hatch is off

,
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12 Summmy

A Level 3 PRA was performed on the cold shutdown mode of operation up to the point where the reactor vessel head is
detensioned for Um: 1 of the Grand Gulf Nuclear Station In this anal) sis the regime of shutdown analyzed is refened
to as POS 5 The core damage frequency for POS $ was determined in the Lesel 1 portion of the PRA and is )
documented in Volume 2 of this report Risk for POS 5 was determined in the Level 2 and 3 portions of the PRA using 1

a simphfied form of the NUREG-1150 methodo'ogy. The Lesel 2/3 portion of the PRA is concemed with the |
progression of postulated accidents following the onset of sesere core damage and the estimation of the consequences i

'

that result from the release of any radioactive material and, as such, consists of the followmg constituent analyses plant
damage state (PDS), accident progression, source term, consequence, and risk integration Event tree techniques were
used to delineate the accident progression following the onset of core damage and source terms were estimated using the !
pararnetric approach developed in NUREG-1150. The consequence analysis included the traditional offsite assessment '

(i c., similar to the offsite consequence assessment performed in the NUREG 1150 plant studies) and also included a
scoping assesstnent of onsite consequences A limited uncertainty analysis, which included variables from the PDS,
accident progression, and source term analyses, was also performed in contrast to NUREG-1150, expert opinion
techniques were not used in this study to quantify the accident progression and source term models

i

For discussion purposes, the core damage scenarios identified in the Level 1 anal) sis can be combined into the following
three PDS groups LOCAs, Station Blackouts (SBOs), and Other Transients- The mean core damage frequencies and the
mean fractional contnbutions to the core damage frequency for these three groups are provided in Table 12-1. The
LOCA PDS group is the dominant contributor to the core damage frequency followed the by SBO PDS group and the
Other Transients PDS group.

Based on the accident progression analysis performed for this study, the most likely accidents in POS 5 have an open
containment, the suppression pool is bypassed, the containment sprays are not available, and the core damage process is
not arrested in the vessel for the cases where the sessel fails, there is a significant probabihty that the core debris will
either be quenched in a flooded cavity or CCI will occur in a Dooded cavity. For the former, the releases associated
with CCI are prevented In latter, the releases are scrubbed by the water in the flooded cavity. If the containment is
closed prior to core damage, it is predicted to either fail or to be vented after core damage since containment heat
removal is not available in these accidents, venting the containment late in the accident is the most likely scenario.

Table 12 2 presents the offsite risk results for the following six measures early fatahties, total latent cancer fatahties,
population dose within 50 miles of the site, population dose withm 1000 miles of the site, individual early fatahty risk
within 1 mile of the site, and individual latent cancer risk within 10 miles of the site. The factors that lead to low offsite
risk values melude the following

o The core damage frequency calculated for the Grand Gulf plant is extremely low Thus, while a significant
release may occur, the frequency of the release is sufficiently small that the resuhmg risk is also small.

Table 12-1
Core Damage Frequencies for LOCA, SBO, and

Other Transient PDS Groups

PDS Group Mean Core Damage Mean Fractional
Frequency (llyr) Contribution

LOCA 1.1E-06 0.51

SBO 7 4E-07 0 33

Other Transients 2 4E-07 0.17

Total 2 lE 06
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Table 12-2 |
Distributions for Aggregated Risk for POS 5

(All values are per year)
4

(Population doses are in person-rem) I

Consequence Descriptive Statistics
Measure 5th PCT 50th PCT 95th PCT MEAN STD Dev

iCore Damtge Frequency 4. lE-07 1.4 E-06 5.6E-06 2. l E-06 2 7E-06
Early Fatality Risk 3.7E-11 2.8E-09 3.9E-08 1.4E-08 5.4E-08
Total Latent Cancer Risk 4.3 E-04 1.9E-03 1.2 E-02 3.8E-03 7.7E-03
Population Dose within 50 miles of the plant 1.3 E-01 5.3E-01 3. l E+00 9 9E-01 1.9E+00
Population Dose within 1000 miles of the 9.9E-01 4.4E+00 2.8E+0 ! 8,7 E+00 1.8E+01
plant

Individual Early Fatality Risk-- O to 1 mile 4.2E-13 2.7E-11 3 OE-10 9 6E-11 3.4 E-10

individual Latent Cancer Risk- O to 10 miles 2.5E-10 9.4E 10 4 9E 09 1.6E-09 2 4E-09

The population density around the Grand Gulf plant is also low. Although many factors influence thee

magnitude of the consequences, in general, for a given release, the smaller the population, the smaller the
number of fatalities Of the four Mark 111 plants in the United States, Grand Gulf has the fewest number of
people livmg within 50 miles of the plant according the 1990 census data.

Although in many of the accidents the containment equipment hatch is open, the suppression pool is by passed,*

and the containment spray s are unavailable, the releases pass through the auxiliary building befort escaping into
the environment. Because of its large volume and surface area, the auxiliary building provides a locatian for the
radionuclides to be attenuated by deposition and thereby reduce the source term to the environment. Without
the auxiliary buildmg, considerably more radioactive material would be released to the environment. i

The accidents delineated for these shutdown conditions progress more slowly and, therefore, there is generallye

more time for the public to respond to the accident and evacuate before they are exposed to the release. This is
primarily important for the early health effects consequence measures which are more strongly affected by the
time available to evacuate.

Radioactive decay has reduced the radioactive potential of these shutdown accidents relative to the inventory*

that is present at shutdown This factor is primarily important for early health effects which are more strongly
affected by the shorter lived radionuchdes. This affect is much less noticeable for latent health effects which are

,

more strongly affected by the long lised isotopes.
.

To place the risk from POS 5 into context,it was compared to the risk from power operation as estimated in NUREG-
- 1150 and was also compared to the NRC quantitatise safety goals. The risk from POS 5 is comparable to the risk from
. power operation While the mean risk from POS 5 is greater than the mean risk from full power operation, there is
considerable overlap between the distribution suggesting that any difference that exists is small. The risk from POS 5
was also shown to be well below the safety goals. While the safety goals do not necessarily apply to selected modes of
operation (i.e., ideally they should be compared to the plants total risk), a comparison of POS 5 risk to the safer) goals
does provide an. indication, in an absolute sense, of the risk associated with this mode of operation. '

The mean fractional contributions to risk from the LOCA, SBO, and Other Transient PDS groups are provided in Table
- 12-3, The SBO PDS group is the dominant contributor to the early fatality risks (total and individual)f The SBO PDS

NUREG/CR-6143 12-2 Vol. 6, Part 1 '
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Table 12-3 i

Mean Fractional Contribution to Aggregate Risk for the LOCA, Station Blackout (SBO),
and Other Transients Plant Damage State Groups

PDS Core Early Total Latent Population Population Indn idual Indiyidual
Groups Damage Fatalities Cancers Dose Dose Early Latent

Frequency (<50 miles) M1000 rniles) Fatalities Cancers

(0 Imiles) (0-10 miles)
LOCA 0 51 0 16 0 42 0 43 0.41 0.17 0.51

SBO 0.33 0.73 0 45 0.42 0.45 0.70 0.35

Other 0.17 0.12 0.13 0 15 0.14 0.12 0.14

group's large contribution to early fatality risk can be attributed to its relatively high contribution to the core damage
frequency coupled with the fact that the containment equipment hatch is off in these accidents, the suppression pool is
bypassed, and the auxiliary buildmg fails early in the accidents Combmed, these factors cause the SBOs to hase
relatively high risk values The LOCA PDS group, howeser, is not a dominant contributor to early fatainty risk even
though it is a dominant contributor to the core damage frequency This stems primarily from the fact that the accidents
that are the dominant contnbutor to the LOCA core damage frequency occur in POS 5 after core alterations (i e , many
weeks after shutdown) by which point the amount short Ined radionuclides that are important to early health hase been
significantly reduced by radioactive decay

For latent cancer health effects, the LOCA and SBO PDF groups are the dominant contributors to risk Since the
radionuclides that are important to the latent health effects are the long lived radionuclides, these risk measures are not
particularly sensitive to when the accident occurs relative to shutdown. Latent cancers primarily depend on the total
amount of radioactive material released and not on when it was released (i e., early in the accident sersus late in the
accident) Smce latent cancers are not strongly dependent on the timing characteristics of the accident (i e , start of
release or release duration), the latent cancer risk will depend on the likelihood of the accident and on the total amount
of radioactive material released in all of the accidents delineated in this study, the containment is either open at the
start of the accident or faih during the accident and in most of the accidents the core damage process is not arrested m
the vessel. Although the timing of the accident may vary, all of the accidents hase the potential to release a significant
amount of radioactive material to the ensironment llence, the mean fractional contribution to latent cancer risk tends to
be roughly proportional to the contribution to the core damage frequency. The fraction contributions from the LOCA
and Other Transients tend to be less than there fractional contribution to the core damage frequency because for these
PDSs portions of the release are scrubbed by either the suppression pool or by water in the reactor cavity. The fractional
contribution from the SBO PDS group tends to be greater than the fractional contribution to the core damage frequency
because for these accidents the containment is open at the start of the accident, the auxiliary buildmg fails early in the
accident, vessel always fails, CCI always occurs and none of the releases are scrubbed by water. Therefore, the releases
associated with the SBO tend to be large relative to the other accidents analyzed in this study.

.

.
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Appendix A Supporting Information for the Plant Damage State Analysis 1

V

This appendix contains information that was used to support the PDS analysis. The approach used to develop PDS is
described in Section 5.1 of the main report.

,

A.1 Development of End States -

!

Sixteen characteristics were used to define the End States (ESs). These sixteen characteristics and their associated [
attributes are defined in Table A-1. In the Level 1 analysis,28 sequences which contained a total of 38 cut sets were

i delineated. These cut sets were reviewed and the appropriate attribute for each characteristic was assigned to each cut ;

set. The result was a 16 position alphanumeric string for each cut set. A unique string defines an ES. Through this
process 22 ESs were defined. A list of these ESs is provided in Table A-2.

A.2 Development of Plant Damage States
|

Review of the ESs suggested that 11 characteristics would adequately define the PDSs. The characteristics and attributes
L r the PDSs are presented in Table A-3. ES characteristic 1 was dropped because there were too many initiating events
to treat each one separoely and in most cases the Level 2 analysis does not depend on the initiating event. This
characteristic was included in the ES analysis for the sake of completeness. For cases v here it is important to know the ,

initiating esent (e g , LOCA or loss of offsite power), this information was included in a characteristic that addressed the
event. For example, PDS Characteristic 1, Status of Electric Power,is used to identify accidents initiated by a loss of
offsite power. Similarly, PDS Characteristic 7 is used to identify accidents initiated by a LOCA Fince in the Level 2 |
anal) sis large LOCAs (i.e., A) and intermediate size LOCAs (i c., S1) are treated the same, this distinction does not have ;

to be mairdained in the PDS definition. ES Characteristics 3-6, Status of Core Cooling, were combined under one PDS ;

characteristic. ES Characteristic 9. Status of Suppression Pool Makeup System, was incorporated into PDS j
Characteristics 3, Status of Containment Sprays and Suppression Pool Cooling, anct Characteristic 4, Status of
Suppression Pool Level In going from ESs to PDSs, for a given characteristic the attributes were often changed to ;

eliminate redundant or unnecessary information and to incorporate information from other characteristics that were ;
eliminated. I

!

In the development of PDSs from ESs a series of assumptions were made with regard to the station blackout ESs These
. assumptions include: i

:

* PDSI-2 consists of two sequences In the first case the station batteries deplete within two hours of the
initiating event resulting in the closure of the SRVs and the subsequent pressurization of the vessel. With the
vessel pressurized, the firewater system cannot be used as an alternate source ofinjection. In this scenario, the
vessel pressurizes to 440 psig and fails the shutdown cooling system resulting in an interfacing system LOCA. !

'

Core damage is estimated to occur 3.5 hours after the initiating event. In the second sequence the station
batteries supply emergency de power for at least 3.5 hours. In this scenario, two hours after the initiating event ]
the operators open the SRVs and use the fire water system as an alternate source of coolant makeup. Injection
is continued until the batteries deplete resulting in the closure of the SRVs and the pressurization of the vessel. .

The fire water system can not provide makeup once the vessel pressurizes. The batteries deplete sometime j
between 3.5 and 12 hours after the initiating event. In this analysis it is conservatively assume that the batteries j
fail 3.5 hours after the initiating event and, therefore, the firewster system injects water for only 1.5 hours. ]
Following the loss of the firewster system, the accident progresses in a manner similar to the first sequence. '

Thus, the major difference between the two sequences is that core damage is delayed by approximately 1.5
,

hours in the second sequence. This delay of 1.5 hours is not sufficient to warrant a separate PDS and, therefore. |
the second sequence is conservatively model as though firewater was never used. !

In PDSI-3 it is assumed that the operators manually isolate the shutd swn cooling system before the vessel*

begins to pressurize following the loss of core cooling and thereby prevent an interfacing systems LOCA in the
SDC system. This action is possible in these accidents because there is a significant amount of time between
the initiating event and the pressurization of the vessel (i e.,12 hours). While this action was included in the
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Level 1 model for Time Window 2, it was not included in the model for Time Window I because isolation of
the SDC system in Time Window I does not prevent core damage. However, had this action been included in
the Level 1 model, the cut sets that would have survived truncation would have the SDC system isolated. Thus,
while the ES indicates there is a LOCA in the SDC system (Attribute F for Characteristic 14), the PDS indicates-

|
the vessel is at high pressure with pressure relief being provided by the SRVs.

'

.

PDS2-2 consists of five similar sequences. In the first two sequences the station batteries deplete within 5.5e

hours of the initiating event resulting in the closure of the SRVs and the subsequent pressurizatian of the vessel.
With the vessel pressurized, the firewster system cannot be used as an alternate source of injection. In this
scenario, the vessel pressurizes to 440 psig and fails the shutdowTt cooling system resulting in an interfacing i
system LOCA. Core damage is estimated to occur 5.5 hours after the initiating event. In the remaining three
sequences the station batteries supply emergency de power long enough for the operators to open the SRVs and j
align the fire water system to provide coolant to the core. The firewster system provides coolant makeup until :
the batteries deplete at which point the accident progress in a manner similar to the first two sequences except

'

that core damage is delayed by several hours. Each of these last three sequences has a different battery
depletion time (i c., battery depletion times of 3,5.5, and 12 hours). To keep the analysis manageable by
reducing the number of PDS that needed to be analyzed, the last three sequences were combined with the first j
two sequences and were conservatively modelled as though the fire water system was not used. j

,

The consolidation of Es characteristics and the simplifying assumptions regarding the use of the fire water system in the
station blackout ESs resulted in the generation of twelve PDSs- A list of the ESs that are contained in each PDS is ,

presented in Table A-2. The PDS definitions and their contribution to the point estimate core damage frequency are-
presented in Table A-4. ;

A.3 Comparison Between Level 1 and Level 2/3 PDS Frequencies

The Level I analy sis documented in Volume 2 of this report used a LHS sample size of 1000 whereas the Level 2/3
analysis used a rample size of 200. While a sample size of 1000 can be used in the Level 1 analysis, the large !

Icomputational requirements of accident progression and consequence analyses precluded the use of such a large sample
size in the Level 2/3 analysis. When selecting the LHS sample size for the Level 2/3 analyses two objectives had to be -
considered. (1) the sample size had to be sufficiently large such that the Level 2/3 PDS results were reasonably similar to ;

the Level 1 results, and (2) the sample size had to be small enough that the calculations could be performed in a timely
manner. A sample size of 200 satisfied these tuo objectives. The PDS frequencies from these two samples are ;

compared in Table A 5. |

|
|

|

|

|
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Table A-1
End State Characteristics and Attributes

End State Characteristics and Attributes

Charact. Attribute Description -

1 Initiating Ewent Type

A TI 5

B A5

C A511Y

D ElB511

E eld 511

F EIT511

G EIV511

11 E2B511

I E2D511

J E2T511

K E2V511

L 111-511

M J2-5

N SI-5

O Sill-5

P S25

Q S 211-5

R T5A511

S T5B511

T T5C511

U T5D511

V TAB 511

W TDB511

X T.IOF5

Y TIA511

Z TLM511

1 TRPT5

Vol 6. Part 1 A-3 NUREG/CR-6143
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End State Characteristics and Attributes

Charact. Attribute Description

AVAILABILITY OF ELECTRICAL POWER -

2 Availability of Electrical Power

A Offsite power (OSP) available, AC and DC B power available

B OSP not available - but recoverable

C OSP not available - not recoverable, delayed failure of core cooling

D OSP not avaihble - not recoserable, prompt failure of core cooling

E OSP available - Emergency AC and DC power not available and not recoverable

STATUS OF CORE COOLLNG

3 Status of HPCS

A HPCS availaole

B HPCS not available - not recoverable

C HPCS not available - but recoverable

4 Status of IKI

A LPCI Tram B available

B LPCI not available - not recoserable

C LPCI not available but recoverable

D LPCI not available - but recoverable with recovery of OSP

5 Status of Senice Water Cmsstle

A SSW Crosstie available

B SSW Crosstie not available - not recoverable

C SSW Crosstie not available - but recoserable i

D SSW Crosstie not available - but recoverable with recovery of OSP

i

NUREG/CR-6143 A-4 Vol. 6, Part I
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End State Chaiacteristics and Attnbutes j
!

Charact. Attribute Description i
i

6 Status of Condensase .
)
;

A CDS available :

l
B CDS not available - not recoverable ;

i
C CDS not available but recoverable i

D CDS not available - but recoverable with recovery of OSP
:
i

|

STATUS OF CONTAINMENT HEAT REMOVAL

7 Status of Suppression Pool leel

A Water at " Low Level * or " Drained Level" !

B Suppression pool is empty

C Suppression pool level is at the ECCS suction strainers

f,8 Status of Suppression Pool Tempemeure

A Suppression Pool is sub-cooled {
;

B Suppression Pool is saturated
|
.

C Suppression Pool temperature is not applicable {
4
,

i

'I9 Status of Suppression Pool Makeup

A SPMU has been used

B SPMU is assilable but not used because it was not previously needed |

C SPMU is available but not used because of operator error

D SPMU is not available but can be recovered with recovery of OSP '

E SPMU is not available and cannot be recovered

10 Status of Containenent Sprays and Suppsession Pool Cooling

A CS/SPC available with heat exchangers I

- B CS/SPC not available - not recoverable |
:

C CS/SPC not available - but recoverable with recovery of OSP ;

1

I
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End State Characteristics and Attributes

Charact Attribute Description

STATUS OF REACTOR VESSEL AND CONTAINMENT INTEGRITY

11 Status of the Reactor Vessel Head Vent
,

A Head vent is open during the accident i

B Operators close the head vent prior to core damage '

,

12 Status of Containment lener Personnel leck
,

A Containment lower personnel lock is open

B Containment status is unknown

13 Status of Containment Vent System

A CVS not required - but available

B CVS not required - not available

C CVS not required - not available - but recoverable with recovery of OSP |

14 Status of RPV Pressure

A Vessel at high pressure - SRVs available but not used

B Vessel at high pressure - SRVs available but operator failed to use them
!

C Vessel at high pressure - SRVs not available |
D Vessel at low pressure - SRVs are open by operator |

E Vessel at low pressure - SRVs available and the vessel is open by LOCA

F Vessel at low pressure SRVs available and the vessel is open by SDC break |

O Vessel at low pressure - SRVs available and the vessel is open by open MSIVs
,

!
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End State Characteristics and Attributes |

|

Charact. Attribute Description

TIMING CHARACTERISTICS
i

'

15 7'aie to Core Damage

A Core damage occurs in 2 hour

B Core damage occurs in 2.35 hours

C Core damage occurs in 3 hours

D Core damage occurs in 3.5 hours

E Core damage occurs in 5.5 hours

F Core damage occurs in 6.75 hours

O Core damage occurs in 7 hours

II Core damage occurs in 7.35 hours

1 Core damage occurs in 9 75 hours

J Core damage occurs in 12 hours
,

l

16 Tinw Windon

1 Time window 1: Ranges from 14 to 24 hours after shutdown

2 Time window 2; Ranges from 24 to 94 hours after shutdown
i

3 Time window 3 Ranges from 40 to 50 4 days after shutdown
,

l

l
|

|

,

l
,

I
!
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Table A-2

f End state and Plant Damage State Definnions d
,

i

d 3m Seq No Cut ES Otaradenstics Pt Est. Seq ES a
O a
3 PDS Na Sets IE PWR llPCS LPCI SSW CDS S P-L SP-T ' SPMlJ CS lidVnt Cnt Vnt RPV TCD Twin CDF Fract- Fract. E

PI I I I 11 A 11 Il 11 II A A C H A A 11 E A I 2.03E-08 0 010

I PI l 13 I N A D H 11 II A A C H A A II E A I 2.04E-08 0 010 0 019 i
w ,

PI-2 19 I A D 11 D D D A A D C A Il C F D I 1.71 E-08 0.008

PI-2 21 I A D 11 D D D A A D C A B C F D 1 1.43 E-08 0 007 0 015

PI-3 18 2 A C H D D D A 11 D C A Il C F J l 6.71 E-08 0.032 0 032

PI-4 20 1 A 11 Il D D D A A D C A Il C F D 1 1. I SE-08 0 005 0.005

PI-5 9 I L A 11 Il 11 11 A A E H II A 11 D 11 1 I 62E-08 0 008 0 008

P2-1 2 i B A Il 11 U H A A C H A A II E 11 2 5.79E-08 0 027

P21 3 I H A B B 11 11 A A C H A A II E D 2 1.23E-07 0 058

P2-1 14 I N A 11 11 H H A A C H A A B E H 2 5.76E-08 0.027
,

P2-1 15 I N A B 11 Il 11 A A C 11 A A 11 E D 2 1.22E-07 0 058 0.170<

P2-2 23 2 A D !! D D D A A D C A Il C F E 2 1.43 E-07 0 067

P2-2 25 2 A D H D D D A A D C A 11 C F E 2 8 54E-08 0 040

P2-2 26 7 A D H D D D A A D C A 11 C F E 2 2.6 t E-07 0.123 )--[- ' ,

P2 2 27 1 A D H D D D A A D C A Il C F C 2 139E48 0.007

;> P2-2 22 i A C H D D D A A D C A Il C F J 2 1.09E-08 0 005 0.242 p!>
b P2-3 24 2 A 11 H D D D A A D C A il C F E 2 1 15E-07 0 054 0 054

P2-4 7 I F A 11 H 11 H A A E H 11 A B D 1 2 4.06E-08 0 019

P2-4 8 I J A Il B B II A A E Il II A Il D I 2 5.10E-08 0.024

P2-4 12 1 M A B B 11 11 A A E D 11 A 11 D I 2 2.09E-08 0 010

P2-4 to 1- L A 11 Il Il B A A E H II A 11 D I 2 1.08E-07 0.051 0.104

P2-5 28 1 R A 15 B H C A A 11 It A H A A J 2 139E-08 0 007 0 007

P2-6 Il I L A 11 H A 11 C A A 11 Il B A O F 2 13 t E-08 0 006 0.006

P3-1 4 I H A B B 11 11 A A C H A A II E O 3 2.57E-07 0.121

P3-1 5 I H A B 11 11 II A A C 11 A A II E G 3 2 88E-08 0.014

P3-l 6 i C A 11 11 Il 11 A A C H A A 11 E G 3 2.03 E-07 0.095 *

P31 I6 i N A H H 11 II A A C H A A 11 E G 3 2 87E-08 0.014

P31 17 I ' O A B 11 II II A A C H A A H E G 3 2.00E-07 0 094 0 338

Totals 28 38 2.12E-06 1.000 1.000 ;

5

<
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Table A 3 i

Plant Damage State Characteristics and Attnbutes !
|

Plant Damage State Characteristics and Attributes
'

Charact. Attribute Description -

STATUS OF ELECTRICAL POWER
:

1 Status of Electrical Power

A Offsite power (OSP) available >

B OSP not available - but recoverable
,
4

C OSP not available - not recoverable, delayed failure of core cooling ,

D OSP not available - not recoverable, prompt failure of core cooling

E OSP available - Emergency AC and DC power not available and not recoverable
4

STATUS OF CORE COOLING

2 Status of Core Coolant injection

A Core injection is not available and cannot be recovered
.

B LPCI and/or SSW crosstie are unavailable due to operator error

fC LPCI and/or SSW crosstie are unavailable but recoverable with recovery of OSP

.

STATUS OF CONTAINMENT HEAT REMOVAL !

3 Status of Containment Spray: and Suppression Pool Cooling '[

A CS/SPC is not available and cannot be recovered

B CS/SPC is not available but can be recovered with recovery of OSP

C CS/SPC is available ;

9

-;

4 Status of Suppression Pool Imel i

A Water at " Low Level" or " Drained Level * f
B Suppression pool level is at the ECCS suction strainers

,

I

5 Status of suppression Pool Temperature f
A Suppression Pool is sub-cooled

B Suppression Pool is saturated [
!

.

5
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Plant Damage State Characteristics and Attributes -|

Charact, Attribute Description

STATUS OF REACTOR VESSEL I?REGRITY -

6 Stanas of RPY Head Vent '

A Head vent is open during the accident

B Operators close the head vent prior to core damage '

7 Status of RPV Pressure and Integrity

A Primary system is at system pressure

'B Primary system is at low pressure (>400 psia)

C Primary system is at low pressure; RPV is breached by a LOCA inside |
containment

'

D Primary system is at low pressue; RPV is breached by a LOCA in SDC system

E Primary system is at low pressure; RPV is breached by open MSIVs
|

|

STATUS OF CONTAINMENT INTEGRITY
l

8 Status of Containment Iener Personnel leek

A Containment lower personnel lock is open

B Containment status is unknown

I

|

9 Status of Containment Vent System I

A CVS is unavailable and cannot be recovered

B CVS is unavailable but can be recovered with recovery of OSP

C CVS is available but has not been used because is has not been needed

,
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Plant Damage State Characteristics and Attributes

Charact. Attribute Description I

TIMING CllARACTERJSTICS
,

10 Tine to Core Damage

A Core damage occurs in 2 hour

B Core damage occurs in 2.35 hours

C Core damage occurs in 3.5 hours
,

D Core damage occurs in 5.5 hours

E Core damage occurs in 6.75 hours

F Core damage occurs in 7 hours

O Core damage occurs in 9.75 hours !

11 Core damage occurs in 12 hours

11 Time Windows

A Time Window 1: Ranges from 14 to 24 hours after shutdown ;

B Time Window 2: Ranges from 24 to 94 hours after shutdown

C Time Window 3: Ranges from 40 to 50 4 days after shutdown

t
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Table A-4
Plant Damage State Definitions

Plant Damage Alpha numeric Description Fractional Contribution
States to PE CD Frequency

.

PDS I-l A A AAA-AC-AA-Al 0.019

PDS I-2 D-C-B AA- AD- AB-C l 0.015

PDSI-3 C-C-B AB-AA- AB-H 1 0.032

PDS1-4 B-C-B AA-AD-AB-C 1 0 005

PDSI-5 A-A- AAA-BB-AA-Fi 0.008

PDS2-1 A-A-AAA- AC-AA-D 2 0.170

PDS2-2 D-C-B AA-AD-AB D2 0.242

PDS2-3 B-C-B AA- AD- AB-D2 0 054

PDS2-4 A-A AAA-BB AA-G2 0.104

PDS2-5 A-B- AAA- AA-BC-II2 0 007

PDS2-6 A-B-ABA-BE BC-E2 0 006

PDS3-1 A A-AAA-AC-AA-F3 0.338

Total 1.00

.
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Table A-5
Comparison Between Level 1 and Level 2 Plant Darnage State Results

Plant Damage States LilS Desenptne Statisticah Core Damage Frequency (l'yr) Fracnonal Contribution'
Sample

Size 5% 50 % 95 % Mean FCM-CDF MFC-CDF r

PDSIl 200 1.59E-09 I 41E-08 1.920-07 4.13 E-08 0.020 0 018

1000 1.31 E-09 1.51E-08 1.56E-07 4 0$E-08 0.020 0 017

PDSI2 200 1.44E-10 4 27E 09 1.29E-07 2.29E-08 0.011 0 015

1000 2.15E 10 4 93E-09 1. l l E-07 2 48E-08 0.012 0.016

PDSI3 200 2.94E-09 1.73 E-08 162E 07 439E-08 0 021 0 030
i
'

1000 2.82E-09 1.75E 08 1.22E-07 3.59E-08 0 018 0 027

PDS I-4 200 5.98E 11 1.99 E-09 3 49E-08 9.19E-09 0 004 0 006

1000 9.33E Il 1.97E-09 3.79E 08 934E-09 0.005 0.007

PDSI5 200 4 89E 10 6 85E-09 4 78E-08 1.36E-08 0 007 0 010

'
1000 4 78E 10 6.03 E-09 6 68E-08 1.59E-08 0 008 0.011

PDS21 200 128E-08 1.3 5 E-07 1.45 E-06 3 52E-07 0.168 0.153

1000 1.13E 08 135 E-07 1.41 E-06 3.67E-07 0.184 0 154

PDS2 2 200 2.22E 08 1.45E-07 160E-06 3 53E 07 0.264 0 217

1000 212E 08 1.72E 07 163E 06 4 47E-07 0.224 0.210 ,

PDS2 3 200 2.74E 09 2.93E-08 4 46E 07 1. l l E-07 0.053 0.059
[

1000 3 05E-09 2 87E-08 3.33E-07 9.29E-08 0.046 0 0$$ |

PDS 2-4 200 7.67E-09 8 80E-08 7.52E 07 2 03E 07 0 097 0,140
'

1000 6 04E-09 9 93E-08 819E 07 2.14E 07 0.107 0 140

PDS2 5 200 855E-Il 2.74 E-09 5 32E-08 1.26E-08 0.006 0.010

1000 1.06E 10 2.59E-09 6 01 E-08 1.47E-08 0.007 0.010

PDS2 6 200 256EIl 1.llE 09 2 83E-08 7.43E 09 0 004 0.006

1000 169E Il 1.07E-09 5 22E 08 1.17E-08 0 006 0.009 -

PDS31 200 6 25E-08 3.75 E-07 2 40E4 7.27E-07 0.347 0.338

t.
1000 6.50E-08 3 75E 07 2.29E-06 7.26E-07 0.363 0.343 i

Total 200 4 07E-07 1.37E-06 3 56E 06 2.10EM

1000 413E 07 1.34E-06 5 38E-06 2.00E-06

i

Note 1: A LHS sample size of 200 was used in the Level 2'3 and integrated analyses whereas a LilS sample size of I

1000 was used m the level 1 analysis I

Note 2: FCM-CDF = fractional contribu6cn to mean core damage frequency

MFC-CDF = Mean fracnonal contnbution to core damage frequency

1

i
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Appendix B Supporting Information for the Accident Progression Analysis

This appendix contains information that was used to support the Accident Progression Analysis The many possible
progressions of the accident following the onset of core damage are delineated and evaluated using event tree techniques.
The event tree developed to model the Level 2 portion of the accident is called an Accident Progression Event Tree
(APET). The APET is evaluated using the EVNTRE code. EVNTRE calculates the probability of each path through the
APET and combines the paths into groups, specified by the user, call Accident Progression Bins (APBs). -These APBs .

can then be further grouped, or rebinned, and sorted using the PSTEVNT code. Section B.1 provides a discussion of -

each of the questions in the Accident Progression Event Tree (APET), the APET that forms the input to the EVNTRE
code is listed in Section B 2. The quantification of the APET is discussed in Section B.3.

B.1 Description of the Grand Gulf POS 5 APET

in the following subsection, the purpose for each question in the APET is discussed, the branches defined, and the
sources of information used to quantify the branches presented The probabilites assigned to each branch are also
presented; for cases where a distribution of probabilities is used, the mean of the distribution is displayed A single
APET is used to evaluate all of the PDSs

Question 1. What is the Plant Damage State?
Number of Branches: 12
Number of Cases: 1
Number of Cases Sampled: 1

The branches for this question are:

1. PDSl-1 PDSl 1. LOCA in Time Window 1
2. PDSI-2 PDSI-2: Station Blackout accident in Time Window 1
3. PDSI3 PDSI 3: Station Blackout accident in Time Window 1
4. PDSI-4 PDSI-4; Station Blackout accident in Time Window I
5. PDSI5 PDSI-5; Flooded containment accident in Time Window 1
6. PDS2-1 PDS2-1: LOCA in Time Window 2
7. PDS2-2 PDS2-2: Station Blackout accident in Time Window 2
8. PDS2-3 PDS2 3: Station Blackout accident in Time Window 2
9. PDS2-4 PDS2-4: Flooded containtnent accident in Time Window 2
10. PDS2-5 PDS2-5 High pressure core damage accident in Time Window 2
11. PDS2-6 PDS2-6: Open MSiv accident in Time Window 2
12. PDS31 PDS3-1: LOCA in Time Window 3

This question defines the probability of each Plant Damage State (PDS) conditional on the occurTence of core
damage. Twelve PDS were defined in this analysis. The branch probabilities are sampled; the probability
distnbution for each PDS is based on the frequency of each PDS obtained from the !RRAS code.

The quantification for this question is:

Branch 1: PDS!l 0 019

Branch 2: PDS t-2 0.015
Branch 3: PDSI-3 0.032

Branch 4: PDSl-4 0 005

Branch 5- PDSI-5 0.008

Branch 6: PDS2-1 0.17
Branch 7: PDS2 2 0.242

Branch 8: PDS2 3 0.054

Branch 9: PDS2-4 0.104

Branch 10. PDS2-5 0 007
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Number of Cases Sampled: None

The branches for this question are: '

'I. nLPinj Low pressure injection is not available and cannot be recovered. .

2. nLPInj-op Low pressure injection is not available because of operator errors
3. rLPinj Low pressure injection is not available but can be recovered with the recovery of OSP.
4. ALP!nj Low pressure injection is available but not being used.

This question is used to define the PDSs. This question addresses PDS characteristic 2 which defines the availability [
of core coolant injection at the onset of core damage. For PDSs initiated by a loss of offsite power (PDSI-2, PDS).
3, PDSI-4, PDS2-2, and PDS2-3), low pressure injection is not available but can be recovered once offsite power is

,

restored to the plant and, therefore, the probability of Branch 3 is set to 1.0 Far PDS2-6, the service water cross-tic '

sy stem was available, however the operators fail to use this system and therefore, the probability of Branch 2 is set to
10 For all of the other PDSs. the probability of Branch 1 is set to 1.0. There are no PDSs in this analysis in which
low pressure injection is available at the onset of core damage and therefore Branch 4 is never used in this analy sis.

Question 6. What is the status of containment sprays and suppression pool cooling at core damage (PDS Char. 3)?
,

Number of Branches: 4
Number of Cases: 3
Number of Cases Sampled: None

The branches for this question are:
i
)

1. nCS Containment sprays (CS) are not available and cannot be recovered. '

2. rCS CS are not available but can be recovered with the recovery of OSP.
,

3. alignCS CS are not available not aligned to provide containment cooling.
4. autoCS CS is available and aligned to provide containment cooling.

This question is used to define the PDSs. This question addresses PDS characteristic 3 which defines the status of
containment sprays (CS) at the onset of core damage. For the PDSs initiated by a loss of offsite power (PDSI-2,
PDSI-3, PDSl-4, PDS2 2 and PDS2 3) CS are not available but can be recovered if offsite power is restore and,
therefore, the probability of Branch 2 is set to 1.0. For all of the other PDSs the containment sprays are not available '

and cannot be recovered and, therefore, the probability of Branch 1 is set to 1.0. !

Question 7. What is the suppression pool lesel at core damage (PDS Char. 4)?
Numher of Branches: 2

.'Numberof Cases: 2
Number of Cases Sampled: None

'

The branches for this question are:

l. SPL-Lo The suppression pool level is no lower than the low water level (LWL). f
2. SPL-Strain The suppression pool has been drained to the ECCS suction strainers. .

i

This question is used to define the PDSs. This question addresses PDS characteristic 4 which defines the level of the ;

suppression pool level at the onset of core damage For PDS2-6, the probability of Branch 2 is set to 1.0. For all of '

the other PDSs, the suppression pool is no lower than the LWL and, therefore, the probability of Branch 1 is set to
1.0.

Question 8. What is the suppression pool temperature at core damage (PDS Char. 5)?
Number of Branches: 2
Number of Cases: 3
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Branch 11: PDS2-6 0.006 1

Branch 12: PDS3-1 0.338

Question 2. What is the status of electric power at core damage (PDS Char.1)?
Number of Branches: 3 -

Number of Cases: 3
Number of Cases Sampled: None

The branches for this question are:
,

1. aOSP Offsite and onsite electric power are available.
2. OSP-nDIVAC Offsite power is available, however, the onsite ac buses are failed.
3. nOSP Neither offsite nor onsite ac power is available.

This question is used to define the PDSs. This question addresses PDS characteristic 1 which defines the availability
of electric power at the onset of core damage. For PDSs imtiated by a loss of offsite power (PDSI-2, PDSI-3, PDSl- ;

4, PDS2-2, and PDS2-3), both offsite and onsite power are unavailable and, therefore, the probability of Branch 3 is ;

set to 10, For all of the other PDSs, the probability of Branch 1 is set to 1.0. Branch 2 is not used in this analysis
,

but was include for the sake of completeness.

Question 3. What is the status of de poner at core damage (PDS Char.1)?
Number of Branches: 2
Numberof Cases: 2
Number of Cases Sampled: None -

The branches for this question are:

1. nDC-BCD The station batteries have depleted and de power cannot be recovered. !
2. aDC-BCD DC power is available at the onset of core damage- I

This question is used to define the PDSs This question addresses PDS characteristic 1 which defines the availabihty
'

of electric power at the onset of core damage. If ac power is not available and the station batteries deplete,it is
assumed that neither ac nor de power can be recovered. For PDSs PDSl 2, PDSI 3, and PDS2-2, the protiability of

;

Branch 1 is set to 1.0. For all of the other PDSs, the probability of Branch 2 is set to 10.
;

Question 4. What is the status of high pressure injection at core damage (PDS Char. 2)?
Number of Branches: 3
Number of Cases: 1
Number of Cases Sampled: None

The branches for this question are:

1. nilPinj - liigh pressure injection is not available and cannot be recovered. |
2. rllP!nj liigh pressure injection is not available but can be recovered with the recovery of OSP.
3. IIPInj liigh pressure injection is available but not being used. !

j

This question is used to define,the PDSs. This question addresses PDS characteristic 2 which defines the availability ;

of core coolant injection at the onset of core damage. For all of the PDS defined in this analysis, the probability of !
Branch I is set to 1.0.

j

Question 5. What is the status of low pressure injection at core damage (PDS Char. 2)?
Number of Brunches: 4 :

Number of Cases: 4
i
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Number of Cases Sampled: None

The branches for this question are:

1. SPT-Sub The suppression pool is subcooled at the onset of core damage. -

2. SPT-Sat The suppression pool is saturated at the onset of core damage.

This question is used to define the PDSs. This question addresses PDS characteristic 5 which defines the temperature
of the suppression pool at the onset of core damage For PDSl-3, the suppression pool is saturated at the time of
core damage and, therefore, the probability of Branch 2 is set to 1.0. For all of the other PDSs, the suppression pool
is subcooled and, therefore, the probability of Branch I is set to 1.0.

Question 9, % hat is the status of the reactor head sent at core damage (PDS Char. 6)?
Number of Branches: 2
Number of Cases: 2
Number of Cases Sampled: None

The branches for this question are:

1. RPV-nVnt The reactor head vent is not open during core damage.
2. RPV-OVnt The reactor head vent is open during core damage.

This question is used to define the PDSs, This question addresses PDS characteristic 6 which defines the status of
the reactor head vent at the time of core damage. The reactor head vent is a two inch pipe that vents the reactor to

i

the sump located in the reactor cavity directly below the vessel. While this lir.c is closed and is not used during
normal operation, it is open during cold shutdown and, therefore, will be open at the start of the accident. The
plant's inadequate heat removal procedures, however, direct the operators to close motor operated valves on the head

. vent line in the esent that core cooling cannot be maintained. The valves cannot be closed during a station blackout.
Furthermore, if the operators have failed to follow procedures in a particular accident, it is assumed that the operators
will also fail to close the head vent. The head vent is only closed in PDSs PDSI-5, PDS2-4, and PDS2-6 and, '

therefore, the probability of Branch 1 is set to 1.0. For all of the other PDSs, the head vent is open in which case the
probability of Branch 2 is set to 1.0.

Question 10. What is the status of the reactor pressure sessel integrity at core damage (PDS Char. 7)? {
JNumber of Branches: 5

Number of Cases: 6
Number of Cases Sampled: None

The branches for this question are:

1. RPV hip The reactor vessel has not been breached. The pressure in the vessel is at system pressure with
|pressure relief being provided by the SRVs at their setpoints.

2. RPV lop The reactor vessel has not been breach. At least two SRVs are open and the pressure in the
vessel is low (<400 psia).

3. RPV-LOCA The reactor vessel has been breached by a LOCA located inside the containment. The vessel
is at low pressure at the onset of core damage

4 RPV-ILOCA The reactor sessel has been breached by a LOCA located outside the containment. The vessel
is at low pressure at the onset of core damage.

5, RPV-oMSIV The MSIVs are open and, therefore, the vessel is at low pressure at the onset of core damage.

This question is used to define the PDSs. This question addresses PDS characteristic 7 which defines the status of
the reactor integrity and the pressure of the reactor vessel at the onset of core damage. For PDSs initiated by a
LOCA (PDSI 1, PDS2-1, PDS3-1), the probability for Branch 3 is set to 1.0 For PDSs initiated by a loss of offsite
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power followed by a break outside the containment in the shutdown cooling system (PDSI-2, PDSI-4, PDS2-2, and
PDS2-3), the probability for Branch 4 is set to 10. For PDS2-6 in which the operators fail to close the MSIVs, the
probability for Branch 5 is set to 1.0. Two SRVs are open in PDSs PDSI 5 and PDS2-4 and, therefore, the vessel is
at low pressure and the probability for Branch 2 is set to 1.0. For the rernaining PDSs, the reactor vessel is
pressurized to system pressure and, therefore, for these PDSs the probability of Branch 1 is set 1.0. -

Question 11, What is the status of the containment access penetrations at core damage (PDS Char. 8)?
Numberof Branches: 2
Numher of Cases: 2
Number of Cases Sampled: None

' t

The branches for this question are:

1. o LPerstk The lower containment personnel lock is open at the onset of core damage. |

2. LPerstk-Unk The status of the lower personnel lock is unknown at the onset of core damage.

This question is used to define the PDSs. This question addresses PDS characteristic 8 which defines the status of
the lower containment personnel lock. The lower personnel lock will be open if the operators flooded the ;
containment and failed to close the lower personnel lock or if the accident is initiated by a loss of offsite power (the ;

closure of the containment equipment hatch requires offsite power) There are only two PDSs for which the status of
the containment penetrations is not known: PDS2 5 and PDs2-6. For these two PDSs, the probability for Branch 2 is -

set to 1.0. For all of the other PDSs, the lower containment personnel lock and/or the containment equipment hatch
are open and, therefore, the probability of Branch I is set to 1.0 It should be pointed out, however, that even if the
operators close the equipment hatch in PDS2-6, the MSIVs are still open and any releases will escape out into the
turbine building.

Question 12. What is the status of the containment sent :) stem at core damage (PDS Char. 9)?
Number of Branches: 3
Number of Cases: 4
Number of Cases Sampled: None !

l

The branches for this question are: |
!

1. nCVS The containment vent system (CVS) is unavailable at the onset of core damage and cannot be
recovered during the accident.

2. rCVS The CVS is unavailable at the onset of core damage but can be recovered following the
recovery of offsite power.

3. aCVS The CVS is available at the onset of core damage.

This question is used to define the PDSs This question addresses PDS characteristic 9 which defines the status of

the containment vent system To open the containment vent requires emergency ac power. For PDSs initiated by a
loss of offsite power (PDSI-2, PDSI-3, PDSI-4, PDS2 2, and PDS2 3), the CVS is unavailable but recoverable once
offsite power is restored to the plant. For these PDSs, the probability for Branch 2 is set to 1.0. For PDS2-5 and
PDS2-6, the CVS is available and, therefore, the probability for Branch 3 is set to 1.0. For all of the other PDSs, the

{
CVS is not available and cannot be recovered and, therefore, the probability of Branch 1 is set to 1.0.

l
l

Question 13. When does core darnage occur (PDS Char.10)?
{Number of Brahches: 8

Number of Cases: 9
Number of Cases Sampled: None

The branches for this question are:
,
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' 1. TCD2 Core damage occurs approximately 2 hours after the initiation of the accident. I

2. TCD2p3 Core damage occurs approximately 2.35 hours after the initiation of the accident.
3. TCD3 Core damage occurs approximately 3 5 hours after the initiation of the accident.
4. TCD5 Core damage occurs approximately 5.5 hours after the initiation of the accident.
5. TCD6 Core damage occurs approximately 6.75 hours after the initiation of the accident.
6. TCD7 Core damage occurs approximately 7 hours after the initiation of the accident.
7. TCD9 Core damage occurs approximately 9.75 hours after the initiation of the accident.
8. TCD12 Core damage occurs approximately 12 hours after the initiation of the accident.

This question is used to define the PDSs. This question addresses PDS characteristic 10 which defines the time at
which core damage occurs. In this analysis, core damage is defined at the start of significant fuel heatup. The times
to core damage were obtained from a series of MELCOR calculations that were performed specifically for this !

analysis. These calculations are documented in Part 2 of this Volume. For PDSI-1, the probability for Branch I is ;

set to 1.0. For PDS21, the probability for Branch 2 is set to 1.0._ For PDSI-2 and PDSI-4, the probability for |
Branch 3 is set to 1.0. For PDS2-2 and PDS2-3, the probability for Branch 4 is set to 1.0. For PDS2-6, the !

probability for Branch 5 is set to 1.0. For PDSI-5 and PDS3-1, the probability for Branch 6 is set to 1.0. For PDS2- I

4, the probability for Branch 7 is set to 1.0. For PDSI 3 and PDS2-5, the probability for Branch 8 is set to 1.0.
i

Question 14. While in POS 5, when does the initiating esent occur (PDS Char. II)? ;

Number of Branches: 3
Number of Cases: 5
Number of Cases Sampled: None

The branches for this question are
,

1. IE-Win t The initiating event occurs while the plant is in Time Window 1. Time Window I ranges
from 14 hours after shutdown to 24 hours after shutdown.

2. IE-Win 2 The initiating event occurs while the plant is in Time Window 2. Time Window 2 ranges
3

from 24 hours after shutdown to 94 hours after shutdown. '#

3. IE Win 3 The initia'ing event occurs while the plant is in Time Window 3. Time Window 3 ranges
from 40 days after shutdown to 50.4 days after shutdown;

This question is used to define the PDSs. This question addresses PDS characteristic 11 which defines the Time
Window that the plant is in when the initiating event occurs. The Time Window defines the radionuclide inventory
and the decay heat load at the start of the accident. Time Windows 1 and 2 occur during POS 5 prior to the plant
entering Operating Condition 5 (Refueling). Time Window 3 occurs during POS 5 on the way back up to power after
refueling. PDSI-1, PDS12, PDSI 3, PDSl 4, and PDSI-5 occur while the plant is in Time Window I and, therefore, '

,

for these PDSs the probability for Branch 1 is set to 1.0. PDS2-1, PDS2-2, PDS2 3, PDS2-4, PDS2 5 and PDS2-6
,

occur while the plant is in Time Window 2 and, therefore, for these PDSs the probability for Branch 2 is set to LO.
PDS3-1 occurs while the plant is in Time Window 3 and, therefore, for this PDSs the probability for Branch 3 is set
to 1.0.

Question 15. What type of esent initiates the accident?
Number of Branches: 3
Number of Cases: 4
Number of Cases Sampled: None

The branches for this question are: '

l. IE-LOCA The accident is initiated by a LOCA
2. IE-SBO The accident is initiated by a loss of offsite power followed by loss of emergency Division A '

and B power that results in a station blackout
3. IE-Other The accident is not initiated by a LOCA and is not initiated by a loss of offsite power.
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This is a summary question and is used to summarize information from previous questions. This question partitions )
the accidents into three classes: (1) those initiated by a LOCA, (2) those initiated by a loss of offsite power that result i
in a station blackout, and (3) those initiating by all other types of events. l

. |
Case 1: This case includes those accidents initiated by a LOCA (i.e., PD.31-1, PDS2-1, and PDS3-1). The i

quantification for this case is-
|

Branch 1: IE-LOCA 1.0 ;

Branch 2: IE SBO 0.0
Branch 2: IE-Other 0.0 |

Case 2: This case includes those accidents initiated by a loss of offsite power while the plant is Time Window
I followed by a loss of all emergency ac power resulting in a station blackout scenario. The quantiGcation for
this case is:

Branch 1: IE-LOCA 00
Branch 2: IE-SBO 1.0

Branch 2: IE-Other 00

Case 3: This case includes those accidents initiated by a loss of offsite power while the plant is Time Window
2 followed by a loss of all emergency ac power resulting in a station blackout scenario. The quantification for
this case is

Branch 1: IE-LOCA 00
Branch 2: IE SBO 1.0

Branch 2: IE-Other 00

Case 4. This case includes all of the remaining accidents that are not captured by Cases 1-3. The quantification
for this case is:

Branch 1: IE-LOCA 0.0
Branch 2: IE-SBO 0.0
Branch 3: IE-Other 10

Question 16. What is the pressure in the RPV at the time of core damage?
Number of Bnmches: 2
Number of Cases: 2
Number of Cases Sampled: None

The branches for this question are:

1. RPV-hip BCD The reactor vessel is at system pressure (i e.,1000 psia) at the onset of core damage
2. RPV-lop BCD The reactor vessel is at low pressure (i e., < 400 psia) at the onset of core damage

This is a summary question and is used to summarize information from previous questions. This question partitions
the accidents into two categories: (!) those accidents in which the vessel is pressurized and pressure relief is being
provided by the SRVs cycling at their setpoints,(2) those accidents in which the vessel is at low pressure.

Case 1: This case includes those accidents identified as being at high pressure in Question 10. The
quantincation for this case is:

Branch 1: RPV-IliP-BCD 1.0
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Branch 2: RPV-lop-BCD 0.0

Case 2: :
This case includes all of the rest of the accidents in which the reactor vessel is not at system pressure

and, therefore, they are at low pressure (<400 psia). The reactor vessel will be at low pressure if- (1) the
accid nt is initiated by a LOCA,(2) there is an unisolated LOCA outside the containment,(3) the MSIVs are

|
open, or (4) the operators open two SRVs. The reactor head vent does not have the to capacity to keep the '

reactor vessel depressurized in the event that core cooling is unavailable. Thus, an open head vent will not by
itself maintain the vessel at low pressure. The quantification for this case is:

Branch 1: RPV-hip-BCD 0.0
Branch 2: RPV-lop BCD 1.0

<

Question 17. How nucle wateris in the reactor pedestal easity at the time of cose damage?
Number of Branches: 2
Number of Cases: 3
Number of Cases Sampled: None

The branches for this question are: '

l. Cav Dry-BCD The reactor cavity is Gooded at the onset of core damage
2. Cav-Fid-BCD The reactor cavity is essentially dry at the onset of core damage '

This is a summary question and is used to summarize information from previous questions This question partitions
the accidents into two categories: (1) those accidents in which the reactor cavity is Gooded with water'at the onset of

|core damage and (2) those accidents in which the reactor cavity is essentially dry at the onset of core damage. The ,

reactor cavity is located directly below the reactor and is partly recessed in the drywell Door. Water on the drywell
Door will drain into the reactor canty where it is collected in sumps. These sumps are then periodically drained.
Water from several sources can enter the drywell: (1) normal equipment leakage, (2) LOCA,(3) overflow from the
suppression pc,c! (c g., during containment Gooding operations).

Case 1: This case includes those accidents initiated by a LOCA. In these accidents the operators flood the
containment to a level that corresponds to the bottom of the lower containment personnel lock. In these
accidents, the lower personnel lock is open and, therefore, the containment 'is only Gooded to this level. The
quantification for this case is:

Branch 1: Cav-Dry BCD - 0.0
Branch 2: Cav-Fid-BCD 1.0

Case 2: This case includes those accidents that were not initiated by a LOCA but in which the operators Good
the containment to a level that corresponds to the bottom of the lower containment personnel lock in an attempt
to prevent core damage. In these accidents, the operators fail to close the lower personnel lock and, therefore,
the containment is only Gooded to this level. The quantification for this case is:

,

Branch 1: Cav-Dry-BCD 00
Branch 2: Cav-Fid-BCD 1.0

- Case 3: This case includes all of the remaining accidents which were not initiated by a LOCA and in which the
operators did not flood the containment. In these accidents the reactor cavity was essentially dry. Nonnal ~
leakage from the equipment would not Good the cavity during the time frame of interest. The quantification for
this case is:

Branch 1: Cav Dry-DCD l0
Branch 2: Cav-Fld-BCD 0.0
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Question 18. Is the containment equipment hatch open at the start of the accident?
Number of Branches: 2
Number of Cases: I .

Number of Cases Sampled: None
F

The branches for this question are:

'

1. nOCnt-S The containment equipment hatch is not open at the start of the accident.
'

2. OCnt-S The containment equipment hatch is open at the start of the accident.

This question addresses status of the containment equipment at the start of the accident. The equipment hatch can be
removed as soon as the plant enters POS 5. A review of the Grand Gulf refueling outage critiques indicated that the
removal process typically begins soon after the plant enters POS 5; similarly, the closure process is typically ,

performed near the end of POS 5. Thus, the amount of time that the plant is in POS 5 with the equipment hatch in ,

place is relatively small compared to the total amount of time that the plant is in POS 5, Therefore, while there will
be a small portion of time during Time Window I and Time Window 3 in which the equipment hatch is in place, for
this analysis it is assumed that the equipment hatch is always off at the start of the accident. The quanti 6 cation for
this question is:

Branch 1: nOCnt S 0.0 ,

Branch 2- OCnt-S 1.0
,

Question 19. Do the operators close the containment before core damage?
Numberof Branches: 2
Number of Cases: $
Number of Cases Sampled: 1

The branches for this question are:-

1. nOCnt-BCD The containment access penetritions are not open at the rmset of core damage ,

2. OCnt BCD. The containment access penet.ations are open at the onset of core damage |

This question determines whether the operators successfully replace the containment equipment hatch and close the '

containment personnel locks prior to the onset of core damage. The information used to assess this issue was
obtained from the Grand Gulf plant. The Grand Gulf plant utilizes a 19 ft diameter, steel pressure seating equipment
hatch The hatch is attached from inside the containment via 20 bolts. The hatch uses two compression seals (gasket

concept) around its periphery to maintain tightness along the mating surfaces. The hatch is stored inside the
containment in a storage bin above the opening. Offsite ac pov,er is required to move and position the hatch. Each
personnel airlock consists of a cylmdrical steel shell with steel bulkheads et each end and two steel doors in the
bulkheads which open toward the reactor. Sealing of each door is accomplished by two, continuous inflatable seals
which surround the door edge. In this analysis, successful close of the access penetrations requirm the following two
conditions: (1) offsite power must be available to move the equipment hatch into place,(2) there must be suf6cient
time before the onset of core damage to position and attach the equipment hatch. In this analysis it is estimated that
at least 5 hours is needed to perform the required action to close the containment. Because of the severe environment
that will be present in the containment following the onset of core damage, no credit is given for closure of the
containment after the onset of core damage. This issue was addressed in the iluman Reliability Analysis (llRA) that
was performed for the Level 2 analysis and is discussed further in Appendix B.3,

Case 1: This case includes those accidents in which the containment access penetrations were not open at the
start of the accident and, therefore, there are no penetrations to close. The quantification for this case is:
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Branch 1: nOCnt BCD 1.0 |

Branch 2: OCnt BCD 0.0

1

Case 2: This case includes those accidents in which the operators failed to close the lower personnel lock and, |
therefore, were unable to successfully flood the containment and prevent core damage. Because of these prior |

operator errors and since the lower personnel lock is already open at the onset of core damage,it is also '

assumed that the equipment hatch is also open. The quantification for this case is: .

I
Branch 1: nOCot BCD . 0.0

'

Branch 2: OCnt-BCD 1.0 *

Case 3: This case includes those accidents initiated by a loss of offsite power. Without offsite power the
.

i
containment cannot be closed. The quantification for this case is:

,

Branch 1: nOCnt BCD 0.0 |
Branch 2: OCnt-BCD 1.0 |

|
Case 3: This case includes those accidents that were estimated to progress to core damage in less than 5 hours i

which, therefore, precluded successful closure of the containment. The quantification for this case is:

Branch 1: nOCnt-BCD 0.0
Branch 2: OCnt-BCD 1.0

Case 4: This case includes those accidents in which the containment is open at the start of the accident, offsite '

power is available, and core damage does not occur for at least 5 hours. Furthermore, the operators have not }_

committed pervious errors that would preclude closure of the containment. In these accidents it is possible that - i

the operators will close the containment. This case is sampled; the distribution for the probability that the
operators fail to close the containment was developed m the IIRA analysis and is discussed in Appendix B.3. ;

The quantification (mean values) for this case is: '

,

Branch 1: nOCnt-BCD 0.898 ,

Branch 2: OCnt BCD 0.102 Lognormal distribution with a mean of 0.102 and
;

an error factor of 5. ,
A

'

Question 20. Does the auxiliary building fall befon com damage?
Numhcr of Branches: 2
Number of Cases: 4
Number of Cases Sampled: None

t

The branches for this question are:

1. nOAux-BCD The auxiliary building fails before the onset of core damage. t

2. OAux-BCD
,

The auxiliary building does not fail before the onset of core damage.

This question determines the status of the auxiliary building integrity at the onset of core damage. The Grand Gulf .
,

plant utilizes a secondary containment that completely encloses the primary containment. The secondary containment ;

consists of the auxiliary building and the enclosure building. The auxiliary building, which contains safety _ systems, ;

fuel storage and shipping equi' ment and necessary auxiliary support systems, surrounds the lower portions of the 2p

containment. The containment personnel locks and the containment equipment hatch allow direct access from th- ~ j

' containment to the auxiliary building. Thus, if the containment access penetrations are open, steam and radioactive ;

releases from the containment will pass directly into the auxiliary building. It is assumed that the pressure retaining ,

capability of the auxiliary building is 5 psig (assumed strength of doors for industrial buildings). The enclosure
building encloses the upper portion of the containment above the auxiliary building roof and provides a boundary for

,

i
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the standby gas treatment system, which maintains a negative pressure in the volume between the containment and
enclosure building to ensure that leakage of radioactive materials from the containment is filtered prior to release to
the environment. The enclosure building has virtually no pressure ~ retaining capability and is essentially isolated from t

the auxiliary building.
:

Case 1: This case includes those accidents in which there is an interfacing systems LOCA in the auxiliary f
building. In these accidents, the low pressure components of the shutdown cooling system (or ADHRS) are not

.

,

isolated from the primary system. Following the loss of core cooling, the reactor vessel pressurizes resulting in , ,

a LOCA in the shutdown cooling system in the auxiliary building. . The steam released from the vessel '

immediately following the LOCA pressurizes and fails the auxiliary building. The quantification for this case is: -

Branch 1: nOAux-BCD 0.0
Branch 2: OAux-BCD 1.0 .

Case 2: This case includes those accidents in which the operators fail the close the MSIVs. Steam generated in
the sessel followmg the loss of core cooling is transported to the condenser, via the main steam lines, and
released into the turbine building. The steam released from the reactor vessel pressurizes and fails the turbine

,

building Since the tuttine building and the auxiliary building are similar in that they are large volumes with
;

little pressure retaining capability, releases into the turbine building are treated as though they were released into ;

the auxiliary building and a separate anal) sis of the turbine building is not performed The quantification for ,

this case is:

'

Branch 1: nOAux-BCD 0.0
Branch 2: OAux BCD 1.0 |

t

Case 3. This case includes those accidents in which the containment access penetrations were not open at the ;

start of the accident, the MSIVs were not opened and there was not an interfacing systems LOCA in the i

auxiliaty building Thus, the auxiliary building is effectively isolated from the containment and does not _|
pressurize. The quantification for this case is: |

'

Branch 1: nOAux BCD 1.0

Branch 2: OAux BCD 0.0 I

!

Case 4: This case includes those accidents in which the containment access penetrations were open during core
.

damage, howeser, the MSIVs are closed and an interfacing systems LOCA does not occur in the auxiliary I

building. The LOCAs that are included in this case occur when the reactor vessel is depressurized and, !

therefore, there is not a large release of steam that would threaten the auxiliary building (i.e., most of the reactor ;

vessel inventory drains out of the vessel and is not available to be converted to steam). In the remaining j

accidents the steam that is generated in the vessel is released to the suppression pool where it is condensed. For [
the cases with an open reactor head vent, there is an insufficient amount of steam released via the vent to !"

threaten the auxiliary building before the onset of core damage. i

Branch 1: nOAux-BCD 1.0

Branch 2: OAux-BCD 0.0

Question 21. What is the status of the drpell before core damage?
;

Number of Branches: 2
Number of Cnees: 1
Number of Cases Sampled: None

The branches for this question are:
,

1

1. Cis-DW-BCD ~ Both the drywell personnel lock and the containment equipment hatch are closed hefore the
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onset of core damage.
2. Op-DW-BCD Either the drywell personnel lock and/or the drywell equipment hatch are open before the onset

of core damage.

This question determines the status of the drywell integrity at the onset of core damage. The status of strywell
integrity is an important feature of the accident because as long as the drywell's integrity is maintained, releases (i e., e

steam and radioactive material) in the drywell are forced through the suppression pool. The suppression pool i

coridenses the steam and thereby reduces the pressure load in the containment. Also, the suppression pool is an !
effective device for removing radioactive material from the drywell atmosphere. There are, however, no Technical '

Specification requirements for drywell integrity while the plant is in POS 5. A review of the Grand Gulf refueling
outage critiques indicated that the drywell personnel lock is generally open during POS 5 and that the drywell ;

equipment hatch is also ren.oved during POS 5. The drywell head is also detached from the drywell during POS 5. j
Discussion with plant personnel indicated that during an eccident the operators will be more concerned with closure '

of the containment instead of closure of the drywell. Since reattachment of the drywell equipment hatch and the
;

drywell head are time consuming tasks and since closure of the drywell will not be the operators primary concern, in
|this analysis, it is assumed that the drywell will be open for the duration of the accident. The quantification for this ;

question is:
j

Branch 1: Cis-DW-DCD 00 (
Branch 2: Op-DW.BCD 1.0 ;

i

Qucation 22. Do the operators tum on the IHS before core damage?
Number of Branches: 2 +

Number of Cases: 2,

Number of Cases Sampled: 1

The branches for this question are: I

i

1. nll!S-BCD The operators do not turn on the llydrogen Ignition System (lilS) before core damage.
2. lilS-BCD The operators do turn on the lilS before the onset of core damage. j

This question determines the status of flydrogen Ignition System (lilS) at the onset of core damage. The Grand Gulf
;

containment utilizes a hydrogen ignition system (ll!S) to control the accumulation of hydrogen during accident !
_

conditions. In the core region there is an abundant supply of zirconium (i e., fuel cladding, channel boxes) which, at j
the elevated temperatures typical of core damage accidents, readily reacts with steam to produce hydrogen. The'
function of the 111S is to prevent the buildup oflarge quantities of hydrogen inside the containment during accident !
conditions. This is accomplished by igniting, via a spark, small amounts of hydrogen before it has had a chance to i

accumulate. The 111S consists of 90 General Motors ac division glow plugs (Model 70),45 powered by each ac
,

power division. The ll!S is manually actuated. Igniters are located throughout the containment and drywell volumes. '{
The Grand Gulf Emergency Procedures direct the operators to enter the flydrogen Control section of the Containment *

Control Procedure (GONS EP-3) if the water level drops below the top of the active fuel (TAF) or if the water level
in the reactor vessel cannot be detennined The liydrogen Control Procedures direct the operators to activate the HIS

,

if the drywell hydrogen concentration is less than 9% and the containment hydrogen concentration is below the !

11ydrogen Deflagration Overpressure Limit (IIDOL). This issue was addressed in the liuman Reliability Analysis
(llRA) that was performed for the Levd 2 analysis and is discussed further in Appendix B.3.

.

Case 1: This case includes those accidents initiated by a loss of offsite power that result in a station blackout.
In station blackout scenarios where the reactor vessel water level has reach TAF, the operators would be unable i
to determine hydrogen concentrations and, therefore, could not determine whether or not the hydrogen !

concentration could be maintained below the liDOL. Given this situation, the emergency procedure guides the ;

operators to " secure and present" operation of the igniters. Thus, it is assumed that the operators would not turn ',

the ills to the on position until they had recovered power and could determine the hydrogen levels (see -{Question 31). The quantification for this case is:
!
t
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Branch 1- niils-BCD 1.0 '

Branch 2: Ills-BCD 0.0 !
|

Case 2: This case includes those accidents in which emergency ac power is available. The water level in the -
reactor vessel has dropped below TAF and very little if any hydrogen has been produced. In this. situation,
Hydrogen Control section of the Containment Control procedures would direct the operators to turn the HIS to
the on position. This case is sampled, the distribution for the probability that the operators fail to turn on the ;

lilS was developed in the HRA analysis and is discussed in Appendix B.3. The quantification (mean values) -i
'for this case is:
>

Branch 1: nHIS-BCD 0.054 Lognormal distribution with a mean of 0.054 and
an error factor of 5. j

Branch 2; lilS-BCD 0.946
|t

~ Question 23. Do the station batteries deplete dudng com damage?
Number of Bmnehes: 3

'

Number of Cases: 5
Number of Cases Sampled: None 1

The branches for this question are:
e

1. nDC-CD DC power is not available during core damsge. i

2. DC ECD DC power available during the early portion (i e., first 1.5 hours) of core damage. ;

' 3. DC-LCD DC power is available during core damage. !

!

This question determines the availability of de power during core damage The availability of de power is important -

for the following two reasons: (1) de power is required to keep the SRVs open and maintain the vessel at low !

pressure, and (2) de power is required to restore offsite power to the plant (see Question 24). Restoration of offsite
power is considered during two different portions of the core damage time regime: (1) during the first 1.5 hours of i

core damage and (2) from 1.5 hours after the onset of core damage to vessel failure (i.e., vessel failure is defined as ' '

the end of the core damage time regime). Since the restoration of offsite power depends of the availability of de
power, these two time regimes were also used to determine the availability of de power. The failure probabilities for -

the time windows is based on a distribution that was developed for the NUREG ll50 Grand Gulf plant analysis that ,

models the failure probability of the station batteries versus time for SBO sequences { Wheeler, et al.,1989). The -

failure probabilities used in this analysis are conditional on de power being available at the onset of core damage.

Case 1:- This case includes those accidents in which offsite and onsite power are available. With ac power
available, the battery chargers supply the necessary de power and battery depletion is not an issue For the !

PDSs analyzed in this study, there were no failures of the de bus and, therefore, with ac power available, dc 'I

power is also assured The quantification for this case is:

,

Branch 1: riDC-CD 0.0
Branch 2: DC-ECD 00
Branch 3: DC-LCD 1.0

Case 2: This case includes those accidents in which de power was not available before core damage and,
therefore,is not available during core damage (no credit is given for recovery of the station batteries). The
quantification for this case is:

,

Branch 1: nDC-CD 1.0

Branch 2: DC-ECD 00
,

Branch 3: DC-LCD 0.0
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Case 3: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 1. In these accidents, de power is available at the onset of core damage. For this case the
following times are used for core damage and vessel breach respectively,3.5 hours and 14.4 hours. . With these
times, the Erst time period starts at 3.5 hours and ends at 5.5 hours; the second time period starts at 5.5 hours
and ends at 14.4 hours. Therefore, the value for Branch 2 is probability that de power is available at 5.5 hours
given that it was available at 3.5 hours. Similarly, the value for Branch 3 is the probability that de power is
available between 5.5 hours and 14.4 hours given that it was available at 3.5 hours. The quantification for this
case is:

Branch 1: nDC-CD 0.011

Branch 2: DC ECD 0.242
,

Branch 3: DC-LCD 0.747

Case 4: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 2. In these accidents, de power is available at the onset of core damage. For this case the
following times are used for core damage and sessel breach respectively,5.5 hours and 12.6 hours. With these -
times, the first time period starts at 5.5 hours and ends at 7 hours, the second time period starts at 7 hours and
ends at 12 6 hours. Therefore, the value for Branch 2 is probability that de power is available at 7 hours given
that it was available at 5.5 hours. Similarly, the value for Branch 3 is the probability that de power is available - t

between 7 hours and 12.6 hours given that it was available at 3.5 hours. The quantification for this case is:

Branch 1: nDC-CD 0.015

Branch 2: DC ECD 0103
Branch 3: DC LCD 0.882

Case 5: This case is not used

Question 24. Is offsite power mtond during core damage?
Number of Branches: 4
Numberof Cases: 7 ;

Number of Cases Sampled: 4

i

The branches for this question are:
,

1. nAC-CD Neither offsite nor onsite power is available during core damage.
2. OSP-CD Only offsite power is available during core damage (ac emergency bus failed). (Note, this

situation does not occur in this analysis) ;

3. EAC-CD AC power available during the cerly portion (i.e., Hrst 1.5 hours) of core damage. '

4. LAC-CD AC power is available during all of the core damage process.
1

!This question determines the availability of ac power during core darnage. The availability of ac power is important
because it will determine which systems can be used to mitigate the accident (e g., core cooling systems, containment
heat removal systems,Ilydrogen Ignition System, Containment Vent System). Restoration of offsite power is
considered during two different portions of the core damage time regime: (1) during the first 1.5 hours of core
damage and (2) from 1.5 hours after the onset of core damage to vessel failure (i.e., vessel failure is defined as the
end of the core damage time regime). The first tin e regime corresponds the time available to restore coolant the core
and arrest the core damage process. The duration of this first time regime is 1.5 hours which corresponds to the point
in the core damage process where approximately 10% of the core is damaged. It was estimated that the restoration of
coolant to the core with only 10% of the core damage will prevent any further damage. After this point in the core . i

damage progression (i.e., the second time regime) there is a rapid escalation in the amount of core damage and,
therefore, it is assumed that beyond this point the likelihood of core damage arrest is very small (see Question 41). It
is important to also consider the second time regime because the availability of ac power is also important after the
failure of the vessel (i c., containment venting and containment heat removal).

|
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The probability of recovering offsite power during a given time period is determined by sampling from a set of
distributions for power recovery [Iman and Hora,1988] (also see Volume 2 of this report). These distributions renect
the type of electricsl switchyard at Grand Gulf, as explained in NUREG 1032 [Baranowsky,1985). To get ac power
to the safety systems, not only does ac power base to be restored to the site, but de power must be available as well.
DC power is required for circuit breaker control power; once the station batteries have been depleted,-it is very I

difficult to get ac power back to the safety systems. Although the circuit breakers can be moved manually, this
procedure is very complicated and slow. Thus, for the time frame considered in this a talysis, it is assumed that once
de power is lost, ac power cannot be recovered The generation of the power recovery curves used in this analysis is
discussed in Appendix G of Volume 2, Part 2 of this report.

Case 1: This case includes those accidents in which offsite and onsite power are available at the start of the
accident and, therefore, ac power is still available. The quantification for this case is:

Branch 1: nAC-CD 0.0
Branch 2: OSP-CD 00
Branch 3: EAC-CD 1.0

Branch 4. LAC-CD 0.0

Case 2: This case includes those accidents in which de power is not available. The lack of de power implies
that both offsite an onsite ac power are unavailable. Without de power, offsite power cannot be recovered i

Furthermore, in this analysis, no credit is given for re:osery of the emergency diesel generator during the core
damage process. Therefore, in this case all ac power is unavailable. The quantification for this case is:

Branch 1: nAC-CD 1.0

Branch 2: OSP-CD 00
Branch 3: EAC-CD 0.0
Branch 4. LAC-CD 00

Case 3: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 1. DC power is only available during the early time period and, therefore, ac power can j
only be restored during this time period (i e.,in the late core damage time period de power is not available and,

i
therefore, ac power cannot be restore during the late time period). For this case the following times are used for
core damage and vessel breach respectisely,3.5 hours and 14.4 hours. With these times, the early core damage j
time period starts at 3 5 hours and ends at 5 5 hours; the late core damage time period starts at 5.5 hours and ;

ends at 14.4 hours. The value for Branch 3 is the probability of recosering ac power during the early core ]
damage time period, given that offsite power was not available at the onset of core damage. The quantification
for this case is:

Branch 1: nAC-CD 0.69
Branch 2: OSP-CD 0.0
Branch 3: EAC-CD 0.31 Power recovery distribution.
Branch 4: LAC-CD 0.0

Case 4: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window l. DC power is available during the entire core damage process and, therefore, ac power ;

can be restored during either the early or the late core damage time period. For this case the following times
are used for core damage and vessel breach respectively. 3.5 hours and 14.4 hours. With these times, the early
core damage time peridd starts at 3.5 hours and ends at 5.5 hours; the late core damage time period starts at 5.5
hours and ends at 14 4 hours. The value for Branch 3 is the probability of recovering ac power during the early
core damage time period, given that offsite power was not available at the onset of core damage. The value for
Branch 4 is the probability of recovering ac power during the late core damage time period, given that offsite
power was not available at the onset of core damage The quantification for this case is:
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Branch 1: nAC.CD 0.16
Branch 2: OSP-CD 0.0
Branch 3: EAC-CD 0.31 Power recovery distribution.
Branch 4: LAC-CD 0.53 Power recovery distribution.

Case 5: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 2. DC power is only available during the early time period and, therefore, ac power can
only be restored during this time period (i e., in the late core damage time period de power is not available and,,

therefore, ac power carmot be restore during the late time period). For this case the following times are used for
core damage and vessel breach respectively. 5.5 hours and 12.6 hours With these times, the early core damage
time period starts at 5.5 hours and ends at 7 hours; the late core damage time period starts at 7 hours and ends
at 12.6 hours. The value for Branch 3 is the probability of recovering ac power during the early core damage
time period, given that offsite power was not available at the onset of core damage. The quantification for this
case is:

Branch 1: nAC-CD 0.74
Branch 2: OSP-CD 0.0
Branch 3: EAC-CD 0.26 Power recovery distribution
Branch 4: LAC-CD 00

Case 6: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 2. DC power is available dusing the entire core damage process and, therefore, ac power
can be restored during either the early or the late core damage time period. For this case the following times
are used for core damage and vessel breach respectively,5.5 hours and 12.6 hours. With these times, the early.
core damage time period starts at 5.5 hours and ends at 7 hours; the late core damage time period starts at 7
hours and ends at 12 6 hours. The value for Branch 3 is the probability of recovering ac power during the early
core damage time period, given that offsite power was not available at the onset of core damage. The value for
Brarch 4 is the probability of recovering ac power during the late core damage time period, given that offsite
power was rmt available at the onset of core damage. The quantification for this case is:

Branch 1: nAC-CD 0.11
Branch 2: OSP-CD 00
Branch 3: EAC-CD 0.26 Power recovery distribution.
Branch 4: LAC-CD 0.43 Power recovery distribution.

Case 7: This case is not used.

Que rlon 25. Is the RPV isolated during core damage?
Number of Branches: 2
Number of Cases: 5
Number of Cases Sampled.1

The branches for this question are:
,

,-

1. Op-RPV-CD A breach in the reactor vessel integrity is not isolated during core damage.
2. ' Cis-RPV-CD The reactor vessel integrity is maintained during core damage.

This question determinea the status of the vessel integrity during core damage. The status of vessel integrity is -
important because it impacts: (1) the pressure in the vessel,(2) the release path of steam and radionuclides during
core damage and (3) the possibility of arresting the core damage process This question is primarily concerned with
station blackom accidents that result in a break in the SDC system and whether the isolation valves (FOO8 and
FOO9) in the SDC system isolate when offsite power is recovered if the break is isolated and core coolant is
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restored to the vessel, it is possible that the core damage process will be arrested and vessel failure avoided This
question does not address the status of the SRVs or the reactor head vent; these issues are addressed in other
questions.

Case 1: This case includes those accidents that are initiated by a LOCA. It is assumed that the LOCA cannot
be isolated and, therefore, the RPV remains breached. The quantification for this case is- |

Branch 1: Op-RPV-CD 1.0

Branch 2: Cis-RPV-CD 0.0
'

Case 2: This case includes those accidents that have an open MSlV before core damage. In these accidents the
,

operators failed to recognize that an MSIV is open or were unable for some reason to close the MSIV. Since I

there was ample time to close the MSIV before co- wnage and yet it wasr!'t closed, no credit is given for
closing the MSIV during core damage. Thus, t' wmains breached. The quantification for this case is:

Branch 1: Op-RPV-CD IO
Branch 2: Cls-RPV-CD 00

Case 3: This case includes those accidents that were initiated by a loss of cffsite power that resulted in a station
blackout. In :hese accidents, the isolation valves on the SDC syster "cre open when power was lost and sincer

these are ac power valves, they remain open following the loss of e. Following the loss of core cooling,
the vessel pressurizes and ruptures the SDC system outside the co t resulting in an interfacing systems
LOCA. This case includes those accidents in which ac power is recovered during the early time regime of core
damage. The valves should automatically close following the recovery of ac power. If the valves do not f

automatically close, the operators can close the valves. The issue being addressed is whether the valves were '

sufficiently damaged during the early phases of core damage that the resulting damage would preclude closure
of the valve Since ac power is recovered early in the core damage process it is expected that the environment

'

that the valves would experience would not be sesere and, therefore, it is expected that the valves would close.
However, there is uncertainty regarding the performance of the tal es (and the associated control logic) in this
environment. Therefore, a maximum entropy distribution was u- % characterize the uncertainty in the
probability that the valve will close. The quantification for thi. is:

Branch 1: Op-RPV-CD 0.1

Branch 2: Cis-RPV-CD 0.9 Maximum Entropy with an Lower Bound of 0.5, an
Upper Bound of 1.0 and a Mean of 0.9,

Case 4: This case includes accidents that are similar to the accidents addressed by the previous case except in
this case offsite power is not recovered Without ac power the break cannot be isolated and, therefore, the
sessel remains breached This case also includes those accidents in which ac power is recovered late during the
core damage process. In these accidents, compared to accidents in which ac power is restored early during core
damage, the isolation valves will experience a more severe environment and, therefore, their performance is even
less certain. Furthermore, the recovety of power can occur any time during the late time period of core damage.

,

The closer in time to vessel failure that power is recosered, the less important the closure of the valves becomes
since most of the in-vessel releases will have already escaped the vessel via the break. Following vessel failure,
the isolation of the break is not particularly important because the containment is open in these accidents and
the releases will escape into the auxiliary building in either case. The quantification for this case is:

Branch 1: Op RPV-CD 1.0

Branch 2: Cis-RPV-CD 0.0
i

Case 5: This case includes those accidents in which the vessel was not breached prior to core damage. Nothing
has happened to this point in the accident that would change that condition The quantification for this case is:
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Branch 1: Op-RPV-CD 0.0
Branch 2: Cls-RPV-CD 1.0

|

Question 26. Do the operators initiase she containment sprays during cose damage?
|

-

Nurnber of Branches: 2
Number of Cases: 7
Number of Cases Sampled: 0

'r
The branches for this question are:

i

!1. nCS-CD The containment sprays are not used during core damage. '

2 CS-CD The containment sprays are used during core damage.
;

This question determines whether the containment sprays (CS) were used during core damage. The use of '

containment sprays is important because it: (1) can reduce the pressure in the containment, and (2) reduces the

amount of airborne radioactive material that is present in the containment atmosphere. The Grand Gulf Emergency
Procedures (GONS EP-3) direct the operators to initiate containment sprays if the containment pressure is above 2 2
psig.

1

Case 1: This case includes those accidents in which the CS are not available. The quanti 5 cation for this case
is-

!

Branch I: nCS-CD 1.0 $

Branch 2: CS-CD 0.0

Case 2: This case includes those accidents in which the CS are available or recoverable yet the containment is
open and the CS system is not aligned to automatically start. In this analysis, it is assumed that if the
containment is open and the containment spra)s are not aligned to automatically start, the containment sprays |
will not be used because containment pressure control is not an issue. In this situation, it is assumed that the
operators primary concern will be to restore core cooling and they will used any available systems to provide
coolant to the core. The quantiGeation for this case is:

Branch 1: nCS-CD 1.0

Branch 2: CS-CD 0.0 ;

1

Case 3: This case is similar to the previous case except that the containment is closed, however, the MSIVs are
open or there is an interfacing systems LOCA. Again, the pressure in the containment is not an issue in these.
accidents since all of the releases (both steam and radioactive material) during core damage will bypass the
containment. The quantiGcation for this case is: ,

!

!

Branch 1: nCS-CD 1.0 '

Branch 2: CS-CD 0.0
:

Case 4: This case includes those accidents in which LPCI is align to the SDC system yet was not used to ;
provide makeup to the core. These previous operator errors preclude its used in the CS mode of operation. The iquantincation for this case is:

>.

|

Branch 1: . nCS-CD 1.0 '

Branch 2: ' CS-CD 0.0
,

,

~ ,

Case 5: This case includes those accidents in which css are recoverable, however, emergency ac power (ic.,
either station blackout or the ac buses have failed) is not available and, therefore, the CS system cannot be used.
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The quantiGeation for this case is: -

Branch 1: nCS-CD 1.0

Branch 2: CS-CD 0.0

Case 6: This case inchides those accidents in which css are recoverable and ac power is restored during core
damage. In this case the containment is closed and the reactor vessel integrity is maintained. The Grand Gulf i

Emergency Procedures will direct the operators to initiate the containment sprays. It is likely the operators will
follow the procedures and initiate CS; a small probability is assigned to failure of the containment sprays to
account for failure of the system and/or failure of the operators to follow the procedures. The quantiGcation for '

this case is:
?

Branch 1: nCS-CD 0.01 i

Branch 2: CS-CD 0.99

!

Case 7: This case includes those accidents in which css are available. In this case the containment is closed
and the reactor vessel integr ty is maintained. The Grand Gulf Emergency Procedures will direct the operators i

to initiate the containment sprays. It is likely the operators will follow the procedures and initiate CS; a small ;''

probability is assigned to the failure of the containment sprays to account for failure of the system and/or failure
of the operators to follow the procedures. The quantiGcation for this case is: -

Branch 1: nCS-CD 0.01
Branch 2: CS-CD 0.99

.

Question 27. Do the operators depnssurize t'e RPV during con damage?
;

Number of Branches: 2
Numberof Cc s: 5 *

Number of Cases Saeoled: 2

The branches for this question are:

1. RPV-liiP-CD The pressure in the reactor vessel is at system pressure (i.e., approx.1000 psia) during core
damage.

2 RPV-lop-CD The reactor vessel remains at low pressure (< 400 psia) during core damage. !

,

This question determines the pressure in the reactor vessel during core damage. The pressure in the vessel is
im;wrtant because it: (1) determines which systems can be used to restore coolant to the core, (2) affects the amount I
of hydrogen produced during core damage,(3) affects the amount of radioactive material that is retained in the vessel, !

(4) affects the probability of in-vessel steam explosions,($) affects the dispersal core debris during core damage
which in turn affects the magnitude of the loads that accompany vessel breach and also affects the coolability of the 1
ejected core debris (i e., assuming water is available to cool the core debris). i

Case 1: This case includes those accidents in which the reactor vessel is breached by either a LOCA, an j
unisolated interfacing systems LOCA, or an open MSIV. Since the reactor vessel is breached,it is at low =

|
pressure. The quantification for this case is: !

!

fBranch 1: RPV liiP-CD 0.0
Brancl} 2: RPV-lop-CD 1.0

h .

Case 2: This case meludes those accidents in which the reactor vessel integrity is mamtamed (i e., no breach)( !

and de power is not svailable. Since the SRVs require de power to remain open, without de power the SRVs
will close and the vessel will pressurize. An open reactor head vent will not prevent the vessel from i

pressurizing The quantiGcation for this case is: i
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Branch 1: RPV-hip-CD 1.0
Branch 2: RPV-lop-CD 0.0

Case 3. This case includes those accidents that were initiated by a loss of offsite power that resulted in a station
blackout followed by a break in the SDC systems outside the containment. In these accidents, ac power is
restored during core damage and the break is isolated. With the break isolated, the vessel will pressurize. This
case determines whether the operators open at least two SRVs such that low piessure injection systems,if
available, can be used to cool the core. The quantification for this case is the same as Case 5. While this case
is somewhat different from Case 5 in that an interfacing systems LOCA occurred and it was subsequently
isolated, the vessel will still pressurize and conditions are still available that would lead the operators to
depressurize the vessel Thus,it is judged that within the resolution of this analysis, the use of Case $
quantification for this case is appropriate. The quantification for this case is:

Branch 1: RPV-hip-CD 0 054 Bounded Lognormal distribution with a mean of
0.054 and an error factor of 5.

Branch 2: RPV-lop-CD 0.946

Case 4. This case includes those accidents in which at least two SRVs were open before core damage Since
de power is available in these accidents and there would be no reason for the operators to close the SRVs, the
5RVs remain open during core damage With the SRVs open the reactor vessel remains at low pressure The
quantification for this case is:

Branch 1: RPV-liiP-CD 00
Branch 2: RPV-Lop-CD 1.0

Case 5. This case includes those accidents in which the SRVs were not opened before core damage resulting in
the reactor vessel being at high pressure at the onset of core damage. In some of these scenarios, the Level 1 *

model did not address the issue of vessel depressurization because depressurization of the vessel would not
preclude core damage (e g , if no injection systems were available). In any case, based on the conditions present
in the plant during the core damage process, the Grand Gulf Emergency Procedures, would indicate that
emergency depressurization of the reactor vessel is required This case is sampled, the distribution for the
probabihty that the operators fail to depressurize the vessel was developed in the HRA analysis and is discussed
in Appendix B 3, The quantification (mean values) for this case is: i

Branch 1: RPV-hip-CD 0 054 Bounded Lognormal distribution with a mean of
0.054 and an error factor of 5.

Branch 2: RPV-lop-CD 0.946

Question 28. What is the status of the SRV sacuum brealers during core damage?
Number of Bnmches: 2
Number of Cases: 3
Number of Cases Sampled: 1

The branches for this question are:

1. Op-SRV-Bkr A vacuum breaker on a SRV tailpipe sticks open and remains open during core damage.
2. Cis-SRV-Bkr The vacuum breakers on the SRV tailpipes remain closed during core damage.

This question determines whether any of the vacuum breakers on the SRV tailpipes stick open and remain open
during core damage The status of the SRV tailpipe sacuum breakers is important because if a vacuum breaker is
open, a portion of the release from the reactor vessel will enter the drywell and, thus, bypass the suppression pool.

4

The suppression pool is an effective device for condensing steam and trapping radioactive material that is released |

from the vessel Tailpipe vacuum breakers will open after the associated SRV discharges steam through the tailpipe 1

!
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' into the suppression pool. When the steam in the tailpipe condenses on the pipe walls, a vacuum is formed in the
tailpipe. The vacuum breaker is designed to relieve this vacuum and thereby prevent suppression pool water from
being drawn up into the tailpipe. In this analysis, a stuck open tailpipe vacuum breaker is significant only if it is the
vacuum breaker on the tailpipe for an SRV that is expected to be open after core damage occurs. Thus, the cases

'

below consider which vacuum breakers are challenged by the sequence during the boil-down phase of.the accident.
This question reflects only significant vacuum breakers sticking open (i.e., one that will result in fission product

.

releases bypassing the suppression pool). '

Case 1: This case includes those accidents in which the reactor vessel was depressurized before core damage. !
In this situation the SRVs are not cycled repeatedly. Since the SRVs and their associated vacuum breakers are
not cycled, it is very unlikely that a vacuum breaker will stick open. The quantification for this case is:

Branch 1: Op-SRV-Bkr 0.00 i
Branch 2: Cis-SRV-Bkr 1.00

Case 2: This case includes those accidents in which the reactor is at high pressure before core damage and the
reactor vessel head vent is open. While the head vent will not prevent the vessel from pressurizing, it will
significantly limit the number of cycles of the SRVs. Since the SRVs and their associated vacuum breakers are

,

not cycled repeated,it is very unlikely that a vacuum breaker will stick open. The quantification for this case
is:

^

Branch 1: Op-SRV-Bkr 0.00
Branch 2: Cis SRV-Bkr 1.00

,

Case 3: This case includes those accidents in which the reactor is at high pressure before core damage and the
operators closed the reactor vessel head vent. The SRVs are cycled to maintain the RPV at the SRV setpoints :
(i e., near system pressure). Since the SRVs are repeatedly opened and closed, the SRV tailpipe vacuum
breakers are also demanded to open and close a number of times. In this case the probability that the vacuum
breakers stick open is not negligible. The probability that a vacuum breaker sticks open in based on the
distribution used in the NUREG-1150 Grand Gulf plant analysis [ Brown, et al.,1990]. The quantification for i

this case is:

Branch 1: Op-SRV-Bkr 0 25 Uniform Distribution between 0.01 and 0.5
Branch 2: Cis-SRV-Bkr 0.75

Question 29. Is core cooling restored dudng cose damage?
Number of Branches: 3
Number of Cases: 8
Number of Cases Sampled: 0

The branches for this question are:
i

1. E-CorCool Core cooling is restored early during the core damage process.
- 2. L-CorCool Core cooling is restored late during the core damage process.

3. n-CorCool Core cooling is not restored during the core damage process. i

This question determines whether core cooling is restored to the reactor vessel during the core damage process. j
When core. cooling is restored is important because it affects (1) whether the core damage process can be arrested j
before the vessel fails,(2) the amount of hydrogen produced, and (3) the amount of core debris produced.' The core
damage time regime is divided into two segments or time regimes: (1) during the first 1.5 hours of core damage and
(2) from 1.5 hours after the onset of core damage to vessel failure (i e., vessel failure is defined as the end of the core
damage time regime) The first time regime corresponds the time available to restore coolant the core and arrest the
core damage process. The duration of this first time regime is 1.5 hours which corresponds to the point in the core
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damage process where approximately 10% of the core is damaged It was estimated that the restoration of coolant to
the core with only 10% of the core damage will prevent any further damage. After this point in the core damage !
progression (i c., the second time regime) there is a rapid escalation in the amount of core damage and, therefore,it is
assumed that beyond this point the likelihood of core damage arrest is very small (see Question 41).

Case 1: This case includes those accidents in which high pressure injection is available (i c.,IIPCS). This case
never occurs in this analysis, however, it is included for the sake of completeness. The quantification for this
case is:

Branch 1: E-CorCool 1.00
Branch 2: L.CorCool 0.00
Branch 3: n-CorCool 0.00

Case 2. This case includes those accidents in which high pressure injection is recoverable (i e., HPCS) and ac
power is restored in the early time segment of the core damage process. It is assumed that IIPCS will J

automatically inject into the reactor vessel. This case never occurs in this analysis, however, it is included for
the sake of completeness. The quantification for this case is-

Branch 1: E-CorCool 1 00

Branch 2: L-CorCool 0.00
Branch 3: n-CorCool 0 00

Case 3: This case includes those accidents in which high pressure injection is recoverable (i e., llPCS) and ac
power is restored in the late time segment of the core damage process. It is assumed that HPCS will
automatically inject into the reactor vessel This case never occurs in this analysis, however, it is included for
the sake of completeness. The quantification for this case is:

Branch 1: E-CorCool 0.00
Branch 2: L-CorCool 1.00

Branch 3: n-CorCool 0.00

Case 4: This case includes those accidents in which the vessel is at high pressure during the core damage
process and no high pressure injection systems are available or recoverable (i e., HPCS) The quantification for
this case is:

Branch 1: E-CorCool 0.00
Branch 2: L-CorCool 0.00
Branch 3: n-CorCool 1.00 1

Case 5: This case includes those accidents in which low pressure injection systems are available, although they
are not aligned to automatically inject into the reactor vessel, and the operators fail to use these systems to cool |
the core. Since credit was given for using these systems in the Level 1 analysis and nothing has happen during )
core damage that would make additional systems available,it is assumed that the operators are unable to provide !

coolant to the core. The quantification for this case is:

Branch 1: E-CorCool 0.00
Branch 2: L-CorCool 0.00
Branch .3: n-CorCool 1.00

Case 6: This case includes those accidents in which at least one low pressure injection system is recoverable
and ac power is restored in the early time segment of the core damage process. If the accident involves a
LOCA in an interfacing system, the break has been isolated. It is assumed that the low pressure injection
sptem will automatically inject into the reactor vessel following the recovery of ac power. The quantification
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for this case is:

Branch 1: E CorCool 1.00

Branch 2: L-CorCool 0.00
Branch 3: n-CorCool 0.00

-
,

'
Case 7: This case includes those accidents in which at least one low pressure injection system is recoverable
and ac power is restored in the late time segment of the core damage process. If the accident involves a LOCA .j
in an interfacing system, the break has been isolated. It is assumed that the low pressure injection system will'

automatically inject into the reactor vessel following the recovery of ac power. The quantification for this case
is: ;

Branch 1: E-CorCool 0.00
,

Branch 2: L-CorCool 1.00

Branch 3: n-CorCool 0.00 -

Case 8: This case includes those accidents in which either there are no injection systems available, ac power is
not available, or the accident involves a LOCA in an interfacing system (i.e., SDC) In the latter case it is
assumed that if injection was provided to the reactor vessel, all of the suppression pool water would be pumped ,

out the break into the auxiliary building. The resulting flood in the auxiliary building would then fail all core ,

cooling and containment cooling systems and the accident would proceed as though injection was never
available. The quantification for this case is: '

Branch 1: E-CorCool 0.00
Branch 2: L-CorCool 0.00
Branch 3: n-CorCool 1.00

Question 30. What is the peak hydrogen concentation in the containment during core damage?
Number of Branches: 5
Number of Cases: 5
Numherof Case Sampled: 0

The branches for this question are:

1. 112<4 The concentration of hydrogen in the containment is less than 4% by volume.
2. 112<8 The concentration of H, m the containment is between 4% and 8% by volume, i

3. H2<!2 The concentration of H in the containment is between 8% and 12% by volume. -
2

4. H2<l6 The concentration of H in the containment is between 12% and 16% by volume.3

5. 112> l6 The concentration of hydrogen in the containment is greater than 16% by volume.

'
This question determines the concentration of bydrogen in the containment during the core damage process. The.

'

concentration of hydrogen is important because it will determine the likelihood of a hydrogen combustion event and
also the magnitude of the resulting load on the containment. This question is also used to determine the amount of
zirconium that was oxidized in the vessel (see the next question). The ranges for the concentrations were selected to
correspond to the ranges used for the loads distributions that were developed during the NUREG ll50 project ;

[Ilarper, et al.,1991]. |
|

Case 1: This case includes those accidents in which core cooling is restored early during the core damage |
lprocess. In this case, core cooling is restored before a significant fraction of the core is damaged which thereby

limits the amount of hydrogen produced. The quantification for this case is:

Branch 1: H2<4 1.00

Branch 2: H2<8 0.00
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Branch 3: H2<l2 0 00
Branch 4: 112<l6 0.00
Branch 5: 112>l6 0.00

Case 2: This case includes those accidents in which the core damage process occurs with the vessel at high
pressure and core cooling is either not restored or restored during the late time regime of the core damage

_

process. The containment is closed and there are no open MSIVs and a LOCA in an interfacing system does
not occur. The amount of hydrogen produced is based on the zirconium oxidation curves developed in the
NUREG-1150 project [Ilarper, et al.,1990). The concentrations were determined based on the assumption that
the containment is closed and that the drywell and the containment volumes are well mixed. The quantification
for this case is:

Branch 1: H2<4 0 014
Branch 2: 112<8 0.095
Branch 3: H2<l2 0.127
Branch 4: H2<!6 0.207
Branch 5: 112>l6 0.557

Case 3: This case includes those accidents in which the core damage process occurs with the vessel at low
pressure and core cooling is either not restored or restored during the late time regime of the core damage
process The containment is closed and there are no open MSIVs and a LOCA in an interfacing system does
not occur. The amount of hydrogen produced is based on the zirconium oxidation curves developed in the
NUREG-II5O project [ Harper, et al.,1990) The concentrations were determined based on the assumption that
the containment is closed and that the drywell and the containment volumes are well mixed. The quantification
for this case is:

Branch 1: 112<4 0 010
Branch 2: 112<8 0.060
Branch 3: H2<l2 0.140
Branch 4: 112< l 6 0205
Branch 5: H2>l6 0.585

Case 4: This case includes those accidents in which the core damage process occurs with the vessel at high
pressure and core cooling is either not restored or restored during the late time regime of the core damage
process The containment is effectisely open to the auxiliary building (i e., either the equipment hatch is open,
the MSIVs are open, or there is a LOCA in the auxiliary building). (Note, the cases with the open MSIVs or the
LOCA in the auxiliary building are not particularly important since in these cases the auxiliary building will fait
early in the accident due to the steam release into the auxiliary building). The amount of hydrogen produced is
based on the zirconium oxidation curses developed in the NUREG 1150 project [ Harper, et al.,1990]. The
concentrations were determined based on the assumption that the containment, drywell, and auxiliary building
atmospheres are well mixed Results from MELCOR calculations indicated that the atmosphere of the bottom
floor of the auxiliary does not readily mix with the other volumes Thus, bottom floor of the auxiliary building ,

is not included in these calculations. The quantification for this case is:

Branch 1: H2<4 0.066
,

'Branch 2: H2<8 0213
Branch 3: H2<l2 0.303 ]
Branch 4: H2<!6 0 243
Branch 5: H2>l6 0.175

Case 5: This case includes those accidents in which the core damage process occurs with the vessel at low l
pressure and core cooling is either not restored or restored during the late time regime of the core damage j

process. The containment is effectively open to the auxiliary building (i e , either the equipment hatch is open, i
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the MSIVs are open, or there is a LOCA in the auxiliary building). The amount of hydrogen produced is based
on the zirconium oxidation curves developed in the NUREG-1150 project [ Harper, et al.,1990]. The
concentrations were determined based on the assumption that the containment, drywell, and auxiliary building
atmospheres are well mixed. Results from MELCOR calculations indicated that the atmosphere of the bottom
floor of the auxiliary does not readily mix with the other volumes. Thus, bottom floor of the auxiliary building
is not included in 6e calculations. The quantification for this case is:

Branch 1: 112<4 0 040
Branch 2: H2<8 0.205
Branch 3: H2<l2 0.325
Branch 4: H2<!6 0 250

>

Branch 5: H2>16 0.180
,

Question 31. What is fnnetion of almonium that is osidize in the sessel during com danuge?
Numberof Branches: 2
Numhcrof Cases: 2
Number of Cases Sampled: 0

The branches for this question are:

1. Zroxid<21 Less than 21 percent of the zirconium in the vessel is oxidized during core damage.
2. Zroxid>21 More than 21 percent of the zirconium is the vessel is oxidized during core daniage.

This question determines fraction of zirconium in the vessel that is oxidized during the core damage process. The
fraction of zirconium oxidized is important because it will affect the amount of radioactive material released during

,

the core damage process The amount of zirconium oxidized during core damage will also affect the magnitude of
the loads accompanying vessel failure since unoxidized zirconium can react with steam during vessel failure and
enhance the resulting load. The ranges for the fraction of zirconium oxidized were selected to correspond to the
ranges used for the loads distributions and the source term parameters distributions that were developed during the
NUREG-1150 project [ Harper, et al.,1991),[Ilarper, et al.,1992]. Since the hydrogen concentrations in the
containment are based on a certain fraction of zirconium being oxidized, this information is used to determine the
fraction of zirconium oxidized.

Case 1: This case includes two types of accidents. The first type consists of accidents in which the-
containment is closed and the hydrogen concentration is greater than 16 percent. A hydrogen concentration of

,

16% corresponds to slightly more than 21% zirconium oxidation. The second type consists of accidents in j
,

which the containment is open to the auxiliary building and the hydrogen concentration is greater than 8%. In
this case, a hydrogen concentration of 9% corresponds to approximately 21% zirconium oxidation. The -
quantification for this case is:

Branch 1: ZrOxid<21 0 00
Branch 2: ZrOxid>21 1,00

Case 2: This case includes two types of accidents. The first type consists of accidents in which the
containment is closed and the hydrogen concentration it less than 16 percent. A hydrogen concentraticn of 16%
corresponds to slightly more than 21% zirconium oxidation. The second type consists of accidents in which the
containment is open to the auxiliary building and the hydrogen concentration is less than 8%. In this case, a
hydrogen concentration of 9% corresponds to approximately 21% zirconium oxidation. The quantification for
this case is:

Branch 1: ZrOxid<21 1 00
Branch 2: Zroxid>21 0 00
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Question 32. Do the operators tum on dw HIS during CD?
Number of Branches: 2
Number of Cases: 4
Number of Cases Sampled: 1

The branches for this question are: -

1. nlllS-C D The hydrogen igniters are on during core damage.
2. HIS-CD The hydrogen igniters are not on during core damage.

t

This question determines the status of the hydrogen ignition system (HIS) during the core damage process. The status
of the HIS is important because if it is on and the containment is closed, the hydrogen generated during the core
damage process will be burned with a minimal pressure load on the containment. This question is primarily
concerned with the situation where the filS could not be tumed on prior to core damage because ac power was not
available, however, ac power is recovered during core damage.

Case 1: This case includes those accidents in which the operators tumed on the igniters before the onset of core
damage. There is no reason for the operators to turn the HIS off and, therefore, the Ills remains on during core ;

damage. The quantification for this case is:

Branch 1: n!!!S-CD 0 00 '

Branch 2: lilS-CD l.00 ,

Case 2: This case includes those accidents in which ac power was available before core damage and there was
sufficient time for the operators to recognize the need to turn on the HIS In these accidents, however, the
operators failed to turn the HIS on. If the operators failed to turn on the HIS before core damage, there is no

,

reason to believe they will turn the ills during core damage The quantification for this case is:

Branch 1: nHIS-CD 1.00 ;

Branch 2: HIS-CD 0.00

Case 3: This case includes those accidents in which ac power was not available before core damage but is
recosered during core damage before the hydrogen concentration reaches 8%. In these accidents, the lack of ac
power before core damage precluded the use of the HIS before core damage. This question assess the
probability that the operators will fail to turn on the HIS following the recovery of ac power. This case is
sampled, the distribution for the probability that the operators fail to turn on the HIS is the same distribution |

that was developed for Case 2 of Question 22. The rational for this distribution is discussed in Appendix B.3.
The quar tification for this case is:

Branch 1: nlllS-CD 0 054 Lognormal distribution with a mean of 0.054 and
an error factor of 5.

Branch 2: HIS-CD 0.946 ;

Case 4: This case includes those accidents in which either ac power was not recovered during core damage or
was recovered late during the core damage process and the hydrogen concentration was above 8%.

Branch 1: nHISJ'D 1 00

Branch 2: HIS-CD 0.00

Question 33. Does an uncontrolled hydrogen combustion esent occur during CD?
Number of Bmnches: 3

,

Number of Cases: 6
Number of Cases Sampled: 2
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The branches for this question are:

1. nBrn-II2 The hydrogen G,:s not i. urn
2. BrmH2 A deDagrt. occurs in Ae containment during core damage.
3. Brn-Dif The hydroger. bu. s as a diffusion flame-

.

This question determines whether the hydrogm in the containment is ignited and if it is ignited does it burn as a large
dedagration or as a relatively benign diffusien Game. The type of burn that occurs is important because is will affect
magnitude of the loads on the contait: ment.

Case l This case includes those accidents in which the HIS is on and the hydrogen is initially released into the
containment (i e., MSIVs are not open and there is not a LOCA in the auxiliary building). The HIS will burn
the hydrogen as a diffusion Game. The quantification fo this case is:

Branch 1: nBrn H2 0 00
Branch 2: Brn H2 0 00
Branch 3 Brn Dif 1.00

Case 2: This case includes those accidents in which the HIS is not on and the hydrogen concentration is less
than 4% With this concentration, the hydrogen will not burn as a dedagration The quantification for this case
is:

Branch 1: nBrn H2 1.00
Branch 2: Brn-H2 0 00
Branch 3: Brn Dif 0 00

Case 3: This case includes those accidents in which ac power is available before core damage or was recovered
early during the core damage process, however, the HIS was not tumed on. Because ac power is available,
there will be plenty ofignition sources the same assumption is used in this analysis as was used in the,

NUREG-1150 Grand Gulf plant analysis that the hy drogen will burn. There is uncertainty, however, as to
whether it will bum as a dedagration or as a diffusion Dame. If there are ample ignition sources and the
hydrogen burns before it has had a chance to accumulate, diffusion Games or small relatively benign burns are
possible. If the hydrogen ignites after it has had a chance to accumulate, it is likely that it will burn as a
dedagration. The case is sampled, the distribution is based on the distribution used in the NUREG 1150 Grand
Gulf plant analysis [ Brown, et al ,1990). The quantification (mean values) for this case is:

Branch 1: nBrn H2 0 00
{Branch 2: Brn-H2 0 25 l

Branch 3. Brn Dif 0.75 UNIFORM distribution between 0.5 and 1.0 !

Case 4: This case includes those accidents which are initiated by a loss of offsite power that result in a station
)blackout. In these accidents ac power is recosered late during the core damage process. Furthermore, it is '

assumed that this hydrogen burns as a dedagration because: (1) since it is not known when ac power is
recovered, it is assumed that it is recovered after the accumulation of a significant amount of hydrogen, and (2)
since ac power is available there are plenty of ignition sources to ignite the hydrogen. The quantification for
this case is:

Branch .1: nBrn-H2 0.00
Branch 2: Bm H2 1.00

)Branch 3: Brn-Dif 0.00
,

Case 5 This case includes those accidents which are initiated by a loss of offsite power that result in a station |
blackcut. In these accidents ac power is not recovered during the core damage process Without identifiable

|
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ignition sources, there is uncertainty as to whether the hydrogen will ignite if it does ignite, it is conservatively
assumed that ignition o: curs after a signincant amount of hydrogen has accumulated in the containment. This
case is sampled, the distribution is based on information for the NUREG 1150 Grand Gulf plant analysis.
While the NUREG-1150 analysis used a complicated distribution developed by a panel of experts, in this
analysis, for the sake of simplicity, a uniform distribution between 0.0 and 0.75 is used to characterize the
uncertainty in the likelihood that the hydrogen will ignite. The lower and upper bounds of the uniform
distribution correspond to the upper and lower bounds on the expert distribution from NUREG 1150. The
quantification (mean values) for this case is:

Branch 1: nBm H2 0.50
Branch 2: Dm H2 0.50 Uniform distribution between 0.0 and 0.75.
Branch 3: Brn-Dif 0.00

Case 6: This case is not used.

Question 3L What is the pressure in the containment during CD (no uncontmiled bum)?
Number of Branehes: 2
Number of Cases: 3
Number of Cases Sampled: 0

The branches for this question are:

1. P Lo The pressuie is less than the vent pressure threshold (P< 20 psig)
2. P Vnt The pressure in the containment exceeds the vent threshold.

This question determines whether the base pressure (i e., does not include pressure spikes from hydrogen combustion)
in the containment exceeds the vent threshold. The Grand Gulf Emergency Procedures (EP-3) direct the operators to
vent the containment once the pressure exceeds 20 psig and cannot be maintained below 22 psig. Durin6 the
accident, the containment will pressurize due to the accumulation of steam and non-condensibles (e g., hydrogen). If
the containment is open,it will only pressurize to the failure pressure of the auxiliary building which is well below
the vent threshold.

Case 1: This case includes those accidents in which the containment is open to the auxiliary building (i e., the
containment equipment hatch has been removed). In this situation, the containment pressure will not exceed the
auxiliary building failure pressure which is well below the vent threshold. The quantiGcation for this case is:

Branch 1: P-Lo 1.00
Branch 2: P-Vnt 0 00

Case 2: This case includes those accidents in which the reactor vessel is open to the auxiliary building (i e.,
open MSIVs or LOCA in the auxiliary building). In this situation, the containment will not pressurize
signincantly because the steam and non-condensibles released from the vessel bypass the containment and enter
the auxiliary directly. The quanti 5 cation for this case is:

' Branch 1: P-Lo 1.00
Branch 2: P-Vnt 0.00

Case 3: This case includes those accidents in which the ,,ontainment is closed and the releases from the reactor
vessel either enter the containment directly (i.e., LOCA or stuck open head vent or SRV vacuum breaker) or
enter the containment efter Grst passing through the suppression pool. For the accidents analyzed in this study,
all of the LOCAs occur with the vessel depressurized and the containment is open. For the cases with an open
RPV head vent, MELCOR calculations indicated that there is no rapid or significant pressurization. Thus, there
are no cases where the containment will pressurize to the vent threshold. The quantiGeation for this case is:

NUREG/CR-6143 B-28 Vol. 6, Part 1
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Branch 1: P Lo 1.00
Branch 2: P-Vnt 0.00

1

1
Question 35. Does the containment fall from quaal-stade loads dudng com damage? '

Number e f Branches: 3
,

Number of Cases: 6 ' '

Nunaer of Cases Sampled: 0
1

i

The branches for this question are: i

,

1. nCF-CD The containment does not failure from a hydrogen burn during core damage.
,

2. CF-Rpt-CD The containment fails in the rupture mode (Nominal hole size is I ft') from a hydrogen burn
.

'

during core damage.
3. CF Lk-CD The containment fails in the leak mode (Nominal hole size is 0.1 ft') from a hydrogen burn i

during core damage.

This question determines whether the containment fails from a hydrogen burn during core damage. The status of the
containment integrity is important because failure of the containment will result in path for radionuclides to enter the !

environment. Similar to the NUREG-Il50 Grand Gulf plant analysis [ Brown, et al.,1990, two failure sizes are
defined: a leak and a rupture. A leak is define as a failure that will not result in rapid depressurization of the
containment, a nominal hole size of 0.1 ft'is assigned to this mode of failure. A rupture is define as a failure that
will result in rapid depressurization of the containment, a nominal hole size of I ft is assigned to this mode of i

2

failure. Based on previous structural analysis of the Grand Gulf containment,it was concluded that the most likely .

location for failure is the region near the junction of the dome and the cylindrical wall [ Brown, et al.,1990]. A !

failure in this location will most likely result in a release to the enclosure building that surrounds the containment
i

dome. Since the enclosure building has virtually no pressure retaining capability and is essentially isolated from the {
auxiliary building, it is assumed that following containment failure the release goes directly from the containment into

'

the environment.
*

To determine if the containment fails from quasi-static loads that accompany the combustion of hydrogen, a
distribution that characterizes the uncertainty in the load that results from the combustion of a specific concentration
of hydrogen was convolved with the Grand Gulf containment failure pressure distribution. The result of this -

convolution is the probability that the containment fails given a specified concentration of hydrogen is ignited and
burns. The hydrogen load distributions generated by the expert panels in the NUREG 1150 project [ Harper, et al-,
1991] were used in this study. Similarly, the containment failure pressure distribution developed for the NUREG. ,

1150 Grand Gulf plant analysis [ Harper, et al.,1994] was also used in this analysis. I

Case 1: This case includes those accidents in which either the containment is open to the auxiliary building
(i c., the containment equipment hatch has been removed), the reactor vessel is open to the auxiliary building, |
the hydrogen does not burn, or if the hydrogen does burn it bums as a diffusion flame. In this situation, the

,

containment does not fail frorn a hydrogen combustion event. The quantification for this case is:

Branch 1: nCF-CD 1.00 '

Branch 2: CF-Rpt-CD 0 00
Branch 3: CF-Lk-CD 0 00

.,

Case 2: This case includes those accidents in which the containment is closed and the concentration of j

hydrogen in the containment is less than 8%. While the hydrogen burns as a deflagration, the resulting load is
not sufficient the fail the containment. In this situation, the containment does not fail from a hydrogen -|

combustion event. The quantification for this case is: I
1

Branch 1: nCF-CD 1.00 )Branch 2: CF-Rpt-CD 0.00
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!
Branch 3: CF-Lk-CD 0.00 l

I'

Case 3: This case includes those accidents in which the containment is closed, the concentration of hydrogen in
the containment is between 8% and 12%, and the hydrogen burns as a denagration. The probability of
containment failure was obtained from the convolution of the hydrogen load distribution with the containment
failure pressure distribution. The quantification for this case is:

Branch 1: nCF-CD 0.79
Branch 2: CF Rpt-CD 0.19

1

Branch 3: CF-Lk-CD 0 02
,

Case 4: This case includes those accidents in which the containment is closed, the concentration of hydrogen in
the containment is between 12% and 16%, and the hydrogen burns as a denagration The probability of

;

containment failure was obtained from the convolution of the hydrogen load distribution with the contamment
,

;
failure pressure distribution. The quantification for this case is: '

Branch 1: nCF-CD 0 13
Branch 2: CF Rpt CD 0 49
Branch 3: CF-Lk-C D 0.38

;

Case 5 This case includes those accidents in which the containment is closed, the concentration of hydrogen in
the containment is greater than 16%, and the hydrogen bums as a deflagration. The probability of containment

,

failure was obtained from the convolution of the hydrogen load distribution with the containment failure ;

!pressure distribution The quantification for this case is: '

.)
Branch 1: nCF-CD 0.04
Branch 2: CF-Rpt-CD 0 50
Branch 3: CF-Lk-CD 0.46

Case 6 This case is not used

?

Question 36. Do the operators sent the containment during core damage?
Numberof Bmnches: 2
Number of Cases: 5 1

i

Numberof Cases Sampled: 2

The branches for this question are: I
i

1. nVnt-CD. The containment is not vented during core damage.
2. Vnt-CD The operators vent the containment during core damage. '

This question determines whether the operators vent the containment during core damage. The status of ' containment
senting is important because opening the containment vent establishes a path from the containment to the '

environment that bypasses the auxiliary building which allows airborne radioactive material in the containment to
escape directly to the environment The size of the vent path is equivalent to a rupture in the containment. The

: Grand Gulf Emergency Procedures (FP 3) direct the operators to vent the containment if the containment pressure is
greater than 20 psig and cannot be maintained below 22 psig. While the procedures allow the operators to close the
vent once the pressure drops below 20 psig, the operators would have to open the vent again later in the accident
since contai~nment cooling is not available and the steam and non-condensibles generated during the accident would
again cause the containment pressure to exceed 22 psig. This analysis makes no attempt to model the opening and )

,

the closing of the vent to maintain the pressure below 20 psig. Instead,it is assumed that once the vent is opened,it
remains open for the duration of the accident.
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Case 1: This case includes those accidents in which either the containment vent system is not available or the
containment pressure is below the vent threshold pressure. The quantification for this case is:

Branch 1: nVnt-CD 1.00
Branch 2: Vnt-CD 0.00

.

Case 2: This case includes those accidents in which the pressure in the containment is above the vent threshold.
In these accidents, the reactor vessel was at high pressure before core damage and the operators followed the |
procedures and depressurized the reactor vessel during core damage. The containment vent system is available -|
(ie., either available from the start of the accident or was recoverable and ac power was recovered during core
damage). Since the operators followed procedures and depressurized the reactor vessel,it is likely that they will
follow procedures and vent the containment. This case is sampled; the distribution that characterizes th
uncertainty in the probability that the operators will fail to vent the containment was developed in the HRA |
analy sis and is discussed in Appendix B 2. The quantification (mean value) for this case is: !

Branch 1: nVnt-CD 0.031 Lognormal distribution with a mean of 0.031 and
an error factor of 5.

,

Branch 2: Vnt-CD ' O.969

Case 3: This case is the same as the previous case except that the operators failed to follow procedures and
depressurize the reactor vessel. Since, the operators failed to follow procedures,it is assumed that they will not
follow procedures and vent the containment. The quantification for this case is:

,

Branch 1: nVnt-CD 10
Branch 2: Vnt-CD 0.0 I

Case 4: This case includes those accidents in which the pressure in the containment is above the vent threshold. 1

In these accidents, the reactor sessel was at low pressure before core damage and remains at low pressure during
core damage. The containment vent system is available (i e., either available from the start of the accident or

_

'

was recoverable and ac power was recovered during core damage). In these accidents the operators have not i

failed to following procedures during core damage and, therefore,it is likely that they will follow procedures ;

and vent the containment. This case is sampled; the distribution that characterizes the uncertainty in the
probability that the operators will fail to vent the containment was developed in the HRA analysis and is

,

|

discussed in Appendix B.2, The quantification (mean value) for this case is:

Branch 1: nVnt-CD 0 031 Lognormal distribution with a mean of 0.031 and
; an error factor of 5.

Branch 2: Vnt-CD 0.969

Case 5: This case includes those accidents in which ac power was not available before core damage and the ;

pressure in the containment rises above the vent threshold during core damage. In these accidents, the
containment vent system was recoverable, however, ac power was not restored during core damage. Without ac
power the containment vent cannot be opened. The quantification for this case is: e

Branch 1: nVnt-CD 1.0
,

Branch 2: Vnt-CD 0.0
t

Question 37.- What is the status of the containment dur'ng com damage?
Number of Branches: 2
Number of Cases: 2 )
Numher of Case: Sampled: 0 !

1The branches for this question are,
i
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1. nOCnt CD The containment is breached during core damage
2. OCnt-CD The containment remains intact during core damage.

This question summarizes the status of containment integrity at the end of core damage. It includes both situations
where the containment was breached prior to core damage and situations where it was breached during core damage.
The question does not address the size of the breach.

Case 1: This case includes those accidents in which either the containment access penetrations were open
before core damage, the operators vented the containment, or the containment failed from a hydrogen
combustion event during core damage. The quantification for this case is:

Branch 1: nOCnt-CD 0.00
Branch 2: OCnt-CD 1.00

Case 2: This case includes all other accidents in which the containment remains intact during core damage.
The quantification for this case is:

Branch 1: nOCnt-CD 1.00
Branch 2. OCnt-CD 0.00

Question 38. What is the size of the containment opening during core damage?
Number of Branches: 3
Number of Cases: 4
Number of Cases Sampled: 0

The branches for this question are:

1. Cnt-Rpt-CD The containment opening is the size of a rupture (nominal size is i ft').
2. Cnt-Lk-CD The containment opening is the size of a leak ( nominal size is 0.1 ft').
3. Cnt-NF-CD The containment remains mtact during core damage

This question summarizes the size of the containment opening during core damage.

Case 1: This case includes those accidents in which the containment remains intact during core damage. The !quantincation .'or this case is. '

Branch 1- Cnt Rpt-CD 0 00
Branch 2: Cnt-Lk CD 0.00
Branch 3: Cnt NF-CD 1.00

Case 2: This case includes those accidents in which either the containment access penetration were open prior
to core damage, the containment was vented, or a hydrogen combustion event ruptured the containment during
core damage. The quantification for this case is:

Branch 1: Cnt-Rpt CD 1.00
Branch 2: Cnt-Lk-CD 0.00
Branch 3: Cnt NF-CD 0.00

Case 3: This case includes those accidents in which a hydrogen combustion event caused a leak in the
containment during core damage. The quantification for this case is:

Branch 1: Cnt-Rpt-CD 0 00
Branch 2- Cnt-Lk-CD 1.00
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Branch 3:- Cnt-NF-CD 0 00

Case 4: This case is not used.

Question 39. Does the musiliary building fall dudng core damage dudng core damage?
Numher of Branches: 2 -

1

Number of Cases: 8
Number of Cases Sampled: 0

The branches for this question are:
.

1. nOAux-CD The auxiliary building remains intact during core damage.
,

2. OAux-CD The auxiliary building either fails prior to or during core damage. :
>

This question determines the status of the auxiliary building integrity during core damage. The status of the auxiliary
bu Iding integrity is important because, for cases with either the reactor vessel or the containment open to the I

auxiliary building, it defines when the radioactive material is released to the environment. If the containment is
closed prior to core damage and the reactor vessel is not open to the auxiliary building, a subsequent containment

.

failure will bypass the auxiliary building (i e , containment fails above auxiliary building roof). !
.

Case 1: This case includes those accidents in which the auxiliary building failed prior to core damage. The
quantification for this case is:

1

Branch 1: nOAux-CD 0.00
Branch 2: OAux-CD 1.00

t

Case 2: This case includes those accidents in which the reactor vessel is open to the auxiliary building (i e.-,
open MSIVs or LOCA in auxiliary building) during core damage. Results for MELCOR indicate that the I

auxiliary building will failure prior to core damage and, therefore, it is open during core damage. The
quantification for this case is-

!
Branch 1: nOAux-CD 0.00 [
Branch 2: OAux-CD 1.00

:
>

Case 3: This case includes those accidents in which the auxiliary building did not fail before core damage, the
r

reactor is not 'open to the auxiliary building, and the containment was closed prior to the onset of core damage.. ,

in this situation, any releases of steam and/or non-condensibles will bypass the auxiliary building. The
quantification for this case is:-

:

(
Branch 1: nOAux-CD 1.00 ;

Branch 2: OAux-CD 0,00
>

<
.

- Case 4: This case includes those accidents in.which the containment is open to the auxiliary building and therc !

is a bydrogen deflagration in the containment, The pressure load from the containment will fail the relatively -
weak auxiliary building structure. The quantification for this case is:

Branch 1: nOAux-CD 0.00
Branch ,2: OAux-CD 1.00 - i

:
5

|
Case 5: This case includes those accidents in which the containment is open to the auxiliary building and the '

hydrogen generated during core damage burns as a diffusion flame. Based on sensitivity calculations using
MELCOR, it is expected that the auxiliary building will fail. The quantification for this case is.
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Branch 1: nOAux-CD 0 01 !

Branch 2: OAux-CD 0 99 i

Case 6: This case includes those accidents initiated by a LOCA. The containment is open to the auxiliary
!

building and it is Dooded with water. In this esse, the hydrogen generated daing core damage does not burn..
Based on results from MELCOR, the pressure in auxiliary building is suf6ciently low that failure ~of the -
auxiliary building is not expected before vessel failure. The quanti 5 cation for this case is: ;

Branch I; nOAux-CD 1.00
Branch 2: OAux-CD 0.00

Case 7: This case includes raose accidents in which the reactor vessel is not breached prior to vessel failure,
however, either the reactor head vent or a vacuum breaker on a SRV tailpipe sticks open. The containment is . !

'

open and the auxiliary building was intact before the onset of core damage. The por:ica of the steam that
leaves the reactor vessel via the open head sent or vacuum break will bypass the suppression pool. Based on ;

results from MELCOR, the steam that bypasses the ruppression pool is suf0cient to pressurize the auxiliary j
building to its failure point. The quantification for this case is:

Branch 1: nOAux-CD 0.00 I

Branch 2: OAux-CD 1.00

Case 8: This case includes those accidents in which the reactor vessel is not breached prior to vessel failure and
the reactor head vent remains closed Also, there are no stuck open SRV tailpipe vacuum breakers. The ,

containment is open and the auxiliary building was intact before the onset of core damage. The steam generated
in the vessel is directed to the suppression pool where it is condensed. In this case, the hydrogen generated
during core damage does not burn The pressure in the auxiliary building remains below it failure pressure. j

The quantification for this case is:
4

Branch 1: nOAux CD 1.00
Branch 2: OAux-CD 0 00

Question 40. Is there water in the RPV pedestal casity just prior to VB?
'Number of Bmnches: 2

Number of Cases: 2
Number of Cases Sampled: 0

The branches for this question are:

L Cav-Dry The cavity below the reactor vessel is essentially dry.
2. Cav-Fld The reactor cavity is Gooded with water.

.

This question determines the amount of water that is in the reactor cavity at the time of vessel failure. The amount of .)
water in the cavity (i e., dry or Gooded) is important because it will determine if ex vessel steam explosions are I

possible, it can impact the loads at vessel breach, and it will affect the coolability of debris release from the vessel
]following vessel failure. For this analysis, the only sources of water in the drywell before vessel failure are frorr |

either a LOCA or for cases where the operators deliberately try to Dood the containment. The containmeat sprays are
in the containment and, therefore, use of the sprays will not Good the cavity. Also, since in these accidents the
drywell personnel lock and/or. equipment hatch is open, significant pressure differences between the drywell and |
containment will not exist and, therefore, the possibility of pushing water over the weir wall is not a concem.

'

Case 1: This case includes those accidents in which the operators deliberately attempt to Dood the containment
(the LOCAs are included in these accidents). The cavity is flooded up to the bottom the of reactor vessel. The
quantification for this case is:
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|Branch 1: Cav-Dry 0.00
Branch 2: Cav-Fid 1 00

1

|Case 2: This case includes all the other accidents in which the operators do not Good the containment. The
quantification for this case is.

, ,

Branch 1: Cav-Dry 1 00
Branch 2: Cav-Fid 0.00 i

Question 41. Is die core damage pmeens anessed in the sessel?
Number of Branches: 2 -
Number of Cases: 4
Number of Cases Sampled: 1

The branches for this question are:

1 ' nCDAnest The core damage process is arrested in the vessel.
2. CDAnest The core damage process is not arrested-

This question determines whether the core damage process is arrested in the vessel. The state of the core in the
vessel is important because if the core damage process is arrested, vessel failure is precluded and the release of
radioactive material from the core debris is terminated The heat generated by the core (and core debris) will fail the
vessel if coolant is not supplied to the core. The probability of vessel failure depends on when during the core
damage process the coolant is restore to the vessel. The in vessel phase of the core damage process was divided into -

two time regimes The first time regime corresponds to the time available to restore coolant to the core and arrest the
core damage process. The duration of this first time regime is 1.5 hours which corresponds to the point in the core
damage process where approximately 10% of the core is damaged. It is estimated the restoration of coolant to the
core with only 10% of the core damage will prevent any further damage After this point in the core damage
progression (i e., the second time regime) there is a rapid escalation in the amount of core damage and, therefore, it is

!

~

assumed that beyond this point the likehhood of core damage arrest is very small.

Case 1: This case includes those accidents in which the vessel integrity i4 breached via a LOCA (either inside
the containment or in an interfacing system) and the L_OCA is not isolated during core damage. In these
accidents, the use of injection will result in a Good in the auxiliary building (i c., for LOCAs inside the
containment the lower personnel lock is open) which will in turn fail any remaining injection systems. Thus,
without coolant injection the core cannot be continuously cooled. The quantification for this case is:

Branch 1: nCDArrest 1.00
Branch 2: CDArrest 0 00 1

:

Case 2: This case includes those accidents in which core cooling is restored during the early time regime of the
]

core damage process before a significant fraction of the core has been damage. In this case, most of the fuel is
. still in its original geometry (although the cladding may have failed) and, therefore, a significant debris bed has i

not formed. The restoration of core cooling in this situation will arrest the core damage process. The -
quantification for this case is:

Branch 1: nCDAnest 0 00
Branch 2: CDArrest 1.00

.

Case 3: This case includes those accidents in which core cooling is restored during the late time regime of the
core damage process Since in this case most of the fuel has been damaged by the time coolant is restored,it is
unlikely that the core damage process will be arrested The probability of vessel failure will depend on whether

. the core debris forms a coolable debris bed or instead forms a dense layer on the bottom head of the vessel.
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This case is sampled, the distribution used to characterize the uncertainty in the probability that the :s.c debris
is not (ocLble is a Maximum Entropy Distribution with a lower va!ee, c man value, and a upper value of 0 0,
0.01, and 0.5 respectively. The quantification for this case is:

Branch 1: nCDArrest 0.99
Branch 2: CDArrest 0.01 Maximum Entropy Distribution: Lower value =

0.00, Mean = 0 01, Upper value = 0.5
,

Case 4: This case includes those accidents in which core cooling is not restored and, therefore, vessel failure is
assured The quantification for this case is

Branch 1: nCDArrest 1.00
Branch 2: CDArrest 0.00

Question 42. Wha fraction of the core debris would be mobil af sessel breach?
Number of Branches: 2
Number of Cases: 2
Number of Cases Sampled: 0

The branches for this question are:

1. liitiqVB A large amount of core debris (nominally 40%) is mobile when VB occurs.
2. LoLiqVB A small amount of core debris (nominally 10%) is mobile when VB occurs.

This question determines the amount of core debris that is mobile at the time of vessel breach (VB) The amount of
core debris that is mobile is important because it affects: (1) the mode of vessel failure, (2) the magnitude of the
loads that accompany vessel failure, and (3) the probability that the core debris released from the vessel is coolable
for cases with water in the reactor cavity. Nominal values are used to characterize the amount of that would be
mobile at VB A nominal value of 10% represents low mobility, whereas a nominal value of 40% represents high
mobility. The 10% value represents the range from 0% to 20% molten, and the 40% value represents any larger
quantities. The nominal values used for this question and the probabilities associated with the various levels of
mobility are based on the NUREG-ll50 Grand Gulf plant analysis [ Brown et al.,1990]

In NUREG-1150, it was felt that the amount of material molten at VB was tightly coupled to the mode of vessel
failure If the vessel fails early, then the mobility will be low. In BWRs, early vessel failure would be due to melt
Dowing through an instrument tube and failing the tube outside the vessel. If the melt were to freeze and plug the ;

tube, then vessel failure would be delayed until a massive creep rupture occurs. IIence, the major uncertainty is I

whether the melt Dowing in the instrument tube will freeze. If the vessel fails by a massive creep rupture and water
is being injected into the vessel,it is likely that it will fail with s low mobility. On the other hand,if there is no j
water injection and a massive creep rupture occurs, it is uncertain as to how much core debris will be molten.

I

Case 1: This case includes those accidents in which injection is restored during core damage. The
quantification for this case is:

Branch 1: liitiqVB 0.025
Branch 2: CDArrest 0 975

Case 2: This case includes those accidents in which injection is not restored during core damage. The
quantification for this case is.

Branch 1: liiLiqVB 0.100
Branch 2: CDArrest 0.900
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Question 43. Does a large in-vessel steam explosion occur?
Number of Branches: 2
Number of Cases: 3 i

Number of Case: Sampled: 2

The branches for this question are: -

1. nVStmExp No large in-vessel steam explosions occur prior to VB.
2. VStmExp A large in-vessel steam explosion occurs prior to VB.

This question determines whether a large in-vessel steam explosion occurs prior to_VB. The occunence of a large in- f
vessel steam explosion is important because a steam explosion can fail the vessel. The quantification of the question '

is based on information from NUREG 1150 [ Harper, et al.,1994), in the NUREG 1150 analysis the likelihood of a
steam explosion depended on the reactor vessel pressure.

Case 1: This case includes those accidents in which injection is restored early during the core damage process
before a significant fraction of the core has been damaged Since only a small fraction of the core is damage,

,

there is not enough molten core debris to cause a large in vessel steam explosion. The quantification for this i

case is:

Branch 1: nVStmExp 1.00
Branch 2: VStmExp 0.00 ;

r

Case 2: This case includes those accidents in which the reactor vessel is depressurized and coolant injection is
either restored late during the core damage process or is not restored. In either case, a significant fraction of the
core will be damage which allows for the possibility of a large in-vessel steam explosion. The likelihoed of a

,

steam explosion depends on the pressure in the reactor vessel. Based on information used in NUREO il50,
steam explosions are more likely when the pressure is low than when the pressure is tiear system pres.ure (i e., !

1000 psia). Results from experimental pro 6 rams and experience in the metal industry suggests that the
occurrence of a steam explosion can be treated as a stochastic event. The likelihood of a steam explosion is,
however, very uncertain, in this analysis, a maximum entropy distribution is used to characterize the uncertainty |
in the probability that a steam explosion occurs. The mean of the maximum entropy distribution corresponds to '

the value used in the NUREG-1150 analysis for the probability of a steam explosion when the vessel is at icw
pressure. The quantification for this case is: |

|Branch 1: nVStmExp 0.14 ~

Branch 2: VStmExp 0.86 Maximum Entropy: Lower Bound = 0.001, Mean =
0 86, Upper Bound = 1.0

1
!

Case 3: This case is the same as the previous case except that the pressure in the reactor vessel is at the system j

pressure (i e., approximately 1000 psia). Based on information used in NUREG 1150, steam explosions are less
likely when the pressure is high than when the pressure is low. Similar to the previous case, a maximum
entropy distribution is used to characterize the uncertainty in the probability that a steam explosion occurs. The
mean of the maximum entropy distribution corresponds to the value used in the NUREG-1150 analysis for the
probability of a steam explosion when the vessel is at high pressure. The quantificstio : i *his case is:

Branch 1: nVStmExp 0.90
Branch 2: VStmExp 0.10 Maximum Entropy: Lower Bound = 0 001, Mean =

0.10, Upper Bound = 1.0

Question 44. Does an Alpha Mode esent occur?
Number of Brunches: 2
Number of Cases: 3
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Number of Case: Sarapied: 2
,

The branches for this question are:

1. nAlpha An Alpha Mode event occurs.
2. Alpha An Alpha Mode event does not occur. ,*

This question determines whether a Alpha Mode event occurs. An Alpha Mode event is an energetic fuel-coolant
interaction (i.e , steam explosion) that fails the vessel and generates a missile that then fails the containment. The
occurrence of an Alpha Mode event is important because it provides a path for radioactive material to escape both the '
reactor vessel and the containment. This event was postulated and analyzed during the Reactor Safety Study
[USNRC,1975). The quantincation for this question is based on distributions used in the NUREG-1150 study
[ Harper, et al.,1994). In the NUREG-1150 analysis the likelihood of an Alpha Mode event depended on the pressure
in the reactor vessel.

t

Case 1: This case includes those accidents in which a large in-vessel steam explosion occurs with the reactor
vessel at low pressure. The quantincation for this case is:

,

eBranch 1: nVStmExp 0.990
;

Branch 2: VStrnExp 0.010 User Distribution with a Mean of 0.01 |

Case 2: This case includes those accidents in which a large in vessel steam explosion occurs with the reacto.
[vessel at system pressure. The probability of an Alpha Mode event at high pressure was estimated in NUREG- '

1150 to be an order of magnitude lower than the probability of an Alpha Mode event at low pressure. Ths ;quantification for this case is:
i

i

Branch 1: nVStmExp 0.999
Branch 2: VStmExp 0 001 User Distribution with a Mean of 0.001

-.

I

i.
Question 45. Does a large in-sessel steam explosion fail the sensel?

Number of Bmache . 5
j

Numberof Cases: 3
Number of Cases Sampled: 0

The branches for this question are:

1. SE-Alpha An Alpha Mode fails the reactor vessel
{2. SE-BtHd An in-vessel steam explosion causes the bottom head of the reactor vesse! to fail (Nominal

failure size of 340 ft').
3. SE LgBrch An in-vessel steam explosion causes a large breach (22 ft') in the reactor vessel. i
4. SE-SmBrch An in vessel steam explosion causes a small breach (1 ft ) in the reactor vessel.2 '

5. SE-nFail The reactor vessel does not fail from an in-vessel steam explosion

This question determines whether an in-vessel steam explosion fails the reactor vessel and if it does fail the reactor
i

vessel, it determir;es the size of the failure. Failure of the reactor vessel is important because it establishes a path for j
radioactive material to escape the vessel and bypass the suppression pool and it releases the core debris into the !

reactor cavity below the reactor vesself If the cavity is dry, the core debris will interact with the concrete cavity and .
will continue to release radion,ctive material. If the cavity is flooded, the potential exists for the core debris to be I

cooled in which case the release of radioactive material from the debris is terminated. The quantification of this
question is based on the probabilities developed in the NUREG-1150 project [ Harper, et al.,1994].

Case 1: This case includes those accidents in which an Alpha Mode event occurs. By definition, an Alpha
Mode event results in a large fsilure to the reactor vessel The quantification for this case is:
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Branch 1: SE-Alpha 1.00
Branch 2: SE-BtHd 0.00
Branch 3: SE LgBrch 0.00
Branch 4: SE SmBrch 0.00
Branch 5: SE-nFail 0.00 -

Case 2: This case includes those accidents in which a large in vessel steam explosion occurs. The
quantification of this case is based on probabilities developed in the NUREG 1150 project. The quantification
for this case is:

Branch 1: SE-Alpha 0.00
Branch 2: SE BtHd 0.20
Branch 3: SE-LgBrch 0.10
Branch 4: SE SmBrch 0.10
Branch 5: SE-nFail 0 60

Case 3: This case includes those accidents in which a large in-vessel steam evplosion does not occur and,
therefore, the reactor vessel does not fail from a steam explosion. The quantification for this case is:

Branch 1: SE-Alpha 0 00
Branch 2: SE-BtlId 0.00
Branch 3: SE-LgBrch 0.00
Branch 4: SE SmBrch 0.00
Branch 5: SE-nFail 1.00

Question 46. What is die mode of sessel failure?
Numberof Bmaches: 5
Number of Cases: 7
Number of Cases Sampled: 0

The branches for this question are:

1. VB Alpha An Alpha Mode fails the reactor vessel.
2. VB BtHd '

The bottom head of the reactor vessel to fail (Nominal failure size of 340 ft').
3. VB-LgBrch The mode of vessel failure is a large breach (22 ft').
4. VB-SmBrch The mode of vessel failure is a small breach (1 ft').
5 nVB The reactor vessel does not fail.

This question determines the mode of vessel failure. This question summarizes previous reactor vessel failure modes
caused by large in-vessel steam explosions as well as considers reactor vessel failure modes caused by core debris -
attack. Failure of the reactor vessel is important because it establishes a path T.a .w active material to escape the
vessel and bypass the suppression pool and it releases the core debris into the reactor cavity below the reactor vessel
If the cavity is dry, the core debris will interact with the concrete cavity and will continue to release radioactive
material. If the cavity is nooded, the potential exists for the core debris to be cooled in which case the release of
radioactive material from the debris is terminated.

The vessel is predicted to fail if the core damage process is not arrested (See' Question 41). The quantification of this
question is based on the probabilities developed in the NUREG-1150 project [ Harper, et al.,1994[ Given that the
reactor vessel fails from core debris attack, the following modes of reactor vessel failure were considered:

1. Global thermally induced fracture / creep-rupture of the lower head;
2. Ejection of an in-core instrument guide tube or CRD, and
3. Flow of molten core materials through a guide tube, CRD, or drain line leading to their thermally
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induced rupture below the bottom head.

The most hkely failure mode is flow-induced thermal failure of a guide tube or drain. Molten material can enter the
tube and flow beyond the reactor sessel wall. Thennal weakening followed by rupture of the wall can occur if the
melt gives up its latent and sensible heat to the guide tube or drain walls. It is uncertain whether the presence of
water in these tubes will prevent tube failure. This uncertainty has been included in the probability assigned to this

~

mode of failure. This failure mode will result in a small hole. It was assessed that there is a very small probability
of multiple tube failures resulting in a large hole. It was also estimated that thennally induced binding between the
guide tube and the vessel will prevent pressure ejection of the in-core instrument guide tube.

l
Case 1: This case summarizes previous failures caused by in-vessel steam explosions; it includes those ;

accidents in which the reactor vessel fails as a result of an Alpha Mode event. The quantification for this case j
is:

)

Branch 1: VB-Alpha 1.00 i

Branch 2: VB-BtHd 0 00 |
Branch 3: VB LgBrch 0 00 !

Branch 4: VB-SmBrch 0 00
Branch 5. nVB 0 00

i

l'

Case 2: This case summarizes previous failures caused by in-vessel steam explosions, it includes those '

accidents in which the reactor vessel bottom head fails The quantification for this case is:

Branch 1. VB-Alpha 0 00
Branch 2. VB-BtHd 1.00
Branch 3: VB-LgBrch 0 00

,

Branch 4: VB-SmBrch 0 00 '

Branch 5: nVB 0.00

Case 3: This case summarizes previous failures caused by in-vessel steam explosions; it includes those
accidents in which an inoessel steam explosion results in a large breach to the reactor vessel The

i
quantifi ition for this case is:

|
1

Branch 1: VB-Alpha 0 00
Branch 2: VB-BtHd 0 00
Branch 3: VB-LgBrch 1.00
Branch 4: VB-SmBrch 0 00
Branch 5: nVB 0 00

Case 4: This case summarizes previous failures caused by in4essel steam explosions; it includes those j
accidents in which an in-vessel steam explosion results in a : mall breach to the reactor vessel. The i

quantification for this case is.

Branch 1: VB-Alpha 0 00
Branch 2: VB-BtHd 0.00
Branch 3: VB-LgBrch 0 00
Branch 4: VB-SmBrch 1.00
Branch .5: nVB 0 00

Case 5: This case includes those accidents in which the core damage process is arrested in the vessel and a
large in-vessel steam explosion either does not occur or does not fail the vessel Thus, in this situation the
reactor vessel does not fail. The quantification for this case is: )
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l

Branch 1: VB-Alpha 0 00 7

Branch 2: VB BtHd 0 00
Branch 3: VB-LgBrch 0 00 j
Branch 4: VB-SmBrch 0.00
Branch 5: nVB 1.00

|
.

Case 6: This case includes those accidents in which the core damage process is not arrested in the vessel and a !
large in-vessel steam explosion either does not occur or does not fail the vessel. Thus, in this situation the core
debris causes thermally induced reactor vessel failure. The probabilities assigned to the branches for'this case
are based on probabilities developed in the NUREG 1150 study [ Harper, et al.,1994). The quantification for

'

this case is:
|
!

Branch 1: VB-Alpha 0.000
Branch 2: VB-BtHd 0.249

.

Branch 3: VB-LgBrch 0 005
Branch 4: VB SmBrch 0.746
Branch 5: nVB 0.000

|
Case 7: This case is not used. '

Question 47. Does high pressure melt ejection accompany sessel failure?
Numberof Bmnches: 2
Number of Cases: 2
Number of Cases Sampled: 0

The branches for this question are:

1. nHPME A high pressure melt ejection event does not accompany reactor vessel failure.
2. HPME A high pressure melt ejection event accompanies reactor vessel failure.

This question determines whether the core debris is released from the reactor vessel as a high pressure melt ejection !
OIPME) This question is referenced in the source term analysis to determine the source term associated with vessel-
breach. If HPME occurs, the fraction of radionuclides released during DCH, FDCH,is applied to the core debris
ejected at vessel breach. If the reactor vessel is at high pressure when the vessel fails, the core debris.will likely be
ejected at a high velocity. Because of its high velocity, it is expected that the ejected material kill undergo extensive
fragmentation, and the result will be an HPME event. Thus, if the reactor vessel fails at high pressure, HPME is - |
hkely. , The quantification of the issue is based on probabilities developed in the NUREO-1150 project [ Brown, et al,
1990]

Case 1: This case includes those accidents in which either the reactor vessel does not fail or the reactor vessel ,

is depressurized when it fails Thus,in this situation a HMPE event does not occur. The quantification for this
-)case is:

Branch 1: nHPME 1.00
Branch 2: HPME 0 00

|
Case 2: This case includes those accidents in which the reactor vessel is at high pressure when it fails. The l
probability that an HPME event occurs is based on the probability used in the NUREG 1150 analysis [ Brown, et )al.,1990] The quantification for this case is:

|J

Branch 1: nHPME 0.20
Branch 2: HPME 0.80
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Question 48. Does a large ex-sessel steam esplosion necompany sensel failure?
Number of Bnmches: 2
Number of Cases: 3
Number of Cases Sampled: 1

The branches for this question are: -

1. nExStmE A large ex-vessel steam explosion accompanies reactor vessel failure.
2. ExStmE A large ex vessel steam explosion does not occur.

This question determines whether a large ex-vessel steam explosion accompanies reactor vessel failure. This question
is referenced in the source term analysis to determine the source term associated with vessel breach. This question is
not, however, used to address the quasi-static loads associated with VB. The probability of containment failure at the
time of reactor vessel failure (See Question 49)is based on the expected loads from all sources and does not attempt
to distmguish between loads from individual events (e g , steam explosions, direct containment heating, hydrogen
combustion). Thus, while the loads from steam explosions are not explicitly represented as a separate source, they
were considered when the loads associated with vessel failure where addressed The quantiGcation of the issue is
based on probabilities developed in the NUREG-1150 project [ Brown, et al.,1990]

'

The dropping of hot metal into water has been observed to cause energetic and violent reactions commonly known as
Fuel-Coolant Interaction (FCis) or steam explosions They appear to be more likely when the water is considerably
below its saturation temperature. At Sandia National Laboratories, steam explosions were observed in 86% of the
tests in which hot metal was dropped into water [ Harper, et al.,1994). Some of these explosions were extremely
energetic, others were not. For an ex-vessel steam explosion to occur in a severe accident reactor accident, there
must be water in the reactor cavity prior to vessel failure or water must enter the cavity coincident with the debris,
and the vessel must fait allowing the core debris to enter the reactor cavity.

Case 1: This case includes those accidents in which either the reactor sessel does not fail or an Alpha Mode
event occurs The affect that an Alpha Mode event has on the source term is addressed in the question that
addresses llPME events (See Question 47) The quantification for this case is:

Branch 1: nExStmE 1 00

Branch 2: ExStmE 0.00

Case 2: This case includes those accidents in which core debris is released from the reactor vessel either into a
Hooded reactor cavity or into a dry cavity coincident with water from the reactor vessel that is supplied by an
injection source. In this situation, steam explosions are possible Results from experimental programs and
experience in the metal industry suggests that the occurrence of a steam explosions can be treated as a stochastic
event. The likelihood of a steam explosion is, however, very uncertain. In this analysis, a maximum entropy
distribution is used to characterize the uncertainty in the probability that a steam explosion occurs. The mean of
the maximum entropy distribution corresponds to the value used in the NUREG-1150 analysis for the
probability of an ex vessel steam explosion. The quantification for this case is:

Branch 1: nExStmE 0.14
Branch 2: ExStmE O 86 Maximum Entropy; Lower Bound = 0.001, Mean =

0.86, Upper Bound = 1.0

Case 3: This case includes those accidents in which the reactor cavity is dry and, therefore, an ex-vessel steam
explosion is not possible. The quantification for this case is:

Branch 1: nExStmE 1.00

Branch 2: ExStmE 0.00
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Question 49. Does the containment fall fmm pressure leads accompanying sessel failure? '

Numberof Bmnches: 3
Number of Cases: 11
Number of Case: Sampled: 0

The branches for this question are: '

l. nCF VB
2. CF-Rpt VB.

The containment does not fail from pressure loads accompanying vessel failure.
The containment fails in the rupture mode (Nominal hole size is i ft') from pressure loads
accompanying vessel failure.

3. CF Lk VB The containment fails in the leak mode (Nominal hole size is 0.1 ft') from pressure loads
accompanying vessel failure.

This question determines whether the containment fails from pressure loads accompanying vessel failure. The status
of the containment integrity is important because failure of the containment will result in path for radionuclides to '

enter the ensironment. Similar to the NUREG-1150 Grand Gulf plant analysis (Brown, et al.,1990], two failure sizes
are defined: a leak and a rupture. The containment failure issue is discussed in Question 35.

To determine if the containment fails from pressure loads that accompany vessel failure, a distribution that
characterizes the uncertainty that in load that results from vessel failure was convolved with the Grand Gulf
containment failure pressure distribution. The result of this convolution is the probability that the containment fails
given a specified pressure load. The distributions for the pressure loads accompanying vessel failure generated by the
expert panels in the NUREG 1150 project [Ilarper, et al.,1991] were used in this study. These distributions consider
loads that result from steam explosions, direct containment heating, hydrogen combustion, and reactor vessel

blowdown. The containment failure pressure distribution developed for the NUREG-1150 Grand Gulf plant analysis
111arper, et al,1994] was also used in this analysis.

Case 1: This case includes those accidents in which the vessel does not fail and, therefore, there are no pressure
loads to cause containment failure. The quantification for this case is:,

Branch 1: nCF VB 1.00
Branch 2: CF Rpt VB 0.00
Branch 3: CF-Lk VB 0 00

i

Case 2: This case includes those accidents in which the containment was already ruptured. This case also
includes those accidents in which the containment fails as a result of an Alpha Mode event. In either case, the
containment is already rupture and, therefore, further failure of the containment is not considered. The
quantification for this case is:

Branch 1: nCF VB 0 00 '

Branch 2: CF-Rpt-VB !.00 *

Branch 3: CF-Lk-VB 0.00

Case 3: This case includes those accidents in which the reactor vessel is pressurized when it fails; a large
amount of molten core debris is released at the time of vessel failure. The probability of containment failure
was obtained from the convolution of the pressure load distribution with the containment failure pressure
distribution The quantification fer this case is:

- Branch 'l: nCF-VB 0.22
Branch 2: CF Rpt-VB 0.35.
Branch 3: CF Lk-VB 0.43

Case 4: This case includes those accidents in which the reactor vessel is pressurized when it fails; a small
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amount of molten core debris is released at the time of vessel failure. The probability of containment failure
was obtained from the convolution of the pressure load distribution with the containment failure pressure i
distribution The quantification for this case is-

!

Branch 1: nCF-VD 0 41
Branch 2: CF-Rpt VB 0.27 -

Branch 3: CF-Lk-VB 0.32

Case 5: This case includes those accidents in which the reactor vessel is at low pressure when it fails; more
than 21% of the zirconium in the core debris is oxidized and it is released from the vessel into a Dooded reactor
cavity. The probability of containment failure was obtained from the convolution of the pressure load
distribution with the containment failure pressure distribution. The quantification for this case is:

Branch 1: nCF-VB 0.90
Branch 2: CF-Rpt VB 0 04
Branch 3: CF-Lk-VB 0.06

Case 6: This case includes those accidents in which the reactor vessel is at low pressure when it fails; less than
21% of the zirconium in the core debris is oxidized and it is released from the vessel into a flooded reactor
cavity. The probability of containment failure was obtained from the convolution of the pressure load

;

distribution with the containment failure pressure distribution The quantification for this case is: '

Branch 1: nCF-VB 0 82
Branch 2: CF Rpt-VB 0.10
Brarch 3: CF-LL-VB 0 08

Case 7: This case meludes those accidents in which the hydrogen igniters have been on during core damage
and, therefore, the hydrogen generated during core damage has been consumed. Since the vessel fails at low
pressure into a dry cavity,it is unlikely that there will be a rapid production of hydrogen at the time of vessel
failure. Hence, it is likely that the igniters will burn the hydrogen with minimal pressurization of the ;

containment. A small probability is assigned to containment failure to account for the possibility of the rapid
generation of hydrogen when the core debris and water are released at the time of vessel failure. The
quantification for this case is

i

Branch 1: nCF-VB 0.99
Branch 2: CF Rpt VB 0005
Branch 3: CF-Lk-VB 0 005 j

Case 8: This case includes those accidents in which the reactor vessel fails at low pressure and releases the core
debris into a dry cavity. During core damage, hydrogen accumulated in the containment, however, it did not
ignite because of a lack of igrution sources. The peak hydrogen concentration in the containment before vessel
failure was between 8 and 12% Since the vessel fails at low pressure into a dry cavity,it is unlikely that there
will be a rapid production of hydrogen at the time of vessel failure, however, the hot debris released into the
contamment will provide ample ignition sources for the preexisting hydrogen. In this situation, ignition is
certain. The containment failure probability used for this case is the same probability used for the
corresponding case for hydrogen bums during core damage (See Question 35) The quantification for this case
is: |

|

Branch'l: nCF-VB 0.79
Branch 2: CF-Rpt-VB 0.19
Branch 3: CF-Lk-VB 0.02

i

Case 9. This case includes those accidents m which the reactor vessel fails at low pressure and releases the core,
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debris into a dry cavity. During core damage, hydrogen accumulated in the containment, however, it did not
'

t

'

ignite because of a lack of ignition sources. The peak hydrogen concentration in the containment before vessel .
failure was between 12 and 16%. Since the vessel fails at low pressure into a dry cavity,it is unlikely that there :

will be a rapid production of hydrogen at the time of vessel failure, however, the hot debris released into the ;

:containment will provide ample ignition sources for the preexisting hydrogen. In this situation, ignition is
certain. The containment failure probability used for this case is the same probability u ed for the
corTesponding case for hydrogen burns during core damage (See Question 35). The quantification for this case ;

is: -|

Branch 1: nCF-VB 0.13

Branch 2: CF Rpt-VB 0.49
Branch 3: CF-Lk-VB 0.38 i

'
Case 10: This case includes those accidents in which the reactor vessel fails at low pressure and releases the
core debris into a dry cavity. During core damage, hydrogen accumulated in the containment, however, it did i

not ignite because of a lack of ignition sourcet The peak hydrogen concentration in the containment before i

vessel failure was greater than 16%. Since the vessel fails at low pressure into a dry cavity, it is unlikely that
there will be a rapid production of hydrogen at the time of vessel failure, however, the hot debris released into ;

f
the containment will provide ample ignition sources for the preexisting hydrogen In this situation, ignition is
certain. The containment failure probability used for this case is the same probability used for the i

corresponding case for hydrogen burns during core damage (See Question 35). The quantification for this case
is: !

Branch 1: nCF-VB 0104

Branch 2: CF Rpt VB 0.50 ;

Branch 3: CF-Lk-VB 0 46 |
,

Case 11: This case includes those accidents in which the reactor sessel fails at low pressure and releases the
core debris into a dry cavity. In these accidents, either the hydrogen generated during core damage burned or '[
the peak by drogen concentration was less than 8%. In either case, there is an insufficient amount of bydrogen

-

to cause containment failure. The quantification for this case is:
,

Branch 1: nCF VB 1.00

Branch 2: CF-Rpt VB 0.00 ;

Branch 3: CF Lk-VB 0 00 |

'
Question 50. What le she status of containment integrity just after sessel failuM

Numberof Branches: 2 .j
Number of Cases: 2
Number of Cases Sampled: 0 ,

,

The branches for this question are:

1. nOCnt VB The containment is breached at the time of vessel failure.. .

I
2. OCnt-VB The containment is still intact just after vessel failure.

!

This question summarizes the status of containment integrity at the end of vessel failure. This question summarizes ' ,

failures that occurred before vessel failure and also include failures that occurred at the time of vessel failure. This
question does not address the size of the breach.

I
Case 1: This case includes those accidents in which either the containment was breached during or prior to core [

damage, the containment failed from an Alpha Mode event, or the containment failed from pressure loads that |

accompanied vessel breach The quantification for this case is: [
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Branch 1: nOCnt VB 0.00
Branch 2: OCnt VB 1.00 ;

1

Case 2: This case includes all other accidents in which the containment is still intact after vessel failure. The
quantification for this case is:

Branch 1: nOCnt VB 1.00
'

Branch 2: OCnt VB 0.00

Question 51. What is dw ' size of she containment opening just after sessel failure?
Number of Bmaches: 3
Number of Canes: 4 ,

'
Number of Cases Sampled: 0

The branches for this question are:

1. Cnt Rpt VB The containment opening is the size of a rupture (nominal size is I ft' ).
2. Cnt Lk-VB The containment opening is the size of a leak ( nominal size is 0.1 ft'). ;

3. Cnt-NF-VB The containment is still intact after vessel failure ;

This question summarizes the size of the containment opening at the end of the vessel breach time regime.
,

Case 1: This case includes those accidents in which the contairment is still intact at the end of the vessel
breach time regime The quantincation for this case is:

Branch 1: Cnt Rpt-VB 0 00
Branch 2: Cnt-Lk-VB 0 00
Branch 3: Cnt-NF-VB 1.00

Case 2: This case includes those accidents in which either the containment was rupture prior to or during core
damage, the containment failed as a result of an Alpha Mode esent, or pressure loads accompanying vessel [
failure caused a rupture in the containment. The quantification for this case is:

:
i

Branch 1: Cnt-Rpt VB 100
'

Branch 2: Cnt-Lk-VB 0.00
Branch 3: Cnt-hT VB 0.00

'

Case 3: This case includes those accidents in which a hydrogen combustion event during core damage or
pressure loads accompanying vessel breached caused a leak in the containment. The quantification for this case
is:

Branch 1: Cnt Rpt-VB 0 00
Branch 2: Cnt Lk-VB 1.00
Branch 3: Cnt-hT-VB 0 00

Case 4: This case is not used. f
!

Question 52. Does the musillary building fall due to loads accompanying sessel failure?
Number of Bmnches: 2
Number of Cases: 3
Number of Cases Sampled: 0

The branches for this question are:
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1. nOAux VB The auxiliary building is intact at the end of the vessel breach time regime
2. OAux-VB The auuliary building has failed by the end of the vessel breach time regime.

This question determines the status of the auxiliary building integrity at the end of the vessel breach time regime.
The status of the auxiliary building integrity is important because, for cases with either the reactor vessel or the
containment open to the auxiliary building, it defines when the radioactive material is released to the environment.
As discussed in Question 35, for accidents in which the containment is close prior to core damage and the reactor
vessel is not open to the auxiliary building (i e., via open MSIVs or LOCA in auxiliary building), any subsequent
failure of the containment will occur above the auxiliary building roof and, therefore, all of the containment releases
will bypass the auxiliary building.

Case 1: This case includes those accidents in which the auxiliary building failed prior to vessel failure. The
quantification for this case is:

Branch 1: nOAux VB 0.00
Branch 2: OAux VB 1.00

Case 2 This case includes those accidents in which the auxiliary building did not fail prior to vessel failure, the
reactor is not open to the auuliary building, and the containment was closed prior to the onset of core damage.
In this sitt.ation, any releases of steam and'or non-condensibles will bypass the auxiliary building. The
quantification for this case is:

Branch 1: nOAux-VB 1 00
Branch 2: OAux VB 0 00

Case 4: This case includes those accidents in which either the containment or the reactor vessel (i e , via open
MSIV or LOCA in auxihary building) is open to the auuliary buildmg. Results from MELCOR indicated that
in all the relevant scenarios, the auxiliary buildmg will fail at the time of vessel failure from pressure loads that
accompany sessel failure or will fail shortly after vessel failure from the accumulation of steam and non-
condensible The quantification for this case is:

Branch 1: nOAux-VB 0 00
Branch 2: OAux-VB 1 00

Question 53. What is the status of de powerlate in the accident?
Number of Branches: 2
Number of Cases: 5
Number of Cases Sampled: None

The branches for this question are:

1. nDC-Late DC power is not available during the late time regime (i e., after vessel failure).
2 DC-Late DC power is available during the late time regime (i e., after vessel failure).

This question determines the availability of de power during the late time regime. The availability of de power is
important since de power is required to restore offsite power to the plant (see Question 24). Restoration of offsite
power during the late time regime is considered from the time of vessel failure until two hours after vessel failure.
Since the restoration of offsite power depends of the availability of de power, the time regime used for restoration of
offsite power was also used for de power. The probability that de power is not available during the late time regime
is based on a distribution was deseloped for the NUREG-il50 Grand Gulf plant analysis that models the failure
probability of the station batteries versus time for SBO sequences [ Wheeler, et al.,1989). The failure probabilities
used in this question are conditional on de power being available at the time of vessel failure.
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Case 1: This case includes those accidents in which ac power was available before vessel failure. With ac ;

power available, the battery chargers supply the necessary de power and battery depletion is not an issue. For i
'

the PDSs analyzed in this study, there were no failures of the de bus and, therefore, with ac power available, de
power is also assured. The quantification for this case is: ;

Branch 1: nDC-Late 0.0 ;

Branch 2: DC Late 1.0 |
,

Case 2: This case includes those accidents in which de power was not available at the time of vessel failure
and, therefore, is not available after vessel failure (no credit is given for recovery of the station batteries). The
quantification for this case is: |

:

Branch 1: nDC-Late 1.0

Branch 2: DC-Late 0.0 ,

,

Case 3: This case includes those accidents initiated by a loss of ofTsite power that result in a station blackout [
during time Window 1. In these accidem, de power is available at the time of vessel failure. For this case the
following times are used for the start and end of the time period considered for restoration of ac power during
the late time period: 14 4 hours and 16 4 hours. Therefore, the value for Branch 2 is probability that de power
is available at 16 4 hours given that it was available at 14 4 hours. The quantification for this case is:

.

Branch 1: nDC-Late 0.18 :

Branch 2: DC-Late 0.82

Case 4: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 2. In these accidents, de power is available at the time of vessel failure. For this case the !

following times are used for the start and end of the time period considered for restoration of ac power during '

the late time period: 12.6 hours and 14.6 hours. Therefore, the value for Branch 2 is probability that de power
is available at 14 6 hours given that it was available at 12 6 hours. The quantification for this case is:

,!
'

Branch 1: nDC Late 0.16

Branch 2: DC-Late 0.84 i

Case 5: This case is not used. ;

Question 54. Is offsite poner restored after sessel breach core damage? ;

Number of Branches: 2 ;

Number of Cases: 5 i

Number of Cases Sampled: 2
.

The branches for this question are:

1. nAC-Late Neither offsite nor onsite power is available after vessel breach.
2. OSP-Late Only offsite power is available after vessel breach. (Note, this situation does not occur in this

analysis)
3. AC Late AC power is available after vessel breach. g

This question determines the availability of ac power during the late time period after vessel failure. The availability ,

of ac power is important because it will determine which systems can be used to mitigate the accident (e.g.,
containment heat removal systems and Containment Vent System). Restoration of offsite power during the late time i

'

regime is considered from the time of vessel failure until two hours after vessel failure. Two hours was selected
because containment venting will typically be reosed within two hours of vessel breach and_ for situations where the a

'
containment is open, the containment sprays most be initiated shortly after vessel breach if they are to be effective as
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a means of trapping radioactive material released during the interactions between the core debris and the concrete
cavity.

,

The probability of recovering offsite power during a given time period is determined by sampling from a set of
.

distributions for power recovery [[ man and Hora,1988) (also see Volume 2 of this report). These distributions renect . j

the type of electrical switchyard at Grand Gulf, as explained in NUREG-1032 [Baranowsky,1985]. To get ac power . |
to the safety systems, not only does ac power have to be restored to the site, but de power must be available as well. i

DC power is required for circuit breaker control power; once the station batteries have been depleted, it is very
difficult to get ac power back to the safety systems. Although the circuit breakers can be moved manually, this
procedure is very complicated and slow. Thus, for the time frame considered in this analysis, it is assumed that once ;

de power is lost, ac power cannot be recovered. The generation of the power recovery curves used in this analysis is {
discussed in Appendix 0 of Volume 2, Part 2 of this report. i

Case 1: This case includes those accidents in which offsite and onsite power are available at the start of the
accident and, therefore, ac power is still available. The quantification for this case is: i

!

Branch 1: nAC-Late 00
,

Branch 2: OSP-Late 00
Branch 3: AC-Late 1.0

i

Case 2: This case includes those accidents in which de power is not available. The lack of de power implies ,

that both offsite an onsite ac power are unavailable. Without de power, offsite power cannot be recovered. *

Furthermore,in this anal) sis, no credit is given for recovery of the emergency diesel generator during the core !

damage process. Therefore, in this case all ac power is unavailable. The quantification for this case is:
'

Branch 1: nAC-Late 1.0 'i

Branch 2: OSP-Late 00 '

Branch 3: AC-Late 00 )
Case 3: This case includes those accidents initiated by a loss of offsite power that result in a station blackout

|
during Time Window 1. DC power is available at the time of vessel failure. For this case the following times !
are used for the start and end of the time period considered for restoration of ac power during the late time . !

period: 14.4 hours and 16.4 hours Therefore, the value for Branch 3 is probability that ac power is recovered
,

during the late time regime given that ac power was not available at the time of vessel failure. The '

quantification for this case is- 7

Branch 1: nAC Late 0.78 i

Branch 2: OSP-Late 00
4

Branch 3: EAC-Late 0 22 Power recovery distribution. |

Case 4: This case includes those accidents initiated by a loss of offsite power that result in a station blackout
during Time Window 2. DC power is available at the time of vessel failure. For this case the following times i
are used for the start and end of the time period considered for restoration of ac power during the late time
period: 12.6 hours and 14.6 hours Therefore, the value for Branch 3 is probability that ac swer is recovered

t

during the late time regime gisen that ac power was not available at the time of vessel failure. The
quantification for this case is:

Branch 1: nAC-Late 0 73
Branch 2: OSP-Late 0.0 !

Branch 3: EAC-Late 0 27 Power recovery distribution. '

!
Case 5: This case is not used.

i

t
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Question $5. Is the com debris in die easity co< lable? ,

Number of Branches: 3 |
Number of Cases: 8
Number of Cases Sampled: 0 i

The branches for this question are:

1. nCCI The core debris is cooled in the cavity; there are no Core-Concrete Interactions (CCl).
2. FldCCI The core debris is not coolable, CCI occurs in a flooded cavity. ;

3. DryCCI The core debris is not coolable; CCI occurs in a dry cavity. ;
i

This question determines whether the core debris released from the reactor vessel is cooled by water in the cavity
below the reactor vessel. If the debris is not coolable, this question also determines whether the core-concrete ' ;

interactions take place in a dry or flooded cavity. The coolability of the core debris is important because it will affect
the amount of radioactive material released from the core debris. If the core debris is coolable, it is assumed in the ;

source term analysis that no radioactive material is released from the core debris in the cavity. If the core debris is ;

not in a coolable configuration but the CCI occurs in a flooded cavity, some of the radioactive material released from -

the core debris will be trapped in the overlying pool of water.
|

The quantification of this question is based on probabilities developed in the NUREG-1150 study [ Harper, et al.,
1994). The core debris bed will not be coolable if it is finely fragmented or if the debris reagglomerates after vessel

,

failure The er '. ability of the debris that is released at vessel breach as well as that of the debris slowly released
following vessel breach is considered in this question. The core debris must be coolable in both cases if the CCI is |
not to occur. If any of the core debris released to the cavity, either at the time of vessel failure or after vessel failure, |
is not coolable, CCI will be initiated Once CCI has been established,it is assumed that all of the' material in the |
reactor cavity participates in CCI Thus, the cootabihty of the debris released after vessel breach is important only if
the debris released at vessel breach is coolable.

(

The likehhood that the debris released after vessel breach is coolable is the same for all the cases that have water in '

the cavity. The debris released after vessel breach was most likely solid at vessel breach. As the decay heat melts [

this remaining debris, it is released from the vessel Thus, it is likely that this debris will be released with a low ;
amount of superheat. It is expected that the debris bed that forms from this material will consist of large particles ;

that may not be entirely molten. Assuming there is water in the cavity,it is hkely that the debris bed will be )

cootable. !

If the RPV fails at high pressure, most of the debris will be ejected from the cavity. Although this material will be
finely fragmented, it will be coolable because it is spread throughout the drywell in a thin layer. In this case, the
coolablility of the debris in the casity is based on the material that is released aftir vessel breach.

+

Case 1: This case includes those accidents in which the vessel does not fail and, therefore, there is no CCI..
The quantification for this case is: :

Branch 1; nCCI 1.0 !

Branch 2: FidCCI 00 ,

Branch 3: Dry CCI 0.0 I

I

Case 2: This case includes those accidents in which the vessel fails and the core debris is released into a dry
cavity. Core cooling was not restored to the vessel during core damage. Furthermore, if the vessel was - l
pressurized during core damage, none of the low pressure injection systems are aligned to automatically inject I

into the vessel when the vessel depressurizes at the time of vessel failure. Since there is no water in the cavity, j
CCI in a dry cavity is assured. . The quantification for this case is-
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Branch 1: nCCI 0.0 i
Branch 2: FldCCl 00 |

Branch 3- Dry CCI 1.0

Case 3: This case includes those accidents in which the vessel, which is at sy stem pressure, fails and the core
debris is released into a dry cavity. Core coolant is being provided to the vessel and will enter the cavity
coincident with the core debris. Since the sessel fails at high pressure, most of the debris released at vessel
breach is ejected from the cavity. Thus, the coolability of the debris in the cavity is based on the material
released after vessel failure. As explained above, it is likely that the debris released after vessel failure is
coolable. If the debris bed is not cooled CCI will occur in a nooded cavity. The quantification for this case
is:

Branch 1: nCCI 0.80
Branch 2: FidCCI O 20
I? ranch 3: DryCCI 0.00

Case 4 This case incivies those accidents in which the debris is released from the vessel at low pressure into a
dry cavity Core coolant is being prouded to the vessel and will enter the cavity coincident with the core
debns Since the sessel fails at low pressure, most of the debns released at vessel breach will remain in the
cavity. Esen though water is released from the vessel at the time of vessel failure, the debris will contact
essentially a dry noor, and CCI is hkely to initiate. Once CCl is established, gases and steam now upward
through the debris and create a resistance to water ths.t would penetrate and cool the debris. If the debris bed is
not cooled, which is hkely, CCI will occur in a Gooded cavity. The quantification for this case is:

Branch 1: nCCI O 16

Branch 2: FidCCI O 84

Branch 3. Dr> CCI 0.00

Case 5: This case includes those accidents in which the debris is released from the sessel at high pressure into
a nooded cauty. Since the sessel fails at high pressure, most of the debris released at vessel breach is ejected
from the cavity. Thus, the coolabihty of the debns in the cavity is based on the material released after sessel
failure. As explamed above, it is hicly that the debris released after sessel failure is coolab!c. If the debris bed
is not cooled, CCI will occur in a nooded cavity. The quantification for this case is:

Branch 1: nCCI O 80 -

Branch 2: FldCCI O 20
Branch 3. DryCCI 0 00

Case 6. This case includes those accidents m which the debris is released from the vessel at low pressure into a
Gooded cavity. In this case, the debris also has a high amount of super heat. Since the sessel fails at low
pressure, most of the debris released at sessel breach will remain in the cavity. Even though there is water in

,

the cavity, it is likely that the core debns will agglomerate because of its high superheat. Thus, it is likely that
the core debris released at the time of vessel failure will not be coolable. Thus, even though it is likely that the
debris release after vessel breach is coolable, it is likely that CCI will be initiated by the debris released at the
time of vessel breach if the debns is not cooled, CCI will occur in a nooded cavity, The quantif':ation for
this case is-

Branch 1: nCCI O 16

Branch 2: FldCCI 0 84
Branch 3: Dry CCI 0 00

Case 7. This case includes those accidents in which the debris is released from the vessel at low pressure into a
Gooded cauty. In this case, the debris has a small amount of super heat Since the vessel fails at low pressure,
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most of the debris released at vessel breach will remain in the cavity. Even though there is water in the cavity f
and the debris has a small amount of superheat,it is uncertain whether the debris released at vessel breach will
be coolable. If the debris is not cooled, CCI will occur in a Gooded cavity. The quantification for this case |
is: ;

I

Branch 1: nCCI 0.40 i

Branch 2: FidCCI O 60 [
Branch 3: DryCCI 0.00 :

Case 8: This case is not used. |
!

Question 56. Do the operasors sent the containment aner sessel beach?
Number of Branches: 2 '

Number of Cases: 3
Number of Cases Sampled: 1

i

The branches for this question are: |
-!

1. nVnt Late The containment is not vented after vessel breach. |
f2. Vnt Late The operators vent the containment after vessel breach.

This question determines whether the operators vent the containment after vessel breach. The status of containment
senting is important because opening the containment sent establishes a path from the containment to the
environment that bypasses the auxiliary building which allows strborne radioactive material in the containment to [
escape directly to the environment. The size of the vent path is equivalent to a rupture in the containment. The r

Grand Gulf Emergency Procedures (EP-3) direct the operators to vent the containment if the containment pressure is :

Frenter than 20 psig and cannot be maintained below 22 psig While the procedures allow the operators to close the :
vent once the pressure drops below 20 psig, the operators would have to open the vent again later in the accident j
since containment cooling is not available and the steam and non-condensibles generated during the accident would |
again cause the containment pressure to exceed 22 psig This analy ras makes no attempt to model the opening and |
the closing of the vent to maintain the pressure below 20 psig. Instead,it is assumed that once the vent is opened, it j

remains open for the duration of the accident.
f

Case 1: This case includes those accidents in which either the containment vent system is not available or the ;

containment pressure is below the vent threshold pressure (i e., containment already ruptured or reactor vessel i
open to auxiliary building) The quantiGcation for this case is:

,

Branch 1: nVnt Late 1.00

Dranch 2: Vnt-Late 0.00
,

t

Case 2: This case includes those accidents in which the pressure in the containment is above the vent threshold.-
MELCOR calculations for the relevant scenarios indicate that the containment pressure will exceed the vent j

threshold at the time of vessel failure or shortly after vessel failure. The containment vent system is either - '

available or was recoverable and ac power is recovered (i e., either during core dam' age or after vessel breach). i

The Grand Gulf Emergency Procedures will direct the operators to vent the containment in this situation. This -
,

case is sampled, the distribution that characterizes the ur. certainty in the probability that the operators will fail to
vent the containment was developed in the HRA analysis and is discussed in Appendix B.3. The quantification ;

(mean value) for this case is:
'

!

Branch 1: nVnt Late 0.031 Lognormal distribution with a mean of 0.031 and
an error factor of 5. i

Branch 2: Vnt-Late 0.969
,

i
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Case 3: This case includes those accidents in which the pressure in the containment is above the vent thresheid,
however, ac power is not available. Without ac power the containment vent cannot be opened. The
quantification for this case is:

Branch 1: nVnt-Late 1.0

Branch 2: Vnt Late 0.0
|
1

Question 57 Does the contalannent fall iak in ene accident? I
Number of Branches: 3
Number of Cases: 2

'

'
Number of Case: Sampled: 0

The branches for this question are:

1. nCF-Late The containment does not fail late in the accident.
2. CF Rpt Late The containment fails in the rupture mode (Nominal hole size is I ft') late in the accident.
3. CF-Lk-Late The containment fails in the leak mode (Nominal hole size is 0.1 ft') late in the accident.

This question determines whether the containment fails late in the accident. The status of the containment integrity is
important because failure of the containment will result in path for radionuclides to enter the environment. Similar to
the NUREG ll50 Grand Gulf plant analysis [ Brown, et al.,1990), two failure sizes are defined: a leak and a rupture. >

The containment failure issue is discussed in Question 35.

For the PDSs considered in this analysis, the accidents in which the containment could be closed prior to the onset of
core damage also had the characteristic that containment cooling was not available and could not be recovered.
Therefore, in all of the accidents addressed in this study, the containment will be breached at some point during the
accident.

Case 1: This case includes those accidents in which the containment was ruptured either before vessel failure or
at the time of vessel failure or the containment was sented after vessel failure. In any case, the containment
boundary is already breached. The quantification for this case is: .

,

Branch 1: nCF-Late 1.00

Branch 2: CF Rpt Late 0.00
*

Branch 3: CF-Lk-Late 0 00

Case 2: This case includes those accidents in which the containment was intact at the end of the vessel breach i

time regime and was not vented during the late time regime. Without containment cooling, the containment will
fail from the accumulation of steam and non-condensibles generated during the accident. The quantification for

>

this case is:

Branch 1: nCF Late 0 00
Branch 2: CF-Rpt Late 0.50

Branch 3: CF-Lk-Late 0.50

Que rlon 58. What is the status of containnwnt integrity Isle in the aceldent?
'

Numher of Branches: 2
Numberof Cases: 2
Numhcr of Cases Sampled: 0

The branches for this question are:

1. nOCnt-Late The containment does not remain intact throughout the accident.
,
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2. OCnt Late The containment is still intact at the end of the accident.
>

'Ihis question summarizes the status of containment integrity at the end of the accident. This question summarizes
failures that occurred before vessel failure, at the time of vessel failure, and after vessel failure. The question does !

not address the size of the breach.

Case 1: This case includes those accidents in which either the containment was breached during the accident.
*

The quantification for this case is:
,

Branch 1; nOCnt Late 0.00
Branch 2: OCnt late 1.00 ,

Case 2: This case includes all other accidents in which the containment is still intact at the end of the accident.
,

The quantification for this case is:
t

Branch 1: nOCnt Late 1.00
Branch 2: OCnt Late 0 00

Question 59. What is the size of the containment opening at the end of the accident?
Number of Branches: 3 ;

Number of Cases: 4
-

Number of Cases Sampled: 0

+

The branches for this question are:
.

1. Cnt Rpt Late The containment opening is the size of a rupture (nominal size is I ft').
' '

2. Cnt-Lk-1. ate The containment opening is the size of a leak ( nominal size is 0.1 ft'). ,

3. Cnt-NF Late The containment is still intact after vessel failure. ;

i

This question summarizes the size of the containment opening at the end of the accident.

Case 1: This case includes those accidents in which the containment is still intact at the end of the accident. :

The quantification for this case is:
;

Branch 1: Cnt Rpt Late 0.00

Branch 2: Cnt Lk-Late 0.00

Branch 3: Cnt NF-Late 1.00

Case 2: This case includes those accidents in which either the containment was rupture prior to or during vessel ,

failure, vented after vessel failure, or was ruptured late in the accident from the accumulation of steam and non-
condensibles. The quantification for this case is:

(

Branch 1: Cnt Rpt-Late 1.00
.'

Branch 2: Cnt-Lk Late 0.00

Branch 3: Cnt NF Late 0.00
.

Case 3: This case includes those accidents in which loads caused a leak containment at some point during the
accident. The quantification for this case is: ,

Branch 1: Cnt Rpt VB 0.00
Branch 2: Cnt Lk-VB 1.00
Branch 3: Cnt NF-VB 0.00

NUREG/CR-6143 B-54 Vol. 6 Part 1
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Case 4: This case is not used.
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B.2 Listing of POS 5 APET J.

A listing of the APET is provided in this subsection The APET in this forrnat is provided as input to the EVNTRE code
which is used to evaluate the esent tree. The logic that is used to form the accident progression bins is provided near the
end of the APET listing and is identified by the keyword *Binning"
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c APET for POS 5. Ver. 2
5 One-Eval 10
- s . . . . . . . . . . . - . .. . . . . . . P D S De fm i tion s = = = = " = = " ~ = = - = = = = = -- = = = ~ = " = = " = = = =

What is the Plant Damage State?
PDSI-I PDS t-2 PDSI-3 PDSI-4 PDSI-5 PDS2-1 PDS2-2 PDS2-3 PDS2-4 PDS2-5 PDS2-6 PDS3-1
(SFPI 1)(SFPI-2)(SFPI-3)(SFPI-4)(SFPI-5)(SFP2-1)(SI P2-2)(SI P2-3)(SI P2-4)(SFP2-5)(SIP 2-6)(Excess)

5 0 019 0.015 0 032 0.005 0 008 0 17 0.242 0.054 0.104 0 007 0 006 0.338

What is the status of ciectric power at core damage (PDS Cher.1)?
aOSP OSP-nDIVAC nOSP

PDSI-2 + PDSI-3 + PDSI-4 00 00 10
PDS2-2 + PDS2-3 00 00 1.0

Otherwise 10 0.0 00

What is the status of de power at core damage (PDS Char.1)?
nDC-IlCD aDC-IICD

PDSI-2 & PDSI-3 + PDS2-2 10 00

Otherwise 00 10

v.

" What is the status of high pressure injection at core damage (PDS Cher. 2)?
nllPinj ritPinj llPinj
i .0 00 00 )

b
What is the status oflow pressure injection at core damage (PDS Cher. 2)?

nLP!nj nl.Pinj-op rLPinj al.Pinj
PDSI-2 + PDSI-3 + PDSI-4 00 00 10 00

PDS2-2 + PDS2 3 0.0 00 10 00

PDS2-6 00 1.0 00 0.0

Otherwise 1.0 0.0 00 00

What is the status of containment sprays and SPC at core damage (PDS Cher. 3)?
nCS rCS ahgnCS autoCS

PDSI-2 + PDSt-3 + PDSI-4 0.0 10 00 0.0

PDS2-2 + PDS2-3 0.0 ' l .0 00 00

Otherwise 1.0 00 00 00

What is the suppression pool level at the onset of core damage (PDS Char 4)?m
O SPL-Lo SPL-Strain m
N PDS2-6 0.0 10 3
? 8-
a w
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5 1
m Otherwne 10 00 m
O &
~ ,

h What is the suppresson pool temperature at the onset of core damage (PDS Char. 5)? o
g SPf-Sub SP f-Sat

g PDS t-3 00 10
Otherwisc 10 00

What is ths status of the reactor head vent at the onset of core damage (PDS Char. 6)?
R PV-nVnt RPV-OVnt

PDSI-5 + PDS2-4 + PDS24 1.0 00

Othe. * 'se 00 I .0

What is the status of the RPV integnty at the onset of core damsge (PDS Char. 7)*
RPV-IliP RPV-1.oP RPV-l OCA RPV-II.OCA RPV-oMSIV

PDSI-l + PDS2-1 & PDS3-1 00 00 10 00 00

PDSI-2 + PDSI-4 00 0.0 00 10 00

PDS2-2 + PDS2-3 00 00 00 10 00

PDS2-6 00 00 00 00 10 -

PDSI-5 + PDS2-4 00 IO 00 00 00

Otherwise 10 00 00 00 0.0

tu I

g What is the status of the containment access penetrations at the onwt of core damage (PDS Cher. 8)? %
o-l .Perst.k LPersLL-Unk

PDS2-5 + PDS24 00 10

Otherwise 10 00

What is the status of the containment vents system at the onset of core damage (PDS Char. 9)?
nCVS rCVS aCVS

PDSI-2 + PDSI-3 + PDSI-4 00 1.0 00

PDS2-2 + PDS2-3 00 1.0 00
PDS2-5 + PDS24 00 00 10
Otherwise I .0 00 00

When does core damage occur (PDS Cher.10)?
TCD2 TCD2p3 TCD1 TCD$ TCD6 TCD7 TCD9 TCDI2

PDSI-I 1.0 0.0 00 0.0 0.0 00 00 00

PDS2-1 0.0 10 00 00 00 00 00 00

PDSI-2 + PDSI-4 0.0 00 to 00 00 00 00 00

PDS2-2 + PDS2-3 00 00 0.0 1.0 0.0 00 00 0.0

< PDS24 0.0 0.0 00 00 1.0 00 0.0 00
P-- PDSI-5 + PDS3-1 00 0.0 00 00 0.0 1.0 00 00

.* PDS2-4 00 00 00 00 0.0 00 1.0 00

?
a
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PD51-3 + PDS2-5 00 00 00 00 0.0 00 00 1.0
7

Otherwise 00 0.0 0.0 00 0.0 00 0.0 1.0 SNA-
' 7

:1
- Whde in POS 5, when does the initiatmg event occur (PDS Char. II)?

IE-Win t IE-Win 2 IE-Win 3

PDSI-I + PDSI-2 + PDS t-3 + PDS14 + PDSI-5 1.0 00 00

PDS2-1 + PDS2-2 + PDS2-3 + PDS24 00 1.0 00

PDS2-5 + PDS2-6 00 1.0 00

PDS3-1 00 0.0 1.0

Otherwise 1.0 00 00 SThis case should not be used (NA).
1

'
5 - = = = = = = = = == ===== == = === = = = = = = = = == == End o f PD S De fin itxm s = = = = = = = = = == = = = = = = = = = = = = = ==

5
s . . . . . . . . . . . .. . . . . ... .. . . .. . . . = = = == S u m m a ry Qu e stion s = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

,

What type of event initiates the accident? 5 This question summarizes the type of IE
IE-LOCA IE-Silo IE-Other 6

i PDSI-I + PDS2-1 + PDS3-1 10 00 00 5 (I): IE is a LOCA 'b/

*(11PDSt-2 + PDSI-3 + PDSI4 0.0 1.0 00 $ (2): IE is a Slio (TW-l) Y
! PDS2-2 + PDS2-3 00 1.0 0.0 $ (3) IE is a S110 (TW-2) >hOtherwise 00 00 10 $ (4): All other IEs.g kdda

Q; 4 'What is the pressure in the RPV at the time of core damage? 5 This question summarises the status of the RPV pressure* =

RPV-IliP-IICD R PV-lop-llCD

RPV-IfiP l .C 00 $ (1): RPV is pressurised BCD (ie SRVs closed).
Otherwise 0.0 10 5 (2) RPV is depressunzed by either a breach or open SRVs.

Ilow much water is in the reactor pedestal cavity at the time of core damage?
Cav-Dry-flCD Cav-Fid-11CD'

IE LOCA 0.00 1.00 S (1) Containment Ilooded in LOCAs
PDSI-5 + PDS24 0.00 1 00 5 (2): CNMT Dooded in these PDSs
Otherwise 1.00 0 00 5 (3). Cavity esscentially dry.

s .. . .. . . . . . . . . . .. . . .. .. ........ . . E v en ts be fore C D = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = t

is the containment equipment batch opened at the start of the accident? ~ $ This question addresses the status of the equipment hasch before CD.
nOCnt-S OCnt-S 5 In this analysis it is assumed that the containment equipment hatch

.

0.0 1.0 5 is always open at the start of the accident.

y Do the operators close the containment before core damage?,

o nOCat-BCD OCnt-itCD -a#

d nOCnt-S 1.0 0.0 $ (1): The equip. hatch was closed at the start of the accident are remains closed. 2
' Y E.
m ;;
Y CO
w

'i
L

>
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- =2 . .,

- m o LPersLk 0.0 10 5 (2) Low personncI lock was open at CD by definition of the PDS :s
-- IE-Sito 00 1.0 5 (3) The hatch was open pnor to IE - SBO precludes closure $

;o TCD2 + TCD2p3 + TCD3 00 1.0 5 (4) CD occurs within 3 hours of the IE - not enough time to close containment 0;.

i Otherwise (Excess) (llEP5-CNT) 5 (5) CD occurs > 5 hours of IE - Cut closure possible.

Us

Data:. IIEP5-CNT 0.102 BOUNDED LOGNORMAL 0.102 5 0.0010.999

- Does the auxiliary buildmg fail before core damage?
. nOAux-BCD OAux-UCD

RPV-ILOCA 0.0 1.0 $ (!): ILOCA in Aux Bldg. steam from LOCA fails Aux Bldg
' RPV-oMSIV 0.0 10 5 (2): RPV Level at steam lines; boilofT of coolant will fail Aux Bidg
nOCnt-S 1.0 00 5 (3): The CNMT is closed at the start of the accident.thus, no early Aux Bldg failure
Otherwise 10 00 5 (4)- Cnt is open BCD and SP subcooled

What is the status of the drywell before core damage? 5 In this analysis it is assumed that the drywell remains open for the duration
Cis-DW-BCD Op-DW-BCD 5 of the accident.
0.0 1.0

Do the operators turn on the 1115 before core damage?
n!IIS-BCD lilS-BCD 5 This question determines whether the Ills was actuated prior to CD -

IE-SBO 1.0 0 00 5 (1): 5110 lits will not operate without Div I or 2 power. It is assumede
6 5 the operators will not actuate a system that won't work.

Otherwise (llEP-Ills-nSHO) (Excess) 5 (2): AC power esailable. EOP call for the filS to be turned on

. . Y~
Data: llEP-IIIS-nSBO 0.054 LOGNORMAL 0.054 5 M<a

5 - = = = = ==== = = = = = - = = = = = = ==== == == = = E ven ts Du rin g Core Dam age == = = = = = = = ==== = -- = = = = == --

Do the station bettenes depleted daring core damage?
nDC-CD DC-ECD DC-LCD

/IE-SBO 0.000 0.000 1.000 5 (I): Not a Silo. thus de power available
,

nlX'-!)CD 1.000 0 000 0.000 5 (2): S130 A de power failed befom CD
IE-Wint - 0 011 0142 0.747 5 (3) SBO during TW-1 (dc avail. @ 3.5 hr)
IE-Win 2 0 015 0.103 0 R82 5 (4). SBO dunng TW-2 (dc avail. @ 5.5 hr)
Otherwise 0.000 1.000 0.000 5 (5) This case shouldn't be used.

Is oITsite power restored danng core dem*6c7
nAC-CD OSP-CD - EAC-CD LAC-CD

/IE-SBO 0.0 0.0 1.0 0.0 5 (1): Not a SBO OSP available
- <: nDC-CD 1.0 00 0.0 -00 5 (2)- No de power, thus, no oc
E- IE-Wini & DC-ECD (Excess) 0.0 (AC-ECD-TW I) O _0 5 (3): SBO in TW-I. de early. OSP recoverable
? IE-Wm l (Excess) 'OO (AC-ECD-TW1) (AC-LCD-TW 1) - $_ (4): SBO in TW-l. de available all of CD. OSP reevt ' |
?
2
_.
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,cs ll:-Wm2 & DC-ECD (Excess) 00 ( AC-LCD-T W2 ) 00 S (5) SDO in TW-2. de early. OSP recoserbable

p . IE-Wm2 (Excess) , 0.0 (AC-1 CD-TW2) (AC-LCD-TW2) 5 (6) SHO m TW-2, de available all of CD. OSP recer
3 Otherwise 1.0 00 OO OO 5 (7) This case shouldn't be used.'

-

Data: AC-ECD-TWI 0.5 File CsLPSiPOS5'.CALCLilS200%PERACRECHE LSP S Distnbutmas from PWRRECBE FOR; uses Power recovery curses
Data: AC-LCD-TWI 0.5 File CBLPStPOS5'CALCLilS200%PETMCRECllE LSP S generated by MODEl FOR
Data. AC-1:CD-TW2 0.5 File CALPS'POS5'CALCLilS200MPETMCRECHE LSP
Data: AC-LCD-TW2 0.5 File CALPS\POS5tCALCLilS200%PETMCRECHE11P

Is the RPV isolated dunng core damage?
Op-RPV-CD Cis-RPV-CD

IE-LOCA 10 00 5 (1) IE was a LOCA
R PV-oMSIV 10 00 $ (2) MSIVs are open - no credit for closing during CD
RPV-ILOCA & IE-SBO & EAC-CD (1:scess) (ISO-SDC) 5 (3) Failure of SDC F008 and F009 to close due to sesere invironment
RPV-ILOCA i0 00 $ (4) SDC F008 and F009 open - no oc power

otherwise 00 10 $ (5). RPV integnty maintained.

Data: ISO-SDC 0.9 MAXIMUM ENTROPY 0,5 0.9 1 0

Do the operators initiate containment sprays dunng core Jamage? ,

nCS-CD - CS-CD - i

m
g nCS 1.0 00 S (1) CS are not available and not recoverable ,

OCat-HCD & /autoCS l .0 0.0 5 (2) Containment is open. Cat pressure control is not an issue I '+

Op-RPV-CD & ( RPV-oMSIV + RPV-ILOCA) # $ (3) RPV releases bypass contamment and CS will not autostart. t

& inutoCS 1.0 00 $ Thus. no need to use sprays (i c., cat pres control not important) !

alianCS 1.0 00 5 (3) LPCI aligned m SDC-previous errors preclude credit for realignment i

rCS & ( nAC-CD + OSP-CD) 1.0 00 $ (4) CS recoverable, however, no ac power j
'

rCS 0 01 0 99 5 (5) CS recoverable & ac power is recovered-EP will require CS i'

Otherwise 0 01 0.99 $ (6) CS assilable-Cat Press. Control EP will require CS |
t

Do the operators depressurize the RPV during core damage?
RPV-II,P-CD RPV-l.oP-CD ;'

Op-RPV-CD 0.0 1.0 $ (1)- RPV open via a breach (i e, LOCA. MSIVs or I-LOCA)
nDC-CD 10 00 $ (2) no de power, thus, can't open SRVs

' RPV-ILOCA (IIEP-PRPV-IliP) (Excess) 5 (3). IIRA Quantification - Do the operators open the SRVs following
5 the recovery subsequent isolation of the SIX' F008 and F009 valves

RPV-lop-HCD 00 1.0 5 (4): RPV st low pressure before CD and still at low pressure ,

Otherwise (llEP-PRPV-IIiP) (Excess) 5 (5): RPV et high pressure. EP call for depressurization.

g 4

rn d
.

O Data: IIEP-PRPV-litP 0.054 BOUNDED LOGNORMAL 0.054 5 0 0010.999
- a-n
:;c

b. &
x >

_

Ub
t

;

,
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c d
( What is the status of the SRV vacuum breakers dunng core damage? 2'

o.
@ Op-SRV-Bkr Cis-SRV-Bkr h
Q RPV-lop-BCD 00 1.00 $ (1) SRVs open scry few SRV cycles, if any, thus, unlikely to fail tr '6 RPV-OVnt 00 1.00 $ (2). The open sent will limit the number of SRV cycles thus, failure unlikely~

Otherwise (SRV-VBkr) (Excess) $ (3) RPV vent closed and RPV is pressunzed - MUREG-1150 Quantification

Data: SRV-VBkr 0.25 UNIFORM 0.010.5 5 Based on NUREG-1150 Grand Gulf plant analysis (NUREG/CR-4551. Vol 6. Part 2)

is core cooling restored during core damage?
E-CorCool L-CorCool a-CorCool

IIPinj l .0 00 00 $ (1) This case mill never be used.
tilPinj & EAC-CD 1.0 00 00 $ (2) This case sdl never be used,
tilPinj & LAC-CD 0.0 10 0.0 5 (2) This case wdi neser be used.
RPV-IliP-CD 0.0 0.0 10 $ (3): RPV at high pressure and no high pressure makeup
nLPinj+p 00 00 1.0 $ (4): Low pressure makeup is unavailable due to operator ermr.
rLPinj & EAC-CD & ( Cis-RPV-CD + RPV-oMSIV + RPV-LOCA) # $ (5) LPinj recoverable early, ac power avail & not unisolated ILOCA

1.0 00 00 S Reevry of LPinj w/ an unisolILOCA would drain SP A iki Aux Bldg
rLPinj A LAC-CD A ( Cis-RPV-CD + RPV-oMSiv + RPV-LOCA) # $ (6). LPinj recoverable late, ac power assil. A not unisolated ILOCA -

00 10 00 $ Recsry of LPinj m/ an unisol. ILOCA would drain SP A fld Aux Bldg .VOtherwise 00 00 1.0 $ (7) Either no injection, no ac power or RPV not isolaied. f*"iWtD
4 What is the peak hydregen concentration in the containment during CD7 y"

112<4 112< 8 112< l2 112< !6 II2>I6
E-CorCool 1.000 0 000 0 000 0 000 0.000 S (ly lajection belove significant 112 production %
RPV-IliP-CD & nOCnt-BCD & /RPV-oMSIV & /RPV-ILOCA 8

0.014 0 095 0.127 0.207 0.557 5 (2y RPV at flip and CNMT Closed,
nOCNT-BCD & /RPV-oMSIV & /RPV-ILOCA #

0 010 0 060 0.140 0.205 0.585 5 (3)- RPV at imp and CNMT Closed.
RPV-IliP 0.066 0.213 0.303 0.243 0.175 S (4) RPV at IliP. CNMT Open to Aux. Bldg
Otherwise 0.040 0.205 0.325 0.250 0.180 5 (5y RPV at lop. CNMT Open to Aux. Bldg

What is the fraction of zirconium that is oxidized in the vessel during core damage?
ZrOxid<21 Zr0xid>21

112>l6 + ( OCnt-BCD + RPV-oMSIV + RPV-ILOCA ) & /112<4 A 412<8 # S(l) CNMT closed and 112 concentration greater than 16% or CNMT open
0.00 1.00 $ and 112 concentration is greater than 8%

Otherwise I.00 0 00 $ (2)CNMT closed and 112 < 16% or CNMT open and 112< 8%

Do the operators turn on the Ills during CD 7 5 This question is primarially concerned with whether the operators turn fils on following
nll!S-C D lllS-CD 5 the recovery of ac power but before the II, exceeds the safe zone.

< Ills-BCD 0.0 1.0 $ (ly lits pnor to core damage thus, still on
O. nlllS-BCD A / IE-SDO 1.0 0.0 $ (2) Not a SBO. operators fail to turn on Ills. thus, still off.
p EAC-CD + LAC-CD A (112<4 + 112<8) # $ (3) SBO. ac recovered early during CD or ac recovered late but ~ '

2
a

I

I
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(IIEP-liis-nSIlo) (1:xcess) $ 11, concentranon is less than 8%

Otherwise 10 00 $ (4) Either ac power recovered late dunng CD or wasn1 recovered.7 ,

2
Does an uncontrolled hydrogen combustion event occur during CD7-

nitm-ll2 Bm-II2 Brn-Dif
Ills-CD A iRPV-ILOCA A /RPV-oMSIV 00 00 1.0 $ (1)- Igniter are on with release of112 to CNMT
112< 4 10 00 00 $ (2): The 112 concentration is < 4%. wdl not bum

5 as a deflagration

/ IE-SBO + IE-SBO A EAC-CD 0 0 (Excess) (llm-nSilO) $ (3)- ACpower asadable (plenty oiignition sources)
IE-Sito A / nAC-CD 00 1.0 00 $ (4): 500 with late recovery of AC. ignition assured.

S however, concentration not known, assume high

IE-Sito (Excess) (llrn-SBO) 00 5 (5). 500, ac not recovered, few ignition sources

; Otherwise 1.0 00 00 $ This case shouldn't be used.

Data: Brn-nSBO 0.75 UNIFORM 0.51.0 $ ilased on NUREGCR-4551. Vol 6 (Appendix A)
Data: firn-SBO 0.5 UNIFORM 0 0 0.75 $ Mm & Max values correspond to ignition freq in NURE/CR-4551. Vol. 6. (Appendix A)

;

# What is the pressure in the containment dunng CD (no uncontrolled bum)? 5 This question addresses the pressure in the contaicment durrig
P-1 o P-Vot 5 core damage.

OCnt-LICD 'IO 00 $ (1) Containment is open, thus, pressure is low g i

Op-RPV-CD A / RPV-LOCA l .0 00 5 (2) RPV is open to containment or earbine building W ,

e
_ 1.0 00 $ (3) Cnt closed. MELCOR calc. indicate Pc 20 psig.Otherwiseg

Does the containme,t fail from quasi-static loads dunng core damage? ,

4

nCF-CD CF-Rpt CD CF-Lk-CD
OCat-BCD + Brn-Dif + nBrn-ll2 # $ (I) Either Cat open or Open MSIV.112 burned with

+ RPV-oMSiv 1.0 0 00 0 00 $ 1115. or no deflag.
112<4 +112<8 1.0 0 00 0 00 $ (2) Peak 112 concen. is < 8%

,

112<l2 0.79 0 19 0.02 5 (3) Peak H2 concen. between 8 & 12%
112<l6 0.13 0 49 0.38 5 (4) Peak 112 concen. between 12 A 16 %
112 +16 0 04 0.50 046 5 (5) Peak 112 concen. in > 16%
Otherwise 1.0 0 00 0 00 5 (6) This case shouldn't be used.

Do the operators vent the containment during core damage?
nVnt-CD Vnt-CD !

nCVS + P-Lo - 1.0 0.0 S (1): Either CVS not availabic, or CNMT pressure below vent threshold |

RPV-IliP A nOCnt-BCD & nCS-CD & RPV-lop-CD # $ (2). Cnt Pres > 20 psig and CVS availabile and operators previously

A ( aCVS' + rCVS A (EAC-CD + LAC-CD)) (IIEP-EVnt) - (Excess) $ followed CPC EP (i e., depressurized the RPV) '

7 RPV-IIiP A nOCnt-BCD A nCS-CD A RPV-liiP-CD # $ (3) Cnt Pres > 20 psig and CVS availabile and operators previously

A ( aCVS + rCVS A (EAC-CD + LAC-CD)) 1.0
_

- 0 00 5 faded to followed CPC EP (i.e., depressurized the RPV) . .

6 aCVS + rCVS & ( EAC-CD + LAC-CD) (IIEP-EVnt) (Excess) 5 (4)- Cnt Pres > 20 psig and CVS is available. EP requires venting d ' i

d Otherwise 1.0 0.0 $ (5). Cnt Pres > 20 psig, however CVS not available. 3
% . E. 's 7
I tnw-
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C 2
3' Data: IIEP-EVat 0 031 LOGNORMAL 0 0315 $
d E,.

>.~

Q What is the status of the containment during core damspe? C2

4 nOCat-CD OCnt-CD

I OCnt-BCD + Val-CD + InCF-CD 00 1.0 $ (1). CNMT open before CD. sented or fails during CD
"

Otherwise 1.0 00 $ (2). CNMT intact _

What is the size of the containment opening dunng core damage?
Ca t-R pt-C D Cnt-Lk-CD Ca t-N F-C D

nOCnt-CD 00 00 10 $ CNMT intact.
OCnt-BCD + CF Rpt-CD + Vat-CD IO 00 00 5 CNMT hatches open, vented or failed by ruptured
CF-l.k-CD 00 1.0 00 $ CNMT failure mode is a leak
Otherwise 00 00 1.0 $ This case shouldn't be used.

Does the auuhary building fail during core damage?
nOAut-CD OAu x-CD

OAu x-IICD 00 10 $ (1) Aux. Bldg open BCD ,

( RPV-ILOCA + RPV-oMSIV ) A Op-RPV-CD 00 10 $ (2) RPV open to aus. bidg dunng CD
noCnt-itCD Io 00 $ (3) Cnt closed BCD any Cet failure will be above Aux. Bldg Fw
15rn-il2 00 10 5 (4) II, in the Cat or Aux Bldg without Ills. posssble severe bem O
Dm-Dif 0 01 0.99 $ (5) 11, burns sin the it!S. thus,less severe burn M

4 RPV-LOCA 1.0 00 5 (6) 1.OCA with Open Cat. MELCOR shows no Early Aux. Bids failure g
RPV-OVnt + Op-SRV-Bkr 00 10 $ (7) ItPV head snt or SRV vacuum breaker open (Based on MELCOR) e"

Otherwise IO 00 5 (8): Intact RPV. steam condensed in suppression pool

5 - = = = = = = = = = = = = = E v en ts Accom pany in g Vessel B re ac h = = = == = = = == = = = = =- = = = = = = = = = = = = = = = = = = = == =

ls there mater in the RPV pedestal cavity just prior to VB7 5 This question addressed the amount of water in the pedestal cavity below the RPV
Cav-Dry Cav-Fid 5 Junng CD

Cav-Pd-BCD 0.0 1.0 S (1) Cavity flooded before CD. thus, still llooded
Otherwise 1.0 00 $ (2). No other souces of water to cavity, thus, dry

is the core damage process arrested in the sessel? $ This question addresses the coolabihty of the core debris in the vessel
nCDArrest CDArrest

( RPV-ILOCA + RPV-LOCA ) #
A Op-RPV-CD IO 00 $ (I): 1-LOCA not isoleted, thus, insufficient core coverage

E-CorCool 0.01 0.99 5 (2): Coolant restored early in the accident => hkely that debris is coolable
L-Co Cool (Excess) (CDArst-L) $ (3): Coolant restored late in the accident => hkely debris is not cootable
Otherwise 10 0.0 $ (4)- Coolant is not restored => debns is not cooled..

<
o. Data: CDArst-L 0.01 MAXIMUM ENTROPY 0000.010.5

?

:2
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7 What fraction of the core debris would be mobil at Vil?
y liiLiqVB 1 of.iqVB $ Quantificatum is based on NUREG-1150.
2 E-CorCool + L-CorCool 0 025 0.975 5 (I) Coolant restored dunng core damage

Otherwise 0.100 0.900 $ (2) Coolant either not restored or restored late in the accident-

Does a large in-vessel steam explosion occur? S This question addresses the hkehhaod that a large steam explosion occurs in the sessel
nVStmExp VStmExp $ Quantification- Mean salue is based on NUREG-Il50.

E-CorCool 10 00 5 (1) Coolant restored early => not enough core debris to result in a large steam explosion

R PV-lop-CD (Excess) (StmExp-lop) 5 (2) RPV is at low pressere and coolant is restored late or not at all
Otherwise (Excess) (SimExp-IliP) $ (3) RPV is at system pressure and coolant is restored late or not at all.

Data: StmExp-lop 0.86 MAXIMUM ENTROPY 000108610
Data: StmExp-liiP 0.10 MAXIMUM ENTROPY 0 0010.io 1.0

Does an Alpha mode event occur? $ This question addresses the likehhood that a large stm expls fails the RPV and Cat.
nAlpha Alpha $ Quantiikation is based on NUREG-II50. M

VSimExp & RPV-lop (Excess) (A-1.oP) 5 (1) Steam esplosum occurs when the vessel is at low pressure ,

VSimExp (Excess) (A-IliP) 5 (2) Steam explosion occurs when the vessel is at system pressure p,

Otherwisc 1.0 00 $ (3). There is not m-vessel steam explosion.

Data. A-lop 0.01 - Alpha-Dist / StmExp-lop $ The distnbution for Alphs mode includes the prob. of a steam explosion, thus, tog
l& Data: A-IliP 0.001 - Alpha-Dist /10 0 / StmExp-flip 5 make Alpha conditional on a Stm Expl, the Alpha distnb. is divided by the Stm :
2'

5 Stm Expl distnb. Note: Prob. of Alpha mode at high P is 0.1 the prob. at low P."

Data: Correlaw Alpha-Dist StmExp-lop 0 999
Data: Correlate Alpha-Dist StmExp-flip 0.999

Does a large in-vessel steam explosion fail the vessel?
SE-Alpha SE-Btild SE-L gBrch SE-Smilrch SE-n Fail 5 Quant. based on adjusted NUREG-ll50 values

Alpha 1.0 00 00 00 00 $ (1): Alpha mode occurs

VStmExp 00 0.20 0.10 0 10 0 60 $ (2): In-vessel stru Exp. occurs: Used M Berman values

Otherwise 00 0.0 0.0 00 10 $ (3): No Stm. Exp.

What is the mode of VB7
VH-Alpha VB Btild VB-LgBn h VB-SmBrch nVB

SE-Alpha 1.0 0.0 00 0.0 00 $ (1): Alpha mode event

SE-Btild 0.0 I .0 00 00 00 $ (2) StmExp causes bottom head failure

SE-1.gBrch 0.0 00 1.0 00 00 $ (3) StmExp causes large breach

SE-Smilrch 00 00 00 10 00 5 (4) StmExp causes small breach
7

CDArrest 00 00 00 00 10 $ (5) Core damse arrested insessel

IhLiqVB + LoliqVB 00 0 249 0 005 0.746 00 5 (6) No StmExp. No core coolmg
n
C Otherwise 0.0 00 00 00 1.0 $ This case shouldn't be used o

N 3
* 8.
5 ;

E *
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% Does high pressure melt ejection occur 7 )
O nitPME IIPME 5 This event is only used in the source term analysis 9-

I h nVB + RPV-lop-CD Io 00 5(l) Either no Vil or RPV depressurized h
~4

Otherwise 020 0 80 5(2): RPV fails at high pressure4

' *
Does a large ex-vessel steam explosion accompany VB7

nExSimE ExSimE
!nVI) + Alpha 1.0 00 5 (1): Either no vessel failure or alpha mode esent, thus, no ex-vessel steam explosion

Cav-Fid + E-CorCool + l CorCool 8 5 (2): Vessel fails into a flooded cavity or water enwrs cavity coincident with debris [
(Excess) (ExStmE) 5

.!

4 Otherwise 1.0 00 5 (31 Dry casity. Thus, no ex-vessel steam explosion.

IData: ExStmE 0 86 MAXIMUM ENTROPY 00010.861.0 5 Mean based on value used in NUREG-II5O

Does the containment fail from pressure loads accompanying VB7
,

nCF-Vil C F-Rpt-Vil CF-Lk-Vll
nV!! l0 0.0 0 00 $ (1) No VB thus, no loads to cause CNMT failure

| Cat-Rpt-CD + Alpha 1.0 00 0 00 5 (2). CNMT already fail or is open
RPV-IliP-CD A liiLiqVB D 22 0 35 0.43 5 (3) VB @ IliP with large amount of core debris ejected
RPV-IliP-CD 0.41 0 27 0.32 5 (4) VB @ lhP mith small amount of core debris ejected.

Cav-Fid A ZrOxid>21 0.90 0.04 0 06 5 (5): VB @ lop with flooded cavity and a large fraction.
,

4 5 of Zr oxidized4 ,

* Ca v-FlJ 0 82 0.10 0 08 5 (6) Same as above except small fract ofinves Zr oxid.1

lilS-C D 0.99 0 005 0 005 5 (7): Slow release of 112 with igniters on.
; nurn-ll2 A 112<l2 0 79 0.190 0 02 5 (8)- 8 to 12 % 112 accumuled BCD. no burn BCD ,

i nBrn-Il2 A Il2<f 6 0.13' O 49 0 38 5 (9): 12 to 16 % 112 accumuled BCD. no burn BCD |

nurn-ll2 A 112s16 0 04 0.50 0.46 5 (10) >l6% 112 accumuled BCD. no burn BCD
i Otherwise I .0 00 00 $ (11) (8% 112.secumuled BCD; no burn BCD

What is the sta as of containment integrity just after VB7 5 Note: This does not include II.OCAs
,

nOCnt-Vil OCat-VB
OCnt-CD + nipha + /nCF-VB 0.0 1.0 5 (1) CNMT hatches open or fails durmg CD or at VB .j
Otherwise 1.0 0.0 5 (2): CNMT is intact i

What is the size of the containment opening just after VB7 5 Note: This does not include ILOCAs
| Cat-Rpt-VB Cat-Lk-VB Cut-NF-VB
'

nOCat-VB 0 00 0 00 1.00 - 5 (1). The CNMT is intact
'

Cnt-Rpt-CD + Alpha + CF-Rpt-VB 1.00 0 00 0.00 $ (2) CNMT rupture during CD or VB or Alpha failure
Cnt-Lk-CD + CF-Lk-VB 0.00 1.00 0.00 $ (3) CNMT leak @ CD (and no rupt @ VB) or leak at VBj-
Otherwise 0 00 0.00 1 00 $ (4): No CNMT fadure; 4

! b I

p Does the auxiliary buildinB ait just after VB7f

?
3

.

L

i
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nOAux-Vil OAux-Vit
'

7
-e OAux-CD 00 1.0 $ (1) Aux llidg has already failed

5 nOCat-ilCD A /RPV-ILOCA A ,RPV-oMSIV IO OO 5 (2)CNMT was closed and no ILOCA or no open MSIV

Otherwise 00 1.0 $ (3)- MELCOR calc. show Aux. Bldg will fail shortly mRet Vil-

5..... ...m............== Event Associated with Ex-Vessel Phase of the Accident * ~ = =========== = ===

What is the status of de power late in the accident?
nDC-Late DC-l. ate

/nAC-CD 0 00 1.00 S (l); ac power avail, thus. dc available

nDC-CD 1.00 0 00 $ (2) de power not available before CD.thus, not avail. late

IE-Wm l 0.18 0 R2 - 5 (.4) no ac or de during CD for TW-1

IE-Win 2 0.16 0 84 $ (4) no ac or de dunng CD for TW-2

Otherwise 1.00 0 00 5 (5). This case shouldn't be used

i
is ac power recovery late in the accident?

, ,

i

nAC-Late OSP-Late AC-l. ate

/nAC-CD 00 0.0 l0 $ (1): ac power available during CD w
)

n DC-Late 1.0 00 00 $ (2). no de late, no ac

IE-Wini (Excess) 00 (AC-LAT-TWI) $ (3). SHO TW-1: no ac during CD. de avail. late

IE-Wm2 (Excess) 0.0 (AC-LAT-TW2) 5 (4). SBO TW-2: no oc during CD, de avail. late
e

Otherwise 0.0 00 1.0 $ (5). Inis case shouldn't be used. g
g A

Data: AC-LAT-TWI 0.5 File CSLPS\POS5CALCiLilS200MPETMCRECHE.LSP
Data: AC-LAT-TW2 0.5 File C:\LPS\POS5\ CALC \LilS200MPETMCRLCllE.LSP

Is the core debris in the cavity cootable?
nCCI FidCCI DryCCI

nVil 1.00 0 00 0 00 $ (1). Vessel doesn't fail

Cav-Dry A n-CorCool & /aLPinj 0 00 - 0 00 1.00 S (2). LP inject. will not start at VB

Cav-Dry & RPV-IliP-CD 0.80 0.20 0 00 5 (3): Cav. Dry and vessel fails at high pressure

Cav-Dry 0.16 0 84 0 00 $ (4): Cav. Dry and vessel fails at low pressure

Cav-FId A RPV-lhP-CD 0.80 0 20 0 00 $ (5) Cav. Flooded and vessel fails at high pressure

Cav-FId A liiLiqVB 0.16 0 84 0 00 $ (6)- Cav. Fid, vessel fails at LP with lots of debris

Cav-Fid 0.40 0 60 0 00 $ (7). Cav Fid, vessel fails at LP with httle debns
'

Otherwise 1.00 0.00 0 00 $ This case shouldn't be used.

Do the operators vent the containment after VB7
i7 nVnt-l.aie Vnt-Late

nCVS + Cnt-Rpt-VB + Op-RPV-CD & # $ (1): Either CVS not available, the Cat is open, or the RPV
dm

O ( RPV-ILOCA + RPV-oMSIV ) 1.0 00 $ is open to the Cat or turbine bulding.

Q aCVS + :CVS A AC-Late (IIEP-EVnt) (Excess) 5 (2). Cnt Pres > 20 psig and CVS is available. EP requires venting }
e-

r x ,

D,

'w
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C 4

$ Otherwise 10 00 $ (3) Cnt Pres > 20 psig however CVS not available. $

Q Does the contamment fail late in the accident? m
6 nCF-Late CF-R pt-l. ate CF-1.k-l. ate

'i' OCnt-VII + Vnt-Late 10 00 0 00 $ (I) Containment already breached.
"

Otherwise 00 0.5 0.50 $ (2) CNMT fails from late oserpressariation by steam
$ (3): Mean of failure distnbution

What is the status of the contamment late in the accident?
nOCnt-Late OCnt-Late

OCnt-VH + Vnt-Late + InCF-Late 00 10 5 (1) CNMT already open or fa !cd
Otherwise 10 00 $ (21 CNMT intact

What is the size of the containment opening late in the accident?
Cnt-Rpt-Late Cnt-I L-l. ate Cnt-NF-Late

nOCnt-Late 00 00 10 $ (1): CNMT intact
Cnt-Rpt-Vil + Vnt-Late + CF-Rpt-Late 1.0 00 00 $ (2). CNMT rupture or open
Cat-Lk-Vil + CF-Lk-Late 00 1.0 00 5 (3). CNMT fail as a Icak (no rupturec)
Otherwise 00 0.0 1.0 5 This cow shouldn't be used.

5==---===---------===Hinner---=====----==-========-=====--=========--=======--====--------====

f Ilinnmg: POS5-Sample
0* PDS g

i PDSI PDSI-I 4
2 PDS2 PDSI-2 h
3 PDS3 PDSI-3
4 PDS4 PDSI-4
5 PDS5 PDSI-5
6 PDS6 PDS2-I
7 PDS7 PDS2-2
8 PDS8 PDS2-3
9 PDS9 PDS2-4
10 PDSIO PDS2-5
11 PDSil PDS2-6
12 PDS12 PDS3-1

CNT-STATUS
I OCnt-BCD OCat-BCD
2 Vnt-CD Vnt-CD
3 Cnt-Rpt-CD Cnt-Rpt-CD
4 Cnt-LL.CD Cnt-Lk-CD<

SL $ Cnt-Rpt-Vil Cnt-Rpt-VH

p 6 Cnt-Lk-VB Cut-Lk-VB

?
a

w



_o

p 7 Vnt-Late Vn t-1. ate

m R Cnt-Rpt-Late Cat-R pt-l . ate
$ 9 Cnt-Lk-Late Cut-Lk-Late

10 Cni-NF-Late Cat-NF-Late-

AUX-STATUS

I OAux-HCD OAux-HCD & (OCnt-HCD + RPV-oMSIV + RPV-ILOCA) $ Only want to consider eux bldg open if releases go throug'n
2 OAux-CD OAux-CD & (OCnt-liCD + RPV-oMSIV + RPV-IIA)CA) S aus. bldg.
3 OAux-VII OAus-Vil & (OCnt-HCD + RPV-oMSIV * RPV-ILOCA)
4 nOAus nOAux-VH + nOCnt-HCD & /RPV-oMSIV & /RPV-II.OCA
DW-STATUS
I Op-DW-IICD Op-DW-IlCD
2 Cis-DW-HCD Cis-DW-HCD
RPV-ISO
I Iso-RPV-E RPV-II P + RPV-lop

2 RPV-LOCA RPV-11)CA
3 Iso-RPV-CD Cis-RPV-C D
4 niso-RPV-CD Op-RPV-CD
RPV-VN T
I RPV-nVnt R PV-nVnt
2 RPV-OVat RPV-OVnt

(
SRV.VHrkg

6 I OSRV-Hkr Op-SRV-Hkr
'

2 cSRV-Ukr Cis-SRV-Hkt
RPV-Vil

.

I RPV-lhP-ninj RPV-liiP-CD & n-CorCool & /nVil
2 RPV-LcP-ninj RPV-lop-CD & n-CorCool & /nVil
3 RPV-liiP-Inj RPV-lhP-CD & InVil

- 4 RPV-lop-Inj RPV-lop-CD & inVil

5 nVH-lhP RPV-IliP-CD & nVil
6 nVil-lop RPV LeP-CD & nVil
CNT-SPRAYS
I nCS-CD nCS-CD
? CS-CD CS-CD
ZPOXID-CD
I 2:C ul-Ili Zroxid >21
2 ZrOxid-le Zroxid<21
IIPME-SE
I IlillPME IIPME & IlitiqVII
2 LollPME IIPME
3 IItEXSEg ExStmE & thliqVil

O 4 Lol:XSE ExStmE dO 5 nilPME-SE nilPME & nExStmE 'dN :s

- m
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c 35 s
n TYPE-CCI $9 I Dr>CCI DryCCI

0 2 FidCCI FidCCI w

6 3 noCCI nCCI
E lE TIME

I IL -Win t IE-Win t
2 IE-&2 IE-W m2

3 IE-Wir3 IE-Wm3
SP-TEM P
1 SP-SupClJ SPT-Sub
2 SP-Sat SPT-Sat

$ = - - - - = = - - - - Sortm g & R e-Bin n in g Com m en d s - - -- - - - - = - - --- = = = = = = = = = - = = = = = - - = = = = = = = - - = * - = = = = - - - - = = - - -- - - - - ---= = = =

Sorting:
CNT-STATUS ,

{"""1w
M.Rebinning: 44

s-----------Distnbutens----------------------==------------=-==~-----=------------------------- %.
Frim j

L Dataset
[=jRAN-REC-LOSP 250 UNIFORM 1.0 500,999

SFPI-I 0.092 File C:\LPS1POS5'CALOLilS200MPETtGGP5PDS LIIS
SFPI-2 0.042 File C$LPSiPOS5iCAl.CTLIIS200% PET \GGP5PDS LilS
SFPI-3 0,158 Fde C$LPS\POS5' CALC 111S200% PET \GGP5PDS LilS

SFPI-4 0 065 File CSLPS\POS5iCALC\LilS200iAPET\GGP5PDS LIIS
SFPI-5 0.012 File C$LPSiPOS5\ CALC \LilS200% PET \GGP5PDS.LilS
SFP2-10 014 File C:\LPSiPOS5'CALCLilS200% PET'OGPSPDS.LilS
SFP2-2 0.214 File C$LPS\POS5\CALCillS200% PET \GGP5PDS LilS
SFP2-3 0 020 Fde C$LPS\POS5\ CALC 111S200%PETiGGP5PDS.LilS
SFP2-4 0 043 File CALPS\POS5iCALC1115200% PET'GGP5PDS Lils
SFP2-5 0.091 File C.\LPSiPOS5\CALCLilS200% PET \GGP5PL)S LilS
SFP2-6 0.021 File C$LPS\POS5\CALOLilS200% PET \GGPSPDS LIIS
SFP3-1 0.102 File CALPS\POS5' CALC \LilS200% PET \GGP5PDS Lils
Alpha-Dist 0.001 CONTINUOUS LOGARITIIMIC 14 #

9.99E-8 0 0000 8
1.00E-7 0.1818 #
l .00E-6 0.2696 #

< l .01E-5 0.3552 #
<

-- 1.00E-4 0.5611 #

.o 1.00E-3 0.7162 W

5
2
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5 03E-3 0R2008p
1.00E-2 09111 #m

$ 3.71E-2 09670 #
5.42E-2 0 9760 #-

1.01 E-1 0.9R44 #

2.81 E-l 0 9920 #
5.70E-l 0.9960 #
9.97E. I I0000

STVARI 0.5 UNIFORM 0 01.0
STVAR2 0.5 UNIFORM 0 010
STVAR3 0.5 UNIFORM 0.01.0
STVAR4 0.5 UNIFORM 0.01.0
STVARS 0.5 UNIFORM 0.01.0
STVAR6 0.5 UNIFORM 0.01.0
STVAR7 0 5 UNIFORM 0.01.0
STVAR8 0.5 UNIFORM 0 01.0
STVAR9 0.5 UNIFORM 0.01.0
STVARIO 0,5 UNIFORM 0 010

STVARll 0.5 UNIFORM 0 010
STVAR12 0.5 UNIFORM 0.01.0
STVAR13 0.5 UNIFORM 0 01.0
STVARl4 0.5 UNIFORM 0 0 t o

~ d

7,
C
$ @o 2a

E.* wy
m

0
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D3 AFT
Ap ,en s B

B.3 Quantification of the POS 5 APET

! This appendix provides supporting information for the quantification of Accident Progression Analysis. Appendix B 31 lists
the sources of mformation that were used to quantify the APET. Appendix B.3 2 provides the rationale that was used to
determine the human error probabilities that were used in the liuman Reliability Analy sis.

B.3.1 Sourtes of Infonnation Used to Quan6fy the APET

Table B 3.1-1 lists each question m the APET and indicates whether or not it was included in the uncertainty analysis (i e ,
sampled) and lists the primary sources of information that were used to quantify the question. Also, if the question was |
included in the uncertainty analysis. Table B.3.1-1 identifies the distribution that was used to characterize the uncertainty
and the variable name. A more detailed discussion of the 4.lormation sources used to quantify each question is provided
in the discussion of each question in Appendix B 1

| |
| !

I

i
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'lable 11.3.1-1,

( AIET Quantification
=
;1

APET Queshon Sampled thstnhusen Type Vanable Name Quantificaram Source_

What is the Plant Damage State? Yes Computed from IRRAS SFPI-l.. SFPJ-l Hased on IRRAS (hnput

What is the status of electnc power at core damage (CD)(PDS Char.1)? No Nme PDS Desenptxm

What is the status of de power at CD (PDS Char. I)? No See PDS Descripten

What is the status of hegh pressure injecten at CD (PDS Char. 2)? No Me PDS Demnption

What is the status of low pressure enfection at CD (PDS Char 2)? No None PDS Desenplam

What is the status of containment sprays and SPC at CD (PDS Char. 3)? No None PDS Description

What is the suppression pool level at the onset of CD (PDS Char. 4)' No None PDS Desenption

What is the suppressioet pool temperature at the onset of CD (PIE Oar. 3)? No Nme PDS Descnptxm

What es the status of the reactor head vent at the onset of CD (PDS Char. 6)? No %me PDS Dewremn

What is the status of the RPV integrey at the onset of CD (PDS Char. 7)? No Nme PDS Desenpaion

g What is the statue of the CNMT access pene' rations at CD (PDS Char _8)7 No %me PDS Desenpuon

! What is the status of the CNMT vent system at the onset of CD (PDS Char. 9)? No N.me PDS Desenpuon

When does CD occur (PDS Ger.10)7 No None PDS Desenpten

While m POS 3, when does the initiateg event occur (PDS Char. II)? No Mme PDS Descnption

What type of event initsstes the accident? No Kme Summary

What is the pressure in the RPV at the tune of CD? No None Summary

flow much water is a the teactor pedestal cavay at the time of CD7 No None Summary

is the contamment equipment batch opened at the start of the accident? No None Imtial Conditions

Do the operaton close the .- r before CD? Yes IW WNDED IJ K1 NORM AL llEP3-CNT IIRA Analysis
Mean = 0.102 EF = 3 [ Appendix B 3|

Does the auxihary buildog fail before CD7 No None MEl.COR Calculations
|NUREGCR-6143. Vol. 6, Part 2]

What is the status of the drywell before CD7 No None Initial Conditions
;c
M
0 >
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3 Table 113.1-1 (continued) $.

*n AI' lit Quantification UX

APET Questen Sampled Ihtntmine Type Vanable Name Quarnificasen Source

IM the operators tm:s on the 1115 befece CD? Yes IAMWORMAI.:
M N = 0 054, IIEP-IIIS-nSDO IIRA Analysis
EF 5 [Appendit IU)

I :Jo None Staten Battery Failure CurveIM the staten baneries depleted dunng CD7
[%heler, et al.,1989]

is of1 site power restored dunng CD7 Yes LOSP Non-recovery curves AC-ECD-TWI See Volume 2 of this report for
AC-LCD-TWI Curves. Probabeldnes calculated using

| AC ECD-TW2 ACRECBE FOR
AC-LCD TW2

is the NPV .solated dunng CD7 Yes MAXIMUM ENTROPY ISO-SDC Project Staff
immer Fnd 0.5
Mean: 0 9

'

Itprer End.10

Ib the operators imtiate c( ..___.. n: sprays dunng CD? No None PDS

j Do the operators depressurue the RPV dunng CD? Yes IW RTNDED 13 KiNORM AL llEP-PRPV-IliP llRA Analysis %'

Mean = 0 54 EF = 5 {Appendit B.3] r
.

What is the status of the SRV vacuum breakers dunng CD7 Yes UNIFORM SRV-Vilkt NUREG-l150
Mm. - 0 01 [Hrown, et al.,1990|
Max. *0.5

is core coohng restored dunng CD? ' No None

What is the peak hydrogen concentration in the s- : - ;dunng CD7 No None NUREG-1150
|Ilarper, et al.,1991|

What is the fracten of zirconame that is oxidued in the vessel dunng CD7 No None Summary

! lb the operssors turn on the HIS dunng CD 7 Yes IIKINORM AL llEP-Ills-CD flRA Analysis
Mn= 0.034. EF= 5 (Appendix B.3)

[bes an uncontrolled hydrogen , - event occur danng CD7 Yes UNIFORM: Hrn-nSIM) liased on NUREG-1150*
-

Mm. - 0.5, Max. = 1.0 [lirown, et al.,1990]
trNitORM: Ilrn-SIM)
Mm. = 0 0, Max. 0.75

<"
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Q Table IU 1-1 (continued)

5 Al' lit Quantification

APET Questum Sampled thstnhution Type Varrehle Name Quantification Source

|
What is the pressure m the containment dunng CD (no uncontrolled burn)? No None Project StafT

Does the contamment fad from quasi-static loads Jurmg CD? No None Based on NUREGII50
[Ilrown, et al.,1990)

Ib the operators vent the cc 2.._., : durmg CD? Yes IIXiNORM AL IIEP-EVat IIRA Analysis
Mn = 0 0.11. El'= 5 (Appendix BJ|

What is the status of the containment dunng CD? No Nme Summary

What is the size of the containment openmg dunng CD7 No None Summary
,

IWs the munihary Inniding fad dunng CD? No None Project Staff

is there water en the RPV pedestal cavity just prior to VB? No Nonc Summary

Is the core damage process arrested in the vessel? Yes MAXIMt!M EN~IROPY CDArst-L Project StafT
~

tower llound = 0 0
Mean = 0 0Ig

i L Upper Ikmnd = 0.5
m

What fraction of the core dehns would be mobd at Vil? No None bliREG-II5O
*|Ikown, et al,1990)

Ikes a large in-vessel steam explosion occur? Yes MAXIMUM ENTROPY StmEmp-leP Project Staff: Mean value based on
lower flound = 0 001 NUREGil50 .

Mean = 0 E6 |Ihown, et al.,1990| [

I?pper Ilmmd = 10
MAXIMUM ENTROPY SimExp-hip

lower flound = 0 001
Mean = 010
Upper Iknual = 1.0

'
thes an Alpha mode event occur? Yes Aggregated Distnbution A-leP SVREGI150

Aggregated Distnbution A-lhP NUREG-Il50

Does a large in-vessel steam explosion fad the vessel? No None NUREGI150

What is the mode of VB7 No None hTREGI150 |

'4 !

thes high pressure mek ejection occur? No None NUREGI150 |

e a
n 2
? 11., * sr-
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Table 113.1-1 (concluded) 9- ,

O x
6 Al' lit Quantification m
x

a
- APET Question Sampled thstnt= tion Type . Vanable Name Quantsfication Source

a
Ikes a large ex-vessel steam expksson accompany Vil? Yes MAXIMUM ENTROPY ExSimE Project StafY: Mean values based on

Inwer Hound = 0 001 NUREG-1150

Mean = 0 R6 |lkom et al.,1990|
Upper ikumd - 1.0

Does the contamment fad from pressure loads accompanying Vil? No None . Based on NUREG-1150
|Ikovm. et at,1990| ,

What is the status of coritamment enegnty just after VB7 No None Summary

What is the size of the c wtamurent opening just after Vil? No None Summary

Ikes the suuhary butkling fed just after VB7 No None Project Staff

What is the status of de power lese m the accident? No None Station Hattery Failme Curve .

1 lWheeler.et al,19891

f
ts ac power recovery late in the accident? Yes LOSP Non-recovery Curves AC-l.AT-TWI See Volume 2 of this report for

'

AC-LAT-TW2 Curves, Probahdeties calculated wah

4
g ACRECBE.FOR*'

.

m
is the core debris in the cavdy coolable? No None NUREG-1150

likown, et al.,1990|

Do the operaeors vent the contaanment after VD? Yes Same distnbutre that was
used for venting dunng core
damage

Does the c *- - fad laae in'the accident? No None Project Staff

What es the status of the m; - late in the accident? No None Sumenary

t

j What is the size of the containment opening lese in the accident? No None Sununary

i

!

(

i
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Appendix B

B.3.2 level 2 Iluman Reliability Analysis

This appendix describes the Iluman Reliability Analysis GIRA) that was performed for the Lesel 2 analysis. The approach
used m this analysis is the same approach that was used in the Level 1 analysis The general methodology used for
conducting the llRA and determining the lluman Enor Probabilities OIEPs) for the identified human actions was the
Accident Sequence Esalvation Program lluman Reliability Analysis Procedure (ASEP 11 RAP)[ Swain,1987]. The details of
the IIRA methodology used in this study are described in Chapter 10 of Volume 2 of this report.

The following four IIEPs were developed for the Accident Progression Analysis:

IIEPl: Closure of the containrnent before the onset of core damage,
,

11EP2: Initiation of the liydrogsn igniter System,
llEP3: Initiation of containment venting, and
11EP4: Depressurization of the reactor vessel during core damage.

A simple listing of each of the Level 2 human actions its mean IIEP, and its associated error factor is presented in Table
B.3 2-1. The calculation and supporting rationale for each of the individual llEPs using the ASEP liRAP procedure is
presented in Tables B 3 2-2 through B 3.2-41. According to the ASEP llRAP, the IIEPs obtained with the ASEP llRAP
procedure are assumed to be median salues from a lognormal distribution The median values were converted to means for
use m the anal) sis using the following formula

Mean = Median * cxp{{ in (error factor)]2 / 5 412}

Table B 3 2-1
Sun. mars of IIEPs for Level 2 Analysis

IIEP Distribution Mean Value Enor Factor

llEPl Lognormal 0 102 5

llEP2 Lognormal 0 054 5

IIEP3 Lognormal 0 031 5

liEP4 Lognormal 0 054 5

Reference

[ Swain,1987] A. D Swain, " Accident Sequence Evaluation Program liuman Reliability Aralysis Procedure,"
NUREG/CR-4772, February 1987.

Vol 6, Part 1 B-77 NUREG/CR-6143
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>'Z 7c
:d Table B.J.2-2 7

om
o IIEP 1 Calculation 9-

*
fi tnx
4 Iluman Actiim Event (1) Containment Closure

Event Description (2) Containment Closure is the operator action to diagnose the need and accomplish the actions leading to containment
closure.

Event Context (3) An initiating event has occurred and vessel temperature is increasmg due to inadequate decay heat removal. If the
operators initiate containment closure early enough, the negative impacts of accident scenarios resultmg in core
damage can be lessenedj

Applicable Procedures (4) No specific procedures indicate when containment should be closed. liowever, the GGNS Shutdown Protection
Men used during refueling outages specifies that containment not be open during Operating Condition 3. If vessel
water temperature exceeds 200 degrees F with the vessel head on. Operating Condition 3 is entered GGNS does

{
have procedures describing the process of containment closure.

l )-
1 N
l Table B.3.2-3

>k(3 IIEP 1: Sequence Timing and Indications
$ %

. Esent/Occurwace Tinee (T ) Annunciatorfindication Comuments/

(or nonst intenet) Operneor (3) Source of a
,

l (I) Alerted Infensension

f (2) (4)

Operators need to O Vessel water temperature has increased to 200 degrees The assumption that the cue for containment

initiate containment F. due to inadequate decay heat removal. With the closure occurs at time *0* is appropriate because

closure early in accident vessel head on and vessel temperature at 200 degrees the T-Il Calculations for the time available to
scenarios in order to F, Operating Condition (OC) 4 is left and OC 3 is close containment before core damage etc.,

lessen the impact of core entered. In OC 3, containment is supposed to be assumed vessel temperature was initially at 200

damage. closed per the GGNS Shutdown Protection Plan. degrees F. While vessel temperature could, in
interviews with operators indicated that they would fact, be <= 140 degrees when the initiating event
begin to close containment when vessel temperature occurs, the time available for the crew to close

reached 200 degrees. Interviews also indicated that an containment would functionally be the same
inability to establish a normal means of sliutdown because their is no reason to assume that they

coolmg within I hour of an accident would also be a would initiate containment closure prior to
< cue to initiate containment closure. vessel temperature reaching 200 degrees F.
.o.-

g

2
-
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Talle B.3.2-4
' IIEP 1: Posential Operator Actiony ,

5
Desedpelen Nunser of Actisities (Taslo) Comunents/

'

-

of Event Abnennel Esents Reigelred to Perfome Seesee of infernanden

(1) 12) Action and Procedures (4)
(3)

For any number of possible One 1. Close containment equipment Descriptions of activities and times
reasons, a condition of inadequate hatch, including using crane to required to accomplish the
decay heat removal exists and move 19' high hatch into place and necessary actions were obtained<

normal means of SDC are not torquing down nuts to seal through telephone discussions with -;
available. Vessel temperature is containment. plant personnel and through
approaching boiling responses to written questions#

( > 200 degrees F) and the - 2. Close airlock at i191csel, submitted to GGNS.
operators could decide to close includmg removal plywood frame,
containment to avoid problems cables, hoses, etc.

later if they are unable to restore ,

adequate cooling. 3. Close airlock at 20W level '

! Significantly less removal of [,
L matenal required at this airlock '

,

* than at 119'. ,

| ,

i

Z
h
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m Table B.3.2-5 1

g-y IIEP 1: Time Asmilabic en Diagnose and Perform the Task ;E
._.

i Action 71 nee by which Time at Which Maxinem Time Conwnents/
?; (I) Opermeer Must Operaser As allable Seesec of Infomention

Act (T,J is Alested so Perform she (5)
(2) slaat Sy mpeom Identified

has Occurved (T,) Opermanr Activities
(3) (T )

(4)

Diagnose the 5 hours 0 5 hours MEl.COR calculations indicate, that for cases
need and carry- where the containment can be closed, that TAF
out the actions would not be reached for 8 to 10 hours.
required to Ilowever, with the head vent open, the
close primary temperature in containment (in the very worst
containment. and unhkely case) could reach 123 degrees in 5

hours and up to 145 degrees in 8 hours. It was y*

judged that temperatures greater than 123 degrees
u;

might restrict the crews ability to work ing
containment. Thus,it was conservatively assumed
that they would only have 5 hours. It should . '

noted. however, that the containment cooling
system would have to fail and the initial
contamment temperature be at 100 degrees at the
start of the accident (both of which are unhkely)
for containment to reach 123 degrees in 5 hours.

l
I
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Table B.3.24,

h IEEP 1: Operator Action Performance Time
E
- Activities location Travel IVrformance Total Comments /

(I) (2) Time (T,) Time (T,) Action Source of Information
(3) (4) Time (T,) (6)

15)

1. Close containment inside wall of - Estunated travel 4 hours Specific estimates regardmg performance time were obtained
eqmpment hatch, pnmary and perfc.rmance from GGNS personnel. Per the GGNS Shutdown Protection
including using crane containment time for closmg Plan, ditTerent groups of individuals are assigned
to move 17 high hatch the eqmpment responsibility for closing the hatch, and the two airkicks
mto place and torquing hatch was 4 dunng an outage. Thus, closing of the airlocks could be done
down nuts to seal hours. in parallel with the closing of the hatch GGNS personnel
containment. claim that the hatch could be in place with the nuts on m

about 2 hours An additional hour would be reqmred to
torque down the nuts to ensure an air tight seal. This
estimate assmnes no problems occur, e g., problems with the
crane. Thus, to provide some accounting far potential delays,
it was assumed 4 hours would be necessary to seal

m containment. Ilus estunate also assumes a crew of four
$ would be available to close the hatch.

2. Close airkick at I17 level in - Estimated travel 0 mmutes. GGNS estimated that the plywood frame (which is bmit to *

1171evel, including containment and performance Assumed help reduce contamination) could be dismantled, the qmck
removal plywood time for closmg to be done release hoses detached and throwwut, the electrical wires
frame, cables, hoses, the airlock was I in parallel disconnected, and the 117 level airlock shut within a hour
etc. hour. with hatch "easdy" (it takes about 10 min. to close the airkicks

clostue themselves. The inner door alone will seal containment.

3. Close airk>ck at 208' 208' level in - Estimated travel 0 minutes With less material to be removed, GGNS estimated it would
level. Significantly less containment and performance Assmned take 30 minutes to close the 208' level air lock.
removal of matenal time for closing to be done
required at this airkxk the airkick was 30 in parallel Regardless, both airlocks could be closed in the time
than at 117. minutes with hatch required to close the hatch.

closure

Z 4 hours

k Total
m
k **3
a 2x o
db 9-

*%
w m

_ _ _ _ _ .
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M Tabic B.3.2 7 ]
C

,

E9 IIEP 1: Diattnosis Time for Operator Action *

o tox
6 Action Masinium 'Ilme Total Action Tinse Available Conunents/

g (1) Availmhie (T ) Time (T,) to Diagnosis (TJ Severe of~

(2) (3) (4) Infornention

(5)

thagnose the need to 5 hours 4 hours 60 minutes

stutiate containment closure

Table B.3.2-N
llEP 1: Diagnosis Analysis

Action Failuee so Skill-Based Adjussed/ Conineents/

(1) Diagnose (3) Hnal llEP Seusce of Infernemelen

(2) (4) (5)

Ihagnose the need Per ASEP IIRAP Table 8-3, Median = 1.0E-4 Discussions with plant personnel indicated

to initiate the median value from ASEP that the operators would be concemed about

containmem closure. Figure 8-1 for 60 minutes EF = 30 an open containment and would initiate I
diagnosis time was assigned. closure if vessel temperature reached 200

Mean = 8.5E-4 degrees F. Ilowever, they also acknowledged
that they would not want to unnecessarily
close containment. One operator indicated that
even if 200 degrees was not reached,if they
were unable restore normal shutdown cooling
in an hour, then they would initiate

,

containment closure.

<
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Table B.3.2-9p
y IIEP I: Post-Diagnosis Action Type Identification
3 per Ssep 10, Table fB-I of ASEP llRAP
_

Action Safety Syseesus EDIN, Training, Indisidual Dynande er Comunents/

-(t) Failed Use EOPs Well Operator Must Step-by-Step Seusee of

(2) Designed EOPs Perfenn Concurwnt (5) Infonnation

-(3) Tasks (6)
(4)

Close N/A - Operators may or thscussions with No Step-by-Step

containment may not have entered plant personnel
equipment EOPs at this point. indicated that they
hatch and both Regardless, closing were knowledgeable
airlocks. containment is carried-out about the need for

by individuals other than the actions and the
operators and is clearly a requirements. -

step x step task.
.

. -

8
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)$ Table B.3.2-10

k IIEP 1: Post-Diagnosis Stress-level Identification $
.c per Step 10 Table fi-I ef ASEP IIRAP W:
*
* Action T,, <2h Reelee. Mese Opermeer Steess level Comumental

(I) Aher Phase Than Twe Fansiliar (6) Seesee ef Infernension
IE in Safety WISE y nce (7)3

(2) legte Systenu (5)
LOCA Fail

(3) (4)

1. Close N/A' N/A Maybe May be lixtremely With the crew being instructed to close
equipment liigh containment in an emergency (accident)
hatch situation in which containment temperature

is likely to be increasing, extremely high
stress must be assumed.

2. Close N/A' N/A Maybe Maybe Moderately Since closing the airlocks can be done
airlocks at liigh essentially in parallel with closing the
119' and hatch, the time available to accomplishe

de 20Wievel these tasks is much greater than that for
^

closing the hatch. In addition, the work for P-
closing the airlocks could be done before %
containment temperature has increased
much and,in any case, the work is mainly
done in the door area. Thus, only
moderately high stress was assumed for
these actions.

| At least moderately high stress was assumed for all events.'

<
S,

e
k f

5

_ . _ . _ _ _ __ . - - - - - - - - . .- , , . .. . _ . .-_ _ _ . . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ . _ _ _ . . _ _____m__ _



. - - - - _ -

<

Table 11.3.2-11

IIEP I: Total llEP?
::
~

Action Odginal Independent Tetal llEP EF Comments /

(I) Operator llEP Cheek /Conection (4) (5) Source of

(IIEPJ IIEP Information

(2) (IIEP,,) (6)

(3)

1. Diagnose need to Median = 1.0E-4 Med. Mean (30)

close primary EF = 30 i OE-4 8.5E-4

containment Mean = 8.5E-4

2. Close containment Median = 0.05 Does not really make sense to gise credit for a Med. Mean (5)

equipment hatch. Mean = 0 081 second check on closing the equipment hatch. 0 05 0.081

including using crane There would very likely be insufficient time to

to move 19' high get it closed if the crew failed to start the task

hatch into place and when directed Similarly, assuming some sort of

torquing down nuts to unnoticed enor in scaling the hatch was possible

seal containment. (it is difGcult to think of one), the time available
e
g would most hkely be insufGcient.

3. Close airlock at Med. = 0 02 Credit for a second check was given in this 0004 0.01 (5) Second check g
i191evel, includmg Mean = 0 032 instance. Given the number of people around ilEPs are

D<
removal of plywood during shutdown, the fact that a speciGe team is multiplied by

frame, cables, hoses, responsible, and the ample time available, a the original IIEP

failure to start this task could be recovered. for each action.
etc.

Second check values for action 2 were:
Median = 0 2
Mean = 0.323

4. Close airlock at Med. = 0 02 Yes, rationale the same as for airkick at i19' O004 0_01 MJ_ The error factor

20W level. level 0.058 0.102 (5) associated with
the dominant

Sigmficantly less Mean = 0.032
Total Median llEP llEPs was

I removal of material
=0 058 assigned.

| required at this airlock

| 2 than at 119*.
Total Meang dIIEP = 01029 76 o

:o E.
[ .L_s

*
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w
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Q IIEP 2 Calculation SiO
N to
6 Iluman Action Event (1) Initiation of Ilydrogen Igmter System
Z
"

Event Desenption (2) Initiation of the flydrogen Igniter System (1115) is the operator action to diagnose the need and accomplish the
actions leading to the hydrogen igniters being tumed-on per procedure.

Event Context (3) An initiating event has occurred and the reactor vessel lesel has dropped to Top of Active Fuel (TAF). Vessel level
reaching TAF (- 167 in.) is an entry condition for the II drogen Control section of GGNS EP-3 (Containment3

Control). If the operators iminate the lilS before hydrogen concentration levels reach 9%, potential explosions
related to hydrogen release in the drywell and primary containment may be prevented. It is assumed that the
containment II, concentration is in the safe zone of the flydrogen Dellagration Overpressure Limit and presumably
can be maintained there upon entering EP-3. (Note. In Station lilackout Scenarios where level has reached TAF,
the operators would be unable to determine flydrogen concentration levels and therefore could not determine
whether or not 11, concentration could be maintained in the safe zone of the flydrogen Deflagration Overpressure
Limit (IIDOL) Given this situation,. the EP guides the operators to " secure and prevent operation * of the igniters.
Thus, it is assumed that the operators would not turn the hydrogen igniters to the on position until they had
recovered power and could determine the II, levels ) y

V? Applicable Procedures (4) flydrogen Control Section of Emergency Procedure 3 (EP-3, Containment Control GGNS, Rev. 21)
$

3
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2. Table B.3.2-13'

7 IIEP 2: Sequence 'Ilming and Indientions
y
:2
- Evens /Ocemovence Tinie (T,) Annunciaterfindiention ConwnentV

(of ninet intenet) Opersoor (3) Sowere of
Infonneelen

(1) Alented

(2) (4)

Operators need to O The primary indicator is vessel level reaching TAF. MEl.COR calculations determined both the time

imtiate the ll!S to Numerous alarms will have sounded prior to or in before TAF would be reached for the various

prevent the build-up of conjunction with vessel level reaching TAF. Thus, the initiators and the time between TAF and Core

large pockets of operators will be tracking a significant drop in water I)amage. It should be noted that hydmgen build-

hydrogen and the level. Another indicator would be containment or up after core Jamage would not reach a level

associated potential drywell 11, concentration above 0.5%, which also is an that would mandate pot using the hydrogeno

explosions which could entry condition for the hydrogen control section of igniters for at least another 30 to 60 minutes,

damage containment. FP-3 . In all Initiating livent scenarios except for a depending on the accident scenario.

IDCA, vessel level dropping to TAF would occur<

over a several hour period (3 to 13 hours depending hon the event). For the IAEA scenario,TAF would be
reached more or less immediately, but core damage

m

h would not be reached for approximately an hour after
TAF is reached. At least I hour would be asailable
between TAF and core damage for all relevant
scenarios.
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@ Table B.3,2-14 :s

o.

9 IIEP 2: I%Iential Opemier Action E'

Q ;D r

& Descripelen Number of Actisities (Tasks) Cenenents/

3 of Esent Ahnennal Events Required en Perfann Seusee of Infonnstion

(1) (2) Action and Pmeedures (4)
(3)

For any number of possible One abnormal event is assumed per Operate the igniters from the
reasons, vessel level has dropped Table 8-l. Step 9 Irl. While control room.
to TAF. failures of several systems may

occur in the relevant scenarios,
the entry condition for the EP-3 is
clear and essentially only one
diagnosis is required (level below -
167-). The procedure should guide
the operators to make the
appropriate response. |
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6 Table B.3.2-15

h IIEP 2: Time Available to Diagnose and Perfonn the Task
:2

Action Tinee by Which Time at Which Masimum Time Comunenta/-

(I) Operator Most Operator As milable Seusee ef Infonnation

Act (TJ is Alerted to Perform the (5)
(2) that Symptom Identified

has Occurved (T,) Operator Actisities
(3) (T.)'

(4)

Diagnose the I hour 0 I hour Results from MELCOR calculations indicated
need and carry- that core damage would not occur for at least an
out the actions hour after reaching TAF. II, would not be
required to released until core damage occurred Thus, at
initiate the least I hour would be available to diagnose the
hydrogen need and initiate the hydrogen igniters. In fact, as
ignition noted above, hydrogen build-up after core
system. damage would not reach a level that would

m mandate not using the hydrogen igniters for at

$ least another 30 to 60 minutes, depending on the
accident scenario.

Table B.3.2-16
IIEP 2: Operator Action Performance Time

Actisities I.4 cation Travel Performance Total Action Comunents/

(1) (2) Time (T,) Time (T,) Tinie (T,) Severe of Information

(3) (4) (5) (6)

Operate Ilydrogen Control Room -- I minute I minute Per ASEP Table 8-1, Step 5b, a i min. travel and
Igniter System manipulation time was assumed for actions in the

control room.
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)Tame B.3.2 17

@ IIEP 2: Diagnosis Tine for Operstar Action @
.,

O C
N

i Action Maulansm Tinie Total Action Tinie AvailaWe Conunentsi

3 (1) Available (T.) linie (T) to Diagnosis (T) Seuwe of

(2) (3) (4) Infonnation
(5)

Diagnose the need to I hour I minute Approx. 59 minutes

initiate flydrogen Ignition
System

Table B.3.2-IR
IIEP 2: Diagnosis Analysis

Action Failun to Skill-Based Adjusted / Comunents/

(1) Diagnose (3) Finst IIEP Souwe of Infonnation

(2) (4) (5)
..

m H
6 .Wo

Diagnose the need Per ASEP IIRAP Table 8-3, Median = 1 Oli-4
'~

to initiate the the median value from ASEP Y
ilydrogen Igniter Figure 8-1 for approx. 59 EF = 30

System. minutes diagnosis time was Q"
assigned. Mean = R SE-4

o
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Table B.3.2-19
7 IIEP 2: I%t-Diagnosis Action Type identificationy

per Step 10, Table 8-1 of ASEP IIRAP3
-

Action Safety Systems EOPs, Training. Indisidual Dynande or Conunents/

(I) Failed Use EOPs, Well Operneor Must Step-hy-Step Source of

I (2) Designed EOPs Perform Coneunent (5) Infonnation

(3) Tasks (6)

(4)

Operate N/A - No additional Although the lower No Step-by-Step

Ilydrogen safety systems are twund value from

Igmtion assumed to fail at this the diagnosis model

System point. was not used, the

EOPs are clear and
the operators need
only mitiate the
system from the
control room. Thus,
the actians were not )ic

N assumed to be
dynamic.
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$- m

k IIEP 2: I%st-Diagnosis Stass-lesel Identification
t

W per Step 10, Tame N-l of ASEP llRAP

b
C Action T. <2h Reelm. Mom Operehr Stress lesel Conunenen/

(1) A fler Phase 'Ihan Two Familiar (6) Souwe of Intennation

IE in Safety W/ Sequence (7)

(2) Lagte Syscene t5)
LOCA Fail

4 (3) (4)

Initiate N/A' Maybe Maybe Maybe Extremely With sessel level dropping to TAF in

Ilydrogen liigh scenarios where safety systems have
failed and possibly in the context of aIgnition
LOCA, extremely high stress was

System
assumed.

'
At least moderately high stress was assumed for all events.'
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TmMe R.3.2-21
?

IIEP 2: Total IIEP7
:1

Action Original Independent Total HEP EF Conenened~
*

(I) Opermeer HEP Check /Cornetien (4) (5) Sensee of

(IIEP) IIEP Information

(2) (llEP,) (6)

(3)

Med. Mean1. Diagnose Median = l 0E-4
1.0E-4 8.5E-4need to

initiate EF = 30
,

hydrogen
igniter Mean = 8.5E-4
system.

2. Initiate Med. = 0.05 Credit for a second check and third was given in this 0 013 0.053 (5) The second

hydrogen ' Mean = 0.081 instance. Given the initial time available for the task, the 0013 0.054 check IIEP is

igmter fact that additional time would be available esen after multiplied by

CD was reached (at least 30 mmutes and in most cases - the original IIEP
sy stem.=

lo an hour), the importance of the action, the clarity of the l'or a given
action. TheEP, and the simplicity of the action, an initial failure to"

operate the system would have some probability of being resulting product

recovered. Second and third check IIEPs for the action is multiplied by
the llEP for thewere:
third check.

x

Median = 0.5
Mean = 0.81

,

Total Median llEP (5) The error factor
Total IIEP

=0 013 associated with
and Error the dominant
Factor

Total Mean IIEP was
IIEP = 0 054 assigned.

.
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fn Tal>Ie B.3.2-22
$'2 IIEP 3 Calculation
*0

i Iluman Action Event (1) Initiation of Containment Venting

Event Description (2) Initiation of containment venting is the operator action to diagnose the need and accomplish the actions leading to
d

the venting of containment. The goal is to reduce extreme pressure bmld-up in containment and avoid a potential
loss of primary containment during an accident An emergency procedure (EP-3) clearly addresses the situation.

Event Context (3) An initiating event has occurred and for a number of possible reasons has resulted in core damage and eventually
in vessel breach. The relevant indicators for venting are that drywell pressure is greater than 1.23 PSIG and
containment pressure has reached 20 PSIG. Drywell pressure above 1.23 PSIG is the entg condition for the
containment pressure control section of GGNS EP-3 (Containment Control). Many hours have elapsed since the
initiating event (approumately 16 hours) At this point in any of the relevant scenarios, the plant conditions would
not be changing rapidly and an Emergency Response Team would be in place. Containment venting is clearly
indicated in EP-3 and given that the relevant parameters have been reached, the Emergency Director would have to
override EP-3 to prevent venting. T he present analysis assumed that the Ems.gency Director would not have any
basis for overriding EP-3 and that the cycw would be attempting to follow the emergency procedures to prevent
any damage to primary containment.

$ Applicable Procedures (4) Containment Pressure Control Section of Emergency Procedure 3 (EP-3, Containment Control, GGNS, Rev. 21)
and Attachment 13 of the EPs (05-S-01-EP-2, Attachment 13. Rev.19).u
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Table B.3.2-23
.

p
IEEP 3: Sequence Timing and Indicationsy

n
Event /Occunence "Ilme (T ) Annunciatorfindication Comments /~~

(or most laterest) Operator (3) Souxe of
infonnation

. (1) Aleded
(4)(2)

Operators need to imtiate O The pnmary indicators are drywell pressure greater than MELCOR calculations determined the time at

containment venting to 1.23 PSIG and containment pressure at or above 20 which the relevant parameters would be reached

avoid overpressurization PSIG. Core damage and a breach of the vessel has and the time available for the operators to respond

and possible loss of occurred. Numerous alarms will have sotmded pnor to to the cues in order to prevent a loss of primary i

pnmary containment. reachmg this point and drywell and contamment pressure containment. In regards to any hesitarx:y on the part

will be paramount to the crews in their attempts minimize of the operators to ver.t containment aller vore

the impact of the accident. damage, GGNS indicated that at this pomt in time
EP-3 would be followed. GGNS did acknowledge
that the issue is being discussed in the ongoing
Severe Accident work.

N
m Table B.3.2-24
co

IIEP 3: Potential Operator Action*

=

Descdption Numher of Activities (Tasks) Cominents/ H~

of Event Abnormal Events Required to Perfonn Source of Infonmation

(1) (2) Action and Procedures (4)
(3)

For any of several possible reasons. One abnormal event is assumed per Operators will be required to overnde Per Attachment 13, Jumper Kit No.

core damage has occuned and has Table R-l, Step 9. While failures of four containment vent path isolation 13 is stored in the control room'

been followed by vessel breach. The several systems may occur in the interlocks per EP Attachment 13 and emergency locker. Vent procedure is

parameters for entry into the venting relevant scenarios, open six valves from the control clear. Relays were not inspected for
_

procedure have been met. Substantial the entry condition for the relevant room. Jumpering through the adequacy oflabeling.

time is available for diagnosing the leg of EP-3 is clear. At least two interlocks will require use of Jumper

need and performing the relevant hours are available for making the Kit No.13. Two relays in the main

actions diagnosis and the procedure should control room and two in the upper

guide the operators to make the control room will require

appropriate response. "jumpering."
[
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TaNe B.3.2-25 otn

@ IIEP 3: Ume As milshic to Diagnose and Perfonn the Task $
0 UN
& Acnon Vee by Eme at Which Maximum 'Ilme Comunents/

_ 3 (1) ' Which Operneer AvaileNe Source of infonnaden
~

Operator is Alerted to IVrform the (5)
Must that Sympeone hientified

Act (T) has Occuned Operator Activities

(2) (T,) (T.)
(3) (4)

Diagnose the 3 hours 0 3 biurs (continued from previous column)llowever,if containment
need and carry- pressure increases to 22 PSIG, the emergency procedure
out the actions Results from MELCOR essentially instructs the operators to " abandon * the core and use
required to vent calculations indicated that the whatever injection systems are available for containment
contamment. indicators for containment sprays, i c., save containment. It seems ext emely unhkely that

venting would occur more or less the operators would delay ventmg and put themselves in this
in conjunction with the position
occunence of a vessel breach T-Il calculations indicated that it would take about three h>urs

y related to core damage. for pressure to increase from 20 to 22 PSIG. Thus, it seemed
Regardmg the time available for reasonable to assume that if the operators were going to followe
the operators to respond, the procedure and vent, they would do so within the three h>urs -

,

emergency procedure directs that after the relevant parameters were reached. In actushty,10 to %
the operators vent containment 14 hours would have to clapse before containment pressure g'-
when pressure reaches 20 PSIG. would become great enough to fait containment and the

(continued in next column). operators could vent at any pomt prior to that time.
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TaNe B.3.2-26p
HEP 3: Operamr Action Pedormance Emey

::
Activhies imention Travel Perfonnance Total Action Comments /-

L (1) (2) Vme (T,) Eme (T,) Ume (T ) Souxe of Infonnetton

(3) (4) (5) (6)

l. Jumper two difTerent Main control Per ASliP Per ASEP llRAP, Per columns 3 and Retrieving and reading Attachment 13 and
'

j sets of relays in the room IIRAP. Table R-l, Step 4 of this Table, jumpering the two sets of relays in the main control

main control room. Table R-1, Sa, five minutes Total action time num were assumed to be completely dependent 4

Step Sc, were assumed would be 22 actions.

2 minutes necessary to minutes.

travel time retrieve and read
was Attachment 13. It
assumed. was conservatively

assumed that the
two relays could
be jumpered
within 15 minutes.

to 2. Jumper two difTerent Upper control Travel time As noted above, Travel plus Except for retrieving and reading Attachment 13, -

'

$ sets of relays in the room to upper performance time performance time this set of actions could be accomplished in parallel

upper control room. control (up for jumpering two - equals about 10 with the set of actions in activity #I discussed |

one flight of relays could be minutes. above. Ilowever, given the procedural demands for 4

stairs) was easily a second check on each step of the task and the'

conservativel accomplished time available, it was assinned that the actions

y assumed to within 15 minutes. would occur serially. Jumpering the two sets of

be 12 relays in the upper control room were assumed to be

minuteg completely dependent actions.

3. Open six valves Main Control 6 minutes 6 minutes Per ASEP Table 8-1, Step Sb, a 1 min. travel and
-

manipulation time was assumed for actions in the
,

from the control room Rooma

Total Action Time control room. Opening the relevant valves was
j to vent containment

for the three sets assumed to be a completely dependent set of
(per Attachment 13).

of actions would actions.
I

be equal to: 22 +
30 + 6 minutes,
which is equal to
58 minutes (or '
about I hour). g
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en - Tame B.3.2-27 g.
O IIEP Ji Diagnosis Time for Operaser Action Fg

5x
i- Action Maxinem Time Total Action Tinie AvalleMe Conunents/

O (t) AvaileMe (T.) Tinic (T,) to Diagnosis (TJ Senece of

(2) (3) (4) Infennation
(5)

>

Diagnose the need to vent 3 hours I hours 2 hours
containment.

i

,

; TaNe B.3.2 28
HEP 3: Diagnosis Analysis

Action Failure to Skill-Rased Adjusted / Conuements/

(1) Diagnose (3) Final IIEP Sousee of Infoneinelen

(2) (4) (5)

e pd
g Diagnose the need Per ASEP llRAP Table 8-3, N/A Median = 6.0l?-5 y

M'to vent containment, the median value from ASEP brFigure R-l for 2 hours EF = 30
diagnosis time was assigned. Q-Mean = 5.lE-4

'
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Table B.3.2-29
'

.m
y HEP 3: Post-Diagnosis Acelen Type Identifiestion
3 perStep 10. Table N-1 of ASEP HRAP

Aceien Safety Syseenus EOPs, Training. Indhidual Dynande er Cenunemed
;

(1) Failed Use EOPs, Well Opermeer Must Step-by-Step Seuwe ef

I (2) Designed EOPs Perform Coneumnt (5) Infennasion

(3) Tasks (6)

(4)

Carry-out the N/A - No additional Although the lower No Step-by-Step

three sets of safety systems are bound value from

actions . assumed to fail at this the diagnosis model

.

necessary to point. was not used, the

! vent EOPs and

containment. Attachment 13 are
clear and the taskse

are straightforward. _4
.J,

Thus, the actions ['ytr were not assumed to
,

$ be dynamic.

hy
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TmWe R.J.2-39 g-rg
p, ifEP 3: Post-Disqtnesis senss-level Idendflencien E
;U per Seep le, TmWe Of of ASEP IIRAP W

9 3

'O Acelen T <2h Reelse. Mom Operneer Stess lesel Cennuentif
(1) Aher linese Then Two Fasniliar (6) Smece of infernession

IE in Safety W/ Sequence (7)
(2) Leeze Systenn (5)

LOCA Fail
(3) (4)

,

Carry-out the N/A' See comments See Yes - see Mmlerately Given the substantial time available to
three sets of comments comments Iligh accomplish the task, the fact that an
actions Emergency Response Team would be in
necessary to place, and that a verifier would secompany 7
vent the individual performing the jumpering of
containment the telsys, moderate as opposed to

extremely high stress was assigned.

$' At least moderately high stress w.is assumed for all events 3 1

8 6
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2 IIEP 3: Tntal IIEP
:1
- Acson Ostenet Independent Total llEP EF Cowenenen/

(1) Operuser HEP (heck /rerwc6os: (4) (5) Seurre of

(IIEP,) IEEP infonmelen
(2) (IIEP.)' (6)

(3)

1. Diegnose need Median - 6 OE-5 N/A M ed. Mean (30)
to vent 6 Ol>5 5 I E.4
containment EF = 30

Mean - 5.lE-4

2. Jumper two Med. = 0 02 Credit for a second check was given in this instance. Given the 0004 0.01 (5) The second check

difTerent sets of Mean = 0.032 imtial time sveilable for the tasks, the fact that a verifier wimid IIEP is multiplied
relays in the main accompany the individual omgned to perform the task and by the original
control room. written verificatum is required, the fact that feedback would be llEP for a given -

immediate (decrease in pressure), and the seri.msness of the action.

ection, any initial failures in performmg the actuwis would have
tI; wwne probability of being recovered. Second check lil'.Ps for

h the action were-
-

Median = 0.2
Mean = 0.321

3. Jumper two Med. - 0 02 Some as for actum 2 above 0 004 0 01 (5)
difTerent sets of Mean = 0 032
relays in the upper
control rmwn.

4. Open sit valves Med. = 0.02 Some as for action 2 ebswe 0004 0 01 (5)
from the control Mean = 0.032
rawn to vent
containment (per

Attachment 13).
>

Total llEP and Total Medien llEP - (5) De error factor

Error Factor 0.012 associated with the

Z dominent IIFPs '

- Total Mean was omgned,
lil'.P = 0.031 y.

O n
d 3
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7m Table BJ.2-32 gQ IIEP 4 Calculation EO

:c to
g fluman Action Event (1) Depressurite Reactor Pressure Vessel (RPV)

Event Description (2) Operators must depressurire the vessel per emergency operating procedures.

Event Context (3) An initiating event has occurred, vessel makeup has not been provided for any of several reasons, and the reactor
vessel level has dropped to Top of Active Fuct (TAF). As level continues to drop,if vessel pressure is high,
emergency depressurization is indicated in several places in lip-2, e g , vessel level reaching - 210 in. In addition,
depressurization is indicated in EP-3 under several different sections related to containment control, e g.,
suppression pool, drywell, and containment temperature control and containment pressure control. Given the
circumstances, several of the parameters indicatmg the need to depressurize will be reached before core damage.
IIEP 4 assesses the probability that the operators and Emergency Response Team would fail to depressurize gisen
that the lips direct them to do so.

Applicable Procedures (4) EP-2 (RPV Control, GGNS, Rev.19 ). I!P-3 (Contamment Control, GGNS, Pev. 21)

N
g Table B.3.2-33 ba llEP 4: Sequence Timing and Indications
8

Event /Occumace Time (T,) Annuncimenefindiention Ceaunement
(of most intesest) Opermeer (3) Sousee of

(1) Alerted Informaelen
(2) (4)

Vessel level is dropping O Several indicators are hLely, meluding vessel level llecause of the several ways in which the
and parameters are reaching - 210 in., SP temperature and RPV pressure situation of interest could be reached, it was not
reached which indicate outside the safe zone of the lient Capacity precisely determined when the relevant
that the operators should Temperature I.imit, drywell temperature above 330 parameters would be reached. The question is
depressurire the vessel degrees F, containment temperature below 180 degrees whether or the not the operators would

F, and/or containment pressure outside the safe zone depressurize in a * reasonable" amount of time
of the Pressure Suppression Pressure (PSP). given that the relevant parameters were reached

<
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p Table B.3.2-34
m IIEP 4: Potentini Operssor Action

I
Description Number of Actisities (Tasks) Cenuments/

-

er Esent Ahnernial Esents Repeed to IVefonn Seusee of infernes6en(I) (2) Action and 1%cedures (4)
(3)

For any number of possible One abnormal event is assumed per Depressurire the vessel from the
reasons, vessel level has dropped Table M-1, Step 9.b While failures control room using SRVs, MSIVs,
to TAF and makeup is not being of several systems may occur in the or any available means.
provided. Vessel temperature and relevant scenarios,
pressure is increasing. the entry conditions for EP-2 and

the EP-3 are clear and any of
several dilTerent conditions will
indicate depressuruation (see

Nabove). Essentially the original d
abnormal esent is continuing. The *
EPs should guide the operators to

9 make the appropriate resgense i-g*
e )=2{-

.
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$ Table B.3.2-35 g ,

9 IEEP 4: Time Assilable se Diagnose and I%rform she Task 1'

O W

i Action Time by which Time at which Masinusm Time Commenen/

O (1) Opermeer Must Operneer As milable Sousee of Informaaien

Act (T) is Alened to Perform the (5)
- (2) that Syrnpoem Identified

has Occurnd (T,) Operneer Actisities
(3) (T.)

'

(4)

Diagnose the - I hour 0 I hour As noted above, the time available for the action
need and carry- was not precisely determined because of the
out the actions ditTerent ways in which the need to depressurize
required to could be reached. The relevant constants are that
depressurize TAF has been reached, adequate vessel makeup
the RPV. is not being provided, and several dilTerent

indicators should signal the need to depressurire.
Obviously the situation is not good and the

? concern is whether or the not the operators will
y follow procedure and depressurire within an hour

after the indicators are reached. If the operators
follow procedure and depressurize as instructed I

by the lips, then the consequences of the accident Q
might be reduced. |

"
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? TaWe H.3.2-36

7 IEEP 4: Opermeer Action Perfernmence Tinie
3 !
~

Actisities (mension Tussel Perfennmace Total Action Cesusnents/

(1) (2) Tinie (TJ Tinie (T,) Tinie (T ) Seusee of Infonumelen
~

(3) (4) (5) (6)

Open SRVs, MSIVs, Control Room -- I minute I minute Per ASEP Table 8-1, Step Sb, a 1 min. travel and
etc. to depressurize manipulation time was assumed for actions in the
vessel control room.

,

TmWe H.3.2-37 ,

llEP 4: Diagnosis Tiene for Opermeer Action

Action Masinium Tinie Total Acrion Tinie Avalla84e Ceaunents/

(1) AvailaWe (T,,) Tiene (TJ se Diagnosis (TJ Seu.cc of
'

(2) (3) (4) Intenneme6en

'''
i #d i
g Diagnose the need to I hour 1 minute Approx. 59 minutes

depressurire the RPV r

.

1-3
TmWe B.3.2-3N

IIEP 4: Diagnosis Analysis
;.m

Action Failuse se Skill-Based Adjustedf Conussental

(1) - Diagnose (3) Hnal llEl' Seesee of Infenmation

(2) (4) (5) ;

:
!

-Diagnose the need Per ASEP llRAP Table 8-3, Median = 1 ''ii-4
to depressurize the the median value from ASEP
vessel. Figure 8-1 for approx. 59 EF = 30

*E minutes diagnosis time was Mean = 8.5E-4g
si3 assigned
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(I) Failed Use EOPs, Well Operneer Matt Serp-by-Step Seusee of
(2) Designed EOPs IVrform Concurwne (5) Infonisation

(3) Tasks (6)
(4)

Depressurize N/A - No additional Although the lower No Step-by-Step
the vessel safety systems are bound value from

assumed to fail at this the diagnosis m<&l
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|
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the operators need
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} from the control
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LOCA Fail
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3g IIEP 4: Total IIEP c.

:n W
i . Acelen Odginal Independcat Total HEP EF Ceaunement
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? (1) - Opermeer HEP CheeWConection (4) (5) Sema of ' '

.

(IIEP, . 11EP
intermanen'

(2) (11EP.) (6)
(3)

1. Ihagnose Median = 1.0E-4
Med. Mean (30)need to
1.0E-4 8.5E-4depressurize the EF = 30

vessel

Mean = 8.5E-4

2. Open SRVs, Med. = 0 05 Credit for a second and third check was gnen in this 0.01) 0 053 (5) The second 'MSIVs, etc. to Mean = 0 081 instance. The EPs are clear, the action is simple, and 0.013 0.054 check IIEP is
.,

depressurize an initial failure to cany-out the needed actions would
multiplied byvessel.

be hkely to be detected by the crew,i c., the operators the original llEPp would be monitoring the relevant parameters Second
and third check IIEPs for the action were:

for a given5 -
"

action. The

Median = 0.5 resulting product Q
Mean = 0.NI is multiplied by " '

the llEP for the
third check.

Total IIEP and
Error Factor Total Median llEP (5) The error factor

=0 013 associated with
the dominant

Total Mean - IIEP was
IIEP = 0.054 assigned.
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Appendix C: Supporting Infonnation for the Sourte Term Analysis

Appendix C.1 provides a list of the FORTRAN code GGSORP5.FOR that implements the parametric expressions used to
estimate the source terms. Appendix C 2 provides a listing of the input file for GG50RP5 that contains the data for the-

parameters in the parametric expression. Appendix C.3 is a listing of the source term for each source term group dermed
with using the PARTITION code.

t

C.1 Listing of GGSORP5.FOR

PROGRAM GGSOR5 j
C* *"* ADAPTATION OF RELTRAC INPUT PROCESSOR FOR USE IN GGSOR ,

PAPAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR-100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20) .

LOG 1 CAL F N . SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG, [
1 EXPERT, PRTINP, NCCF, SUBCL, CDB, TMPCDB, BRKOPN, VB , ECF, ICF

|COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,
j 1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF

COMMON /CONTRL/ NLMS, NOBS, NSTART, NBIN, NDM, NTOT
C

'
C

OPEN (5, FILE ='GGSCR.INP')
,'

OPEN (6, FILE ='GGSCR.OUT')
CPEN (9, FILE ='GGSOR.CFL')

C/// OPEN (10, FILE ='GG50R.ONS')
C" * * * READ KEYWORDS AND RELATED INFCRMATION FRCti UNIT 5. '

C* * *" KEYWORDS DETERMINE CPERATION OF RELCLC:
3 C * * * " (1) BINNED INPUT WITH SAMPLING
i C'****(2) BINNED INPUT WITHOUT SAMPLING ;

C*****(3) DIRECT INPUT WITH SAMPLING |
C*****(4) DIRECT INPUT WITHOUT SAMPLING

CALL INPUT ;

C'**** CHECK FOR SINNED EXECUTION 1

IF (BINNED) THEN 1

C* * * * "" CHECK FOR SAMPLING EXECUTION -

IF (SAMPLE) THEN*

C* * * * * " * * * * BINNED INPUT WITH SAMFLING
CALL BINSMP

ELSE !,

C* * * * * * * * * ' BINNED INPUT WITHOUT SAMPLING |* '

CALL BIN
ENDIF !

ELSE ,

C* * ' * * * * CHECK FCR SAMPLING EXECUTION i

IF (SAMPLE) THEN
C* * *" * * * * * * DIRECT INPUT WITH SAMPLING ,

CALL DIRSMP
ELSE

C * * * * * " * * * * DIRECT INPUT WITHOUT S AMPLING'

i CALL DIR
i ENDIF
j ENDIF

STOP'
END
BLOCK DATA'
PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,

1 MAXISS=20, MAXLEV=10, MAXVAR=100,'MAXVAL=13000, |

2 MAXSPC=10, MAXTIM=20) !
'

. CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLTl/ NAME(MAXVAR),

COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4, i
'

1' NVCB5, IDIMEN (3, MAXVAR) , IS POS (MAXVAR) , -!
'

2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(MAXVAL),
,

3 LREAL(MAXVAL)
C* **" DEFINE VARIABLE NAMES AND CORRESPONDING DIMENSIONS TO BE SET

*

C*****THROUGH DEFAULT AND SAMPLE VECTOR SUBSTITUTION FOR BINNED
C * * " * EXECUTICN. VARIABLE NAMES AND DIMENSIONS CCRRESPOND EXACTLY,

C* * * * *TO ORDER OF VARIABLES IN COMMDN BLOCKS:
?
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C + " * * (1) BASVAL, (2) BINNED, AND (3) EXPERT
C'****AS IF THESE COMMON BLOCKS ARE CONCATENTATED.

DATA NAME /
1 'FCOR', 'FVES', 'DFVPA': 'DFCPA',

2 'FEVSE', 'FDCH', 'FCCI', ' F AV',

3 'VBPUF', 'FCOtN', 'FCONC', 'RBDr*,

4 'DFSPPV', 'DFSPRC', 'FREVO', 'VALISS',
5 'FLTI1', 'FLTI2', 'NSPEC', 'FLV', 'FHPE', 'EVSE', 'WFAC',

6 'PFAC', 'FPLBYE', 'FPLBYP', 'FPLBYD*, 'FPLBYC', 'FTLPH',
7 'FTLPL', 'FTLP', 'TC11', 'TC12', 'TB11', 'TB12', 'TB21',

8 'TB22', ' TBS 1', ' TBS 2', 'TBR1', 'TBR2', 'TW', 'T1', 'T2',

9 'DT1', 'DT2', 'DTCDB', 'ELEV', ' PUFF', 'HVSPLT', 'FCD',

A 'FCORO', 'FVESO', 'DFVPAO',
B 'DFCPAC', 'FDCHO', 'FEVSE0',
C 'FCCIO', 'DFCAV0', 'VBPUF0',
D 'FCONVO', *FCONCO', 'RBDF0',
E 'DFSPRV0', 'DFSPRCO', 'FREVOO', 'FLTIl0',
F 'FLTI20', 'FHPE0', 'EVSE0', 'EPLBYO', 'HVSPLTO',
G 'TWO', 'T10', 'DT10', 'DT20' 'PUFFO', 'E0',

H ' FCORL ' , 'FVESL',
I 'FREVOL', 'FCCIL',
J 'FCONVL', 'FCONCL',
K 'FLTI1L', 'FLTI2L', 'RBDFL',

L 'FDCHL', 'FEVSEL',
M 'DFVPAL', 'DFCPAL',
N 'DFCAVL', 'DFSPRVL',
O 'DFSPRCL', 'PRBLEV',
P 5*' /

'

C***** DEFINE 3 DIMENSICNS FOR EACH CF THE VARIABLES
DATA IDIMEN /

1 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1,
2 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1,
3 MAXS PC ,1,1, MAXS PC ,1,1, MAXS PC ,1,1, MAXSPC,1,1,
4 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXISS,1,1,
5 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

6 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

7 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

8 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

9 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

A MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1,
B MAXS PC , MAXCAS ,1, MAXS PC , MAXCAS ,1, MAXSPC,MAXCAS,1,

-

C MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1,
D MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1,
E MAXS PC , MAXC AS ,1, MAXS PC , MAXCAS ,1, MAXS PC , MAXCAS ,1, MAXC AS ,1,1,

F MAXCAS,1,1, MAXCAS,1,1, MAXCAS,1,1, 3,1,1, 1,1,1, MAXTIM,1,1,

G MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1,
H MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
I MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
J MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
K MAXLEV,MAXCAS,1, MAXLEV,MAXCAS,1, MAXSPC,MAXLEV,MAXCAS, '

L MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
M MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
N MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
O MAXSPC,MAXLEV,MAXCAS, MAXLEV,1,1,
P 15*0 /

C' * * * DEFINE NUMBERS OF VALUES IN COMMON BLOCKS :
C * " * * (1) BASVAL, (2) BINNED, AND (3) EXPERT ,

DATA NVCB1 / 205 /, NVCB2 / 1356 /, NVCB3 / 11370 /, NVCB4 / 0 /,
1 NVCB5 / 0 /

END
SUBROUTINE INPUT

C""* PROCESS KEYWORD INPUT ON UNIT 5
PARAMETER (MAXLEN=101)
PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,

1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL-13000,
2 MAXSPC=10, MAXTIM=20)

COMMON /CONTRL/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT ;
'

LOGICAL NOCA1,C, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,
1 EXPERT, IRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF |

COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG, i
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1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECT, ICF
|CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80

COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
CHARACTER *BO FILNAM
CHARACTER *80 DEFFIL, SAMFIL, VECTIL
COMMON /FILBLK/ DEFFIL, SAMFIL, VECEIL
CHARACTER CARD *(MAXLEN), CVAL'(MAXLEN), KEYWRD*20

C***** SET LOGICAL TYPES FOR FREE FORMAT SUBROUTINE RDSTRG
LOGICAL EOR, LVAL, TYPE (4)

C
C

C * *'*INITIALLIZE COLUMN POINTER FOR CURRENT RECORD
IC=1

C ' * * * READ PICORD
READ (5,1001) CARD

C"* * * PIAD MODE SWITCH
CALL RDSTRG (CARD, IC, KEYWRD, LVAL, IVAL, RVAL, KLNGTH, TYPE,

1 EOR)
C***** CHECK FOR BINNED OR DIPICT EXECUTION

IF (KEYWRD(1:KLNGTH) .EQ. ' BINNED') THEN
C******** SET BINNED EXECUTION TYPE

BINNED =.TRUE.
ELSE IF (KEYWRD(1:KLNGTH) .EQ. ' DIRECT') THEN

C******** SET DIRECT EXECUTION TYPE
BINNED =. FALSE.

ELSE
C******** MODE SWITCH WAS NEITHER BINNED NCR DIRECT SC PRINT ERRCR MESSAGE

WRITE (6,5030)
STOP

ENDIF
C***** SET DEFAULT VALUES

SAMPLE =. FALSE.
NOCALC=. FALSE.
PRTINP=. FALSE.
NOBS =1
REPRTB=. FALSE.
BYRUN=. FALSE.
CCNSFL=. FALSE.
DIAG =. FALSE.
EXPERT =. FALSE.

C*****INITIALLIZE NUMBER OF BINS
NBIN=0

C***** READ TITLE
READ (5,1001) TITLE

C***** PRINT MESSAGE FOR EXECUTION TYPE AND TITLE
WRITE ( 6,100 3 ) KEYWRD(1:KLNGTH), TITLE
WRITE (6,1002) CARD
WRITE (6,1002) TITLE

C***** PROCESS KEYWORDS
666 CONTINUE

C" * * * READ RECORD
READ (5,1001,END=6000) CARD
WRITE (6,1002) CARD

C*****INITIALLIZE COLUMN POINTER FOR CURRENT RECCRD
IC=1

500 CONTINUE
C'**** READ CHARACTER STRING FOR COMPARISON AGAINST KEYWCRDS

CALL RDSTRG (CARD, IC, KEYWRD, LVAL, IVAL, RVAL, KLNGTH, TYPE,
1 EOR)

C'**** CHECK FOR END-OF-RECORD
IF (EOR) GO TO 666

C'*'* CHECK CHARACTER STRING AGAINST KEYWORDS
IF (KEYWRD(1:KLNGTH) .EQ. ' SAMPLE') THEN

C* " * * ' * SET SAMPLE TYPE TO .TRUE.
SAMPLE =.TRUE.

C* * * * * * "OBTAIN SAMPLE INFOPHATION
C'* * * '*CBTAIN NUMBER OF SAMPLE VECTORS TO BE EXECUTED

CALL RDSTRG (CARD, IC, CVAL, LVAL, NCBS, RVAL, I.ENGTH, TYPE,
1 EOR)

C********CHECK FOR INTEGER VALUE
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IF (TYPE (3)) THEN
C***********OBTAIN SAMPLE VECTOR NUMBER To BEGIN EXECUTION

CALL RDSTRG (CARD, IC, CVAL, LVAL, NSTART, RVAL, LENGTH,
1 TYPE, ECR)

C*********** CHECK FOR INTEGER VALUE
IF (TYPE (3)) THEN

C*" * * * * * * * * * 'OBTAIN NAME OF FILE CONTAINING SAMPLE VECTORS
CALL RDSTRG (CARD, IC, FILNAM, LVAL, IVAL, RVAL, LENGTH,

1 TYPE, ECR)
C * * * * * * * * * * " * * CHECK FOR CHARACTER VALUE

IF (TYPE (1)) THEN
C' * * " * * * * " * * * * * * CHARACTER VALUE FOUND, OPEN SAMPLE VECTOR FILE

OPEN(3, FILE =FILNAM, STATUS ='OLD', ERR = 8 000)
C*****************SKIP HEADER RECORDS ON SAMPLE VECTOR FILE

600 CONTINUE
READ ( 3,1001, ERR = 8100) CVAL
IND=INDEX(CVAL,'@SAMPLEDATA')
IF (IND .EQ. 0) GO 10 600

ELSE
C * * * * * * * * * ' * * ' * * PRINT ERROR MESSAGE

GO TO 9200
ENDIF

ELSE
C************** PRINT ERROR MESSAGE

GO TO 9100
ENDIF

ELSE
C'********** PRINT ERROR MESSAGE

GO TO 9100
ENDIF

ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'NCRUN') THEN
C********SET TYPE FOR VALIDATION OF INPUT ONLY, NO EXECUTION

NOCALC=.TRUE.
ELSE IF (KEYWRD(1:KLNGTH) .EQ. ' DEFAULT') THEN

C a * * * *"* READ NAME OF FILE CONTAINING DEFAULT VALUES
CALL RDSTRG (CARD, IC, DEFFIL, LVAL, IVAL, RVAL, LENGTH, TYPE,

1 EOR)
C******** CHECK FOR CHARACTER VALUE

IF (.NOT. TYPE (1)) GO TO 9100
ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'VECPOS*) THEN

C'*******READ NAME OF FILE CONTAINING SAMPLE VECTOR POSTICN INFORMATION
CALL RDSTRG (CARD, IC, SAMFIL, LVAL, IVAL, RVAL, LENGTH, TYPE,

1 EOR)
C******** CHECK TOR CHARACTER VALUE

IF (.NOT. TYPE (1) ) GO TO 9100
ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'BINFILE') THEN

C********READ A BIN ARRAY FILE
C******** CHECK FCR BINNED EXECUTION

IF (BINNED) THEN
C***********READ NAME OF FILE CONTAINING BIN INFORMATION

,

CALL RDSTRG (CARD, IC, FILNAM, LVAL, IVAL, RVAL, LENGTH,
1 TYPE, EOR)

C ' ' * " * " * * CHECK FOR CHARACTER VALUE
IF (TYPE (1) ) THEN

C+ * * * * " * * * * * * * CHARACTER VALUE FOUND SO OPEN BIN FILE
OPEN(4, FILE =FILNAM, STATUS ='OLD', ERR =8000)

ELSE
C * * * * * * " " * * * * PRINT E RROR ME S S AGE

GO TO 9200
ENDIF

ELSE
C* * * * * * * * " *NO BINS USED FOR DIRECT EXECUTION, PRINT ERRCR MESSAGE

GO TO 9300
ENDIF

ELSE IF (KEYWRD (1: KLNGTH) .EQ. 'PRTINP') THEN
C* "* * * " SET CONTROL FLAG PRTINP

PRTINPa.TRUE.
ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'REPORTB') THEN

C * * * * * * ' SET CONTBOL FLAG REPCRTB
REFRTB=.TRUE.
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C'" * * (1) BASVAL, (2) BINNED, AND (3) EXPERT
C*****AS IF THESE COMMON BLOCKS ARE CONCATENTATED.

DATA NAME /
1 'FCOR', 'FVES', 'DFVFA', 'DFCPA',

2 'FEVSE', 'FDCH', 'FCCI', 'DFCAV',
3 'VBPUF', 'FCONV', 'FCONC', 'RBDF',

4 'DFSPRV', 'DFSPRC', 'FREVO', 'VALISS',
5 'FLTI1', 'FLTI2', 'NSPEC', 'FLV', 'FHPE', 'EVSE', 'WFAC',
6 'PFAC', 'FPLBYE', 'FPLBYP', 'FPLDYD', 'FPLBYC', 'FTLPH',
7 'FTLPL', irTLP', 'TC11', 'TC12', 'TB11', 'TB12', 'TB21',

8 'TB22', ' TBS 1', ' TBS 2', 'TBR1', 'TBR2', 'TW', 'T1', 'T2',

9 'DT1', 'DT2', 'DTCDB', 'ELEV', ' PUFF', 'HVSPLT', 'FCD',

A 'FCORO', 'FVESO', 'DFVFAO',
B 'DFCPAO', 'FDCHO', 'FEVSE0',
C 'FCCIO', 'DFCAV0', 'VBPUFO',
D 'FCONV0', 'FCONCO', 'RBDFO',
E 'DFSPRV0', 'DFSPRCO', 'FREVOO', 'FLTIl0',
F 'FLTI20', 'FHPE0', 'EVSE0', 'FPLBYO', 'HVSPLTO',
G 'TWO', 'T10', 'DT10', 'DT20', ' PUFF 0', 'E0',

H 'FCORL', 'FVESL',
I 'FREVOL', 'FCCIL',
J 'FCCNVL', 'FCONCL',
K 'FLTI1L', 'FLTI2L', 'RBDFL',
L 'FDCHL', 'FEVSEL*,
M 'DFVPAL', 'DFCPAL',
N 'DFCAVL', 'DFSPRVL',
O 'DFSPRCL', 'PRBLEV',
P 5*' /'

C***** DEFINE 3 DIMENSICNS FCR EACH CF THE VARIABLES
DATA IDIMEN /

1 MAXSPC,1,1, MAXS PC ,1,1, MAX S PC ,1,1, MAXSPC,1,1,
2 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1,
3 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1,
4 MAXSPC,1,1, MAXSPC,1,1, MAXSPC,1,1, MAXISS,1,1,
5 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

6 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

7 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

8 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

9 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1, 1,1,1,

A MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1,
B MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1,
C MAXSPC,MAXCAS,1, MAXS PC , MAXC AS ,1, MAX S PC , MAXC AS ,1,

D MAXSPC,MAXCAS,1, MAXSPC,MAXCAS,1, MAXSPC,VAXCAS,1,
E MAX S PC , MAXCAS ,1, MAXS PC , MAXC AS ,1, MAXS PC , MAXCAS ,1, VAXCAS,1,1,

F WJCAS ,1,1, MAXC AS ,1,1, NJC AS ,1,1, 3,1,1, 1,1,1, MAXTIM,1,1,

G MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1, MAXTIM,1,1,
H MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
I MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
J MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
K MAXLEV,MAXCAS,1, MAXLEV,MAXCAS,1, MAXSPC,MAXLEV,MAXCAS,
L MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
M MAXSPC,MAXLEV,MAXCAS, MAXS PC, MAXLEV, MAXC AS ,
N MAXSPC,MAXLEV,MAXCAS, MAXSPC,MAXLEV,MAXCAS,
O MAXSPC,MAXLEV,MAXCAS, MAXLEV,1,1,
P 15*0 /

C***** DEFINE NUMBERS OF VALUES IN COMMON BLOCKS:
C+****(1) BASVAL, (2) BINNED, AND (3) EXPERT

DATA NVCB1 / 205 /, NVCB2 / 1356 /, NVCB3 / 11370 /-, NVCB4 / 0 /,
1 NVCBS / 0 /

END
SUBROUTINE INPUT

C*****1ROCESS KEYWORD INPUT ON UNIT 5
PARAMETER (MAXLEN=101)
PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,

1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)
COMMON /CONTRL/ NLMS, NOBS, NSTART, NBIN, NDM, NTOT
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,
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1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPC DB, BRKOPN, VB, EC F, ICT
CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
CHARACTER *80 FILNAM
CHAPACTER*80 DEFFIL, SAMFIL, VECTIL
COMMON /FILBLK/ DEFFIL, SAMFIL, VECFIL
CHARACTER CARD *(MAXLEN), CVAL*(MAXLEN), KEYWRD*20

C* * *' SET LOGICAL TYPES FOR FREE FORMAT SUBROUTINE RDSTRG
LOGICAL EOR, LVAL, TYPE (4)

C
C
C'****INITIALLIZE COLUMN POINTER FOR CURRENT RECORD

IC=1
C***** READ RECORD

READ (5,1001) CARD
C***** READ MODE SWITCH

CALL RDSTRG (CARD, IC, KEYWRD, LVAL, IVAL, RVAL, KLNGTH, TYPE,
1 EOR)

C***** CHECK FOR BINNED OR DIRECT EXECUTION
IF (KEYWRD(1:KLNGTH) .EQ. ' BINNED') THEN

C******** SET BINNED EXECUTION TYPE
BINNED =.TRUE.

ELSE IF ( KEYWRD (1: KINGTH) .EQ. ' DIRECT') THEN
C+******* SET DIRECT EXECUTION TYPE

BINNED =. FALSE.
ELSE

C'******* MODE SWITCH WAS NEITHER BINNED NOR DIRECT SO PRINT ERRCR MESSAGE
WRITE (6,5030)
STOP

ENDIF
C***** SET DEFAULT VALUES

SAMPLE =. FALSE.
NOCALC=.TALSE.
PRTINP=. FALSE.
NOBS =1
REPRTB=. FALSE.
BYRUN=. FALSE.
CONSFL=. FALSE.
DIAG =. FALSE.
EXPERT =. FALSE.

C*****INITIALLIZE NUMBER OF BINS
NBIN=0

C***** READ TITLE
READ (5,1001) TITLE

C***** PRINT MESSAGE FOR EXECUTION TYPE AND TITLE
WRITE (6,1003) KE YWRD (1 : KLNGTH) , TITLE
WRITE (6,1002) CARD
WRITE (6,1002) TITLE

C * * * * * PROC ESS KEYWORDS
666 CONTINUE

C***** READ RECORD
READ (5,1001,END=6000) CARD
WRITE (6,1002) CARD

C*****INITIALLIZE COLUMN POINTER FOR CURRENT RECORD
IC=1

500 CONTINUE
C*"* * READ CHARACTER STRING FOR COMPARISON AGAINST KEYWORDS

CALL RDSTRG (CARD, IC, KEYWRD, LVAL, IVAL, RVAL, KLNGTH, TYPE,
1 EOR)

C***** CHECK FOR END-OF-RECORD
IF (EOR) GO TO 666

C***** CHECK CHARACTER STRING AGAINST KEYWORDS
IF (KEYWRD(1:KLNGTH) .EQ. ' SAMPLE') THEN

C * * * * * ' * S ET SAMPLE TY PE TO .TRUE.
SAMPLE =.TRUE.

C********OBTAIN SAMPLE INFORMATION
C********CBTAIN NUMBER OF SAMPLE VECTORS TO BE EXECUTED

CALL RDSTRG (CARD, IC, CVAL, LVAL, NOBS, RVAL, LENGTH, TYFE,
1 ECR)

C'*******CHECK FOR INTEGER VALUE
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IF (TYPE (3)) THEN
~C***********OBTAIN SAMPLE VICTOR NUMBER TO BEGIN EXECUTION

CALL RDSTRG (CARD, IC, CVAL, LVAL, NSTART, RVAL, LENGTH,
1 TYPE, EOR)

C***********CHECK FOR INTEGER VALUE
IF (TYPE (3)) THEN

C * * * * * * * * * * * * * * OBTA IN NAME OF FILE CONTAINING SAMPLE VECTORS
CALL RDSTRG (CARD, IC, FILNAM, LVAL, IVAL, RVAL, LENGTH,

1 TYPE, EOR)
C**************CHECK FOR CHARACTER VALUE

IF (TYPE (1)) THEN
C'**************** CHARACTER VALUE FOUND, OPEN SAMPLE VECTOR FILE

OPEN(3, FILE =FILNAM, STATUS ='OLD', ERR =8000)
C***************** SKIP HEADER RECORDS ON SAMPLE VECTOR FILE

600 CONTINUE
READ (3,1001, ERR =8100) CVAL
IND=INDEX (CVAL , ' @S AMPLEDATA ' )
IF (IND .EQ. 0) GO TO 600

ELSE
C * * * * * * * * * * * * * * * * * PRINT E RROR MES S AGE

GO TO 9200
ENDIF

ELSE .

C************** PRINT ERRCR MESSAGE
GO TO 9100

ENDIF
ELSE

C*********** PRINT ERROR MISSAGE
GO TO 9100 ,

ENDIF
ELSE IF (KEYWRD (1: KLNGTH) .EQ. 'NORUN') THEN

C******** SET TYPE FCR VALIDATICN CF INPUT CNLY, NO EXECUTION
NOC ALC = . TRUE .

ELSE IF ( KET*'RD (1 : KLNGTH) .EO. ' DEFAULT') THEN
C******** READ NAME OF FILE CONTAINING CEFAULT VALUES

CALL RDSTRG (CARD, IC, DEFFIL, LVAL, IVAL, RVAL, LENGTH, ,YFE,4

1 EOR)
C******** CHECK FOR CHARACTER VALUE

IF (.NOT. TYPE (1)) GO TO 9100
ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'VECPOS') THEN

C******** READ NAME OF FILE CCNTAINING SAMPLE VECTCR POSTICN INFCRMATICN
CALL RDSTRG (CARD, IC, SAMFIL, LVAL, IVAL, PVAL, LENGTH, TYFE,

1 EOR)
C******** CHECK FOR CHARACTER VALUE

IF (.NOT. TYPE (1)) GO TO 9100 j
ELSE IF (KEYWRD (1 : KLNGTH) .EO. 'BINFILE') THEN

C******** READ A BIN ARRAY FILE
C******** CHECK FOR BINNED EXECUTION

IF (BINNED) THEN
C*********** READ NAME OF FILE CCNTAINING BIN INFORMATION

CALL RDSTRG (CARD, IC, FILNAM, LVAL, IVAL, RVAL, LENGTH,
1 TYPE, EOR)

C*********** CHECK FOR CHARACTER VALUE
IF (TYPE (1)) THEN

C**************CHAAACTER VALUE FOUND SO OPEN BIN FILE
OPEN(4, FILE = FILN At t, STATUS ='OLD', ERR = 8 000)

ELSE
C************** PRINT ERROR MESSAGE |

GO TO 9200
'

ENDIF
ELSE

C***********NO BINS USED FOR DIRECT EXECUTION, PRINT ERROR MESSAGE
GO TO 9300

ENDIF
ELSE IF (KEYWRD (1: KLNGTH) .EQ. 'PRTINP') THEN

C******** SET CCNTROL FLAG PRTINP
PRTINP=.TRUE.

ELSE IF (KEYWRD(1: KLNGTH) .EO. 'REPORTB') THEN
C******** SET CONTROL FLAG REPORTB

REPRTB=.TRUE.
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ELSE IF ( KEW'RD (1 :KLNGTH) .EQ. 'KPBYRUN') THEN
C******** SET CONTROL FLAG KPBYRUN

BYRUN=.TRUE.
ELSE IF (KEYWRD(1:KLNGTH) .EQ. 'CONSFL') THEN

C******** SET CONTROL FLAG CONSFL
CONSFL=.TRUE.

ELSE IF (KEYWRD(1:KLNGTH) .EQ. ' DIAG') THEN
C********SET DIAGNOSTIC PRINT CONTROL FLAG DIAG

D1AG=.TRUE.
ELSE IF (KEYWRD(1:KLNGTH) .EQ. ' EXPERT') THEN

C******** SET EXPERT OPINION CONTROL FLAG EXPERT
EXPERT =.TRUE.

ELSE
C * * * * * * * * INVALID KEl'40RD, PRINT ERROR MESSAGE

WRITE (6,502L) KEYWRD(1:KLNGTH)
NOCALC=.TRUE.

ENDIF
GO TO 500

6000 CONTINUE
C***** VALIDATE COMBINATION OF FLAGS

IF (EXPERT .AND. ((.NOT. BINNED) .OR. (.NOT. SAMPLE))) THEN
WRITE (6,6001)
STOP

ENDIF
IF (NOCALC) STOP

C'**** PRINT CONTROL INFORMATION
IF (SAMPLE) WRITE (6,5025) NOBS, NSTART

C***** CALCULATE TOTAL NUMBER CF SOURCE TEPRS FOR BINNED / SAMPLED EXECUTICN
IF (BINNED .AND. BYRUN) THEN

C******** READ BIN FILE TO DETERMINE TOTAL NUMBER OF SOURCE TEPMS
NTOT=0
NSAMPL=NSTART + NOBS -1

C******** READ TITLE RECORD
READ (4,1001) BTITLE
DO 7000 10B5-1,NSAMPL

READ (4,*) I, NDM, NBIN
IF (ICBS .GE. NSTART) NTOT=NTOT + NBIN
IF (NBIN .GT. 0) READ ( 4,1001) ( B!NARR (1) (1:NDM),I=1,NBIN)

~1000 CONTINUE
REWIND 4

ENDIF
RETURN

C***** FILE OPEN ERRCR
9000 WRITE (6,5022) FILNAM, KEYWRD(1:KLNGTH)

NOCALC=.TRUE.
GO TO 500

C***** FILE READ ERROR
8100 CONTINUE

WRITE (6,5023) FILNAM, KEYWRD(1:KLNGTH)
NOCALC=.TRUE.
GO TO 500

9100 CONTINUE
C***** PRINT ERROR MESSAGE FCR WRONG TYPE OF VARIABLE

WRITE (5,9101) KEYWRD(1:KLNGTH)
NOCALCa.TRUE.
GO TO 500

9200 CONTINUE
C***** PRINT ERROR MESSAGE FOR NO FILE NAME

WRITE (6,9201) KEYWRD (1: KLNGTH)
NOCALC=.TRUE.
GO TO 500

9300 CONTINUE
C***** PRINT ERROR MESSAGE FOR BINNED KEYWORD USED FOR DIRECT EXECUTION

WRITE (6,9301) KEYWRD(1: KLNGTH)
NOCALC=.TRUE.
GO TO 500

C*****FOPRAT STATEMENTS
1001 F0FFAT(A)
1002 FORMAT (11X,A)
1003 FORMAT (/1X,130('''),
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1 /lX, 4 8 ( ' * * ) , 5X, ' GGSOR ',A,' EXECUTION ' , 5X,4 8 ( * * ' ) ,
2 /lX,2 0 ( * * ' ) , 5X, A, 5X,2 0 ( ' * * ) ,
3 /lX,130('''),/)

1004 FOPRAT(lX,A)
5020 FOPMAT(' >>>>> UNRECOGNIZED KEYWORD (',A,')',/)
5022 FOPRAT(' >>>>>OPEN ERROR ON FILE ',A,' FOR KEYWORD ',A,/)
5023 FORMAT (' >>>>> READ ERROR ON FILE ' A,' FOR KEYWORD ',A,/),

5025 FORMAT (//lX,'THE INPUT WILL BE SAMPLED WITH ',I4,
1 SAMPLE VECTOR (S) STARTING WITH SAMPLE VECTOR ',I4,//)'

5030 FOPEAT(lX,'>>>>> UNRECOGNIZED MODE SWITCH',/)
6001 FORMAT (lX,'>>>>> BINNED AND SAMPLE FLAGS MUST BE SPECIFIED ',

1 'TO USE EXPERT OPINION TABLES')
9101 FORMAT (lX , ' >>>>>VALUE (S ) FOLLOWING KEYWORD ',A,' INVALID',/)
9201 FOPNAT(IX,'>>>>>NO FILE NAME FOUND FOLLOWING KEYWORD ',A,/)
9301 FORMAT (lX, ' >>>>> INVALID KEYWORD (',A,') SPECIFIED FOR DIRECT ',

1 ' EXECUTION',/)
9501 FORMAT (1X,'>>>>> UNABLE TO LOCATE EVENT NAME ',A,' DURING '

,

1 ' PROCESSING OF KEYWORD ',A,/)
END
SUBROUTINE DIR

C***** IMPLEMENTS GGSOR RUNS WHICH ItNOLVE DIRECT INPUT WITHOUT
C***** SAMPLING

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=9,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)
CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
COMMCN /CONTRL/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT
CHAPACTER*7 NAME
LOGICAL LDEFLT, LREAL
COtHON /DEFLTl/ NAME (MAXVAR)
COMMCN /DEFLT2/ NVAR, PNAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYPUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, EC F , ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, B RKO PN, VB, ECT, ICF
COMMON /SRCTPR/ ST(MAXSPC), STE(MAXSPC), STCCI(MAXSPC),

1 STL(MAXSPC), STIL, STRVOL(MAXSPC),
2 STl(MAXSPC), ST2 (MAXS PC ) , RV(MAXSPC)

COMMON /BASVAL/ FCOR(MAXSPC), TVES (MAXS PC ) , DFVPA (MAX S PC ) ,
1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV(MAXSPC), VBPUT(MAXSPC),
3 FCOtN (MAXS PC ) , FCONC(MAXSPC), RBDF(MAXSPC),
4 DESPRV(MAXSPC), DFSPRC(MAXSPC), FREVO(MAXSPC),
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, FHPE,
6 EVSE, WFAC, PFAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TCll, TCl2, TBil,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, HVSPLT, FCD
COMMON / BINNED / FCORO(MAXSPC,MAXCAS), FVES0(MAXSPC,MAXCAS),

1 DFVPA0(MAXSPC,MAXCAS), DFCPA0(MAXSPC,MAXCAS),
2 FDCH0(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),
3 FCCIO(MAXSPC,MAXCAS), DFCAVO(MAXSPC,MAXCAS),
4 VBPUFO(MAXSPC,MAXCAS), FCONVO(MAXSPC,MAXCAS),
5 FC ONC 0 (MAX S PC , MAXCAS ) , RBDF0(MAXSPC,MAXCAS),
6 DFSPRVO(MAXSPC,MAXCAS), DFS PRC 0 (MAXS PC , MAXCAS ) ,
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20(MAXCAS), FHPEO(MAXCAS), EVSEO(MAXCAS),
9 FPLBYO(3), MVSPLTO, TWO(MAXTIM), T10(MAXTIM),i
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0(MAXTIM),
B EO(MAXTIM)

COPHON / EXPERT / FCORL (MAXS PC, MAXLEV, MAXCAS) ,
1 FVES L (MAXS PC , MAXL EV, MAXCAS ) ,
2 FREVOL(MAXSPC,MAXLEV,MAXCAS),
3 FCCIL(MAXSPC,MAXLEV,MAXCAS),
4 FCONVL(MAXSPC,MAXLEV,MAXCAS),
5 FCONCL(MAXSPC,MAXLEV,MAXCAS),
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6 FLTI1L(MAXLEV,MAXCAS), FLTI2L(MAXLEV,MAXCAS),
7 RBD FL (MAXS PC , MAXLEV, MAXCAS ) ,
8 FDCHL(MAXSPC,MAXLEV,MAXCAS),
9 TEVSEL(MAXSPC,MAXLEV,MAXCAS),
A DFVPAL(MAXSPC,MAXLEV,MAXCAS),
B DFCPAL(MAXSPC,MAXLEV,MAXCAS),
C DFCAVL(MAXSPC,MAXLEV,MAXCAS),
D DFSPRVL(MAXSPC,MAXLEV,MAXCAS),
E DFSPRCL(MAXSPC,MAXLEV,MAXCAS),
F PRBLEV(MAXLEV)

COMMON /LHSBLK/ XLHS (MAXSMP)
DATA ICBS / 1 /, IBIN / 1 /

C
C

C***** SET NUMBER OF SAMPLE VALUES
XLHS(1)=0.0

C***** DEFINE VARIABLE NAMES FOR DEFAULT INPUT
CALL DEFINE

C***** SET DEFAULT VALUE ARRAY BY READING DEFAULT INPUT FROM FILE DEFFIL
CALL SETDEF

C***** PRINT DEFAULT VALUE INFORMATION
IF (PRTINP) CALL WRTPAR

C***** TERMINATE EXECUTION IF CNLY VALIDATING INPUT OR ERROR ENCOUNTERED
C*****DURING READING OF INPUT DATA

IF (NOCALC) THEN
C******** PRINT MESSAGE

WRITE (6,1010)
STOP

ENDIF
C* * * * * TRANSFER DEFAULT VALUE ARRAY TO COMMON BLOCK VALUES

CALL TRANS (FCCR(1), FCCR0 (1,1) , FCORL(1,1,1))
C***** PRINT CONTENTS OF COMMON BLOCKS

IF (REPRTB) CALL WRREL
C * * * * * SET TOTAL NL'MBER OF SOURCE TERMS

NTOT=1
C***** WRITE HEADER TO CONSEQUENCE DATA FILE

IF (CONSFL) WRITE (9,1006) TITLE, NDM, NSPEC, NTOT, NOBS
C***** WRITE STANDARD HEADER TO SPECIALIZED CONSEQUENCE DATA FILE
C/// IF (CCNSFL) WRITE (10,5001) TITLE, NDM, NSPEC, NTOT, NOBS
C*****PERFCPR SOURCE TERM CALCULATICNS

CALL GGSORC (IOBS, IBIN)
C***** PRINT PROCESSING SUMMARY

WRITE (6,2003)
RETURN

C*****FOPMAT STATEMENTS
1006 FORMAT (1X, A, /1X,4I10)
1010 FCRMAT(/lX,' EXECUTION TERMINATED FOLLCWING VALIDATION OF INPUT')
2003 FCRMAT(/1X,' SINGLE DIRECT EXECUTION PROCESSED')
5001 FOPRAT(IX,A,/,1X,'NDM = ',I5,' NSPEC = ',I5,' NTOT= ',IS,

l' NOBS = ,I5)'

END '

SUBROUTINE DIRSMP
C***** IMPLEMENTS GGSOR RUNS WHICH INVOLVE DIPI.CT INPUT WITH
C***** SAMPLING

PARAMETER (MAXED=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXS PC =10, MAXTIM=20)
CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
COMMON /CONTRL/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT
CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS (MAXVAL) , IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,
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1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON /SRCTPN/ ST(MAXSPC), STE (MAXS PC ) , STCCI(MAXSPC),

,

1 STL(MAXSPC), STIL, STRVOL(MAXSPC), '

2 ST1(MAXSPC), ST2(MAXSPC), RV(MAXSPC)
COMMON /BASVAL/ FCOR(MAXSPC), FVES(MAXSPC), D FVPA (MAXS PC ) ,

1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI (MAXS PC ) , DFCAV(MAXSPC), VB PUF (MAXS PC ) ,
3 FCONV(MAXSPC), FCONC(MAXSPC), RBDF (MAXS PC ) ,
4 DFS PRV (MAXS PC) , DFSPRC(MAXSPC), FREVO (MAXS PC) ,
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, FHPE,
6 EVSE, WTAC, PFAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TC11, TC12, TB11,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, HVSPLT, FCD
COMMON / BINNED / FCORO(MAXSPC,MAXCAS), TVESO(MAXSPC,MAXCAS),

1 DFVPA0(MAXSPC,MAXCAS), DFCPA0(MAXSPC,MAXCAS),
2 FDCHO(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),
3 FCCIO (MAXS PC , MAXC AS ) , DFCAVO(MAXSPC,MAXCAS),
4 VBPUFO(MAXSPC,MAXCAS), FCONVO (MAXS PC , MAXCAS ) ,
5 FCONCO(MAXSPC,MAXCAS), RBDF0(MAXSPC,MAXCAS),
6 DFSPRVO(MAXSPC,MAXCAS), DFSPRCO(MAXSPC,MAXCAS),
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20 (MAXCAS ) , FHPEO(MAXCAS), EVSEO(MAXCAS),
9 FPLBYO(3), MVSPLTO, TWO(MAXTIM), T10(MAXTIM),
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0 (MAXTIM) ,
B EO (MAXTIM)

COMMDN / EXPERT / FCORL{MAXSPC,MAXLEV,MAXCAS),
1 FVESL(MAXSPC,MAXLEV,MAXCAS),
2 FREVOL(MAXSPC,MAXLEV,MAXCAS),
3 FCCIL(MAXSPC,MAXLEV,MAXCAS),
4 FCONVL (MAX S PC , MAXLEV, MAXC AS ) ,
5 FCONCL(MAXSPC,MAXLEV,MAXCAS),
6 FLTI1L(MAXLEV,MAXCAS), FLTI2L(MAXLEV,MAXCAS),
7 RBDFL(MAXSPC,MAXLEV,MAXCAS),
8 FDCHL(MAXSPC,MAXLEV,MAXCAS),
9 FEVSEL(MAXSPC,MAXLEV,MAXCAS),
A DFVPAL(MAXSPC,MAXLEV,MAXCAS),
B DFCPAL(MAXSPC,MAXLEV,MAXCAS),
C DFCAVL(MAXSPC,MAXLEV,MAXCAS),
D DFSPRVL(MAXSPC,MAXLEV,MAXCAS),
E DFSPRCL(MAXSPC,MAXLEV,MAXCAS),
F PRBLEV(MAXLEV)

COMMON /LHSBLK/ XLHS (MAXSMP)
C
C

C***** DEFINE VARIABLE NAMES AND POSITION INFOPRATICN FOR DEFAULT
C***** INPUT AND SAMPLE VECTOR SUBSTITUTION

CALL DEFINE
C***** SET DEFAULT VALUE ARRAY BY READING DEFAULT INPUT FROM FILE DEFFIL

CALL SETDEF
C'**** SET SAMPLE VECTOR POSITIONS

CALL VECPOS
C* *" * PRINT DEFAULT VALUE AND SAMPLE VECTOR POSITION INFORMATION

IF ( PRTIN P) CALL WRTPAR
C'*'' TERMINATE EXECUTION IF ONLY VALIDATING INPUT OR ERROR ENCOUNTEPID
C* * ' *DURING READING OF INPUT DATA

IF (NOCALC) THEN
C' * * " * * * PRINT MESSAGE

WRITE (6,1010)
STOP

ENDIF
C***** SKIP TO STARTING SAMPLE VECTOR

IF (NSTART .NE. 1) THEN
Do 1000 ISKIP=1,NSTART-1

READ (3,*) I, NLMS, (XLHS(I),I=1,NLHS)
1000 CONTINUE

ENDIF
C***** SET TOTAL NUMBER OF SOURCE TEPNS

NTOT=NCBS
C***** PROCESS SAMPLE VECTORS

NUREG/CR-6143 C-8 Vol. 6, Part I
;

1

i

_ _ _ .



Appendix C

Do 2000 ICBS=1, NOBS
C********READ CURRENT SAMPLE VECTOR ,

READ (3,*) I, NLHS, (XLHS (I) , I=1, NLMS ) |

C********TRANSFER SAMPLE VECTOR VALUES TO DEFAULT ARRAY l

CALL SUBVEC
C* * * * * * * * TRANSFER DEFAULT VALUE ARPAY TO COMMON BLOCK VALUES

CALL TRANS ( FCOR ( 1) , FCORO(1,1), FCORL(1,1,1))
C******** PRINT CONTENTS OF COMMON BLOCKS

IF (REPRTB) CALL WRREL
C******** WRITE HEADER TO CONSEQUENCE DATA FILE

IF (CONSFL .AND. (IOBS .EQ. 1)) i

1 WRITE (9,1006) TITLE, NDM, NSPEC, NTOT, NOBS
C'******* WRITE STANDARD HEADER TO SPECIALIZED CONSEQUENCE DATA FILE
C/// IF (CONSFL .AND. (IOBS .EQ. 1))
C/// 1 WRITE (10,5001) TITLE, NDM, NSPEC, NTOT, NOBS
C********PERFCRM SOURCE TEPM CALCULATIONS

CALL GGSORC (ICBS+NSTART-1, IBIN)
2000 CONTINUE

C***** PRINT PROCESSING SUMMARY
IF (NOBS .EQ. 1) THEN

WRITE (6,2003) NCBS
ELSE

WRITE (6,2004) NSTART, NSTART+NCBS-1, NCBS
ENDIF
RETURN

C'****FOPMAT STATEMENTS
1006 FCBMAT(lX,A,/lX,4Il0)
1010 FOPRAT ( /1X, ' EXECUTION TEPMINATED FOLLOWING VALIDATION OF INPUT' )
2 00 3 FOPMAT (/lX, I S, ' SAMPLE VECTOR PROCESSED')
2004 FOPRAT ( /lX , ' S AMPLE VECTORS ',I4,' THRU ,IS,'

1 ' WERE PROCESSED (TOTAL OF ',I5,')')
5001 FCPMAT (1X, A, /,1X, ' NDM = ' , I 5, ' NSPEC = ',I5,' NTOT= ' ,15,

l' NCBS = ',15)
END
SUBROUTINE BIN

C***** IMPLEMENTS GGSOR RUNS WHICH INVCLVE BINNED INFUT WITHOUT
C***** SAMPLING

PARAMETER (MAXED=20, MAXBIN=10000, MAXSMP=300, FAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)
CHARACTER BINARR*(MAXBD), BTITLE*BO, TITLE *80
CCMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
CCMMON /CONTRL/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT
CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLTl/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB , ECF, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON /SRCTRM/ ST (MAXSPC), STE(MAXSPC), STCCI(MAXSPC),

1 STL (MAXS PC ) , STIL, STRVOL(MAXSPC),
2 STl(MAXSPC), ST2(MAXSPC), RV (MAXS PC)

COMMON /BASVAL/ FCCR(MAXSPC), TVES(MAXSPC), DFVPA(MAXSPC),
1 DFC PA (MAXS PC) , FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV(MAXSPC), VBPUT(MAXSPC),
3 FCONV(MAXSPC), FCONC(MAXSPC), RBDF(MAXSPC),
4 DFSPRV(MAXSPC), DFSPRC(MAXSPC), FREVO(MAXSPC),
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, THPE,
6 EVSE, WFAC, PFAC, FPLBYE, FPLBie, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TCll, TCl2, TB11,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,

9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, MVSPLT, FCD i

COMMON / BINNED / FCOR0(MAXSPC,MAXCAS), EVES 0(MAXSPC,MAXCAS), !

1 DFVPA0(MAXSPC,MAXCAS), DFCFA0(MAXSPC,MAXCAS),
2 EDCHO(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),

i
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3 FCCIO (MAXS PC , MAXCAS ) , DFCAVO(MAXSPC,MAXCAS),
4 VBPUF0(MAXSPC,MAXCAS), FCCNVO(MAXSPC,MAXCAS),
5 FCONCO(MAXSPC,MAXCAS), RBDF0(MAXSPC,MAXCAS),
6 DFSPRVO(MAXSPC,MAXCAS), DFSFRCO(MAXSPC,MAXCAS),
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20(MAXCAS), FHFE0(MAXCAS), EVSEO(MAXCAS),
9 FPLBYO(3), MVSPLTO, TWO(MAXTIM), T10(MAXTIM),
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0(MAXTIM),
B EO(MAXTIM)

COMMON /EXFERT/ FCORL(MAXSPC,HAXLEV,MAXCAS),
1 FVESL(MAXSPC,MAXLEV,MAXCAS),
2 FREVOL(MAXSPC,MAXLEV,MAXCAS),
3 FCCIL (MAXS PC , MAXLEV, MAXCAS ) ,
4 FCONVL(MAXSPC,MAXLEV,MAXCAS),
5 FCONCL(MAXSPC,MAXLEV,MAXCAS),
6 FLTI1L(MAXLEV,MAXCAS), FLTI2L(MAXLEV,MAXCAS),
7 RBDFL(MAXSPC,MAXLEV,MAXCAS),
8 FDCHL (MAXS PC , MAXLEV, MAXC AS ) ,
9 FEVSEL(MAXSPC,MAXLEV,MAXCAS),
A DFVPAL(MAXSPC,MAXLEV,MAXCAS),
B DFCPAL(MAXSPC,MAXLEV,MAXCAS),
C DFCAVL(MAXSPC,MAXLEV,MAXCAS},
D DFS F RVL (MAXS PC , MAXLEV, MAXCAS ) ,
E DFSFRCL(MAXSPC,MAXLEV,MAXCAS),
F FRELEV(MAXLEV) *

CCMMON /LHSBLK/ XLHS (MAXSMP)
DATA ICES /1/

C
C
C***** DEFINE VARIABLE NAMES FOR DEFAULT INPUT

CALL DEFINE
C***** SET DEFAULT VALUE ARRAY BY READING DEFAULT INPUT FROM FILE DEFFIL

CALL SETDEF
C***** PRINT DEFAULT VALUE INFCPMATICN

IF (FRTINP) CALL WRTFAR
C'**** TERMINATE EXECUTION IF CNLY VALIDATING INPUT CR ERROR ENCOUNTERED
C*****DURING READING CF INPUT DATA

IF (NOCALC) THEN
C******** PRINT MESSAGE

kPITE(6,1010) ,

STOP
ENDIF

C'**** TRANSFER DEFAULT VALUE ARRAY TO COMMON BLOCK VALUES
CALL TPANS (FCOR(1), FCOR0(1,1), FCCRL(1,1,1))

C*****CNE SET OF BIN DEFINITICNS IS USED
READ (4,1001) BTITLE
RFJW ( 4, * ) I, NDM, NBIN
IF (NBIN .GT. MAXBIN) THEN

C'******* PRINT ERRCR MESSACE
WRITE (6,1011) NBIN, MAXBIN, NBIN
STOP

ENDIF
IF (NBIN .GT. 0) READ (4,1001) (BINARR (I) (1 : NDM) , I=1, NBIN)
WRITE (6,1003) BTITLE, NBIN, (I, BINARR (I) (1:NDM) , I=1, NBIN)
h7ITE(6,1004)

C'**** SET TOTAL NUMBER CF SOURCE TEPRS
NTOT=NBIN

C***** WRITE HEADER TO CONSEQUENCE DATA FILE
IF (CONSFL) WRITE (9,1006) TITLE, NDM, NSPEC, NTOT, NOBS

C********
C***** WRITE STANDARD ):EADER TO SFECIALIZED CONSEOUENCE DATA FILE
C'*******
C/// IF (CCNSFL) WRITt. (10, 5001) TITLE, NDM, NSPEC, NTOT, NOBS
C***** LOOP OVER INDIVIDUAL BINS

DO 1000 IBIN=1,NBIN
C* *' * * * * TRANSLATE CURRENT BIN ID TO PARAMETERS FOR USE IN RELCLC

CALL BINTRN (IBIN)
iC* * * * * * * * PRINT CONTENTS CF COMMON BLOCKS

IF (REPRTB) CALL WRREL
C********PERFOPM SOURCE TEFM CALCULATIONS
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CALL GGSORC (ICBS, IBIN) r

1000 CONTINUE
C***** PRINT NUMBER OF BINS PROCESSED

WRITE ( 6,2 00 3 ) NBIN
RETURN

C***** FORMAT STATEMENTS
1001 FOPRAT(A)
1002 FOPRAT(1X,A)
1003 FORMAT (//1X,130('='),

1 //1X,'BINNING INFORMATION',
2 /1X,A,
3 //1X,'THE FOLLOWING ',I7,' BIN (S ) ARE TO BE PROCESSED:',
4 // (1X, I7, ' ', A) )

100 4 FORMAT ( /1X ,13 0 ( ' = ' ) , / / )
1006 FORMAT (1X, A, /1X,4Il0)
1010 FORMAT (/1X,' EXECUTION TERMINATED FOLLOWING VALIDATION OF INPUT')
1011 FORMAT (/1X,'>>>>> NUMBER OF BINS (',17,') READ FROM FILE IS ',

1 ' LARGER THAN ALLOWED DIMENSION (',17,')',
2 /1X, ' >>>>>INCPIASE PARAMETER MAXBIN TO AT LEAST ' , I7,
3 /1X,'>>>>> EXECUTION TERMINATED')

2003 FOPRAT(/1X,I7,' BIN (S) PROCESSED')
5001 FOPMAT(1X,A,//,1X,'NDM = ',I5,' NSPEC = ' , I 5, ' NTOT= , I5,'

l' NOBS = ',I5,/)
END
SUBPOUTINE BINSMP

C'**** IMPLEMENTS GGSOR RUNS WHICH INVOLVE BINNED INPUT WITH SAMPLING ,

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=200, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)
CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
COMMON /CONTRL/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT
CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
CCMMON /DEFLT1/ NAME(MAXVAR)
CCMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(fGXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG, '

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, EC F, ICT
COMMON /SRCTRM/ ST (MAXSPC), STE(MAXSPC), STCCI(MAXSPC),

1 STL(MAXSPC), STIL, STRVOL(MAXSPC),
2 ST1(MAXSPC), ST2(MAXSPC), RV(MAXSPC)

CCMMON /BASVAL/ FCOR(MAXSPC), FVES(MAXSPC), DFVPA(MAXSPC),
1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV (MAXS PC) , VBPUF(MAXSPC),
3 FCONV(MAXSPC), FCONC(MAXSPC), RBDF(MAXSPC),
4 DFSPRV(MAXSPC), DFSPRC(MAXSPC), FREVO(MAXSPC),
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, FHPE,
6 EVSE, WTAC, PFAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TC11, TC12, TB11,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, MVSPLT, FCD
COMMON / BINNED / FCOR0(MAXSPC,MAXCAS), TVESO(MAXSPC,MAXCAS),

1 DFVPA0(MAXSPC,MAXCAS), DFCPA0(MAXSPC,MAXCAS),
2 FDCHO(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),
3 FCCIO(MAXSPC,MAXCAS), DFCAVO(MAXSPC,MAXCAS),
4 VBPUFO(MAXSPC,MAXCAS), FCONVO(MAXSPC,MAXCAS),
5 FCONC 0 (MAXS PC, MAXCM ) , RBDF0(MAX 3PC,MAXCAS),
6 DFSPRVO(MAXSPC,MAXCAS), DFS PRC O (MAXS PC , MAXCAS ) ,
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20(MAXCAS), FHPE0(MAXCAS), EvsEO(MAXCAS),
9 FPLBYO(3), MVSPLTO, TWO(MAXTIM), T10(MAXTIM),
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0(MAXTIM),
B EO(MAXTIM)

COMMON / EXPERT / FCORL(MAXSPC,MAXLEV,MAXCAS),
1 FVESL(MAXSPC,MAXLEV,VAXCAS),
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2 FREVOL (MAXS PC , MAXLEV, MAXCAS ) ,

3 FCCIL(MAXSPC,MAXLEV,MAXCAS),
4 FCONVL(MAXSPC,MAXLEV,MAXCAS),
5 FCONCL(MAXSPC,MAXLEV,MAXCAS),
6 FLTI1L(MAXLEV,MAXCAS), FLTI2L(MAXLEV,MAXCAS),
7 RBDFL(MAXSPC,MAXLEV,MAXCAS),
8 FDCHL(MAXSPC,MAXLEV,MAXCAS),
9 FEVSEL(MAXSPC,HAXLEV,MAXCAS),
A DFVPAL(MAXSPC,MAXLEV,MAXCAS),
B DFCPAL(MAXSPC,MAXLEV,MAXCAS),
C DFCAVL(MAXSPC,MAXLEV,MAXCAS),
D DFSPRVL(MAXSPC,MAXLEV,MAXCAS),
E DFSPRCL(MAXSPC,MAXLEV,MAXCAS),
F PRBLEV(MAXLEV)

COMMON /LHSBLK/ XLHS (MAXSMP)
C
C
C***** DEFINE VARIABLE NAMES AND POSITION INFORMATION FOR DEFAULT
C* * *' INPUT AND SAMPLE VECTOR SUBSTITUTION

CALL DEFINE
C'**** SET DEFAULT VALUE ARRAY BY RIADING DEFAULT INPUT FROM FILE DEFFIL

CALL SETDEF
C***** SET SAMPLE VECTOR POSITIONS

CALL VECPOS
C***** PRINT DEFAULT VALUE AND SAMPLE VECTCP POSITION INFORMATION

IF (PRTINP) CALL WRTPAR
C***** TERMINATE EXECUTION IF ONLY VALIDATING INPUT CR ERROR ENCOUNTERED
C*****DURING READING CF INPUT DATA

IF (NOCALC) THEN
C * * " * * * * PRINT MES SAGE

h7ITE(6,1010)
STOP

ENDIF
C***** READ TITLE RECORD

READ (4,1001) BTITLE
IF (.NOT. BYRUN) THEN

C********READ SET OF BINS WHICH WILL BE USED FCR ALL SAMPLES
READ (4,*) I, NDM, NBIN
IF (NBIN .GT. MAXBIN) THEN

5

C' ' * * * * * * * * P RINT ERR C R MES S AGE
WRITE (6,1011) NBIN, MAXBIN, NBIN
STOP

ENDIF
IF (NBIN .GT. 0) READ (4,1001) (BINARR (I) (1:NDM),I=1,NBIN)
WRITE (6,1003) ICBS, BTITLE, NBIN,

1 (I, BINARR (I) (1: NDM) , I=1, NBIN)
kPITE (6,100 4 )

C'******* SET TOTAL NUMBER OF SOURCE TERMS
NTOT=NBIN * NIBS

ENDIF
C***** CHECK FOR STARTING SAMPLE VECTOR

IF (NSTART .NE. 1) THEN
C******** SKIP TO STARTING SAMPLE VECTOR

Do 1000 ISKIP=1,NSTART-1
C* * * * * " * * * * READ SAMPLE VECTOR VALUES

READ (3,*) I, NLMS, (XLHS (I) , I=1, NLMS )
IF (BYRUN) THEN

C************** READ BIN DEFINITIONS FOR CURRENT SAMPLE VECTOR ,

READ (4,*) I, NDM, NBIN
IF (NBIN .GT. MAXBIN) THEN

C * * * " * * ' * * * * * * * * PRINT ERROR MES S AGE
WRITE (6,1011) NBIN, ISKIP, MAXBIN, NBIN
STOP

ENDIF
IF (NBIN .GT. 0) READ ( 4,1001)

1 (BINARR (I) (1 : NDM) , I=1, NBIN)
ENDIF

1000 CCNTINUE
ENDIF

C***** PROCESS SAMPLE VECTOR
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DO 3000 ICBS=1, NOBS

C******** READ CURRENT SAMPLE VECTOR VALUES
READ (3,*) I, NLMS, (XLMS(I),I=1,NLMS)

C******** VALIDATE NUMBER OF SAMPLE VECTOR VALUES
IF (NLHS .GT. MAXSMP) THEN !

WRITE ( 6,100 5 ) NLHS, MAXSMP
STOP

ENDIF
C******** TRANSFER SAMPLE VECTOR VALUES

CALL SUBVEC
C******** TRANSFER DEFAULT VALUE ARRAY TO COMMON BLOCK VALUES

CALL TRANS (FCOR(1), FCCR0(1,1), FCORL(1,1,1))
C********WRITE HEADER TO CONSEQUENCE DATA FILE

IF (CONSFL .AND. (IOBS .EQ. 1))
1 WRITE (9,1006) TITLE, NDM, NSPEC, NTOT, NCBS

C* * * * * * * * WRITE STANDARD HEADER TO SPECIALIZED CONSEQUENCE DATA FILE
C/// IF (CONSFL .AND. (IOBS .EQ. 1))
C/// 1 WRITE (10,5001) TITLE, NDM, NSPEC, NTOT, NOBS
C********USE EXPERT CPINION TABLES

IF (EXPERT) CALL EXPTAB
C******** CHECK FOR SEPARATE BIN DEFINITIONS FOR EACH SAMPLE

IF (BYRUN) THEN
C*********** READ SET OF BINS FOR CURRENT SAMPLE

READ ( 4, * ) I, NDM, NBIN
IF (NBIN .GT. MAXBIN) THEN

C**************PRINT ERROR MESSAGE
WRITE (6,1011) NBIN, NSTART+ICBS-1, MAXBIN, NBIN
STOP

ENDIF
IF (NBIN .GT. 0) READ (4,1001) ( BINARR (I ) (1 : NDM) , I=1, NEIN)
WRITE (6,1003) ICBS, BTITLE, NBIN,

1 (I, BINARR (I) (1 : NDM) , I-1, NBIN)
WRITE (6,1004)

ENDIF
C******** LOOP OVER INDIVIDUAL BINS

Do 2000 IBIN=1,NBIN
C*********** TRANSLATE CURRENT BIN ID TO PARAMETERS FOR USE IN RELCLC

CALL BINTRN (IBIN)
C * * * * * * * * * * * PRINT CCNTENTS OF COMMON BLOCKS *

IF (REPRTB) CALL WRREL
C * * * * * * * * * * * PERECRM SOURCE TERM C ALCULATIONS

CALL GGSORC (ICBS+NSTART-1, IBIN)
2000 CONTINUE

C******** PRINT NUMBER OF BINS PROCESSED FCR CURRENT SAMPLE VICTOR
WRITE (6,2003) NBIN, IOBS+NSTART-1

3000 CONTINUE
RETURN

C*****FCRMAT STATEMENTS
1001 FORMAT (A)
1002 FCRMAT(1X,A)
1003 FORMAT (//1X,130('='),

1 //1X,'BINNING INFORMATION FOR SAMPLE VECTOR ',I4,
2 /1X,A,
3 //1X,'THE FOLLOWING ',I7,' BIN (S) ARE TO BE PROCESSED:',
4 //(1X,I7,' ',A))

1004 FORMAT (/1X,130('='),//)
1005 FORMAT (/1X,'>>>>> NUMBER OF SAMPLE VECTOR VALUES (',I4,

1 ') READ FROM UNIT 3 EXCEEDS ', ;

2 /1X,'>>>>> MAXIMUM NUMBER ALLOWED (MAXSMP=',I4 ')',

3 /1X,'>>>>> EXECUTION TERMINATED')
1006 FORMAT (1X, A, /1X,4Il0)
1010 FON4AT (/1X, ' EXECUTION TERMINATED FOLLOWING VALIDATION OF INPUT')
1011 FORMAT (/1X,'>>>>> NUMBER OF BINS (',I7,') READ FROM UNIT 4, '

,

1 ' SAMPLE VECTOR ',I4,
2 ' IS LARGER THAN ALLOWED DIMENSION (',I7,')',,

3 /1X,'>>>>> INCREASE PARAMETER MAXBIN TO AT LEAST ',17,
4 /1X,')>>>> EXECUTION TERMINATED')

2003 FORMAT (/1X,I7,' BIN (S) FROCESSED FOR SAMPLE VECTOR ',I4)
5001 FORMAT (1X, A, //,1X, ' NDM = ' IS,' NSPEC = ',IS,' NTOT= , IS,'

,

l' NOBS = ',IS,/) !
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END
SUBROUTINE DEFINE

C***** DEFINE NAMES AND DIMENSIONS OF VARIABLES TO BE SET THROUGH
C***** DEFAULT INPUT AND SAMPLE VECTOR SUBSTITUTION

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)

CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS (MAXVAL) , IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECT, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECT, ICF
C
C

| C***** SET DEFAULT TYPES TO . FALSE.
| Do 1000 I-1,MAXVAL
| L DE FLT ( I) = . FALS E .

1000 CONTINUE
C*****INITIALLIZE NUMBER OF VARIABLES

NVAR=0
C*****INITIALLIZE TOTAL NUMBER OF VALUES

tNAL-1
C***** SET POSITICN INFORMATICN

Do 2000 IVAR=1,MAXVAR
C******** CHECK FOR BLANK VARIABLE NAME

IF (NAME(IVAR) .EQ. ') GO TO 3000*

C******** INCREMENT NUMBER OF VARIABLES
NVAR=tNAR + 1

C'*******SAVE STARTING POSITION OF CURRENT VARIABLE
ISPOS(NVAR)=NVAL

{ C' * * * * * " CHECK FOR NON-ZERO DIMENSIONS
IF ( (IDIMEN (1, NVAR) .LE. 0) .OR. (IDIMEN (2, NVAR) .LE. 0) .OR.

1 (IDIMEN(3,NVAR) .LE. 0)) THEN
C*********** PRINT ERRCR MESSAGE

I

WRITE (6,1001) NAME(IVAR), ( IDIMEN ( I, NVAR) , I=1, 3 )
NOCALC=.TRUE.

ENDIF
C * * " * * * * INCREMENT TOTAL NUMBER OF VALUES

!NAL=NVAL + IDIMEN (1,1NAR) *IDIMEN (2, NVAR) *ID! MEN ( 3, tNAR)
2000 CCNTINUE !

$3000 CONTINUE I
C***** SET TOTAL NUMBER OF VALUES

NVAL=NVAL - 1
C* * * ' VALIDATE TOTAL NUMBER OF VALUES AGAINST MAXIMUM DIMENSION

IF (NVAL .GT, MAMVAL) THEN
C *"" * ' PRINT ERROR MESSAGE

WRITE (6,3001) NVAL, MAXVAL, NVAL
NOCALC=.TRUE.

ENDIF
C***** VALIDATE TOTAL NUMBER OF VALUES AGAINST SUM OF VALUES IN
C * * * ' DEFAULTED COMMON BLOCKS

IF (NVAL .NE. NVCBl+NVCB2+NVCP3+NVCB4+NVCB5) THEN
C'******* PRINT ERROR MESSAGE

WRITE (6,3002) NVAL, NVCBl+NVCB2+NVCB3+NVCB4+NVCB5
NOCALC=.TRUE.

ENDIF
C'**** SET ASCII CODE FOR CHARACTERS I AND N

l

I
ICI=ICMAR('I')
ICN=ICHAR('N')

C* * *'INITIALLIZE VALUE POINTER
IVAL=1

C'"" SET VARIABLE TYPES
DO 5000 IVAR-1, ?NAR

C * * * * " * *INITIALLIZE PCINTER ARRAY
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IPNT (IVAR) =IVAR
C" * "* * * SET ASCII CODE FOR FIRST CHARACTER CF VARIABLE NAME

IC=ICHAR (NAME (IVAR) (1: 1) )
C********COMPARE ASCII CODE TO I THRU N RANGE (INTEGER VARIABLE)

IF ((IC .GE. ICI) .AND. (IC .LE. ICN)) THEN
C"" * * * ' * * SET REAL VARIABLE FLAG TO . FALS E , (INTEGER VARIABLE)

LREAL(IVAL)=. FALSE.
ELSE

C* " * * ' * " * SET REAL VARIABLE FLAG TO .TRUE . (REAL VARIABLE)
LREAL(IVAL)=.TRUE.

ENDIF
C * " * * * * * S ET ALL TYPES FOR CURRENT VARIABLE

ITIRST=IVAL
ILAST=IVAL - 1 + IDIMEN (1, IVAR) * IDIMEN (2, IVAR) * IDIMEN ( 3, IVAR)
DO 4000 I=IFIRST,ILAST

LREAL(I)=LREAL(IVAL)
4000 CONTINUE

C * * * * ' * * RESET VALUE POINTER
IVAL=ILAST + 1

5000 CONTINUE
C* * ' *ALL INFORMATION FOR VARIABLES THAT MAY BE SET THROUGH DEFAULT
C*****AND VECTOR POSITICN HAS BEEN SAVED
C***** SORT LIST OF VARIABLE NAMES USING POINTER IPNT TO FACILITATE
C'**** SEARCHING

CALL CSORT (NVAR, NAME, IPNT)
RETURN

C*****FOPRAT STATEMENTS
1001 FORMAT (1X , ' >>>>> DIMENSIONS FOR VARIABLE ',A,' MUST BE GREATER ',

1 'THAN O',
2 /1X,'>>>>> DIMENSION 1 =',IS,', DIMENSION 2 a',IS,
3 ', DIMENSION 3 =',IS,
4 /1X,'>>>>> CHECK VARIABLE DEFINITIONS IN SUBROUTINE DEFINE',/)

3001 FCRMAT (1X, ' >>>>> NUMBER OF VARIABLES (NVAR=',15,') EXCEEDS ',
1 ' DIMENSION (MAXVAR=',I5,')',

'
2 /1X,'>>>>> CHECK VARIABLE DEFINITIONS IN SUBROUTINE DEFINE ,

3 'AND/OR',
4 /1X,'>>>>> RESET PARAMETER MAXVAR TO AT LEAST ',I5,/)

3002 FCPNAT (1X, ' >>>>> NUMBER OF VALUES WHICH CAN BE SET THROUGH ',
1 ' DEFAULT AND VECTOR SUBSTITUTION (',IS,')',
2 /1X,'>>>>>SHOULD BE EQUAL TO THE TOTAL NUMBER OF VALUES ',
3 'IN THE COMMCN BLOCKS TO BE SET ',
4 /1X,'>>>>>(NVCBl+NVCB2+NVCB3+NVCB4+NVCB5=',I5,') ',
5 '-- SUBROUTINE DEFINE',/)

END
SUBROUTINE SETDEF 1

'

C***** SET DEFAULT VALUES BY READING VARIABLE NAMES AND CORRESPONDING
C'**** VALUES FROM FILE DESIGNATED FOR DEFAULT VALUES (DEFFIL)

PARAMETER (MAXLEN=101, MAXVLN=20)
FARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=B,

1 MAXISS=20, MAXLEV-10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)

CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL !
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS (MAXVAL) , IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LREAL(MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF I
ICHARACTER *B0 DEFFIL, SAMFIL, VECFIL

COMMON /FILBLK/ DEFFIL, SAMFIL, VECFIL
CHARACTER *(MAXLEN) CARD
CHARACTER *(MAXVLN) CVAL, TMPVAL
DIMENSION INDX(3)
LOGICAL ECR, TYPE (4), LVAL
CHARACTER *10 IFRMT 1

COMMON / VALUES / RVL(MAXVAL) !
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DIMENSION IVL(MAXVAL)
EQUIVALENCE (IVL, RVL)

C
C
C***** PRINT HEADER MESSAGE

IF (PRTINP) WRITE ( 6,1003) DEFFIL
C* * * * * WRITE INTEGER FOPFAT FOR READING VARIABLE ARRAY INDICES

WRITE (IFRHT,1004) MAXVLN
C*****INITIALLIZE CURRENT VALUE POSITION

IVPOS=-1
C*****OPEN DEFAULT FILE

OPEN(1, FILE =DEFFIL, STATUS ='OLD', ERR =9100)
1000 CONTINUE

C***** READ RECORD
READ (1,1001,END=8000) CARD

C***** PRINT RECORD
IF (PRTINP) WRITE (6,1002) CARD

C*****INITIALLIZE COLUMN POINTER FOR CURRENT RECORD
IC=1

2000 CONTINUE
C***** READ NEXT VALUE ON RECORD

CALL RDSTRG (CARD, IC, CVAL, LVAL, IVAL, RVAL, LENGTH, TYPE, ECR)
C***** CHECK FOR END-OF-RECORD

IF (ECR) GO TO 1000
C***** CHECK FOR CHARACTER VALUE (VARIABLE NAME)

IF (TYPE (1) ) THEN
C********INITIALLIZE ARPAY SPECIFICATIONS

INDX (1) =1
INDX (2 ) =1
INDX ( 3) al

C********CHARACTER VALUE (VARIABLE NAME) FOUND
C********CHECK FOR LEFT PARENTHESIS IN VARIABLE NAME

I L PAR = IND EX (CVAL , '(')
LE P E; SIS, CHECK FOR RIGHT PARENTHESIS* 'C********

IRPAR=INDEX(CVAL, ')')
IF (IRPAR .NE. 0) THEN

C**************FOUND RIGHT PARENTHESIS, CHECK FCR COMMA
'ICOMMA=INDEX(CVAL, ,')

IF (ICOMMA .NE. 0) THEN
C*****************FOUND CC M , DETEEE NM NY MU

IS=ILPAR + 1
IE=ICOMPA
IND=1

3000 CCNTINUE
IE=IE - 1
IF (CVAL(IE:IE) .EQ. ') GO TO 3000'

IF (IE .GE. IS) THEN
C********************SET CURRENT ARRAY INDEX

TMPVAL=' '

TMPVAL(MAXVLN+IS-IE:MAXVLN)=CVAL(IS:IE)
READ (TMPVAL, IFRMT, ERR = 9200 ) INDX(IND)

ELSE
C'******************* INVALID ARRAY INDEX

WRITE (6,3001) IND, CVAL(1: LENGTH)
NOCALC=.TRUE.

ENDIF
C * * * * * * * * * * * * * * * * * CHECK FOR FINAL ARPAY INDEX FOUND

IF (ICOMMA .GT. 0) THEN
IS=ICOMMA + 1

Ca******************* LOCATE NEXT COMMA
ICOMMA=INDEX(CVAL(IS: LENGTH) ',')

IF (ICOMMA .GT. 0) THEN
ICCMMA=IS + ICOMMA - 1
IE=ICOMMA

ELSE
IE=IRPAR

ENDIF
C * * * * * * * * * * * * * * * * * * * * INC REMENT COUNTER FCh C'! AREN I ARRAY INDEX

IND=IND + 1
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IF (IND .GT. 3) THEN
C " ' * * * * * * * * * * * ' " * * * * MCRE THAN 3 ARRAY INDIC ES

WRITE (6,3002) CVAL(1: LENGTH)
IVPOS=-1
NOCALC=.TRUE.
GO TO 2000

ENDIF
GO TO 3000

ENDIF
3ELSE l

C * * * * * * * * " * * * * * * * NO C OMMA FOUND , ONLY ONE ARRAY INDEX
IS=ILPAR + 1
IE=IRPAR
IND=1

4000 CONTINUE
IE=IE - 1
IF (CVAL(IE:IE) .EQ. ') GO TO 4000'

IF (IE .GE. IS) THEN
C * * ' * * * " * * * * * ' " * * S ET S INGLE ARRAY INDEX

'TMPVAL='
TMPVE (MAXVLN+IS-IE : MAXVLN) =CVE (IS : IE )
READ (TMPVAL,IFRMT, ERR =9200) INDX(IND)

ELSE
C * * * * * * * * * * " * ' ' ' * INVALID ARRAY INDEX

|
WRITE (6,4001) CVAL(1: LENGTH)

~

NOCALC=.TRUE.
ENDIF

ENDIF
C************** BLANK OUT ARRAY INDEX PORTION CF VARIABLE NAME

'
CVAL ( IL PAR : MAXVLN) = '

ELSE
C**************ERRCR IN ARRAY INDEX SPECIFICATICN

WRITE (6,4001) CVAL(1: LENGTH)
I NOCALC=.TRUE.

ENDIF
ENDIF

C******** SEARCH FOR VARIABLE NAME
CALL S~.?.RCH (NVAR, CVAL(1: LENGTH), NAME, IPNT, IPOINT)

C******** CHECK f;M VARIABLE NAME FOUND
IF (IPOINT .GT. 0) THEN

C'********** VARIABLE NAME FOUND, VALIDATE ARRAY INDICES
IF ((INDX(1) .GE. 1) .AND. (INDX ( 2 ) .GE. 1) .AND.

1 (INDX ( 3) .GE. 1) .AND.
2 (INDX (1) .LE. IDIMEN (1, IPNT (IPOINT) ) ) .AND.
3 (INDX (2 ) .LE. IDIMEN (2, IPNT (IPOINT) ) ) .AND.
4 (INDX ( 3 ) .LE. IDIMEN(3,IPNT(IPOINT)))) THEN

C * * * * * * * ' * * * * * VALID ARRAY INDIC ES , SET CURRENT VALUE POSITICN
IVPOS=ISPOS(IPNT(IPOINT)) + INDX(1) +

1 (INDX (2 )-1) * IDIMEN (1, IPNT (IPCINT) ) +

2 (INDX ( 3) -1) * IDIMEN (1, IPNT (IPOINT ) ) *
3 IDIMEN(2,IPNT(IPOINT)) -1

ELSE
C * ' * * * * * * * * * * * INVALID ARRAY INDIC E S

WRITE (6,4002) NAME (IPNT (IPOINT) ) ,
1 (I, INDX (I) , IDIMEN (I, I PNT (IPOINT) ) , I=1, 3 )

C * * * * * * * * ' * * ' SET INVALID VEUE POSITION;

IVPOS=-1
NOCALC=.TRUE.

ENDIF
I

~ ELSE
C'**********VARIABLE NAME NOT FOUND

WRITE (6,4003) CVAL (1: LENGTH)
C* * * * * * * * * " SET INVALID VALUE POSITION

IVPOS=-1
NOCALC=.TRUE.

ENDIF
ELSE IF (TYPE (3)) THEN

C * * * * * * * * CHECK FOR VALID VEUE POSITION

g A G O ON OF VARIABLE FCLLOWING CURRENT VARIABLEC'**..... .
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IP=IPNT(IPOINT)
IPNXTV=IS POS (IP) + IDIMEN (1, IP) *IDIMIN (2, I P) * IDIMEN ( 3, IP)

C'**********CHECK TOR VALID ARRAY POSITION
IF (IVPOS .LT. IPNXTV) THEN

C'************* INTEGER VALUE FOUND SO CHECK FOR INTEGER VARIABLE TYPE ,

<

IF (.NOT. LREAL(IVPOS)) THEN
C * * * * * * * * * * * * " * * * INTEGER VARIABLE SO TRANS FER INTEGER VALUE

IVL(IVPOS)=IVAL
C*****************SET DEFAULT FLAG

LDEFLT(IVPOS)=.TRUE.
ELSE

C*****************REAL VARIABLE, PRINT ERROR MESSAGE
WRITE (6,4004) NAME(IPNT(IPOINT)), IVAL
NOCALCa.TRUE.

ENDIF
ELSE

C************** INVALID ARRAY POSITION, PRINT ERROR MESSAGE
WRITE (6,4006) NAME(IPNT(IPOINT)),

1 (IDIMIN (I, I PNT (IPOINT) ) , I=1, 3 )
N OC ALC = . T RUE .

*

ENDIF
C*********** INCREMENT VALUE POSITICN

IVPOS=IVPOS + 1
ENDIF

ELSE IF (TYPE (4)) THEN
C********CHECK FCR VALID VALUE POSITION

IF (IVPOS .GE. 0) THEN
C***********SET STARTING POSITION OF VARIABLE FOLLOWING CURRENT VARIABLE

IP=IPNT(IPOINT)
IPNXTV=IS POS (I P) + IDIMIN (1, IP) * IDIMIN (2, IP) * IDIMEN ( 3, IP)

C***********CHECK FOR VALID ARRAY POSITION
IF (IVPOS .LT. IPNXTV) THEN

C'*************REAL VALUE FOUND SO CHECK FOR REAL VARIABLE TYPE
IF (LREAL(IVPOS)) THEN

C*************++++REAL VARIABLE SO TPANSTER REAL VALUE
RVL(IVPOS)=RVAL

C***************** SET DEFAULT FLAG
i LDEFLT(IVPOS)=.TRUE.

ELSE
C'**************** INTEGER VARIABLE, PRINT ERRCR MESSAGE

WRITE (6,4005) NAME (I PNT ( I POINT) ) , RVAL
NOCALC=.TRUE. ,

ENDIF ;

ELSE
C + ' * * * * * * * * * * * INVALID ARRAY POS ITION, PRINT ERROR MESSAGE

WRITE (6,4006) NAME(IPNT(IPOINT)),
1 (IDIMEN(I,IPNT(IPOINT)),I=1,3)

;
NOCALC=.TRUE. '

ENDIF
C++*********INCREMINT VALUE POSITION

IVPOS=IVPOS + 1
ENDIF

ENDIF
GO TO 2000

8000 CONTINUE
C*****CLOSE DEFAULT FILE

CLOSE (1) >

RETURN
9100 CONTINUE

C***** ERROR IN OPENING DEFAULT FILE
WRITE (6,9101) DEFFIL
STOP

9200 CONTINUE
C***** ERROR IN READING ARRAY INDEX

WRITE (6,9201)
NOCALC=.TRUE.
GO TO 1000

C * * ' * FORMAT STATEMENTS
1001 FORMAT (A)
1002 FCRMAT(11X,A)

,
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10 0 3 FCFFAT ( ' 1' , /1X ,13 0 ( ' * ' ) ,
1 /1X , 5 3 ( ' ' ' ) , 5X, ' DEFAULT INPUT ' , 5X , 5 4 ( ' * * ) ,
2 / '.X ,17 ( * * * ) , 5X , ' FIL E = ' , A, 5X ,17 ( * * ' ) ,
3 /1X,130('''),/) I

100 4 FCFFAT ( ' (I ' , I2, ' ) ' ) I
3001 FORMAT (1X, ' >>>>> DEFAULT VARIABLE ARPAY INDEX ',II,' FOR ', '

1 ' VARIABLE ' A,' IS INVALID',/),

3002 FCPyA? (1X, ' >>>>>MORE THAN 3 ARRAY INDICES GIVEN FOR VARIABLE ',A,
1 'CN DEFAULT FILE') '

4001 FORMAT (1X, ' >>>>> DEFAULT VARIABLE ARPAY INDEX FOR '
,

1 ' VARIABLE ',A,' IS INVALID',/)
4002 FORMAT (1X,'>>>>> ARRAY INDICES FOR DEFAULT VARIABLE ',A,

1 ARE OUT OF RANGE:''

2 /(1X,'>>>>> INDEX*,I2,' =',15,', VALID RANGE = 1 TO ',I5,/:))
4003 FCPyAT(1X,'>>>>> DEFAULT VARIABLE NAME ',A,

NOT FOUND IN DEFAULT VARIABLE LIST',/)1 '

4004 FOPRAT (1X, ' >>>>> ATTEMPT TO DEFAULT REAL VARIABLE (',A,
1 ') TO INTEGER VALUE (',Il0,')',/)

4005 FORMAT (1X,'>>>>> ATTEMPT TO DEFAULT INTEGER VARIABLE (',A,
1 ') TO REAL VALUE (',1PE10,3,')',/)

4006 FCPMAT(1X,'>>>>> INVALID ARRAY POSITION ENCOUNTERED WHILE ',
1 ' SETTING DEFAULT VALUES FOR VARIABLE- ',
2 A,'(',I2,',',I2,',',I2,')')

9001 FOPFAT('1')
9101 FORMAT (IX,'>>>s> ERROR OPENING DEFAULT FILE ',A,/)
9201 FORMAT (1X,'>>>>> ERROR IN READING PREVIOUS ARRAY INDEX')

END
SUBROUTINE VECPOS

C***** SET SAMPLE VECTOR POSITIONS BY READING VARIABLE NAMES AND
C***** CORRESPONDING SAMPLE VECTOR POSITICNS FROM FILE DESIGNATED
C*****FOR SAMPLE VECTOR POSITICNS (SAMFIL)

PAPAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=B,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM-20)
PAPAMETER (MAXLEN=101, MAXVLN=20)
CHAPACTER*7 NAME
LOGICAL.LDEFLT, LREAL
COMMON /DEFLT1/ NAME(MAXVAR)
CCMMON /DEFLT2/ NVAR, FNAL , NVCB1, NVCB2, NVCB3, NVCB4,

1 ?NC B S, IDIMEN(3,MAXVAR), IS POS (MAXVAR) ,
2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(MAXVAL),
3 LRE71 (MAXVAL)
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICE
CCMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSEL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, EC F, ICF
CHAPACTER*80 DEFFIL, SAMFIL, VECTIL
COMMON /FILBLK/ DEFFIL, SAMFIL, VECFIL
CHARACTER *(MAXLEN) CARD
CHARACTER *(MAXVLN) CVAL, TMPVAL
CHAPACTER*10 IFPRT
DIMENSION INDX(3)
LOGICAL EOR, TYPE (4), LVAL

C
C
C***** PRINT HEADER MESSAGE

IF ( PRTINP) WRITE (6,1003) SAMFIL :
C* * * * * WRITE INTEGER FORMAT FCR READING VARIABLE ARPAY INDICES ,

WRITE (IFRMT,1004) MAXVLN
C*****INITIALLIZE CURRENT VALUE POSITION

IVPOS=-1
iC- "**OPEN SAMPLE VECTOR POSITION FILE

OPEN(1, FILE =SAMFIL, STATUS ='OLD*, ERR =9100)
1000 CONTINUE

C***** READ RECORD
READ (1,1001,END=9000) CARD

C'**** PRINT RECORD
IF (PRTINP) WRITE (6,1002) CARD

,

C*****INITIALLIZE COLUMN POINTER FOR CURRENT RECORD
IC=1

|
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2000 CONTINUE
C* * '* READ NEXT VALUE ON RECORD

CALL RDSTRG (CARD, IC, CVAL, LVAL, IVAL, RVAL, LENGTH, TYPE, EOR)
C* " * * CHECK FOR END-OF-RECORD i

IF (EOR) GO TO 1000 i

C***** CHECK FOR CHARACTER VALUE (VARIABLE NAME)
IF (TYPE (1)) THEN

C********INITIALLIZE ARRAY SPECIFICATIONS
INDX(1)=1
INDX(2)=1
INDX(3)=1

C******** CHARACTER VALUE (VARIABLE NAME) FOUND
C******** CHECK FOR LEFT PARENTHESIS IN VARIABLE NAME

IL PAR *INDEX (CVAL, '(')
IF (ILPAR .NE. 0) THEN

C***********FOUND LEFT PARENTHESIS, CHECK FOR RIGHT PARENTHESIS
IR PAR =INDEX (CVAL, ')')
IF (IRPAR .NE. 0) THEN

C**************FOUND RIGHT PARENTHYSIS, CHECK FOR COMMA
ICOMMA=INDEX (CVAL, ',')

IF (ICOMMA .NE. 0) THEN
C*****************FOUND COMMA, DETERMINE FIRST ARPAY INDEX

IS=ILPAR + 1
IE=ICOMMA
IND=1

3000 CONTINUE !

IE=IE - 1
IF (CVAL(IE:IE) .EO. *) GO TO 3000'

IF (IE .GE. IS) THEN
C********************SET CURRENT ARPAY INDEX

TMPVAL=' '

TMPVAL(MAXVLN+IS-IE:MAxyLN)=CVAL(IS:IE)
READ (TMPVAL, I FRMT, ERR = 9200 ) INDX(IND)

ELSE
C * * * * * * * * * * * * * * * * * * * * I tNAL I D ARRAY I ND E X

WRITE ( 6, 3001) IND, CVAL(1:LENGTHJ
NOCALC=.TRUE.

ENDIF
C*****************CHECK FOR FINAL ARPAY INDEX FOUND

IF (ICOWA . GT . 0) THEN
IS=ICOMMA + 1

C ' * * * * * * * * * * * * * * * * * * * L CC AT E N EXT COWA
ICOMMA=INDEX (CVAL (IS : LENGTH), ',') !
IF (ICOMMA .GT. 0) THEN j

ICOWA=IS + ICO WA - 1
IE=ICOMMA

ELSE
IE=IRPAR

ENDIF'
C'******************* INCREMENT COUNTER FOR CURRENT ARRAY INDEX

IND=IND + 1
IF (IND .GT. 3) THEN

C***********************MORE THAN 3 ARRAY INDICES
.WRITE (6,3002) CVAL(1: LENGTH)

IVPOS=-1
NOCALC*.TRUE.
GO TO 2000

ENDIF $
GO TO 3000

ENDIF
ELSE

C * * * * * * * * * * * * * * " * NO COMMA FOUND, ONLY ONE ARRAY INDEX
IS=ILPAR + 1
IE=IRPAR
IND=1

4000 CONTINUE
IE=IE - 1 ;

IF (C AL (!E:IE) .EQ. ') GO TO 4000'

IF (IE .GE. IS) THEN ,

C********************SET SINGLE ARRAY INDEX |

|
.
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*TMPVAL=*
TMPVAL(MAXVLN+IS-IE:MAXVLN)=CVAL(IS:IE) '

READ (TMPVAL,IFPMT, ERR =9200) INDX (IND)
ELSE

C * * * * " * * * * * * * * * * * * * * I NVAL I D ARRAY I NDEX
WRITE (6,4001) CVAL (1: LENGTH)
NOCALC = . TRUE .

ENDIF
ENDIF

C* * * * * * * * '' * * BLANK OUT ARRAY INDEX PORTION OF VARIABLE NAME
CVAL(ILPAR:MAXVIN)=' '

ELSE
C * * * * * * * * * * * * * * E RROR IN ARRAY INDEX S PECIFICATION jWRITE (6,4001) CVAL (1: LENGTH)

NOCALC=.TRUE.
ENDIF

ENDIF
C' * * " * * * SEARCH FOR VARIABLE NAME

CALL SEARCH (NVAR, CVAL(1: LENGTH), NAME, IPNT, IPOINT)
C******** CHECK FOR VARIABLE NAME FOUND

IF (IPOINT .GT. 0) THEN
C***********VARIABLE NAME FOUND, VALIDATE ARRAY INDICES

IF ( (INDX (1) .GE. 1) .AND. (INDX ( 2 ) .GE. 1) .AND.
1 (INDX(2) .GE. 1) .AND.
2 (INDX (1) .LE. IDIMEN (1, IPNT (IPOINT) ) ) .AND.
3 (INDX (2) .LE. IDIMEN (2, IPNT (IPOINT) ) ) .AND.
4 (INDX(3) .LE. IDIMEN ( 3, I PNT (IPOINT) ) ) ) THEN

C**************VALID ARRAY INDICES, SET CURRENT VALUE POSITION
IVPOS=ISPOS(IPNT(IPOINT)) INDX (1) ++

1 (INDX ( 2 ) -1) * IDIMIN ( 1, I PNT (I POINT) ) +
2 (INDX ( 3 ) - 1) * IDIMEN (1, IPNT (I POINT) ) *
3 IDIMEN ( 2, IPNT (I POINT) ) - 1

ELSE
C * * * * * * * * * * * "' INVALID ARRAY INDIC ES

WRITE (6,4002) CVAL(1: LENGTH),
1 (I, INDX(I), IDIMEN(I,IPNT(IPOINT)),I=1,3) ,

C************** SET INVAI,ID VAI,UE POSITICN
IVPOS=-1
N OC ALC = . TRUE .

ENDIF
ELSE

'C'**********VARIABLE NAME NOT FOUND
WRITE ( 6, 4 00 3 ) CVAL(1: LENGTH)
NOCALC=.TRUE. ,

ENDIF
ELSE IF (TYPE (3)) THEN

C+******* CHECK FOR VALID VALUE POSITION
IF (IVPOS .GE. 0) THEN

C*********** SET STARTING POSITION OF VARIABLE FOLLCWING CURRENT VARIABLE
IP=IPNT(IPOINT)
IPNXTV=IS POS (IP) + IDIMIN (1, IP) * IDIMIN (2, IP) * IDIMEN ( 3, IP)

C***********CHECK TOR VALID ARRAY POSITION
IF (IVPOS .LT. IPNXTV) THEN

C**************TRANSFER INTEGER VALUE TO SAMPLE VECTOR POSITION ;

ISMP PS (IVPOS ) =IVAL
ELSE

C * * * * * * * * * * * " * INVALID ARRAY POSITION, PRINT ERROR MESSAGE
WRITE ( 6, 4 006) NAMI(IPNT(IPOINT)),

1 (IDIMIN (I, IPNT (I POINT) ) , I=1, 2 )
NOC ALC = . TRUE .

!ENDIF
C'********** INCREMENT VALUE POSITION

IVPOS=IVPOS + 1
ENDIF

ELSE IF (TYPE (4)) THEN
C'*******REAL VALUE TYPE, INVALID FOR SAMPLE \TCTCR POSITION j

WRI"E(6,4004) RVAL, NAMI (I PNT (IPOINT) ) j

NDC ALC = . TRUE . l
lENDIF

GO TO 2000
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9000 CONTINUE ,

C* * * 'CLOSE SAMPLE VECTOR POSITION FILE I

CLOSE (1)
PITURN

9100 CONTINUE
C***** ERROR IN OPENING SAMPLE VECTOR POSITION FILE

WRITE (6,9101) SAMFIL
STOP

9200 CONTINUE
C***** ERROR IN READING ARRAY INDEX !

WRITE (6,9201)
NOCALC=.TRUE.
GO TO 1000

C***** FORMAT STATEMENTS
1001 FOPRAT(A)
1002 FORMAT (11X,A)
100 3 FORMAT ( ' 1 ' , /1X ,130 ( ' * * ) ,

1 /1X,4 6 ( * * ' ) ,5X, ' SAMPLE VECTOR POSITION INPUT ' , 5X, 4 6 ( ' * ' ) ,
2 /1X ,17 ( ' * ' ) , 5X , ' FILE = ' , A, 5X ,17 ( ' ' ' ) ,
3 /1X ,13 0 ( ' * ' ) , / )

1004 FOPNAT('(I',I2,')')
3001 FOPRAT (1X, ' >>>>> SAMPLE VECTOR POSITION VARIABLE ARRAY INDEX ',

1 II, ' FOR VARIABLE ',A,* IS INVALID',/)
3002 FOPNAT (1X, ' >>>>>MCRE THAN 3 ARPAY INDICES GIVEN FOR VARIABLE ',A,

1 'ON SAMPLE VECTOR POSITION FILE')
4 001 FCRMAT (1X, ' >>>>> SAMPLE VECTOR POSITION VARIABLE ARRAY INDEX ',

1 *FOR VARIABLE ',A,' IS INVALID',/)
4 002 FORMAT (1X, ' >>>>> ARRAY INDICES FOR SAMPLT., VECTOR POSITION ',

1 ' VARIABLE ',A,' ARE OUT OF RANGE:'
2 /(1X,'>>>>> INDEX',I2,' =',15,', VALID RANGE = 1 TO ',IS,/:))

4003 FORMAT (1X,'>>>>> SAMPLE VECTOR POSITION VARIABLE NAME ',A,

1 NOT FOUND IN DEFAULT VARIABLE LIST',/)'

4 004 FORMAT (1X, ' >>>>> ATTEMPT TO USE REAL VALUE ( ' ,1 PE10. 2, * ) TO ',
1 'SPECIFY SAMPLE VECTOR POSITION FOR VARIABLE ',A,/)

4 006 FCPHAT (1X, ' >>>>> INVALID ARRAY POSITION ENCOUNTERED WHILE ',
1 ' SETTING DEFAULT VALUES FOR VARIABLE- ',
2 A, ' ( ' ,12 , ' , ' , I 2 , ' , ' , I 2 , ' ) ' )

9101 FOPRAT (1X, ' >>>>> ERROR OPENING SAMPLE VECTOR POSITION FILE ',A,/)
92 01 FOPMAT (1X, ' >>>>>ERRCR IN READING PREVIOUS ARRAY INDEX ' )

END
SUBROUTINE RDSTRG (CARD, IC, CVAL, LVAL, IVAL, RVAL, *

1 LENGTH, TYPE, EOR)
C* * * * * CONVERTS A RECORD STRING TO A CHAPACTER VALUE, A LOGICAL VALUE,
C * * " *A REAL VALUE, AND AN INTEGER VALUE

PARAMETf.R (IL-100)
CHARACTER *(*) CARD, CVAL
CHAPACTEP*(IL) TMPCRD
CHARACTER"* RFPRT
LOGICAL ECR, FIRST, LVAL, TYPE (4)
DATA FIRST / .TRUE. /

C
C
C**"* CHECK FOR FIRST TIME INTO ROUTINE

IF (FIRST) THEN
C * * * * * * ' WRITE INTEGER AND REAL FOPNATS

WRITE (RFPRT,1002) IL
C********RESET INITIALLIZATION TYPE

FIRST=. FALSE.
ENDIF
LVAL=. FALSE.

C***** SET LENGTH OF INCOMING RECORD
ILMAX=LEN(CARD)

C* * *" SET LENGTH OF CHARACTER VARIABLE
LENCVAL=LEN(CVAL)

C*****INITIALLIZE VARIABLE FLAG TYPES (1= CHAR, 2= LOGIC, 3=INTEG, 4 = REAL)
DO 1000 I-1,4

TYTE(I)=. FALSE.
1000 CCNTINUE

C*****INTIALLIZE END-OF-RECORD TYPE
ECR=. FALSE.
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C***** RESET' STARTING POSITION FOR CHARACTER POINTER
IC=IC - 1 i

C***** SEARCH FOR FIRST NON-BLANK CHARACTER
2000 CONTINUE

C * * * * * INCRIMENT CHARACTER POINTER
IC=IC + 1

C * * * * * CHECK FOR END OF RECC RD
IF (IC .GT. ILMAX) GO TO 9100

C* * * * * CHECK FOR BLANK CHARACTT R (STRING DELIMITER)
IF (CARD (IC:IC) .EQ. ') GO TO 2000'

C***** CHECK FCR BEGINNING OF COMMENT
IF (CARD (IC:IC) .EQ. '$') GO TO 9100

C * * * * * CHECK FOR COMMA CHARACTER (STRING DELIMITER)
IF (C ARD (IC : IC ) .EQ. ',') GO TO 2000

C***** CHECK FOR QUOTE CHARACTER (CHARACTER STRING DELIMITER)
IF (CARD (IC:IC) .EQ. '''') THEN

C' * * * * * * *SAVE STARTING POSITION OF CHARACTER STRING
IS=IC + 1

* * * * * * * * * S EARCH FOR ANOTHER QUOTE
IC =INDEX (CARD (IS : ILMAX) , '''')
IF (IC .EQ. 0) THEN

C'**********QUOTE NOT FOUND SO CCNTINUE SEARCH FOR BLANK TO TERMINATE
C*********** CHARACTER STRING

IC=IS - 1
ELSE

C*********** QUOTE FOUND
IC=IS + IC - 1
GO TO 3100

ENDIF
C'* * * * * * * S EARCH FOR END OF CHARACTER STRING (' SIGNIFIES BEGINNING AND
C ' * * * * * * * END OF CHARACTER STRING)

3000 CONTINUE
C******** INCREMENT CHARACTER POINTER

IC=IC + 1
C********CHECK FOR END OF RECORD

IF (IC .GT. ILMAX) GO TO 9100
C********CHECK FOR BEGINNING OF COMMENT

IF (CARD (IC:IC) .EQ. 'S') GO TO 3100
C********CHECK FOR Bl.ANK TO TERMINATE CHARACTER STRING

IF (CARD (IC: IC ) .NE. ') GO TO 3000'

3100 CONTINUE
C * * * * * * * * END OF CHARACTER STRING FOUND
C********CCMPARE STRING LENGTH TO CHARACTER VARIABLE LENGTH

IE=IC - 1
IF (IE-IS+1 .GT. LENCVAL) GO TO 9300

C' * * * * * * * TRANSFER CHARACTER STRING
CVAL= CARD (IS:IE)

C * * * * * * * * S ET LENGTH OF CHARACTER STRING
LENGTH =IE - IS +1

C******** SET VARIABLE FLAG TYPE FOR CHARACTER VARIABLE FOUND
TYPE (1) =. TRUE .

ELSE
C********SAVE STARTING POSITION FOR STRING

IS=IC
C * * * * * * * *S EARCH FOR END OF STRING (BLANK OR , SIGNIFY END OF STRING)

4000 CONTINUE
C******** INCREMENT CHARACTER FOINTER

IC=IC + 1
C******** CHECK FOR END OF RECORD

IF (IC .GT. ILMAX) GO TO 9100
C******** CHECK FOR BEGINNING OF COMMINT

IF (CARD (IC : IC) .EQ. '$') GO TO 4100
C'******* CHECK FOR COMMA CHARACTER

IF (CARD (IC : IC) .EQ. ',') GO TO 4000
C'******* CHECK FOR BLANK CHARACTER

IF (CARD (IC:IC) .NE. ') GO TO 4000'

4100 CONTINUE
C********END OF STRING FOUND
C'*******COMFARE STRING LENGTH TO FORMAT LENGTH

IE=IC - 1
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IF (IE-IS+1 .GT. IL) GO TO 9200
C"* * * * * *RIGHT JUSTIFY STRING FOR INTERNAL FOPJiATTED READS

'TMPCRD*'
TMPC RD ( IL + IS-IE : IL ) = CARD ( IS : IE)

C******** READ STPING WITH LOGICAL FORMAT (NOT USED IN GGSOR)
C READ (TMPC RD, LFRMT, ERR = 5000 ) LVAL
C TYPE (2 ) = .TRUE .
C 5000 CONTINUE
C * * * * * * * * RF.AD STRING WITH INTEGER FOPJ4AT ,

C READ (TMPCRD,IFPMI, ERR =6000) IVAL |

C TY PE ( 3 ) = . TRUE . J
C 6000 CONTINUE i

C******** READ STRING WITH PIAL FORMAT
READ (TMPC RD, RFPMT, ERR =7000 ) RVAL
TYPE (4)=.TRUE.

C******** CHECK FOR DECIMAL POINT IN VALUE AND MAGNITUDE OF VALUE
IF ((INDEX(TMPCRD, '.') .EQ. 0) .AND.

1 (ABS (RVAL) .LE. 1.0E10)) THEN
IVAL=NINT ( P, VAL)

TYPE (3)=.TRUE.
ENDIF
GO TO 8000

7000 CONTINUE
C******** STRING IS NOT LOGICAL, INTEGER, OR REAL SO ASSUMED *J BE CHAR
C********COMPARE STRING LENGTH TO CHAPACTER VARIABLE LENGTH

IF (IE-IS+1 .GT. LENCVAL) GO TO 9300
C******** TRANSFER CHAPACTER STRING

CVAL= CARD (IS:IE)
C******** SET LENGTH OF CHAPACTER STRING

C****.... .E LAG TYPE FCR CHAPACTER VARIABLE FOUND
TYPE (1) = . TRUE .

8000 CCNTINUE
ENDIF

C***** CHECK FCR BEGINNING OF CCMMENT
IF (CARD (IC : IC) .NE. '$') IC=IC + 1
RETURN

9100 CONTINUE
C*****END OF RECORD ENCOUNTERED SEARCHING FOR VALUE POSITICN
C***** SET END-OF-RECCRD TYPE

ECR= TRUE.
RETUPJJ

9200 CONTINUE
C'**** LENGTH OF STRING TOO LONG FOR EITHER CHARACTER STORAGE OR INTERNAL
C*****FCRMATTED READ

WRITE (6,9201) CARD, IL
RETURN ,

9300 CONTINUE
C'**** LENGTH CF STRING TOO LCNG FOR CHARACTER VARIABLE

WRITE ( 6, 9 301) CARD (IS: IE), LENCVAL
RETURN

C***** FORMAT STATEMENTS
1001 FCPJ4AT ( ' (I ' , I3, ' ) ' )
1002 FOPJ4AT('(E',I3,'.0)')
10 0 3 FORMAT ( ' (L ' , I 3, ' ) ' )
9201 FORMAT (1X, ' >>>>> LENGTH OF STRING TOO LONG FOR EITHER CHAPACTER ' ,

1 ' STORAGE OR INTERNAL FCRMATTED READ',
2 /1X,'>>>>>',A,
3 /1X,'>>>>> RESET PARAMETER IL IN RDSTRG TO A VALUE ',
4 ' GREATER THAN ',I3,* TO ACCOUNT FOR ',
5 /1X,'>>>>> LARGER STRING SIZE FOR VALUES ON INPUT FILE',/)

9 301 FORMAT (1X, ' >>>>> LENGTH OF STRING TOO LONG FOR CHAPACTER ',
1 ' VARIABLE STCHAGE ',
2 /1X,'>>>>>',A,
3 /1X,'>>>>> RESET CORRESPONDING CHARACTER VARIABLE LENGTH ',
4 IN RDSTRG TO A VALUE ','

4 /1X,'>>>>> GREATER THAN ',I3,' TO ACCOUNT FOR ',

5 ' LARGER STRING SIZE FCR VALUES ON INPUT FILE',/)
END
SUBROUTINE SEARCH (NVAR, CVAL, NAME, IPNT, IPOINT)
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C'**** LOCATE VARIABLE NAME CVAL USING BINARY SEARCH RETURNING IPOINT
C*****AS POSITION IN IPNT OF NAME (IPOINT=0 IF NOT LOCATED)

CHAFACTER* ( * ) CVAL, NAME(NVAR)
DIMENSION IPNT(NVAR)

C
C
C***** SET LOWER LIMIT POINTER FOR SEARCH RANGE

IL=1
C***** SET UPPER LIMIT POINTER FOR SEARCH RANGE

IH=NVAR
C***** SET MIDPOINT POINTER FOR SEARCH RANGE

IM=IH / 2
C'****BEGINNING OF BINARY SEARCH LOOP

1000 CONTINUE
C'**** COMPARE SEARCH ID TO CURRENT MIDPOINT ID

IF (CVAL .EQ. NAME(IPNT(IM))) GO TO 2000
C***** CHECK TO SEE IF MIDPOINT ID IS GREATER THAN SEARCH ID

IF (CVAL .GT. NAME (IPNT (IM) ) ) THEN
C********SEARCH ID IS IN UPPER HALF OF SEARCH RANGE
C********RESET LOWER LIMIT POINTER TO FORMER MIDPOINT

IL=IM
C********RESET MIDPOINT TO CURRENT INTERVAL

IM=(IL+IH+1) /2
ELSE

C********SEARCH ID IS IN LOWER HALF OF SEARCH PANGE
C********RESET UPPER LIMIT POINTER TO FOPMER MIDPOINT

IH=IM
C********RESET MIDPOINT TO CURRENT INTERVAL

IM=(IL+IH) /2
ENDIF
IF (IL+1 .EQ. IH) THEN

IF ((CVAL .NE. NAME(IPNT(IL))) .AND.
1 (CVAL .NE. NAME(IPNT(IH)))) THEN

C***********VALUE NOT FOUND SO RETURN O FOR POINTER
IPOINT=0
RETURN

ENDIF
ENDIF
GO TO 1000

C UND So RETURN MIDPOINT FOR POINTER*

IPOINT=IM
RETURN
END
SUBROUTINE CSORT (NVAR, N!.ME , IPNT)

C* * * * * SORT NVAR VALUES OF CHAPACTER ARRAY NAME IN INCREASING ORDER
C'****USING POINTER ARRAY IPNT

CHARACTER *(*) NAME(NVAR)
DIMENSION Il'NT (NVAR)

C
C

N=NVAR
L=N/2+1
IR=N

100 CONTINUE |

IF (L.LE.1) GO TO 700
L-L-1
LHOLD=IPNT(L)

200 CONTINUE |
J=L I

300 CONTINUE |
I=J J,
J=2*J J

IF (J-IR) 400, 500, 600
400 CONTINUE

IF (NAME (IPNT ( J) ) .LT. NAME(IPNT(J+1))) J=J+1
500 CONTINUE

IF (NAME(LHOLD) .GE. NAME(IPNT(J))) GO TO 600
IPNT(I)=IPNT(J)
GO TO 300
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600 CONTINUE
IPNT(I)=LHOLD
GO TO 100

700 CONTINUE
LHOLD=IPNT (IR)
IPNT (IR) =IPNT (1)
IR=IR - 1
IF (IR .GT, 1) GO TO 200
IPNT (1) =LHOLD
RETURN
END
SUBROUTINE SUBVEC

C***** SUBSTITUTE SAMPLE VECTOR VALUES INTO DEFAULT VALUE ARRAY
PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,

1 MAXISS-20, MAXLEV-10, MAXVAR=100, MAXVAL-13000,
2 MAXSPC=10, MAXTIM=20)

COMMON /LHSBLK/ XLHS (MAXSMP)
CHARACTER *7 NAME
LOGICAL LDEFLT, LRI.AL
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCBS, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMP PS (MAXVAL) , I PNT (MAXVAR) , LDEFLT(MAXVAL),
3 LREAL(MAXVAL)

COMMON / VALUES / RVL(MAXVAL)
DIMENSION IVL(MAXVAL)
EQUIVALENCE (IVL, RVL)

C
C
C * * * * *MAYJC SAMPLE VECTOR SUBSTITUTIONS

Do 1000 IVAL-1,NVAL
C* * * * * *" CHECK FOR POSITIVE SAMPLE VECTCR SUBSTITUTICN POSITICN

IF (ISMPPS(IVAL) .GT. 0) THEN
C ' * * * * * * * * * CHECK FOR PE.AL VALUE

IF (LREAL(IVAL)) THEN
C * * * * * * * * * * * " * TRANS FE R REA.L VALUE

RVL(IVAL)=XLHS(ISMPPS(IVAL))
ELSE

C************** TRANSFER INTEGER VALUE
IVL(IVAL)=NINT(XLHS(ISMPPS(IVAL)))

ENDIF
ENDIF

1000 CONTINUE
RETURN
END
SUBROUTINE WRTPAR

C'****FRINT DEFAULT AND SAMPLE VECTOR SUBSTITUTION INFORMATION FOR
C***** BINNED AND DIRECT EXECUTIONS

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=9,
1 MAXISS=20, MAXLEV-13, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)

PARAMETER (MAXPR=132)
CHARACTER *(MAXPR) RECOUT
CHARACTER *7 NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCB5, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS(MAXVAL), I PNT (MAXVAR) , LDEFLT(MAXVAL),
3 . LREAL(MAXVAL)
COMMON / VALUES / RVL(MAXVAL)
DIMENSION IVL(MAXVAL)
EQUIVALESCE (IVL, RVL)

C
C
C* * * " PRINT HEADER RECORD

WRITE (6,1001)
C***** LOAD OUTPUT RECCRD BEFORE PRINTING (10 OR FEWER VALUES PER RECORD)

IVAL=0
C'**** LOOP OVER VARIABLES, PRINTING IN SORTED ORDER
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DO 4 000 IVR= 1, 7NAR
IVAR*IPNT(IVR)

C******** START NEW RECORD FOR EACH VARIAELE
WRITE (RECOUT,2001) NAME (IVAR)

C'"* * * * *INITIALLIZE VALUE POSITION FOR CURRENT VARIABLE
IVAL=IS POS (IVAR) -1

C******** SET COLUMN POINTER
IC=1

C++****** LOOP OVER VALUES FOR CURRENT VARIABLE (3RD DIMENSION)
DO 3000 IDM3-1,IDIMEN(3,IVAR)

C*********** LOOP OVER VALUES FOR CURRENT VARIABLE (2ND DIMENSION)
DO 2000 IDM2=1,IDIMEN (2,IVAR)

C**************LOOP OVER VALUES FOR CURRENT VARIABLE (IST DIMENSION)
DO 1000 IDM1=1,IDIMEN(1,IVAR)

C***************** INCREMENT VALUE POINTER
IVAL=IVAL + 1

C***************** INCREMENT COLUFN
IC=IC + 11

C* * * * * * * * * * * * * * ' * CHECK FOR DEFAULT AND S AMPLE VECTOR SUBSTITUTION
IF (ISMPPS(IVAL) .GT. 0) THEN

C * * * * * * " * * * * * * * ' * * * TRANS FER S AMPLE VECTOR POSITION TO OUT PUT RECORD
WRITE (RECOUT(IC:IC+10),2002) ISMPPS(IVAL)

ELSE IF (LDE FLT (IVAL) ) THEN
g...................*CHECK FOR REAL DEFAULT VALUE

IF (LREAL(IVAL)) THEN
g.........************** TRANSFER REAL VALUE TO OUTPUT RECORD

WRITE (RECOUT(IC:IC+10),2003) RVL(IVAL)
ELSE

C*********************** TRANSFER INTEGER VALUE TO OUTPUT RECORD
WRITE (RECOUT(IC:IC+10),2004) IVL(IVAL)

ENDIF
ELSE

C' * * * * * * * * * * * * " * * * * * NO DEFAULT OR S AMPLE VECTOR SUBSTITUTICN
WRITE (RECOUT(IC:IC+10),2005)

ENDIF
C * * * * * * * * * * * * * * * 'CHEC K FOR OUT PUT RECCRD WITH M RE THAN 10 4 COLUMNS

IF (IC .GT. 104) THEN
C******************** PRINT OUTPUT RECORD

WRITE (6,2010) RECOUT
C********************INITIALLIZE OUTPUT RECCRD

'RECOUT='
C******************** RESET COLUMN POINTER

ICal
ENDIF

1000 CONTINUE
2000 CONTINUE
3000 CONTINUE

C********IF INFORMATICN IS STORED CN OUTPUT RECORD, PRINT OUTPUT RECORD
IF (IC .GT. 1) WRITE (6,2010) RECOUT

4000 CONTINUE
C***** START NEW PAGE

WRITE (6,3001)
RETURN

C***** FORMAT STATEMENTS
10 01 FOPEAT ( ' 1 ' , /1X ,130 ( ' ' ' ) ,

1 /1X,30('*'),SX,' DEFAULT INPUT AND SAMPLE VECTCR ',
2 ' SUBSTITUTION INFORMATION',5X,34('*'),
3 /1X ,130 ( * * ' ) , / )

2001 FORMAT (1X, A9)
2002 FOPRAT(' V-POS ',I3.3)
2003 FORMAT (IPE11,
2004 FORMAT (Ill)
2005 FORMAT (' NJ VALUE')
2010 FORMAT (A)
3001 FORMAT ('1')

END
SUBROUTINE TRANS (C B1, CB2, CB3)

C* * * * * TRANSFER VALUES FROM ARRAY RVAL TO COMMON BLOCKS CB1, CB2, AND CB3
C*****IN THIS ORDER

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
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1 MAXISS-20, MAXLEV-10, MAXVAR=100, MAXVAL-13000, .

2 !%XSPC=10, MAXTIM=20) |

CHARACTER **l NAME
LOGICAL LDEFLT, LREAL
COMMON /DEFLT1/ NAME(MAXVAR)
COMMON /DEFLT2/ NVAR, NVAL, NVCB1, NVCB2, NVCB3, NVCB4,

1 NVCB5, IDIMEN(3,MAXVAR), ISPOS(MAXVAR),
2 ISMPPS(MAXVAL), IPNT(MAXVAR), LDEFLT(MAXVAL), ,

3 LREAL(MAXVAL) |
COMMON / VALUES / RVL(MAXVAL) :

DIMENSION IVL(MAXVAL) )
EQUIVALENCE (IVL, RVL)

'

DIMENSION CB1(NVCB1), CB2(NVCB2), CB3(NVCB3)
C
C
C*****INITIALLIZE VALUE COUNTER

IVAL=0
C***** CHECK NUMBER OF VALUES ASSIGNED TO COMMON BLOCK 1

IF (NVCB1 .GT. 0) THEN
C******** TRANSFER VALUES FOR COMMON BLOCK 1

DO 1000 I-1,NVCB1
C*********** INCREMENT VALUE COUNTER

IVAL=IVAL + 1
CB1(I)=RVL(IVAL)

1000 CONTINUE
ENDIF

C * *' * CHECK NUMBER OF VALUES ASSIGNED TO COMMON BLOCK 2
IF (NVCB2 .GT. 0) THEN

C******** TRANSFER VALUES FOR COMMON BLOCK 2
Do 2000 I-1,NVCB2

C*********** INCREMENT VALUE COUNTER
IVAL=IVAL + 1
CB2(I)=RVL(IVAL)

2000 CONTINUE
ENDIF

C' * * * * CHECK NL'MBER OF VALUES ASSIGNED TO COMMCN BLOCK 3
IF (NVCB3 .GT. 0) THEN

C******** TRANSFER VALUES FOR COMMON BLOCK 3
DO 3000 I-1,NVCB3

C*********** INCREMENT VALUE COUNTER
IVAL=IVAL + 1
CB3 (I) = RVL (IVAL)

3000 CONTINUE
ENDIF
RETURN
END
SUBROUTINE WRREL

C***** PRINT CONTENTS OF COMMON BLOCKS
PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,

1 MAXISS-20, MAXLEV=10, MAXVAR=100, MAXVAL-13000,
2 MAXSPC=10, MAXTIM=20)
COMMON /BASVAL/ FCOR(MAXSPC), TVES(MAXSPC), DFVPA(MAXSPC),

1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV(MAXSPC), VBPUF(MAXSPC),
3 FCONV(MAXSPC), FCONC(MAXSPC), RBDF(MAXSPC),
4 DFSPRV(MAXSPC), DFSPRC(MAXSPC), FREVO(MAXSPC),
5 VALISS(MAXISS), FLTI1, FLTI2, NSPEC, FLV, FHPE,
6 EVSE, WFAC, PFAC, FPLBYE, FPLLYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TC11, TC12, TB11,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, HVSPLT, FCD

C
C

WRITE (6,1001)
C'**** PRINT COMMON BLOCK BASVAL ARRAY VARIABLES

WRITE (6,1002) 'BASVAL', ' BASE VALUES FOR GGSOR'
WRITE (6,1003) 'FCOR 'FVES ', 'DFVPA 'DFCPA ',' '

, ,

1 'FEVSE 'FDCH 'FCCI 'DFCAV ',' ' '

, , ,

' '

2 'VBPUF 'FCONV,

DO 1000 K-1,NSPEC
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WRITE (6,1004) FCOR(K), FVES (K) , D FVPA ( K) , D FC PA ( K) ,
1 FEVS E ( K) , FDCH(K), FCCI ( K) , DFCAV(K),
2 VB PUF ( K) , FCONV(K)

1000 CONTINUE
WRITE (6,1003) 'FCONC ', 'RBDF ', 'DFSPRV ', 'DFSPRC ',

1 ' FREVO '

DO 2000 Kal,NSPEC
WRITE (6,1004) FCONC(K), RBDF(K), DFSPRV(K), DFSPRC(K),

1 FREVO(K)
2000 CONTINUE

WRITE (6,1003) 'VALISS *

DO 3000 IISS=1,MAXISS
WRITE (6,1004) VALISS(IISS)

3000 CONTINUE
C***** PRINT COMMON BLOCK BASVAL SINGLE VARIABLES

WRITE (6,1003) 'FLTIl ', 'FLTI2 ', 'NSPEC ', 'FLV ',

1 'FHPE ', 'EVSE ', 'WFAC ', 'PTAC ',

2 'FPLBYE ', 'FPLBYP *

WRITE (6,1004) FLTII, FLTI2, FLOAT (NSPEC), FLV,
1 FHPE, EVSE, WFAC, PFAC,
2 FPLBYE, FPLBYP
WRITE (6,1003) 'FPLBYD ', 'FPLBYC ', 'FTLPH ', 'FTLPL ',

1 'FTLP ', 'TC11 ', 'TC12 ', 'TB11 ',

2 'TB12 ', 'TB21 '

WRITE (6,1004) FPLBYD, FPLBYC, FTLPH, FTLPL,
1 FTLP, TC11, TC12, TB11,
2 TB12, TB21
WRITE (6,1003) 'TB22 ', ' TBS 1 ', ' TBS 2 ', 'TBR1 ',

1 'TBR2 ', 'TW ', 'T1 ', 'T2 ',

2 'DT1 ', 'DT2 '

WRITE (6,1004) TB22, TBS 1, TBS 2, TBR1,
1 TBR2, TW, T 1, T2,
2 DT1, DT2
WRITE (6,1003) 'DTCDB ', 'ELEV ', ' PUFF '

WRITE (6,1004) DTCDB, ELEV, PUFF
PETURN

C***** FORMAT STATEMENTS
10 01 FC RMAT ( ' 1 ' )
1002 FORMAT (//1X,130('='),

1 /1X,5('''),' CONTENTS OF COMMON BLOCK ',A,' ',5('**),
2 /7X,A,
3 /1X,130('='))

1003 FORMAT (/3X,10(A7,4X))
1004 FORMAT (1X,1P,10E11. 3)

END
SUBROUTINE BINTRN (IBIN)

C***** PERFORM BIN TRANSLATION
C
C===== BIN DIMENSIONS
C |

C----+-------------------------------------------~~-----------------
C===== INDX(1)! PLANT DAMAGE STATES
C 1: PLANT DAMAGE STATE 1
C 2: PLANT DAMAGE STATE 2
C 3: PLANT DAMAGE STATE 3
C !.

C '
.

C I
.

C 12: PLANT DAMAGE STATE 12 l

C===== INDX(2): CONTAINNENT STATUS |
C 1: CONTAINMENT EQUIPMINT HATCH IS OPEN i

C 2: CONTAINMENT VENTED DURING CORE DAMAGE
C 3: CONTAINMENT RUPTURE ABOVE AUX BLDG DURING CORE DAMAGE
C 4: CONTAINMENT LEAK ABOVE AUX BLDG DURING CORE DAMAGE
C 5: CONTAINMENT RUPTURE ABOVE AUX BLDG DURING VESSEL FAILURE
C 6: CONTAINMENT LEAX ABOVE AUX BLDG DURING VESSEL FAILURE
C 7: CONTAINMENT VENTED DURING LATE TIME REGIME
C 8: CONTAINNINT RUPTURE LATE IN ACCIDENT
C 9: CONTAINMENT LEAK LATE IN ACCIDENT
C 10: CONTAINMENT CLOSED
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C===== INDX(3): AUXILIARY BUILDING PRESSURE INTEGRITY STATUS
C 1: CCNTAINMENT OPEN AND AUX BLDG FAILS PRIOR TO CORE DAMAGE
C 2: CONTAINMENT OPEN AND AUX BLDG FAILS DURING CORE DAMAGE I

C 3: CONTAINMENT OPEN AND AUX BLDG FAILS AFTER VESSEL FAILURE
C- 4: CONTAINMENT CLOSED
C===== INDX(4): DRYWELL PRESSURE INTEGRITY STATUS
C 1: DRYWELL EQUIPMINT HATCH OPEN
C 2: DRYWELL EQUIPMENT HATCH CLOSED
C===== INDX ( 5) : REACTOR VESSEL PRESSURE BOUNDARY STATUS
C 1: ISOLATED
C 2: PIPE BREAK IN DRYWELL (LOCA) PRIOR TO CORE DAMAGE
C 3: OPEN MSIV OR UNISOLATED INTERFACING SYSTEMS LOCA
C 4: UNISOLATED PRIOR TO CORE DAMAGE, ISOLATED DURING CORE DAMAGE
C===== INDX (6) : REACTOR HEAD VENT STATUS PRIOR TO CORE DAMAGE
C 1: CLOSED
C 2: OPEN
C===== INDX (7 ) : THE SRV TAILPIPE VACUUM BREAKERS STATUS
C 1: STICKS OPEN
C 2: DOES NOT STICK OPEN
C===== INDX ( 8 ) : REACTOR VESSEL STATUS PRIOR TO VESSEL FAILURE
C 1: PRESSURI ZED, NO COOLANT INJECTION
C 2: UNPRESSURIZED, NO COOLANT INJECTION
C 3: PRESSURIZED, COOLANT INJECTION
C 4: UNPRESSURIZED, COOLANT INJECTION
C 5: PRESSURIZED, CORE COOLING RESTORED, CORE DAMAGE ARRESTED
C 6: UNPRESSURIZED, CORE COOLING RESTORED, CORE DAMAGE ARRESTED
C===== INDX(9): CONTAINMINT SPRAYS STATUS
C 1: NOT USED
C 2: USED
C== === INDX (10 ) ! "IRCONIUM FRACTION OXIDIZED PRICR TO VESSEL FAILURE
C 1: GREATER THAN 0.21
C 2: LESS THAN 0.21 -

C===== INDX(11): CORE FRACTION PARTICIPATING IN HPMI CR STEAM EXPLOSION
C 1: 40% OF CORE PARTICIPATES IN HPHE
C 2: 10% OF CORE PARTICIPATES IN HTMZ
C 3: 40% OF CORE PARTICIPATES IN EX-VESSEL STEAM EXPLOSION
C 4: 10% OF CORE PARTICIPATES IN EX-VESSEL STEAM EXPLOSICN
C 5: NO HPMI, NO EX-VESSEL STEAM EXPLOSION
C===== INDX(12): CCRE DEBRIS STATUS IN THE REACTCR PEDESTAL CAVITY
C 1: CCRE-CCNCRETE INTERACTIONS IN DRY CAVITY
C 2: CORE-CCNCRETE INTERACTIONS IN FLOODED CAVITY
C 3: NO CORE-CCNCPETE INTERACTIONS, CAVITY CORE DEBRIS QUENCHED
C===== INDX (13) : INITIATING EVENT TIMI WINDOW
C 1: 14 TO 24 HOURS AFTER SHUTDCWN
C 2: 24 TO 94 HOURS AFTER SHUTDOWN
C 3: 40 TO 50 DAYS AFTER SHUTDOWN
C===== INDX(14): SUPPRESSION POOL TEMPERATURE
C I? SUBCOOLED SUPPRESSION POOL
C 2: SATURATED SUPPRESSION POOL
C
C -------~~---------~~~-----------~~~-------~~------~~---------------------
C
C SPECIES INDEX = ISP, 1 TO NS PEC; ORDER IS NG, I, CS, TE, SR, RU, LA, CE, BA
C
C =========================================================================

PAPAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=B,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM-20)
CHARACTER BINARR* (MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMCN /VIYS/ NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, ECF, ICF
COMMON /SRCTRM/ ST (MAXSPC), STE(MAXSPC), STCCI(MAXSPC),

1 STL(MAXSPC), STIL, STRVOL(MAXSPC),
2 ST1 (MAXS PC ) , ST2(MAXSPC), RV(MAXSPC)

COMMON /BASVAL/ FCCR(MAXSPC), TVES(MAXSPC), DFVPA(MAXSPC),
1 DFC PA (MAXS PC ) , FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DECAV(MAXSPC), VB PUF (MAX S PC ) ,
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3 FCONV(MAXSPC), FCONC (MAXS PC) , RBDF(MAXSPC),
4 DFS PRV (MAXS PC) , DFS PRC (MAXS PC) , FREVO(MAXSPC),
5 VALISS(MAXISS), FLTI1, FLTI2, NSPEC, FLV, THPE,
6 EVSE, WFAC, PFAC, FPLBYE, FPLBYP, FPLBYD, !
7 FPLBYC, FTLPH, FTLPL, ITLP, TC11, TC12, TB11,
8 TB12, TB21, TB22, TBS 1, IBS2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, MVSPLT, FCD
COMMON / BINNED / FCORO(MAXSPC,MAXCAS), TVESO(MAXSPC,MAXCAS),

1 DFVPA0 (MAXS PC, MAXCAS ) , DFCPA0(MAXSPC,MAXCAS),
2 FDCHO(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),

'3 FCCIO(MAXSPC,MAXCAS), DFCAVO(MAXSPC,MAXCAS),
4 VBPUF0(MAXSPC,MAXCAS), FCONVO(MAXSPC,MAXCAS),
5 FCONCO(MAXSPC,MAXCAS), RBDF0(MAXSPC,MAXCAS),
6 DFSPRVO(hAXSPC,MAXCAS), DFSPRC0(MAXSPC,MAXCAS),
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20(MAXCAS), THPE0(MAXCAS), EVSEO(MAXCAS),
9 FPLBYO(3), MVSPITO, TWO(MAXTIM), T10(MAXTIM),
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0(MAXTIM),
B EO(MAXTIM)

COMMON /BININD/ INDX (MAXBD) ;

C
'

C
ICAM1=ICHAR('A') - 1

C'* * * PLANT DAMAGE STATE
INDX (1) = ICHAR(BINARR(IBIN) (1:1)) - ICAM1

C* * * * *CONTAINNENT STATUS ,

INDX(2) = ICHAR (BINARR (IBIN) ( 2 : 2 ) ) - ICAM] ;

C* * * * * AUXILIARY BUILIDING PRESSURE INTEGRITY STATUS
ICHAR (BINARR (IBIN) ( 3 : 3 ) ) - ICAM1INDX(3) =

C*****DRYWELL PRESSURE INTEGRITY STATUS
ICHAR (BINARR (IBIN) ( 4 : 4 ) ) - ICAM1 ;INDX(4) =

C* * * * * REACTOR VESSEL PRESSURE BOUNDARY STATUS
INDX(5) ICHAR (BINARR (IBIN) ( 5 : 5) ) - ICAM1 ;=

C* * * * *BEACTOR HEAD VENT STATUS PRICR TO CORE DAMAGE >

ICHAR (BINARR (IBIN) ( 6 : 6) ) - ICAM1 !INDX(6) =

C*****SRV TAILPIPE VACUUM BBEAKERS STATUS ,

INDX (7 ) = ICHAR (BINARR(IBIN) (7:7) ) - ICAM1 '
C***** REACTOR VESSEL STATUS PRIOR TO VESSEL FAILURE

ICHAR (BINARR (IBIN) ( 8 : 8 ) ) - ICAM1INDX ( B ) =

C***** CONTAINMENT SPRAYS STATUS
ICHAR (BINARR (IBIN) ( 9 : 9 ) ) - ICAMIINDX ( 9) =

C***** ZIRCONIUM FRACTION OXIDIZED PRIOR TO VESSEL FAILURE
INDX (10) =ICHAR (3INARR (IBIN) (10 : 10) ) - ICAM1 ?

C'**** CORE FRACTION PARTICIFATING IN HPMZ OR STEAM EXPLOSION
INDX (11) =IC HAR ( BINARR ( IBIN) (11 : 11) ) - ICAM1

'

C***** CORE DEBRIS STATUS IN THE REACTOR PEDESTAL CAVITY
INDX (12 ) =ICHAR (BINARR (IBIN) (12 : 12 ) ) - ICAM1

C***** INITIATING EVENT TIME WINDOW
INDX (13 ) =ICHAR (BINARR (IBIN) (13 : 13 ) ) - ICAM1

C * * * * * SUPPRESSION POOL TEMPERATURE
INDX (14 ) =ICHAR (BINARR (IBIN) (14 : 14 ) ) - ICAM1

C***** SET LOGICAL FLAGS TO BE PASSED TO GGSORC ,

C* * * * *TEMPCRARY COOLABLE DEBRIS BED OR COOLABLE DEBRIS BED j
TMPCDB=. FALSE.

!
CDB=(INDX(12) .EQ. 3)

C'**** VESSEL BREACH ,

VB= (INDX (8 ) .LE. 4)
C***** SUPPRESSION POOL TEMPERATURE-

SUBCL=(INDX(14) .EQ. 1)
C* * * * *NO CONTAINMENT FAILURE FLAG

NOCF= (INDX (2 ) .EQ. 10)
C*****EARLY CF BEFORE VB INCLUDES CASE WITH ILOCA OR OPEN MSIVS

ECF= ( (INDX (2 ) .LE. 4) .OR. (INDX(5) .EQ. 3)) '
C* * * * *INTERNEDIATE CF AT VB

ICF=(INDX(2) .EQ. 5) .OR. (INDX (2 ) ,EQ. 6)

C' * * * * TAIL PIPE VACUUM BREAKER STUCK OPEN FLAG
B RKOPN= (INDX (7 ) .EQ. 1)

C"+ * * REACTOR HEAD VENT S PLIT FRACTION
- IF -( (INDX (6) .EQ. 2) .AND. (INDX(5) .EQ. 1)) THEN

HVSPLT=HVSPLTO ;
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ELSE
KVSPLT=0.0

ENDIF
C***** LOOP OVER SPECIES

DO 500 ISP=1,NSPEC
C********FCOR *****************

IF (INDX ( 8 ) .GE. 5) THEN
FCOR(ISP) =FCD * FCOR0 (ISP,2)

ELSE IF (INDX(10) .EQ. 1) THEN
FCOR (IS P ) = FCOR0 (IS P,1)

ELSE IF (INDX(10) .EQ. 2) THEN
FCOR (IS P) =FCOR0 (IS P,2 )

ENDIF
****************C********FVES

IF ((INDX(8) .EQ. 1) .OR. (INDX(8) .EQ. 3) .OR.
1 (INDX (8 ) .EQ. 5)) THEN

C***********HIGH PRESSURE AT VB
FVES (IS P) = FVES O (IS P,1)

ELSE
C'**********LOW PRESSURE AT VB

FVES (IS P) =FVESO (IS P,2 )
ENDIF

C********REVOLATILIZATION AFTER VESSEL BREACH
IF (INDX ( 8 ) .GE. 5) THEN

C***********NO VESSEL BREACH, NO REVOLATILIZATICN
FREvo ( IS P) = 0. 0

ELSE IF ( (INDX ( 8 ) .EQ. 3) .OR. (INDX (8 ) .EQ. 4)) THEN
C***********LPI PECOVERY, AFTER VB

F REVO (IS P ) = F REVOO (IS P, 3 )
ELSE

C ' * * * * * * * * * * NO L PI RECOVERY AFTER VB
FREVO (IS P) =FREVOO (IS P,1)

ENDIF
C********FCCI ************

IF (CDB) THEN
C***********COOLABLE DEBRIS BED: NO CCI PELEASE

FCCI (IS P) = 0. 0
ELSE IF ( (INDX (12 ) .EQ. 1) .CR. TMPCDB) THEN

IF (INDX(10) .EQ. 1) THEN
C**************HIGH ZR OXIDATION .IE., LOW ZR CCNTENT IN MCCI

FCCI(ISP)=FCCIO(ISP,1)
ELSE

C************** LOW ZR OXIDATION IE., HIGH ZR CONTENT IN MCCI
FCCI (IS P) =FCCIO (IS P, 3)

ENDIF
ELSE

IF (INDX(10) .EQ. 1) THEN
C**************HIGH ZR OXIDATION .IE., LOW ZR CONTENT IN MCCI

FCC I ( IS P) = FCC IO (IS P, 2 )

C'*****+**** OW ZR OXIDATION IE., HIGH ZR CONTENT IN MCCI
FCCI (IS P) = FCCIO (IS P,4 )

ENDIF
ENDIF

C********FCONV: CONTAINMENT RETENTION FCR IN-VESSEL RELEASE, OUTER
C******** CONTAINMENT ONLY
C********FCONC: CONTAINMENT RETENTION FOR EX-VESSEL RELEASE, INCLUDING
C******** DRYWELL AND OUTER CONTAINNENT
C'*******THIS IS RETENTION WITHOUT CONSIDERING OTHER EFFECTS SUCH AS:
C******** POOL BYPASS, CONTAINMENT SPRAYS, ETC.

IF ((INDX(2) .EQ. 10) .AND. (INDX ( 5) .NE. 3)) THEN
C***********NO CONTAINMENT FAILURE

FCONV (IS P) = FCONVO (IS P,7 )
FCONC (IS P) =FCONC0 (IS P,7 )

ELSE IF (((INDX(2) .EQ. 4) .OR. (INDX(2) .EQ. 6)) .AND.
1 (INDX(5) .NE. 3)) THEN

C ' * ' * * ' * * EARLY LEAK
IF (SUBCL) THEN

C**************SUFFRESSION POOL IS SUBCOOLED
FCCNV (IS P) = FCONVO ( IS P,1)
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FCONC (IS P) = FCONC0 (IS P,1)
ELSE

FCONV (IS P) = FCONVO (IS P,2 )
FCONC (IS P) =FCONC 0 (IS P,2 )

ENDIF
ELSE IF ( (INDX (2 ) .EQ. 1) .OR. (INDX(2) .EQ. 2) .OR.

1 (INDX (2 ) .EQ. 3) .OR. (INDX (2 ) .EQ. 5) .OR.
1 (INDX ( 5) . EQ. 3) ) THEN

C***********EARLY RUPTURE OR ILOCA IN AUX. BLDG
IF (SUBCL) THEN

C************** SUPPRESSION POOL SUBCOOLED
FCONV (IS P) =FCONVO (IS P, 3 )
FCONC (IS P) = FCONC 0 (IS P, 3 )

ELSE
C * * * * * * * * * * * * * * SUPPRESSION POOL SATURATED

FCONV (IS P) =FCONVO (IS P, 4 )
FCONC (IS P) = FCONC 0 (IS P, 4 )

ENDIF
ELSE IF (INDX (2 ) .EQ. 9) THEN i

C***********LATE LEAK
FCONV(IS P) =FCONVO (IS P, 5 )
FCONC (IS P) = FCONC 0 (IS P, 5)

ELSE
C * * * * * * * * * * * LATE RUPTURE OR LATE VENTING

FCONV ( IS P) = FCONVO ( IS P, 6 )
FCONC (IS P) = FCONC 0 (IS P, 6 )

ENDIF
IF ( (INDX ( $) .EQ. 3) .OR. (INDX(5) .EQ. 4)) THEN

FC ONV ( IS P) = 1.0
ENDIF

C********RBDF *************

IF ((INDX(3) .GE. 1) .AND. (INDX(3) .LE. 3)) THEN
C*********** RELEASE GCES THROUGH REACTOR BUILDING

RBDF (IS P) = RBDF0 (IS P,1)
ELSE

i

C*********** REACTOR BUILDING BYPASSED
,

RBDF (IS P) =1. 0
ENDIF

C'*******FDCH CR EX-VESSEL STEAM EXPLOSICN ************

IF (INDX(11) .EQ. 5) THEN
C***********NO DCH, NO STEAM EXPLOSION

FHPE=0.0
EVSE=0.0
FDCH(ISP)=0.0

,

FEVS E ( IS P) = 0. 0
ELSE IF (INDX(11) .LE. 2) THEN

C***********DCH, NO STEAM EXPLOSION
EVSE=0.
FEVS E (IS P) = 0.
FDCH (IS P) = FDCH0 (IS P,1)
IF (INDX(11) .EQ. 1) THEN

FHPE= FH PEO (1)
ELSE

FHPE=FHPE0(2)
ENDIF

ELSE
C***********NO DCH, BUT EX-VESSEL STEAM EXPLOSION

THPE=0.0
FDC H ( IS P) = 0. 0
TEVS E (IS P) = FEVS EO (IS P,1)
IF (INDX(11) .EQ. 3) THEN

EVSE =EVSE0 (1)
ELSE

EVSE=EVSE0(2) j
ENDIF

ENDIF
C'******* FOOL BYPASS

FPLBYI, AND FPLBYL:
f...**.*FPLBYE,. .. . ...* FOR EARLY PH.ASE, ASSUME VACUUM BREAKER STICKS OPEN FCR ASSIGNING ,

j

C********FPLBYE. IF BRKOPEN IS FALSE, SET FPLBYE TO 0.0 LATER
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IF (INDX(4) .EQ. 1) THEN
C***********COMPLETE POOL BYPASS

FPLBYE=FPLBYO(3)
FPLBYI=FPLBYO(3)
FPLBYL*FPLBYO ( 3 )

ELSE
C***********NOMINAL POOL BYPASS

FPLBYE=FPLBYO(1)
FPLBYI= FPLBYO (1)
FPLBYL=FPLBYO(1)

ENDIF
C********IF BRKOPN IS FALSE, THEN FPLBYE=0.0 IRREGARDLESS OY DRYWELL
C******** LEAKAGE SINCE EVERYTHING GOES THROUGH POOL

,

IF (.NOT. BRKOPN) FPLBYE=0.0
|IF (BRKOPN) THEN

C + * * * * * * * * * * FOR VACUUM BREAKER STUCK OPEN CASES, ASSIGN TAIL PIPE FLOW ,

!
C * * * * * * * * * * * FRACTION FOR HIGH PRESSURE VERSUS LOW PRESSURE SEQUENCES

IF ((INDX{8) .EQ. 1) .OR. (INDX(8) .EQ. 3) .OR. 1

1 (INDX(8) .EQ. 5)) THEN
C**************VESSEL AT HIGH PRESSURE

FTLP=FTLPH
ELSE

C************** VESSEL AT LOW PRESSURE
FTLP=FTLPL

ENDIF
ELSE

C*********** VACUUM BREAKER STAYS CLOSED, NO POOL BYPASS
FTLP=0.0

ENDIF
C* * * * * * * *THE THREE POOL BYPASS FRACTIONS ARE FOR A " DRY CAVITY" AND
C********"FAILED CONTAINMENT". IT IS MULTIPLIED BY 'PFAC' IF CONTAINMENT
C********HAS NOT FAILED AND DIVIDED BY 'WFAC' IF TML CAVITY IS FLOODED.
C********
C********ESTIMATE BYPASS FRACTION FOR THE VESSEL 1 REACH PUFF (FPLBYP),
C********DCH (FPLBYD) AND CCI RELEASES (FPLBYC)
C********
C********FCR IN-VESSEL RELEASE PHASE, ASSUMES NO PRESSURE FACTOR (PFAC)
C********APPLIES BUT STEAMING FACTOR (WTAC) ALWAYS APPLIES

FPLBYE=FPLBYE / WFAC
C * * * " * * * FOR THE PUFF CASE, IT IS ASSUMED VALUES WITH STEAM ALWAYS APPLY
C********ROUGHLY CONSISTENT WITH TB2
C * " * * * * * FOR DC H , POOL BYPASS IS TREATED LIKE PUFF RELEASE

FPLBYP=FPLBYI / WFAC
FPLBYD=FPLBYI / WFAC

C * * * * * * * * LAT E CONT AINHINT FAILURE C AS ES , APPLY PRESSURE CORRECTION
IF (INDX(2) .GE. 7) THEN

FPLBYP=FPLBYP * PFAC
FPLBYD=FPLBYD * PFAC

ENDIF
C********CCI RELEASE

FPLBYC=FPLBYL
C********FOR WET OR FLOODED CAVITY CASES, STEAMING FACTOR APPLIES

IF (INDX(12) .EQ. 2) FPLBYC=FPLBYC / WTAC '

IF (INDX (2 ) .GE. 7) FPLBYC=FPLBYC * PFAC
C********ALL FRACTIONS OF POOL BYPASS SHOULD BE <= 1.0

FPLBYE= MIN (FPLBYE, 1.0)
FPLBYP= MIN (FPLBYP, 1.0)
FPLBYD= MIN (FPLBYD, 1.0)
FPLBYC= MIN (FPLBYC, 1.0)

C******** LATE IODINE RELEASE FROM POOL
IF (SUBCL) THEN

FLTI1= FLTIl0 (1)
ELSE |,

FLTI1=FLTIl0(2) |

ENDIF
C * * * * * * * * LATE IODINE RELEASE FROM CAVITY WATER

IF ((INDX(12) .EQ. 1) .OR. TMPCDB) THEN
C*********** DRY CAVITY CASES

ELTI2=1.0
ELSE IF (INDX(12) .EQ. 2) THEN
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C*********** FLOODED CAVITY CASE LIKE TC
FLTI2 =FLTI2 0 (2 ) |

ELSE '

C'**********NO CCI RELEASE CASE
FLTI2=0.0

,

ENDIF
C++++****IN-VESSEL RELEASE POOL SCRUBBING

IF (INDX ( 5) .EQ. 1) THEN
DFVPA (IS P) =DFVPA0 (IS P,1)

ELSE
D FVPA ( IS P) =1. 0

ENDIF
C********EX-VISSEL RELEASE POOL SCRUBBING

DFCPA(ISP) = DFCPA0(ISP,1)
C******** CONTAINMENT (WETWELL) SPRAY DF

IF (INDX(9) .EQ. 1) THEN
C***********NO SPRAYS

D FS P RV ( IS P) =1. 0
DFSPRC(ISP)=1.0

ELSE
C***********EARLY SPRAYS AND LATE SPRAYS

DFS PRV (IS P) =DFS PRVO (IS P,1)
DFS PRC (IS P ) =DFS PRC0 (IS P,1)

ENDIF
IF ( (INDX ( 5) .EQ. 3) .OR. (INDX(S) .EQ. 4)) THEN

DFSPRV(ISP)=1.0
ENDIF

C * * * * * * * * REACTOR CAVITY WATER SCRUBBING OF FISSION PRODUCTS
IF ((INDX(12) .EQ. 1) .OR. TMPCDB) THEN

C'**********DRY CAVITY OR DELAYED CCI RELEASE CASE
DFCAV(ISP)=1.0

ELSE
C*********** FLOODED CAVITY CDB: LIKE BMI-213 9 TC

DFCAV (IS P) =DFCAVO (IS P, 2 )
ENDIF

C********OTHER VARIABLES NOT SAMPLED IN LHS
Ca******* ASSUMES ALL CORE ULTIMATELY LEAVE VESSEL AFTER VESSEL BREACH

FLV=1.0
IF (.NOT. VB) FLV-0.0

C******** VESSEL BREACH PUFF RELEASE
VB PUT (IS P) =VBPUF0 (IS P,1)

500 CCNTINUE
C***
C***ST TIMING PARAMETERS
C***
C*** DURATION OF 2 RELEASE SEGMENT ALWAYS SET TO 24 HOURS UNLESS NO VB

IF (INDX(8) .LE. 4) THEN
DT2 = DT20 (1)

ELSE
DT2=DT20(2)

ENDIF
C*** WARNING TIME
C***PDSl-1: LOCA TIME WINDOW l

IF (INDX (1) .EQ. 1) THEN
TW= TWO ( 1)
IF ((INDX(3) .EQ. 1) .OR. (INDX(3) .EQ. 2)) THEN

T1=T10 (1)
DT1=DT10(5)

]
ELSE

Tl=T10(2)
DTl=DT10 (2 )

ENDIF
C***PDSl-2 & PDS1-4: SBC W/ SDC BREAK

ELSEIF ( (INDX (1) .EQ. 2) .OR. (INDX (1) .EQ. 4)) THEN
TW-TWO(2)
T1=T10(3)
DTl=DT10(4)

C'**PDS1-3: SBO W/ FIREWATER FOR 10 HOURS
,

ELSEIF (INDX (1) .EQ. 3) THEN
TW=TWO(3)
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T1=T10(4)
DT1=DT10(3)

C***PDSI-5: RPV0 lop, FLOODED CNMT
ELSEIF (INDX(1) .EQ. 5) THEN

TW=TWO(4)
IF ((INDX(3) .EQ. 1) .OR. (INDX(3) .EQ. 2)) THEN

T1=T!a ( 5)
DT1=DT10 ( 4 )

ELSE
T1=T10(6)
DT1=DT10(2)

ENDIF
C***PDS2-1: LOCA TIME WINDOW 2

ELSE IF (INDX (1) .EQ. 6) THEN
TW-TWO(5)
IF ((INDX(3) .EQ. 1) .OR. (INDX(3) .EQ. 2)) THEN

T1=T10 (7 )
DT1=DT10(5)

ELSE
T1=T10(8)
DT1=DT10 (2 )

ENDIF
C+**PDS2-2 & PDS2-3: SBC W/ SDC BREAX

ELSE IF ( (INDX (1) .EQ. 7) .OR. (INDX (1) .EQ. 8)) THEN
TW-TWO(6)
T1=T10(9)
DT1=DT10(3)

C***PDS2-4: RPV@ lop, FLOODED CNHT
ELSE IF (INDX(1) .EQ. 9) THEN

TW= TWO ( 7 ) i

IF ((INDX(3) .EQ. 1) .OR. (INDX ( 3) .EQ. 2)) THEN
T1=T10(10)
DT1=DT10(5)

ELSE
T1=T10(11)
DT1=DT10(2)

'ENDIF
C***PDS2-5: RPV@H1P

ELSE IF (INDX(1) .EQ. 10) THEN
C'**CNMT OPEN TO AUX. BLDG

IF (INDX(3) .NE. 4) THEN
TW-TWO ( 8 )
T1=T10(12)
DT1=DT10(3)

C***CNMT CLOSED PRIOR TO CD
ELSE

C'**CNMT FAILS DURING CD
IF ( (INDX (2 ) .GE. 2) .AND. (INDX (2 ) .LE. 4)) THEN

TW=TWO ( 9 )
T1=T10(13)
DT1=DT10(3) ,

i

C********* CNMT FAILS AT VB
ELSE IF ( (INDX (2 ) . EQ. 5) .OR. (INDX(2) .EQ. 6)) THEN

TW=TWO(10)
T1=T10(14)

C* * * chm FAILS AS ' A RUPTURE
IF (INDX(2) .EQ. 5) THEN

DT1=DT10(1) j
C* * * chm FAILS AS A LEAK

ELSE
DT1=DT10(3)

ENDIF
C'******** CNMT FAILS LATE CR NOT AT ALL

ELSE
TW=TWO(11)
T1=T10(15)

C***CNMT FAILS AS A RUPTURE
IF ((INDX(2) .EQ. 7) .OR. (INDX(2) .EQ. 8)) THEN

DT1=DT10 (1)
C***CNMT FAILS AS A LEAK OR NDT AT ALL

,
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ELSE
DT1=DT10(3)

ENDIF
ENDIF

ENDIF
C * " * * PDS 2- 6 : RPV@ lop, OPEN MSIVs

ELSE IF (INDX (1) .EQ. 11) THEN
TW=TWO(12)
T1=T10 (16)
DT1=DT10(5)

C' * * * PDS3-1: LOCA TIME WINDOW 3
ELSE IF (INDX (1) .EQ. 12) THEN

TW=TWO(13)
IF ((INDX(3) .EQ. 1) .OR. (INDX(3) .EQ. 2)) THEN

T1=T10(17)
DT1=DT10(5)

ELSE
T1=T10(18)
DT1=DT10(2)

ENDIF
ENDIF

C'**** START OF SECCND RELEASE
C*****NO TEMPORARY COOLABLE DEBRIS BED

T2=T1 + DT1
C" * * * TEMPORARY COOLABLE DEBRIS BED

IF (TMPCDB) T2=T2 + DTCDB
C* * *"FOR LATE CONTAINMENT FAILURE CASES, ASSIGN FRACTION
C'* * *0F TOTAL RELEASE TO THE FIRST RELEASE SEGMENT
C***** SET DEFAULT OF PUFF TO 1.0

IF ( (INDX (2 ) .EQ. 7) .OR. (INDX (2) .EQ. 8)) THEN
C******** LATE RUPTURE OR LATE VENT

PUFF =PUIF0(1)
ELSE IF ((INDX(2) .EQ. 9) .OR. (INDX(2) .EQ. 10)) THEN

C********LATL 1EAK OR NO CCNTAINMENT FAILURE
PU F F = PUiTO ( 2 )

ELSE
C******** SET DEFAUL'

PUFF =1.0
ENDIF
RETURN
END
SUBROUTINE EXPTAB

C' * * * * SET VARIABLES IN COMMON BLOCK BINNED BY INTERPOLATION OF
C***** EXPERT OPINION TABLES

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL-13000,
2 MAXSPC=10, MAXTIM=20)

CCMMON / BASVAL/ FCOR (MAXS PC ) , TVES(MAXSPC), DFVPA (MAXS PC ) ,
1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV(MAXSPC), VBPUT(MAXSPC),
3 FCONV(MAXSPC), FCONC (MAXS PC ) , RBDF(MAXSPC),
4 DFSPRV(MAXSPC), DFS PRC (MAXS PC ) , FREVO(MAXSPC),
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, FHPE,
6 EVSE, WFAC, PFAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TCil, TC12, TB11,
8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, MVSPLT, FCD
COMMON / BINNED / FCOR0(MAXSPC,MAXCAS), TVESO(MAXSPC,MAXCAS),

1 DFVPA0(MAXSPC,MAXCAS), DFCPA0(MAXSPC,MAXCAS),
2 FDCHO(MAXSPC,MAXCAS), FEVSEO(MAXSPC,MAXCAS),
3 FCCIO(MAXSPC,MAXCAS), DFCAVO(MAXSPC,MAXCAS),
4 VBPUF0(MAXSPC,MAXCAS), FCONVO(MAXSPC,MAXCAS),
5 FCONC0(MAXSPC,MAXCAS), RBDF0 (MAX 3 PC, MAXCAS ) ,
6 DFSPRVO(MAXSPC,MAXCAS), DFSPRC0(MAXSPC,MAXCAS),
7 FREVOO(MAXSPC,MAXCAS), FLTIl0(MAXCAS),
8 FLTI20(MAXCAS), FHPEO(MAXCAS), EvSE0(MAXCAS),
9 FPLBYO(3), HVSPLTO, TWO(MAXTIM), T10(MAXTIM),
A DT10(MAXTIM), DT20(MAXTIM), PUFF 0(MAXTIM),
B E0(MAXTIM)

COMMON / EXPERT / FCORL(MAXSPC,MAXLEV,MAXCAS),
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1 FVESL(MAXSPC,MAXLEV,MAXCAS),
2 FPIVOL(MAXSPC,MAXLEV,MAXCAS),
3 FCCIL(MAXSPC,MAXLEV,MAXCAS),
4 FCONVL(MAXSPC,MAXLEV,MAXCAS), i

5 FCONCL(MAXSPC,MAXLEV,MAXCAS),
6 FLTI1L(MAXLEV,MAXCAS), FLTI2L(MAXLEV,MAXCAS),
7 RBDFL(MAXSPC,MAXLEV,MAXCAS),
8 FDCHL(MAXSPC,MAXLEV,MAXCAS),
9 FEVSEL(MAXSPC,MAXLEV,MAXCAS),
A D FVPAL (MAXS PC , MAXLEV, MAXCAS ) ,
B DFCPAL(MAXSPC,MAXLEV,MAXCAS),
C DFCAVL(MAXSPC,MAXLEV,MAXCAS),
D DFSPRVL(MAXSPC,MAXLEV,MAXCAS),
E DFSPRCL(MAXSPC,MAXLEV,MAXCAS),
F PRBLEV(MAXLEV)
DATA Il / 1 /

C
C
C * * * "S ET VALUES FOR RELEASE FRACTIONS DURING IN-VESSEL RELEASE

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS (l) , FCORL, FCORO,
1 PRBLEV)

C* * * * * SET VALUES FOR RELEASE FPACTIONS FROM VESSEL
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS (2 ) , FVESL, TVESO,

1 PRBLEV)
C * * *' SET VALUES FOR REVOLATILIZATION RELEASE AFTER VESSEL BREACH

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(3), FREVOL, FREVO0,
1 PRBLEV)

C***** SET VALUES FOR RELEASE FRACTIONS DURING CCI RELEASE
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(4), FCCIL, FCCIO,

1 PRBLEV)
C***** SET VALUES FOR RELEASE FRACTIONS FROM CONTAINMENT TO ENVIRONMENT
C * * * * * FCR IN-VESSEL RELEASE SOURCE TEPJiS

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALIS S ( 5) , FCONVL, FCONVO,
1 PRBLEV)

C***** SET VALUES FOR RELEASE FRACTIONS FROM CONTAINMENT TO ENVIRONMENT
C'****FOR EX-VESSEL RELEASE SOURCE TERMS

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(6), FCONCL, FCONCO,
1 PRBLEV)

C***** SET VALUES FOR RELEASE FRACTIONS FOR LATE IODINE RELEASE FROM
C***** SUPPRESSION POOL

CALL INTERP (II, MAXLEV, MAXCAS, VALISS (7 ) , FLTIlL, FLTIl0,
1 PRBLEV)

C***** SET VALUES FOR RELEASE FPACTICNS FCR LATE IODINE RELEASE FROM
C***** CAVITY WATER

CALL INTERP (II, MAXLEV, MAXCAS, VALISS ( 8 ) , FLTI2L, FLTI20,
1 PRBLEV)

C***** SET VALUES FOR REACTOR BUILDING DECCNTAMINATION FACTOR
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS ( 9 ) , RBDFL, RBDF0,

1 PRBLEV)
C***** SET VALUES FOR RELEASE FRACTIONS DUE TO DIRECT CCNTAINMENT HEATING

CALL INTEPP (MAXSPC, MAXLEV, MAXCAS, VALISS (10 ) , FDCHL, FDCHO,
1 PRBLEV)

C***** SET VALUES FOR SUPPRESSION POOL DF FOR IN-VESSEL RELEASE
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(ll), DFVPAL, DFVPAO,

1 PRBLEV)
C***** SET VALUES FOR SUPPRESSION POOL DF AFTER VESSEL BREACH

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(12), DFCPAL, DFCPAO,
1 PRBLEV)

C* * * * * SET VALUES FOR CAVITY WATER Dr FOR CCI RELEASE
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS (13 ) , DFCAVL, DFCAVO,

1 PRBLEV)
C'**** SET VALUES FOR CONTAINMENT SPRAYS DF FOR IN-VESSEL PILEASE

CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(14), DFSPRVL, DFSPRVO,
1 PRBLEV)

C***** SET VALUES FOR CONTAINMENT SPRAYS DF FOR EX-VESSEL RELEASE
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALIS S (15) , DFSPRCL, DFSPRCO,

1 PRBLEV) '

C* " * * SET VALUES FOR EX-VESSEL STEAM EXPLOSION RELEASE
CALL INTERP (MAXSPC, MAXLEV, MAXCAS, VALISS(16), FEVSEL, FEVSEO,

1 PPELEV)
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RITURN
END
SUBROUTINE INTERP (MAXSPC, MAXLEV, MAXCAS, PROB, RL, R0, PRBLEV)

C***** PERFORM INTERPOLATION IN SPECIFIED EXPERT OPINION TABLE
DIMENSION RL(MAXSPC,MAXLEV,MAXCAS), R0(MAXSPC,MAXCAS),

1 PRBLEV(HAXLEV)
LOGICAL FIRST
DATA FIRST / .TRUE. /

C
C

IF (FIRST) THEN
C******** DETERMINE NUMBER OF LEVELS

DO 100 ILEV=2,MAXLEV
IF ( PRBLEV (ILEV) .LE. 0.0) THEN

NLEV=ILEV - 1
GO TO 200

ENDIF
100 CONTINUE

NLEV=MAXLEV
200 CONTINUE

IF (NLEV .LE. 1) THEN
WRITE (6,1002)
STOP

ENDIF
FIRST=. FALSE.

ENDIF
C***** VALIDATE PROBABILITY

IF (PROB .LT. PRBLEV(1)) THEN
WRITE (6,1001) PROB, ( PRBLEV ( I ) , I= 1, NLEV)
STOP

ENDIF
C* * * * * LOCATE PROBABILITY LEVELS TO INTERPOLATE BETWEEN

Do 1000 ILEV=2,NLEV
IF (PROB .LE. PRBLEV(ILEV)) THEN

JLEV=ILEV
GO TO 2000

ENDIF
1000 CCNTINUE

C***** PROBABILITY VALUE CUTSIDE OF TABLE RANGE
WRITE (6,1001) PROB, (PRBLEV(I),I=1,NLEV)
STOP

2000 CONTINUE
C***** LOOP OVER CASES

DO 4000 ICAS=1,MAXCAS
C* * * * * * * * LOOP OVER S PECIES

DO 3000 ISPEC=1,MAXSPC
C*********** PERFORM INTERPOLATION FOR CURRENT SPECIES AND CASE

IF ( (RL (IS PEC,1, ICAS) .GT. 0.0) .AND.
1 (RL (IS PEC, NLEV, ICAS ) / RL (IS PEC,1, ICAS) .GT. 10.)) THEN

C ' * * * * * * * * * * * * * PERFCRM LOGARITHMIC INTER POLATION
R0(ISPEC,ICAS)=10.**(LOG 10(RL(ISPEC,JLEV-1,ICAS)) +

1 (PROB-PRBLEV(JLEV-1)) *

2 ( LOG 10 ( RL (IS PEC , JLEV, ICAS ) ) -LOG 10 ( RL (IS PEC , JLEV-1, ICAS ) ) ) /
3 (PRBLEV(JLEV)-PRELEV(JLEV-1)))

ELSE
C************** PERFORM LINEAR INTERPOLATION

R0(ISPEC,ICAS)=R1(ISPEC,JLEV-1,ICAS) +
1 (PROB-PRBLEV(JLEV-1)) *

2 ( RL (IS PEC , JLEV, IC AS ) - RL (IS PEC , JLEV-1,1CAS ) ) /
3 (PRBLEV(JLEV)-PRBLEV(JLEV-1)) ,

ENDIF
"3000' CONTINUE
4000 CONTINUE

RETURN
C***** FORMAT STATEMENTS

1001 FORMAT (/1X,'>>>>> PROBABILITY VALUE (',F5.2,') OUT OF RANGE FOR ', ,

1 ' INTERPOLATION OF LEVELS',
2 /1X,'>>>>>PRBLEV(I)=',20F6.3)

1002 FCRMAT(/lX,'>>>>> FEWER THAN 2 PROBABILITY LEVELS (PRBLEV) ',
1 'SPECIFIED')

l
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END
SUBROUTINE GGSORC (ICBS, IBIN)

C***** CALCULATE XXSOR TYPE OF SOURCE TERMS FOR THE GRAND GULF
C-- --------------------------------------------------------------

C
C - - - - OUTPUT - - -
C
C ST (IS P) == TOTAL ENVIRONMENTAL RELEASE FRACTIONS FOR SPECIES 'ISP'
C (EARLY + LATE)
C STE(ISP) == RELEASES UP THROUGH VESSEL BREACH. THE DEFINING TIME
C IS RELEASE TO THE CONTAINMENT; ACTUAL RELEASE TO THE
C ENVIRONMENT WILL BE LATER IF CONTAINMENT FAILURE IS LATER
C STCCI(ISP) == CCI RELEASE SOURCE TERMS
C STL (IS P) == LATE RELEASE SOURCE TERHS (CCI+STIL+STRVOL)
C STIL == " LATE" IODINE COMPONENT, TREATED AS GASEOUS (E.G., ORGANIC)
C IODINE RELEASED FROM POOL AND FLOODED CAVITY;
C NO DF'S OR CONTAINNENT RETENTION FACTORS APPLY
C STRVOL (IS P) == I, CS AND TE COMPONENT REVOLATILIZED FROM PRIMARY SYSTEM:
C TREATED AS AEROSOL; DF'S FOR SPRAYS, SUPPRESSION POOL
C SCRUBBING, AND CONTAINMENT RETENTION APPLY
C===========================================================================
C
C SPECIES INDEX=ISP, 1 TO NSPEC; CRDER IS NG,I,CS,TE,SR,RU,LA,CE,EA
C
C FCOR == RELEASE FRACTION OF EACH ELEMENT GROUP FRCM THE FUEL DURING
C DURING IN-VESSEL RELEASE
C FVES == RELEASE FRACTION FROM THE VESSEL (FRACTION OF FCCR)
C DFVPA == POOL DF'S DURING IN-VESSEL RELEASE
C DFCPA == POOL DF'S DURING CCI RELEASE
C VBPUF == PUFF RELEASE FRACTION OF THE TOTAL CORE AT VESSEL BREACH
C --- POOL BYPASS PARAMITERS - --
C FPLBYE, FPLBYP, FPLBYD, FPLBYC ==

C FRACTION CF POOL BYPASS AT DIFFERENT TIME STEPS:
C EARLY (BEFORE VB), PUFF SOURCE TERMS,
C DCH SOURCE TERFG, AND CCI SOURCE TERMS.
C THIS FRACTION DO NOT GO THROUGH SUPPRESSION POOL
C FCCNV == FRACTIONS OF AEROSOL SPECIES RELEASED FROM THE RCS TO THE
C CONTAINMENT AND THEN TO THE ENVIRCNMENT
C FCONC == FRACTIONS OF AEROSOL SPECIES RELEASED TO FROM CCI TO THE
C CONTAINMENT AND THEN TO THE ENVIRONMENT (INCLUDES DRYWELL
C RETENTION AND OUTER CONTAINMENT RETENTION)
C DESPRV== DF'S FOR SPRAYS (ESTIMATED FROM CALCULATED CS AND I RELEASES)
C DFSPRC== DF'S FOR SPRAYS (ESTIMATED FROM CALCULATED SR AND CE RELEASES)
C FLTIl == LATE IODINE RELEASE FROM SUPPRESSION POOL ,

C FLTI2 == LATE IODINE RELEASE FROM CAVITY WATER
C
C RBDF == REACTOR BUILDING DECONTAMINATION FACTOR, ADDED TO THE CODE FOR
C USE IN THE GRAND GULF LOW PCWER SHUTDOWN STUDY BY LANNY SMITH,
C 8 APR 92.
C

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, VAXCAS=8,
1 MAXISS=20, PAXLEV-10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM=20)
CHARACTER BINARR*(MAXBD), BTITLE*80, TITLE *80
COMMON / BINS / BINARR(MAXBIN), BTITLE, TITLE
LOGICAL NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOC F, SUBCL, CDB, TMPCDB, BRKOPN, VB, EC F, ICF
COMMON / KEYS / NOCALC, SAMPLE, REPRTB, BINNED, BYRUN, CONSFL, DIAG,

1 EXPERT, PRTINP, NOCF, SUBCL, CDB, TMPCDB, BRKOPN, VB, EC F, ICF
COMMON /SRCTRM/ ST(MAXSPC), STE(MAXSPC), STCCI(MAXSPC),

1 STL(MAXSPC), STIL, STRVOL (MAXS PC) ,
2 ST1(MAXSPC), ST2(MAXSPC), RV(MAXSPC)

.

"COMMON /BASVAL/ FCOR(MAXSPC), TVES(MAXSPC), DFVPA(K\XSPC),
1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH (FmXS PC ) ,
2 FCCI(MAXSPC), D FCAV (MAXS PC ) , VBPUF(MAXSPC),
3 FCONV(MAXSPC), FCONC(MAXSPC), RBD F (MAXS PC ) ,
4 DFSPRV(MAXSPC), DFSPRC(MAXSPC), FREVO(MAXSPC),
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, THPE,
6 EVSE, WTAC, PFAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TC11, TC12, TB11,

,
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8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T1, T2, DT1, DT2, DTCDB, ELEV, PUFF, NVSPLT, FCD
COMMON /BININD/ INDX(MAXBD)
COMMON /CONTR1/ NLHS, NOBS, NSTART, NBIN, NDM, NTOT

C'****NEW VARIABLES HAVE BEEN ADDED TO THE FOLLOWING DIMENSION
C* * * * * STATEMENT TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINMENT
C*****AND TO THE AUX BLDG FOR EACH RELEASE SPECIES
C*****(LANNY SMITH, 15 APR 92)

DIMENSION RFDCH (MAXS PC) , RFCCI(MAXSPC),
1 R FBVB (NAXS PC ) , RFEVSE(MAXSPC),
2 STC ( MAXS PC ) , STA(MAXSPC),
3 STEC(MAXSPC), STEA (MAXS PC ) ,
4 STLC(MAXSPC), STLA (MAXS PC ) ,
5 STCCIC(MAXSPC), STCC IA (MAXS PC) ,
6 STRVLC(MAXSPC), STRVLA(MAXSPC)

C/// DIMENSION STIC(MAXSPC), STIA(MAXSPC),
C/// 1 ST2C (MAXS PC ) , ST2A(MAXSPC)
C
C
C*****2ERO OUT THE SOURCE TERM ARRAYS
C'****NEW VARIABLES HAVE BEEN ADDED TO THE FOLLOWING DO LOOP
C* * * * * LOGIC TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINNINT
C*****AND TO THE AUX BLDG FCR EACH RELEASE SPECIES
C*****(LANNY SMITH, 15 APR 92)

Do 1000 ISP=1,NSPEC
RFBVB ( IS P ) = 0. 0
RFEVSE(ISP)=0.0
RFDCH (IS P) =0. 0
RFCC I (IS P ) = 0. 0
STC (IS P) =0. 0
STA(ISP)=0.0 <

'

ST(ISP)=0.0
STEC(ISP)=0.0
STEA(ISP)=0.0
STE (IS P) = 0. 0
STCCIC (IS P) = 0. 0
STCCI A (IS P) =0. 0
STCCI(ISP)=0.0
STRVLC(ISP)=0.0
S T RVLA ( IS P) = 0. 0
STRVOL ( IS P ) = 0. 0
STLC (IS P) =0. 0
STLA(ISP)=0.0
STL(ISP)=0.0

C/// STIC(ISP)=0.0
C/// S T lA ( IS P ) = 0. 0

ST1 (IS P) =0. 0
C/// ST2C (IS P) =0. 0
C/// ST2 A (IS P) =0. 0

ST2(ISP)=0.0
1000 CCNTINUE

POOLI=0.0
CAVWI=0.0
STIL=0.0

C*****SAVE I, CS, AND TE IN VESSEL FOR REVOLATILIZATION IN LATE RELEASES
Do 1200 ISP=2,4

(1. 0- TVES (IS P) )RV(IS P) = FCOR (IS P) *
,

1200 CONTINUE
C* * * * * RELEASE FROM VESSEL PRIOR TO VESSEL BRF.ACH

Do 2000 ISP=1,NSPEC
C'******* RELEASE FRACTION THRU TAIL PIPE THAT BYPASSES POOL

RELFl=FTLP * FPLBYE / DFSPRV(ISP)
C* * * * * * * * RELEASE FRACTION THRU TAIL PIPE THAT GOES THRU POOL

RELF2=FTLP * (1.0-FPLBYE) / MAX (DFCPA (IS P) , DFSPRV(ISP))
C******** RELEASE FRACTION THRU T-QUENCHER

REL F 3 = ( 1. 0- FTL P) / MAX ( D FVPA (IS P) , DFS PRV (IS P) )
*

C********EARLY RELEASE FRACTION (INCLUDE HEAD VENT RELEASE)
STE (IS P) = ( FCOR (IS P) * FVES (IS P) * (1. 0-HVS PLT) * ( RELF1+RELF2+RELF3) +

1 FCOR (IS P) * FVES (IS P) * HVS PLT /DFCAV (IS P) ) *

2 FCCKV(ISP) / RBD F (IS P)
.
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!
C' * * * * * * *NEW VARLABLES STEC (IS P) AND STEA(ISP) HAVE BEEN |

C********ADDED TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINMENT !

C********AND TO THE AUX BLDG FOR EACH RELEASE SPECIES
C********(LANNY SMITH, 15 APR 92)
C* * * * * * * *STEC (IS P) = (STE (IS P) / FCONV(ISP)) RBDF (IS P)*

STEC (IS P) = (STE (IS P) / 1.0) RBDF (IS P)*

STEA (IS P) =STE (IS P) RBDF (IS P)*

RFBVB (IS P) =STE (IS P)
C'*******SAVE IODINE IN POOL AND IN CAVITY

IF (ISP .EQ. 2) THEN
TVES (IS P)POOLI=FCOR (IS P) **

1 MAX (0.0, (1. 0-REL F1- REL F2- REL F 3 ) )
CAVWI= FCOR (IS P) TVES (IS P)* * KVSPLT *

1 (1. 0 - 1.0/DFCAV(ISP) )
ENDIF

2000 CONTINUE
IF (DIAG) THEN

C********DIAGNOSTIC PRINT
WRITE (6,2001)
WRITE (6,4202) ( STE (IS P ) , IS P=1, NS PEC )
WRITE (6,4203) ( STL (IS P) , IS P=1, NS PEC )
WRITE (6,4204) (ST (IS P) , IS P=1, NS PEC )
WRITE (6,4205) ( RFBVB (IS P) , IS P= 1, NS PEC )
WRITE (6,4206) ( RFEVS E ( IS P) , IS P= 1, NS PEC )
WRITE (6,4207) ( RFDCH (IS P) , IS P= 1, NS PEC )
WRITE (6,4208) ( R FCC I (IS P ) , IS P= 1, NS P EC )
WRITE (6,4209) (STCCI (IS P) , IS P= 1, NS PEC )
WRITE (6,4210) (RV(I),I-2,4), ( S T RVOL (I ) , I=2, 4 ) , POOLI,

1 CAVWI, STIL
ENDIF ,

C'**** ADD FOR LP&S POS-5 ANALYSIS
C*****IF CNMT CLOSE WITH ILOCA OR OPEN MSIV AND LATE CNMT FAILURE, SET
C
C*****RBDF FCR RELEASE AT OR AFTER VB TO 1.0

IF(((INDX(2).EQ.2) .OR. (INDX (2) .EQ. 3) .OR. (INDX(2).EQ. 5))
1 .AND. (INDX(5).EO.3)) THEN

Do 2099 ISP=1,9
1.0RBDF (IS P) =

2099 CONTINUE
ENDIF

C*****
C*****IF EVSE, STEAM EXPLOSIONS ARE CCNSIDERED

IF ((INDX(11) .LT. 3) .OR. (INDX(11) .EQ. 5) ) GO TO 7250
C * * * * * ADD EX-VESSEL STEAM EX PLOSION

DO 4500 ISP=1,NSPEC
C********RELEASE FRACTION DUE TO EX-VESSEL STEAM EXPLOSION

RFEVS E (IS P) = MAX (0.0, ( 1. 0- FCCR ( IS P) -VB PUF (IS P) ) ) FLV **

1 EVSE * FEVSE(ISP)
IF (RFEVS E (IS P) .GT. 0.0) THEN

C*********** RELEASE FRACTION DUE TO EX-VESSEL STEAM EXPLOSION, THAT
C***********BYPASSES POOL

RELFl=FPLBYD / DFSPRC (ISP)
C*********** RELEASE FRACTION DUE TO EX-VESSEL STEAM EXPLOSICN THAT
C***********GCES THRU POOL

RELF2=(1.0-FPLBYD) / MAX (DFC PA (IS P) , DFS PRC (IS P) )
C * * * * * '' * * EARLY RELEAS E FRACTION
C***********NEW VARIABLES ' STEC (IS P) ' AND ' STEA (IS P) ' HAVE BEEN
C' * * * * * * * * * * ADDED TO ACCOUNT FOR THE RELLASE FRACTIONS TO CONTAINMENT
C * * * * * * * * * * * AND TO THE AUX BLDG FOR EACH RELEASE S PECIES
C * * * * * * * * * * * ( LANNY SMITH , 15 APR 92)

STEC (IS P) = MIN (1.0, STEC (IS P) + RFEVSE (IS P) * (RELF1+RELF2) )
STEA (IS P) = MIN (1.0, ST EA (IS P) +

1 RFEVSE (IS P) * (RELF1+ RELF2 ) * FCONC (IS P) )
STE (IS P) = MIN (1.0, STE(ISP) +

1' RFEVS E (IS P) * (RELF1+ RELF2 ) * FCONC (IS P) / RBDF (IS P) )
C***********SAVE IODINE IN POOL

IF (ISP .EQ. 2) THEN
POOLI=POOLI + RTEVSE (ISP) * MAX (0.0, ( 1. 0- RELF1- REL F2 ) )

ENDIF
ENDIF

,
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4500 CONTINUE

IF (DIAG) THEN
C******** DIAGNOSTIC PRINT

WRITE (6,4501)
WRITE (6,4202) (STE (IS P) , IS P=1, NS PEC)
WRITE (6,4203) (STL (IS P) , IS P=1, NS PEC)
WRITE (6,4204) (S T (IS P) , IS P=1, NS PEC)
WRITE ( 6, 4 20 5) ( RFBVB (IS P) , IS P=1, NS PEC)
WRITE (6,4206) ( RFEVS E (IS P) , IS P=1, NS PEC )
WRITE (6,4207) ( RFDCH ( IS P ) , IS P=1, NS PEC )
WRITE (6,4208) ( RFCCI (IS P ) , IS P=1, NS PEC )
WRITE (6,4209) ( STCCI (IS P) , IS P=1, NS PEC )
WRITE (6,4210) (RV(I),I-2,4), (STRVOL (I) , I-2, 4 ) , POOLI,

1 CAVWI, STIL
ENDIF

7250 CONTINUE
C*****IF NO VB, THEN NO PUFF, NO CCI, NO DCH SOURCE TERMS

IF (.NOT. VB) GO TO 7500
C* * * * * ADD VESSEL BREACH PUFF RELEASE TO EARLY SOURCE TEPJ4

DO 3000 ISP=1,NSPEC
C********RELEASE FRACTION DUE TO VESSEL BREACH PUFF THAT BYPASSES POOL

RELFl=FPLBYP / DFSPRC (ISP)
C'* * "* * * RELEASE FRACTION DUE TO VESSEL BREACH PUFF THAT GOES THRU POOL

RELF2 = (1. 0- FPLBYP) / MAX (DFCPA(ISP), DFS PRC (IS P) )
C********EARLY RELEASE FRACTION
C* * * * * * * * NEW VARIABLES STEC (IS P) AND STEA(ISP) MAVE BEEN
C * * * * * * * * ADDED TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINNINT
C'*******AND TO THE AUX BLDG FOR EACH RELEASE SPECIES
C********(LANNY SMITH, 15 APR 92)

STEC (IS P) = MIN (1.0, STEC (IS P) + VBPUF (ISP) * (RELF1+RELF2) )
S T EA ( IS P) = MIN (1.0, STEA(ISP) +

1 VB PUF (IS P) * (RELF1 + RELF2 ) * FCONC (IS P) )
STE (IS P) = MIN (1.0, STE(ISP) +

1 VBPUT (IS P) * (RELF1+RELF2 ) * FCONC (IS P) /RBDF (IS P) )
,

C********SAVE IODINE IN POOL
IF (ISP .EQ. 2) THEN

POOLI=POOLI + VBPUF (IS P) * MAX (0.0, (1.0-RELF1-RELF2))
ENDIF

3000 CCNTINUE
IF (DIAG) THEN

C********DIAGNCSTIC PRINT
WRITE (6,3001)
WRITE (6,4202) (STE (IS P) , IS P=1, NS PEC )
WRITE (6,4203) (STL (IS P) , IS P=1, NS PEC )
WRITE (6,4204) (ST (IS P) , IS P=1, NS PEC)
WRITE (6,4205) ( RFBVB (IS P) , IS P= 1, NS PEC )
WRITE (6,4206) (RFEVSE(ISP),ISP=1,NSPEC)
WRITE (6,4207) (RFDCH(ISP),ISP=1,NSPEC)
WRITE (6,4208) ( RFCCI (IS P ) , IS P=1, NS PEC )
WRITE (6,4209) (STCCI(ISP),ISP=1,NSPEC)
WRITE (6,4210) (RV(I),I=2,4), (STRVOL(I),I=2,4), POOLI,

1 CAVWI, STIL
ENDIF

C***** ADD DIRECT CONTAINMENT HEATING RELEASE TO EARLY SOURCE TERM
DO 4000 ISP=1,NSPEC

C********RELEASE FRACTION DUE TO DIRECT CONTAINMENT HEATING
RFDCH (IS P) = MAX (0.0, (1. 0- FCOR (IS P) -VB PUF (IS P) ) ) * FLV *

1 FHPE * FDCH(ISP)
IF (RFDCH (IS P) .GT. 0.0) THEN

C***********RELEASE FRACTION DUE TO DIRECT CONTAINMENT HEATING THAT
C*********** BYPASSES FOOL

RELF1=FPLBYD / DFSPRC (ISP)
C * * * * "" * * * RELEASE FRACTION DUE TO DIRECT CONTAINMENT HEATING THAT
C***********GOES THRU POOL

RELF2=(1.0-FPLBYD) / MAX (DFC PA (IS P) , DFS PRC (IS P) )
C * * ' * * * * * "EARLY RELEASE FRACTION
C * * * * * * * * * * *NEW VARIABLES STEC (IS P) AND STEA(ISP) HAVE BEEN
C***********ADDED TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINMENT
C * * * * * * * * * * * AND TO THE AUX DLDG FOR EACH RELEASE S PECIES
C'**********(LANNY SMITH, 15 APR 92)
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STEC (IS P) = MIN (1.0, STEC (IS P) + RFDCH (IS P) * (RELF1+RELF2 ) )
STEA (ISP) = MIN (1. 0, S TEA (IS P) +

1 RFDCH (IS P) * ( RELF1+RELF2 ) * FCONC (IS P) )
STE (IS P) = MIN (1.0, STE (IS P) +

1 RFDCH (IS P) * ( RELF1 + REL F2 ) * FCCNC (IS P) / RBDF (IS P) )
C***********SAVE IODINE IN POOL

IF (ISP .EQ. 2) THEN
POOLI=POOLI + RFDCH (ISP) * MAX (0.0, (1. 0- REL F1- RELF2 ) )

ENDIF
ENDIF

4000 CONTINUE
IF (DIAG) THEN

C******** DIAGNOSTIC PRINT
WRITE (6,4201)
WRITE (6,4202) ( STE (IS P) , IS P=1, NS PEC )
WRITE (6,4203) (STL (IS P) , IS P=1, NS PEC)
WRITE (6,4204) (ST (IS P) , IS P=1, NS PEC)
WRITE (6,4205) ( RFBVB (IS P) , IS P=1, NS PEC )
WRITE (6,4206) ( RFEVSE (IS P) , IS P=1, NS PEC )
WRITE (6,4207) ( RFDCH ( IS P ) , IS P=1, NS PEC )
WRITE (6,4208) (RFCCI (IS P) , IS P=1, NS PEC )
WRITE (6,4209) ( STCCI (IS P ) , IS P=1, NS PEC )
WRITE (6,4210) (RV(I),I=2,4), ( STRVOL ( I) , I= 2, 4 ) , POOLI,

1 CAVWI, STIL
ENDIF

C*****EX-VESSEL STEAM EXPLOSION
IF (EVSE .GT. 0.0) THEN

XCCI=1.0 - EVSE
ELSE IF (FHPE .GT. 0.0) THEN

XCCI=1.0 - FHPE
ELSE

XCCI=1.0
ENDIF
IF (.NOT. CDB) THEN

C* * * * * * * *CCRE-CONCRETE INTERACTION PELEASES AND CAVITY SCRUBBING
DO 5000 ISP=1,NSPEC

C+********** RELEASE FRACTION DUE TO CCRE-CCNCRETE INTERACTIONS
RFCCI (IS P) = MAX (0.0, ( 1. 0- FCCR (IS P ) -VB PUF ( IS P) ) ) * FLV *

1 XCCI * FCCI(ISP)
C***********RELEASE FRACTICN DUE TO CORE-CCNCRETE INTERACTICNS THAT |
C*********** BYPASSES POOL

,

RELFl=FPLBYC / MAX (D EC AV ( IS P ) , DFS PPC (IS P) )
I

C***********RELEASE FRACTION DUE TO CCRE-CCNCRETE INTERACTICNS THAT
iC***********GOES THRU POOL

RELF2=(1.0-FPLBYC) /
1 MAX ( DFCAV ( IS P) , DFC PA (IS P) , DFS PRC (IS P) )

C * * * * * * * * * * * CORE-CCNCRETE RELEAS E FRACTION
STCCI(ISP)=RFCCI(ISP) (RELF1+RELF2)* *

1 FCCNC (IS P) / RBDF(ISP)
C * * * * * * * * * * * NEW VARIABLES STCCIC (IS P) AND STCCIA(ISP) HAVE
C* * * * * * * * * * * BEEN ADDED TO ACCOUNT FOR THE RELEASE FRACTIONS TO THE j
C * * * * * * * * * * *CONTAINMINT AND TO THE AUX BLDG FCR EACH RELEASE S PECIES I

C'**********(LANNY SMITH, 15 APR 92)
IF (FCCNC (IS P) .GT. 0.0) THEN

STCCIC (IS P) = STCCI (IS P) / FCONC(ISP) * RBDF (IS P)
ELSE

STCCIC (IS P) =0. 0
ENDIF
STCCIA(ISP) = STCCI(IS P) RBDF (IS P)*

C***********SAVE IODINE IN CAVITY WATER AND IN POOL
IF (ISP .EQ. 2) THEN

CAVWI2=1.0 - 1.0/DFCAV(ISP)
POOLI=POOLI + RFCCI(ISP) *

1 MAX (0.0, (1. 0- RE LF1- RE L F2-C AVWI2 ) )
CAVWI=CAVWI + RFCCI(ISP) CAVWI2*

ENDIF
$000 CONTINUE

ENDIF
C* * * * * REVOLATIZATION RELEASE OF I, CS, AND TE
C*****(SIMILAR TO VESSEL BREACH PUFF RELEASE)
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DO 6000 ISP=2,4
C * * * * * * * * RELEASE FRACTION DUE TO REVOLATILIZATION THAT BYPASSES POOL

RELFl=FPLBYC / DFSPRC (ISP)
C * * * * * * * * RELEASE FRACTION DUE TO REVOLATILIZATION THAT GOES THRU POOL

RELF2=(1.0-FPLBYC) / MAX (DFC PA ( IS P) , DFS PRC (IS P) )
C" * * * * * *REVOLATILIZATION RELEASE FRACTION

STRVOL (IS P) =FREVO (IS P) (RELF1+RELF2)RV (IS P)* **

1 FCONC (IS P) / RBDF (IS P)
C * * * * ' * * NEW VARIABLES STRVLC (IS P) AND STRVLA(ISP) HAVE BEEN
C * * * * * *"A1 DED TO ACCOUNT FOR THE RELEASE FRACTIONS TO CONTAINMENT
C********AND TO THE AUX BLDG FOR EACH RELEASE SPECIES
C * * * * * * * * ( LANNY S MITH, 15 APR 92)

IF ( FCONC (IS P) .GT. 0.0) THEN
STRVLC f!.F) = STRVOL (IS P) / FCONC (IS P) RBDF(ISP)*

ELSE
S'IRVLC (IS P) =0. 0

ENDIF
STRVLA (IS P) = STRVOL (IS P) * REDF (IS P)

|
C********SAVE IODINE IN POOL

IF (ISP .EQ. 2) THENi

l POOLI=POOLI + FREVO(IS P) *RV(1SP) *
1 MAX (0.0, ( 1. 0 -RELF1- REL F2 ) )

ENDIF
6000 CCNTINUE

C*****CCI, RCS RIVOLATILIZATICN WERE SKIPPED IF VESSEL BREACH WAS FREVENTED,
C* * * * *BUT LATE IODINE RELEASE FROM THE POOL CAN STILL OCCUR

7500 CONTINUE
C* * * * * CALCULATE THE IODINE REVOLATILIZED FROM THE POCL,

! C* * * * *WHICH IS NOT SUBJECT TO ANY DF OR CONTAINkINT ??TENTION IF
| C***** CONTAINMENT FAILS. HOWEVER, IF NO CCNTAINMENT W. LURE, ASSUME
'

C*****CNLY SMALL FRACTION RELEASED TO ENVIRONMENT.
C* * * * * FCR LATE IODINE RELEASE FROM CAVITY WATER, POOL BYPASS FRACTICN
C***** APPLIES. POOL DE OF IODINE APPLIES TO FRACTION GO THROUGH POCL

STIL1=FLTIl * POOLI
(FPLBYC + (1. 0- F PLBYC ) /DFC PA ( 2 ) )STIL2=FLTI2 * CAVWI *

STIL=STIL1 + STIL2
C*****IF NO CCNTAINMENT FAILURE, LATE ICDINE RELEASE IS TREATED SIMILAR
C*****TO NOBLE GASES SINCE ICDINE IS VOLATILE

IF (NOC F) STIL=STIL * FCONC(1)
C'**** ADD ALL SOURCE TERN 3 UP TO GET TOTAL SOURCE TERPJ

DO 8000 ISP=1,NSPEC
C * * * * * * * *NEW VARLABLES STLC (IS P) , ST LA ( IS P ) , STC (IS P) , AND
C * * * * * * * * STA (IS P) HAVE BEEN ADDED TO ACCOUNT FOR THE RELEASE
C* * * * * * * * FRACTIONS TO CONTAINMENT AND TO THE AUX BLDG FCR EACH
C********RILEASE SPECIES
C********(LANNY SMITH, 15 APR 92)

STLC (IS P) =STCCIC (IS P) + STRVLC (IS P)
STLA (IS P) =STCCIA (IS P) + STRVLA (IS P)
STL(ISP)=STCCI(ISP) + STRVOL (IS P)
STC (IS P) =STEC (IS P) + STLC(ISP)
S TA (IS P) =ST EA (IS P) + STLA(ISP)
ST (IS P) =STE (IS P) + STL(ISP)

8000 CONTINUE
STC (2 ) =STC (2 ) + STIL
STA ( 2 ) =STA (2 ) + STIL
ST (2 ) =ST (2 ) + STIL
STLC(2)=STLC(2) + STIL
STLA (2 ) =STLA (2 ) + STIL
STL(2)=STL(2) + STIL

C***** REALLOCATE RELEASE FRACTIONS
DO 9000 ISP=1,NSFEC

IF (ECF) THEN
C***********CF BEFORE VB
C * * * * * * * * * * *NEW VARLABLES STIC (IS P) , STlA (IS P) , ST2C (IS P) , AND
C" * * " * " * *ST2A (IS P) HAVE BEEN ADDED TO ACCOUNT FCR THE RELEASE
C * * * * * * * * * * * FRACTIONS TO CCNTAINMENT AND TO THE AUX BLDG FCR EACH
C*********** RELEASE SPECIES
C***********CLANNY SMITH, 15 APR 92)
C/// STIC (IS P) =STEC (IS P)
C/// STIA (IS P) =STEA (IS P)
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ST1 (IS P) = STE (IS P)
C/// ST2C (IS P) =STLC (IS P)
C/// ST2 A (IS P) =STLA(IS P) :

ST2 (IS P) =STL (IS P)
ELSE IF (ICF) THEN

C***********CF AT VB
C/// STIC (IS P) =STEC (IS P)
C/// ST LA (IS P) =STEA (IS P)

ST1 (IS P) =STE (IS P)
C/// ST2C (IS P) =STLC (IS P)
C/// ST2A (IS P) =STLA (IS P)

ST2 (ISP) =STL (IS P)
ELSE

C * * * * * * * * * * * LATE LEAK OR RUPTURE OR NO CONTAINMENT FAILURE
STEC (IS P) =0. 0
STEA(ISP)=0.0
STE (IS P) =0. 0
STLC (IS P) =ST (IS P) '

STLA (IS P) =ST (IS P) c

STL (IS P) =ST (IS P) '

C/// STIC (ISP) = PUFF * STC (ISP) *

C/// STIA(ISP) = PUFF * STA(ISP)
STl(ISP)= PUFF * ST(ISP)

C/// ST2C (IS P) = (1. 0-PUFF) * STC (IS P)
C/// ST2 A (IS P) = (1. 0- PUFF) STA (IS P)*

ST2 (IS P) = (1. 0- PUFF) ST (IS P)*

ENDIF
9000 CONTINUE

C***** CALCULATE ENERGY RELEASES .

CALL ENERGY (El, E2) '

C***** CALCULATE ENERGY RELEASE RATES I

IF (DT1 .GT. 0.0) THEN
ERl=El / DTl

ELSE
ER1=0.0

ENDIF
IF (DT2 .GT. 0.0) THEN

ER2=E2 / DT2
ELSE

ER2=0.0
END IF
IF (DIAG) THEN

WRITE (6,0001) ,

WRITE (6,4202) (STE(ISP),ISP=1,NSPEC)
WRITE (6,4203) ( STL (IS P ) , IS P= 1, NS F EC )
WRITE (6,4204) ( ST (IS P) , IS P=1, NS PEC) i
WRITE (6,4205) ( RFBVB ( IS P ) , IS P= 1, NS PEC )
WRITE (6,4206) ( RFEVSE (IS P) , IS P= 1, NS PEC )
WRITE (6,4207) ( RFDCH (IS P ) , IS P-1, NS PEC )
WRITE (6,4208) (RFCCI(ISP),ISP=1,NSPEC)
WRITE (6,4209) ( STCCI (IS P) , IS P=1, NS PEC )
WRITE (6,4210) ( RV (I ) , I= 2, 4 ) , (STRVOL(I),I=2,4), POOLI,

1 CAVWI, STIL
WRITE (6,4211) TW, T1, DT1, T2, DT2, ELEV, ER1, FR2
WRITE (6,4212) (ST1 (IS P) , IS P=1, NS PEC ) r

WRITE (6,4213) (ST2 (IS P) , IS P=1, NS PEC)
ENDIF
IF (CONSFL) THEN

C******** WRITE SOURCE TERM TO FILE
WRITE (9,1003) IOBS, BINARR iIBIN) (1 : NDM)
WRITE (9,1004) TW, T 1, DT1, T2, DT2, ELEV, FLOAT (INDX (13 ) )
WRITE (9,1004) ER1, (STl (IS P) , IS P=1, NS PEC )
'1 RITE ( 9,100 4 ) ER2, ( ST2 (IS P) , IS P=1, NS PEC )

QPR
C''* e C # W WITE STATEMENTS HAVE BEEN .ADOED TO ACCOUNT FCR THE!

& + 12xEl.tME FRACTIONS TO CONTAINMENT, THE AUX BLDG, AND THE
C***** ENVIRONMENT FOR EACH RELEASE SPECIES *

C*****(LANNY SMITH, 15 APR 92)
IF (CONSFL) THEN

C * * * * * * * * WRITE CONTAIMENT AND AUX BLDG SOURCE TERMS FOR EARI,Y AND
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C******** LATE SEGMENTS
C/// WRITE (10,1004) ( STIC (IS P) , IS P=1, NS PEC )
C/// WRITE (10,1004) ( ST LA (IS P) , IS P=1, NS PEC )
C/// WRITE (10,100 4 ) (ST2C (IS P) , IS P=1, NS PEC)
C/// WRITE (10,1004) ( ST2 A (I S P ) , IS P=1, NS PEC )

ENDIF
RETURN

C' * * * FORMAT STATEMENTS
1003 FORMAT (I4,2X,A)
1004 FORMAT (1P10E9.2)
2001 FORMAT (//5X,'***** DIAGNOSTIC PRINT *****',

1 /10X,'===== PARAMETER VALUES UP TO VESSEL BREACH =====')
3001 FORMAT (//5X,'***** DIAGNOSTIC PRINT *****',

1 /10X,'===== PARAMETER VALUES AFTER VESSEL BREACH =====')
4201 FORMAT (//5X,'***** DIAGNOSTIC PRINT *****',

1 /10X,'===== PARAMETER VALUES AFTER DCH =====')
4202 TORMAT(/5X,'STE:',1P,/(5X,10E10.2))
4 2 0 3 FORMAT ( 5X, ' STL: ' ,1P, / ( 5X,10E10. 2 ) )
4204 FORMAT (5X,'ST :',1P,/(5X,10E10.2))
4205 FORMAT (5X,'RFBVB:',1P,/(5X,10E10.2))
4206 FORNAT(5X,'RFEVSE:',1P,/(5X,10E10.2))
4207 FORMAT ( 5X , ' RFDCH : ' ,1P, / ( 5X ,10E10. 2 ) )
4 2 0 8 FORMAT ( 5X, ' RFCCI: ' ,1P, / ( 5X,10 E10. 2 ) )
4 2 0 9 FORMAT ( 5X, ' STCCI: ' ,1P, / ( 5X,10E10. 2 ) )
4 210 FORMAT ( 5X ,1 P, ' RVI = ' , E 10. 2, 5X , ' RVCS = ',E10.2,5X,'RVTE = ',E10.2,

1 /5X,'?TRVCL(2) = ' E10.2,5X,'STRVOL(3) ',E10.2,=
,

2 5X,'STRVOL(4) ',E10.2,=

3 /5X,'POOLI = ',E10.2,5X,'CAVWI = ',E10.2,
4 5X,'STIL = ',E10.2)

4 211 FORMAT (/ 5X, ' SOURCE TERM INFCRMATION: ' ,
1 / 5X,1 P, ' TW = ' , E10. 2, 5X , ' T1 = ' , E10. 2, 5X, ' DT1 = ' , E10. 2, 5X ,.

2 'T2 =',E10.2,5X,'DT2 =',E10.2,
3 /5X,'ELEV =',E10.2,5X,*ER1 =',E10.2,5X,'ER2 =',E10.2)

4 212 FCRMAT ( 5X , ' ST1: ' ,1P, / ( 5X,10E10. 2 ) )
4213 FORMAT (5X,'ST2:'.1P,/(5X,10E10.2))
4501 FORMAT (//5X,'***** DIAGNOSTIC PRINT *****',

1 /10X,'===== PARAMETER VALUES AFTER EVSE =====')
5002 FORMAT (1X, 'OBS: ',I4,2X,' BIN: ',A,/)
500 3 FORMAT (1X, ' T1 = ' ,1PE12. 4, ' DT1 =',1PE12.4,' T2 =',1PE12.4,'

1 DT2 =',1PE12.4,/)
500 4 FORMAT (1X , ' EARLY CONT ' ,1 P 9E12. 4 )
5005 FCRMAT(1X,'EARLY AUX ',1P9E12.4)
5006 FORMAT (1X,'EARLY ENV ',1P9E12.4)
5007 FORMAT (1X,' LATE CONT',1P9E12.4)
5008 FORMAT (1X, ' LATE AUX ',1P9E12.4)
500 9 FCRMAT (IX, ' LATE ENV ',1P9E12.4,/)
8 001 FORMAT ( / / 5X , ' * * * * * DIAGNOSTIC PRINT *****',

1 /10X,'===== PARAMITER VALUES AT END OF GGSORC =====')
END
SUBROUTINE ENERGY (EARLY, TAIL)

C***** ESTIMATE ENERGY RELEASES FOR BOTH EARLY PUFF AND LATE
C***** TAIL. DATA BASE ARE TAKEN FROM RESULTS OF MELCOR CALCULATIONS
C'****FCR GRAND GULF (ENERGIES ARE IN JOULES).
C*****EARLY: CALCULATED PUFF ENERGY RELEASE (JOULES)
C***** TAIL: CALCULATED ENERGY RELEASE AFTER PUFF (JOULES)
C*****RLATCT: CORRICTION FACTOR FOR LATE CONTAINMENT FAILURE,
C'**** NOT USED FOR POS 5
C*****SPRFAC: CONTAINFINT SPRAY FACTOR FOR BOTH EARLY AND TAIL
C***** NOT USED FOR POS 5

PARAMETER (MAXBD=20, MAXBIN=10000, MAXSMP=300, MAXCAS=8,
1 MAXISS=20, MAXLEV=10, MAXVAR=100, MAXVAL=13000,
2 MAXSPC=10, MAXTIM-20)

COMMON /BASVAL/ FCOR(MAXSPC), TVES (MAXS PC ) , DFVPA(MAXSPC),
1 DFCPA(MAXSPC), FEVSE(MAXSPC), FDCH(MAXSPC),
2 FCCI(MAXSPC), DFCAV(MAXSPC), VBPUF(MAXSPC),
3 FCONV(MAXSPC), FCONC(MAXSPC), RBDF(MAXSPC),
4 DFSPRV(MAXSPC), DFS PRC (MAXS PC) , F REVO ( MAXS PC ) ,
5 VALISS(MAXISS), FLTII, FLTI2, NSPEC, FLV, FHPE,
6 FVSE, WFAC, PEAC, FPLBYE, FPLBYP, FPLBYD,
7 FPLBYC, FTLPH, FTLPL, FTLP, TC11, TC12, TB11,
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8 TB12, TB21, TB22, TBS 1, TBS 2, TBR1, TBR2, TW,
9 T 1, T2, DT1, DT2, DTCDB, ELEV, PUFF, MVSPLT, FCD i

COMMDN /BININD/ INDX (MAXBD)
C
C

RLATCF=1.0
SPRFAC=1.0
SPRAYVal.0
SPRAYC=1.0

C*****IF CONTAINMENT DOES NOT FAIL, BYPASS CALCULATION
IF (INDXi3) .NE. 4) THEN

C*** BASE CASE ENERGIES-LATER CASES WILL OVER WRITE IF NECESSARY
EARLY = TCl2
TAIL = TB21

C*** CNMT FLOODED SCENARIOS
IF ( (INDX (1) .EQ. 1) .OR. (INDX (1) .EQ. 5) .OR.

+ (INDX (1) .EQ. 6) .OR. (INDX (1) .EQ. 9) .OR.
+ (INDX (1) .EQ. 12))THEN

IF (INDX(3) .EQ. 3) THEN
EARLY = TC11
TAIL TB11=

ELSE
EARLY = TB11
TAIL TB21=

ENDIF
ENDIF

C*** SBO SCENARIOS
IF ( (INDX (1) .EQ. 2) .OR. (INDX (1) .EC. 3) .OR.

+ (INDX (1) .EQ. 4) .CR. (INDX (1) .EO. 7) .OR.
+ (INDX (1) .EQ. 8)) THEN

EARLY = TCl2
TB21TAIL =

ENDIF
C*** OFEN MSIV SCENARIO

IF (INDX (1) .EQ. 11) THEN
EARLY = TB21
EARLY = TB21

ENDIF
C*** CNMT CLOSED

ELSE
C'** CNMT RUPTURED OR VENTED

IF ( (INDX (2 ) .EQ. 2) .OR. (INDX(2) .EQ. 3) .OR.
+ (INDX ( 2 ) .EO. 5) .CR. (INDX(2) .EQ. 7) .OR.
+ (INDX(2) .EC. 8)) THEN

EARLY = TB11
TAIL TB21=

C*** CNMT DOES NOT FAIL
ELSEIF (INDX(2) .EC. 10) THEN

EARLY = 0.0
TAIL 0.0=

C * * * CNMT LEAKS
ELSE

EARLY = TCl2
TB21 |TAIL =

ENDIF
ENDIF

C'** NO VESSEL FAILURI
IF ((INDX(8) .EQ. 5) .OR. (INDX ( 8 ) .EQ. 6)) THEN

TAIL = 0.0
ENDIF

C***** CONVERT BTU TO JOULES
C EARLY=1055. * EARLY
C TAIL-1055. * TAIL

RETURN
END
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C.2 Input Data for GGSORP5

The following is the input file to GGSORP5 that provides the values used to quantify the parameters ;n the XSOR expression.

........................... REG-1150 DATA BASE)(BASED ON GGSOR NU
$ .GGS.OR POS5 DAT.A BASE..:.15. APRIL 94 ................3. .. .......... ......
$ ENERGY RELEASE PARAMETERS BASED ON MELCOR VALUES (J)
$ FOR USE IN LP&S POS 5 STUDY
TC11 5.00E+8 $ AUX. BLDG FAILURE AT VB
TC12 1.50E+9 $ EARLY RELEASE FOR SBO (OPEN CNMT)
TB11 5.00E+9 $ AUX. BLDG FAILS FROM BRN OR CNMT RUPT
TB12 1.00E+10 $ NOT USED
TB21 3.00E+10 $ FIRST RELEASE FOR OPEN MSIV OR SECOND REL, W/ BRN
TB22 0.00E+0 $ NOT USED
TBS 1 0.00E+0 $ NOT USED
TBS 2 0.00E+0 $ NOT USED
TER1 0.00E+0 $ NOT USED
TBR2 0.00E+0 $ NOT USED
$ ENERGY RELEASE PARAMETERS ADDED FOR GGSOR POS5
E0(1) 1.0E0 $ NOT USED
EO(2) 1.0E7 $ NOT USED
EO(3) 1.0E6 $ NOT USED
E0(4) 1.0E5 $ NOT USED
$ WARNING TIME (S) Fuel Heatup or CNMT Fa11urt
TWC(1) 5600. $ PDS1-1: LOCT
TWO (2 ) 13500. $ PDS1-2 & PDS1-4: SBO w/ SDC Break
TWO(3) 56000. $ PDS1-3: SBO w/ FW
TWO(4) 25600. $ PDS1-5: Flooded CNMT
TWD ( 5) 6600. $ PDS2-1: LOCA
TWO(6) 20000. $ PDS2-2 & PDS2-3: SBO w/SDC Break
TWO(7) 32100. $ PDS2-4: Flooded CNHT
TWD(8) 43500. $ PDS2-5: H A P, CNMT Equip. Hatch Open
TWO(9) 49857 $ PDS2-5: HIP, CNMT Falls during CD
TWO(10) 73712. $ PDS2-5: HIP, CNHT Fails at VB
TWO(11) 73712. $ PDS2-5: H1P, CNMT Vented or Falls Late
TW3(12) 30000, $ PDS2-6: Open MSIV
TWO(13) 8100. $ PDS3-1: LOCA
$ FIRST RELEASE TIME (S): Start of Gap Release or CNMT Failure
T10 (1) 12900. $ PDS1-1: LOCA W/ AUX. BLDG FAILURE DURING CD
T10(2) 96100. $ PDS1-1: LOCA W/ AUX . BLDG FAILURE AT VB
T10(3) 15670. 3 PDS1-2 & PDSI-3: SBO W/ SDC BREAM
T10(4) 63086. $ PDS1-4: SBC W/ TW
T10(5) 27055. $ PDS1-5: FLOODED CNMT W/ AUX. BLDG FAILURE DURING CD
T10(6) 82397 $ PDS1-5: FLOODED CNMT W/ AUX. BLDG FAILURE DURING VB
T10(7) 18200. $ PDS2-1: LOCA W/ AUX. BLDG FAILURE DURING CD
T10(8) 143700, $ PDS2-1: LOCA W/ AUX. BLDG FAILURE DURING VB
T10(9) 22820. $ PDS2-2 & PDS2-3: SBC W/ SDC BREAX
T10(10) 39860. $ PDS2-4: FLOODED CNMT W/ AUX. BLDG FAILURE DURING CD
T10(11) 113625. $ PDS2-4: FLOODED CNMT W/ AUX. BLDG FAILURE DURING VB
T10(12) 49857. $ PDS2-5: HIP W/ CNMT HATCH OPEN
T10(13) 49857 $ FDS2-5: hip W/ CNMT FAILURE DURING CD
T10(14) 73712. $ PDS2-5: hip W/ CNMT FAILURE AT VB
T10(15) 104400. $ PDS2-5: HIP W/ CNMT VENTING (CR LATE CNMT FAILURE)
T10(16) 35290. $ PDS2-6: OPEN MSIV
T10(17) 25700. 3 PDS3-1: LOCA W/ AUX. BLDG FAILURE DURING CD
T10(18) 235400. $ PDS3-1: LOCA W/ AUX. BLDG FAILURE AT VB
$ RELEASE DURATION FOR FIRST RELEASE (S)
DT10(1) 180. $ CF RUPTURE, VENTING
DT10(2) 1800. 3 AUX. BLDG FAILURE AT VB
DT10(3) 21600. $ SHORT DURATION (6 HRS)
DT10(4) 36000. $ MEDIUM DURATION (10 HRS)
DT10 ( 5) 72000. $ LONG DURATION (20 HRS)
$ RELF.ASE DURATION FOR SECOND RELEASE (S)
DT20 (1) 86400. $ VB
DT20(2) O. $ No VB
$ DELAY TIME FOR SECOND RELEASE (S) FOR TEMPOPARY COOLABLE DEBRIS BED
DTCDB 10000.
$ FIRST RELEASE (PUFF) FRACTICN FCR LATE CONTAINMENT FAILURE
PUFF 0 (1) 0.90 $ LATE CONTAINMINT FAILURE
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PUFF 0 (2 ) 0.50 $ LATE LEAK OR NO CONTAINMENT FAILURE
$ RELEASE ELEVATION (M)
ELEV 32.
g .................................................................
$ FPL1YO: FRACTION OF POOL BYPASS HAS THREE CASES
7PLBYO (1) 0.0564 1.32 1.E+06
J DRY CAVITY AND CONTAINHINT FAILURI CASES DERIVED FROM BMI-2139 GG STCP CALC
$ IT CAVITY IS WET, DIVIDED BY WTAC
$ IF LATE CF, MULTIPLIED BY PFAC
$ STEAMING CORRECTION FACTOR FOR FPLBYO IF CAVITY IS NOT DRY
WFAC 3.1
$ PRESSURE CORRECTION FACTOR FOR FPLBYO IF LATE CONTAINMENT FAILURE
PFAC 3.9
$ SPLIT FRACTION BETWEEN TAIL PIPE VACUUM BPIAKER OPENING AND T-QUENCHER
$ HIGH PRESSURE SEQUENCES
FTLPH 0.39
$ LOW PRESSURE SEQUENCES
FTLPL 1.0
$ SPLIT FRACTION TO REACTOR HEAD VENT VS PIPE (ADDED FOR GGSOR POSS)
KVSPLTO 1.0
$ FRACTION CORE DAMAGE (ADDED FOR GGSOR POSS)
FCD 1.0
g............................................................
$ THFE: FRACTION OF CCRE PARTICIPATING IN DCH OR STEAM EXPLOSION
$ TWO C AS ES : (1) HIGH, (2) LOW
FHPE O (1) 0.4 0.1
3 ........................................................................
$ EVSE: FRACTION OF CORE PARTICIPATING IN EX-VESSEL STEAM EXFLOSION
EVS E O (1) 0.2 0.05
g ...................................**...................................
$ PUFF PELEASE AT VESSEL BREACH: ONE SET FOR ALL => USE GG TB1/TB2
VBPUF0(1,1) 7.55E-5 5.92E-5 6.83E-5 5.3CE-5 1.87E-7 2.31E-10 7.64E-12

0.0 5.63E-6
$ ......................................................................
$ THE FOLLCWING DATA BLOCKS WHICH HAVE VARIABLES ENDING WITH "0"
$ ARE TAKEN FROM MEDIAN VALUES FROM EXPERT OPINION VALUES FOR GPAND GULF
$ UNLESS OTHERWISE NOTED.
$ (1) FIRST DIMENSION IS CHEMICAL SFECIES
$ (2) SECOND DIMENSION IS CASE
g ....................................................................,

$ NUMBER OF CHEMICAL SPECIES (NG, I, CS, TE, SR, RU, LA, CE, BA)

NS PE.C
9 .

$. .................................................................... J
'

$ FCORD : IN-VESSEL RELEASE FRACTION FROM CORE TO RPV ATMOS.
$ BWR CASE 1: HIGH ZR OXIDATION
FCOR0(1,1) .9 .74 .59 .15 6.4E-3 4.6E-3 1.0E-4 1.5E-4 8.6E-3
$ BWB CASE 2: LOW ZR OXIDATION

4.0E-3 2.FC OR 0 ( 1., 2. .) . . 9 0................. 14.69 .59 . ............ 0E-3............. 1 5E-4.........E.-3
1.CE-4 6.5

g ..... . ..

$ TVESO: FRACTION OF PADIONUCLIDE LEAVING VESSEL DUIRNG IN-VESSEL
$ RELEASE PHASE
$ TVES BWR CASE 1: TBUX (FAST, HIGH FRESSURE)
$ USED FOR POS 5 HIGH PRESSURE CASE
FVESO(1,1) 1. .086 .033 .033 .033 .033 .033 .033 .033
$ TVES BWR CASE 2: TBU (FAST, LOW PRESSURE)
$ USED FOR POS 5 LOW PRESSURE CASE
FVESO(1,2) 1. .41 .30 .27 .26 .26 .26 .26 .26
$ TVES BWR CASE 3: TCUX (SLOW, HIGH FRESSUPI, CRD)
$ NOT USED IN POSS

... 28 .. 2.5... 10.... 078..... 078.... 078... 078.. 078TVE. S O. .( 1. ., 3 )...1.
.

3 .. . .. .. ..............

$ FCCIO: RELEASE FRACTIONS FROM MCLTEN CORE CONCRETE INTERACTION
$ FCCI BWR CASE 1: LOW 2R CONTENTS AND DRY CAVIIY
FCCIO(1,1) 1. 1. 1. .66 .052 5.6E-9 2.2E-3 2.9E-3 .061
$ FCCI BWR CASE 2: LOW ZR CONTENTS AND WATER OVER DEBRIS
FCCIO(1,2) 1. 1. 1. .64 .036 1.7E-9 2.1E-3 2.5E-3 .032
$ FCCI BWR CASE 3: HIGH 2R CCNTENTS AND DRY CAVITY
FCCIO(1,3) 1. 1. 1. .67 .052 5.6E-9 2.2E-3 2.9E-3 .061
$ FCCI BWR CASE 4: HIGH ZR CONTENTS AND WATER OVER DEBRIS ;

FCCIO(1,4) 1. 1. 1. .64 .036 1.7E-9 2.1E-3 2.5E-3 .032 I
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3........................................................... |

$ FDCH: DIRECT CONTAINMENT HEATING RELEAS3
$ FDCH: BWR ONE CASE ONLY: FOR HIGH PRESSURE SEQUENCES
FD.C.H. 0. .(1. ,1. ). . 1. 0. . 1. 0. . 1. 0.... 043... 012.. 020... 011.. 011.. 012................ .. . . .. .
$

$ FEVSE: EX-VESSEL STEAM EXPLOSION RELEASE

. .............. 043..... 012... 020... 011 . 011.....
012FEVS EO (1,1.) .1 1. 1.

.. . .... ...g.........
$ FLTII: LATE IODINE RELEASE FROM SUPPRESSION POOL: IODINE ONLY l

$ FLTIl CASE 1: SUBCOOLED SUPPRESSION POOL
FLTIl0(1) 1.55E-3
$ FLTIl CASE 2: SATURATED SUPPRESSION POOL

|FLTIl0 (2 ) 4.63E-3
3.............................................................................

j

$ FLTI2: LATE IODINE RELEASE FROM CAVITY WATER: IODINE ONLY |
$ FLTI2 CASE 1: WET CAVITY (LIKE TBS)
FLTI2 C (1) .847
$ FLTI2 CASE 2: FLOODED CAVITY LIKE TC (REPLENISHABLE WATER SUPPLY) {
FLTI20(2) .435 ,

i

3... ..................................................................
|$ FREVOO: REVOLATILIZATION RELEASE AFTER VESSEL BREACH: I,CS AND TE
I$ SET ALL OTHER NUCLIDE GROUPS TO ZERO

$ BWR CASE 1: STATION BLACKOUT AND HIGH DRYWELL TEMPERATURE |

$ USED TOR POS 5 CASES WITH NO RECOVERY OF INJECTION
'

FREVOO(1,1) 1. .115 .051 0. O. O. O. O. O.

$ BWR CASE 2: STATION BLACKOUT AND LOW DRYWELL TEMPERATURE
$ (NOT APPLICABLE TO GRAND GULF SINCE GRAND GULF CONTAINMENT SPRAY
$ IS IN OUTER CONTAINMENT, NOT DRYWELL)
FREVOO(1,2) 1. .114 .050 0. O. O. O. O. O. .

$ BWR CASE 3: ATWS HIGH PRESSURE (TCUX) AND LOW PRESS. SYSTEMS l

$ AVAILABLE FOR INJECTION AFTER VESSEL BREACH |

$ USED TOR POS 5 CASES WITH INJECTION RESTORED
1. .03 .001 0. O. O. O. O. O. |

FRE.VOO (1, 3 ) jg. ....................................................................
$ RBDF: REACTOR BUILDING DE FCR GRAND GULF : ALL NINE GROUPS |

$ Dr FROM PEACH BOTTOM-DW SHELL FAILURE INTO REACTOR BUILDING SAT. POOL. j

I$ GG CASE 1:
i

. ..... 02.. 4 02. 4.02.. 4.02 ....... ..... 05.. 4 05.. 4 02.. 4 02 4
RB D. F. 0 ( 1. ,1 )....1 4

. . . .. ...... . ..g. .. .

!
$ FCCNV: CONTAINMENT RELEASE FRACTION BEFCRE VESSEL BREACH
$ FCONV GG CASE lt EARLY LEAK SUBCOOLED POOL ~!

FCCNVD(1,1) 1. .233 .233 .233 .233 .233 .233 .233 .233 |
$ FCONV GG CASE 2: EARLY LEAX SATUARATED POOL

'

FCONV0tl,2) 1. .245 .245 .245 .245 .245 .245 .245 .245
$ FCONV GG CASE 3: EARLY RUPTURE SUBCOOLED POOL
$ (ALSO USED FOR POS 5 CASES WITH OPEN OPEN CNMT)
FCCNVO(1,3) 1. .639 .639 .639 .639 .639 .639 .639 .639
$ FCONV GG CASE 4: EARLY RUPTURE SATURATED POOL
$ (ALSO USED FOR POS 5 CASES WITH OPEN OPEN CNNT)
FCONVO(1,4) 1. .639 .639 .639 .639 .639 .639 .639 .639
$ FCONV GG CASE St LATE LEAK
FCONVO(1,5) 1. .052 .052 .052 .052 .052 .052 .052 .052
$ FCONV GG CASE 6: LATE RUPTURE
FCONVO(1,6) 1. .084 .084 .084 .084 .084 .084 .084 .084
$ NO CCNTAINMENT FAILURE CASE

3... ....... 0. 005. 1. 0E..6. 1. 0E..6. 1. 0E..6 1 0E..6. 1. 0E.*6 1. 0E..6 1. 0E-6 1.0E-6FCONv.0 ( 1, 7 ) . . . ... . . * . .. ...

$ FCONC: CONTAINMENT RELEASE FRACTION AFTER VESSEL BREACH
$ FCONC GG CASE 1: EARLY LEAK SUBCOCLED POOL
FCCNC0(1,1) 1. .280 .280 .251 .251 .251 .251 .251 .251
$ FCONC GG CASE 2: EARLY LEAK SATURATED POOL
FCONC0(1,2) 1. .251 .251 .231 .231 .231 .231 .231 .231
$ FCONC GG CASE 3: EARLY RUPTURE SUBCOOLED POOL
$' (ALSO USED FOR POS 5 CASES WITH OPEN OPEN CNMT)
FCONC0(1,3) 1. .743 .743 .720 .720 720 720 .720 .720
$ FCONC GG CASE 4: EARLY RUPTURE SATURATED POOL
$ (ALSO USED FOR POS 5 CASES WITH OPEN OPEN CNMT)
FCONC0(1,4) 1. .719 .719 .675 .675 ,675 .675 .675 .675
$ FCONC GG CASE 5: LATE LEAK
FCONC0(1,5) 1. .052 .052 .082 .063 .082 .063 .072 .072
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$ FCONC GG CASE 6: LATE RUPTURE
FCONC0(1,6) 1. .084 .084 .107 .094 .107 .094 .094 .094
$ NO CONTAINMENT FAILURE CASE
FC ONC. 0.( 1, 7 ) 0.005
3 .. . ........... 1. 0E..6 1. 0E-6 1 0E-6 1.0E-6 1 0E..6 1.0E-6 1. 0E..6 1 0.E-6. .. ...... ............. . ......... . ... ..

$ SUPPRESSION POOL DF VALUES BASED ON VALUES FROM DRAFT NUREG/CR-4551
$ EXPERT MEDIAN VALUES
$ SUPPRESSION POOL DF THROUGH SRV T-QUENCHERS
DEVPA0(1,1) 1.0 56. 56. 56. 56. 56. 56. 56. 56.
$ SUPPPISSION POOL DF THROUGH DOWNCOMERS
DFCPA0(1,1) 1.0 6.8 6.8 6.e 6.8 6.8 6.8 6.8 6.8
3 ........................................................................
$ CONTAINMENT SPRAYS DF BASED ON VALUES FROM DRAFT NUREG/CR-4551
DISPRVO(1,1) 1.0 11. 11. 11. 11. 11. 11. 11. 11.
DFSPRC0(1,1) 1.0
3 ............**... 17.....

17. 17 ........................ 17. 1717. 17. 17.
........ ............

$ CAVITY WATER DF VALUES BASED ON VALUES FROM DRAFT NUPEG/CR-4551
$ EXPERT MEDIAN VALUES
$ CASE 1: WIT CAVITY LIKE GRAND GULF TBS CASE
DFCAVO(1,1) 1.0 4.4 4.4 4,4 4.4 4.4 4.4 4.4 4.4
$ CASE 2: FLOODED CAVITY LIKE GRAND GULF TC CASE
DFCAVO(1,2.)... 1 0 6.0 6........... 0 .. 6.0............................. 0 6.06.0 6.0 6.0 6
3 ........ . .. ...

s .................................................................
3 .............................................................+...
$ GRAND GULF LATIN HYPERCUBE SAMPLE INTERPOLATION DATA BASE
$ ALL VARIABLE ARRAYS END WITH "L" To REPRESENT LHS VARIABLES
$ STANDARD ARRAYS HAVE THREE DIMENSIONS:
$ FIRST DIMENSION = RADIONUCLIDE GROUP 1 THROUGH 9
$ SECOND DIMENSION = CUMULATIVE PROBABILITY POINTS
$ THIRD DIMENSION = DIFFERENT CASES
$ NINE NUCLIDE GROUPS GOING ACBCSS: NG, I, CS , TE, S R, RU, LA, C E, BA
$ NINE CUMULATIVE PROBABILITY POINTS GOING DCWN:
$ 0.,0.01,0.05,0.25,0.5,0.75,0.95,0.99,1.0
PRBLEV 0.0 0.01 0.05 0.25 0.50 0.75 0.95 0.99 1.00

$ EACH CAS E. . CONSISTS OF. A BL.OCK..OF.D. AT.A OF 9 BY.93 ........ ........... ... .. .. . ......... ...........

$ FCCRL * IN-VESSEL RELEASE FRACTION FROM CORE TO RPV ATMOS.
$ BWR CASE 1: HIGH ZR OXIDATION
FCO RL ( 1,1,1) .05 .03 .02 0. O. O. O. O. O.
FCORL(1,2,1) .073 .049 .033 3.0E-3 3.0E-5 O. O. O. 2.2E-4
FC ORL ( 1, 3,1 ) .17 .13 .07 .018 2.5E-4 0. O. O. 1.2E-3 ,

FCCRL(1,4,1) .56 .34 .26 .071 2.1E-3 5.0E-5 2.0E-5 2.0E-5 4.2E-3
FCC RL ( 1, 5,1 ) .9 74 .59 .15 6.4E-3 4.EE-3 1.0E-4 1.5E-4 8.6E-3
FCORL(1,6,1) 1. .96 .89 .59 .018 .02 1.2E-3 3.0E-3 .03
FCORL(1,7,1) 1. 1. 1. .91 .52 .081 .021 .085 .52
FCORL(1,8,1) 1. 1. 1. .99 1. .14 .1 .51 1.
FC O RL i l , 9,1 ) 1. 1. 1. 1. 1. .27 .11 1. 1.
$ BWR CASE 2: LOW ZR OXIDATION
FCORL(1,1,2) .02 6. 0E-3 5. 0E- 3 C . O. O. O. O. O. ,

FCORL(1,2,2) .033 6.6E-3 5.8E-3 2.9E-3 3.0E-5 O. O. O. 1.1E-4 J
FCORL(1,3,2) 084 9.2E-3 9.0E-3 7.3E-3 1.5E-4 0. O. O. 2.2E-4
FCORL ( 1, 4, 2 ', .41 .16 .088 .049 7.6E-4 5.0E-5 2.0E-5 2.0E-5 1.7E-3
FCORL(1,b.2) .90 .69 .59 .14 4.0E-3 2.0E-3 3.0E-4 1.5E-4 6.5E-3
FCOR1(1,6,2) 1. .91 .83 .46 .013 .012 9.5E-4 2.5E-3 .027 i
FCO RL (1, 7, 2 ) 1. 1. 1. .89 .52 .058 .021 .085 .52
FCO RL (1, 9,2 ) 1. 1. 1. .98 1. .14 .10 .51 1. ,

...................... 1... 1.
1. I1. .27 .1FCORL (1, 9,2.) . 1.............. 1. .... 1.1.

!g.......... . ..

$ FVESL: FRACTION OF RADIONUCLIDE LEAVING VESSEL DURING IN-VESSEL I
$ RELEAS E PHASE
$ TVESL BWR CASE 1: TBUX (FAST, HIGH PRESSURE)
$ USED FOR POS 5 HIGH PRESSURE CASES
FVESL(1,1,1) 1. O. O. O. O. O. D. O. O.
TVESL(1,2,1) 1. 2.0E-5 2.0E-5 1.0E-5 1.0E-5 1.0E-5 1.0E-5 1.0E-5 1.0E-5
TVESL(1,3,1) 1. 8.0E-5 8.0E-5 5.0E-5 5.0E-5 5.0E-5 5.0E-5 5.0E-5 5.0E-5
FVESL(1,4,1) 1. 9.6E-3 5.1E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3
TVESL(1,5,1) 1. .086 .033 .033 .033 .033 .033 .033 .033
FVESL(1,6,1) 1. .33 .32 .31 .25 .25 .25 .25 .25
TVESL(1,7,1) 1. 79 .79 78 .77 77 77 77 .77

i
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TVESL(1,8,1) 1. .96 .96 .96 .95 .95 .95 .95 .95FVESL(1,9,1) 1. 1, 1. 1. 1. 1. 1. 1. 1.$ TVESL BWR CASE 2: TBU (FAST, LOW PRESSURE)
S

USED FCR POS 5 LOW PRESSURE CASESTVESL(1,1,2) 1. O. O. O. O. O. O. O. O.TVES L (1, 2, 2 ) 1. 5.9E-3 3.3E-3 3.3E-3 3.3E-3 3.3E-3 3.3E-3 3.3E-3 3.3E-3FVESL(1,3,2) 1. .041 .023 .023 .023 .023 .023 .023 .023TVESL(1,4,2) 1. .23 .14 .14 .13 .13 .13 .13 .13TVESL(1,5,2) 1. .41 .30 .27 .26 .26 .26 .26 .26TVESL(1,6,2) 1. .63 .60 .59 .58 .58 .58 .58 .58FVESL(1,1,2) 1. .99 .99 .99 .99 .99 .99 .99 .99TVESL(1,8,2) 1. 1. 1. 1. 1. 1. 1. 1. 1.TVESL(1,9,2) 1. 1. 1. 1. 1. 1. 1. 1. 1.3 TVESL BWR CASE 3: TCtlX (SLOW, HIGH PRESSURE, CRD)
S NOT USED IN POS 5
TVESL(1,1,3) 1. O. 1.0E-5 O. O. O. O. O. O.FVESL(1,2,3) 1. 8.0E-5 8.0E-5 2.0E-5 2.0E-5 2.0E-5 2.0E-5 2.0E-5 2.0E-5FVESL(1,3 il 1. .018 7.6E-3 1.0E-4 1.0E-4 1.0E-4 1.0E-4 1.0E-4 1.0E-4TVESL(1,'.J) 1. .089 .052 4.9E-3 4.8E-3 4.BE-3 4.8E-3 4.8E-3 4.8E-3FVES L (1, 5, 3 ) 1. .28 .25 .10 .078 .078 .078 .078 .078FVESL(1,6,3) 1. .75 .63 .39 .29 .29 .29 .29 .29TVESL(1,7,3) 1. .95 .9 .7 .7 .7 .7 .7 .7TVE S L t .1, 8, 3 ) 1. .99 .99 .88 .88 .88 .88 .88 .88FvES L ( 1, 9, 3 ) 1.
3............ 1....... 1............... 98 .99 .98 .98 .98 .98

................................
$ FC'.IL: RELEASE FRACTICNS FROM MOLTEN CORE CONCRETE INTERACTION$ FCCI GG C ASE 1: LOW ZR CCNTENTS AND DRY CAVITYFCCIL(1,1,1) 1. 1. 1. 4.4E-3 0. 1.0E-9 0. O. 3.0E-5FCCIL(1,2,1) 1. 1. 1. .012 5.0E-5 1.0E-9 0. O. 1.2E-4FCC.' L ( 1, 3,1) 1. 1. 1. .069 3.1E-4 1.2E-9 1.0E-5 3.0E-5 4.9E-4FCC.' L (1, 4,1) 1. 1. 1. .32 2.6E-3 2.4E-9 2.1E-4 3.2E-4 3.2E-3FCC:L(1,5,1) 1. 1. 1. .66 .052 5.6E-9 2.2E-3 2.9E-3 .061FCC I ?. ( 1, 6,1 ) 1. 1. 1. .76 .62 5.0E-6 .013 .026 .45FCCIL(1,1,1) 1. 1, 1. .94 .95 7.3E-3 .086 .018 .88FCCIL(1,8,1) 1. 1. 1. .99 .99 9.7E-2 .1 .2 .98FCCIL(1,9,1) 1. 1. 1. 1. 1. .25 .1 .2 1.S FCCI GG CASE 2: LOW ZR CONTENTS AND WET CAVITYFCCIL(1,1,2) 1. 1. 1. 1.2E-3 0, 1.0E-9 0. O. 1.0E-5FCCIL(1,2,2) 1. 1. 1. 4.8E-3 2.0E-5 1,0E-9 0. O. 8.0E-5FCCIL(1,3,2) 1. 1, 1. .032 2.7E-4 1.1E-9 0, 1.0E-5 3.6E-4FCCIL(1,4,2) 1. 1. 1. .26 2.0E-3 1.3E-9 1,9E-4 2.6E-4 2.3E-3FCCIL(1,5,2) 1. 1. 1. .64 .036 1.7E-9 2.1E-3 2.5E-3 .032FCCIL(1,6,2) 1. 1. 1. .74 .59 1.0E-6 .012 .02 .41FCCIL(1,7,2) 1. 1. 1. .93 .94 2.5E-3 .084 .17 .87FCCIL(1,8,2) 1. 1. 1. .99 .99 5.eE-2 .099 .2 .98FCCIL(1,9,2) 1. 1. 1. 1. 1. .15 .1 .2 1.$ FCCI GG CASE 3: HIGH 2R CONTENTS AND CRY CAVITYFCCIL(1,1,3) 1. 1. 1. 4.4E-3 0. 1.0E-9 0, 0, 3.0E-5FCCIL(1,2,3) 1. 1. 1. .012 5.0E-5 1.0E-9 0. O. 1.2E-4FCCIL(1,3,3) 1. 1. 1. .069 3.1E-4 1.2E-9 1.0E-5 3.0E-5 4.9E-4FCC IL (1, 4, 3 ) 1. 1. 1. .40 2.6E-3 2.4E-9 2.1E-4 3.2E-4 3.2E-3FCCIL(1,5,3) 1. 1. 1. .67 .052 5.6E-9 2.2E-3 2.9E-3 .061FCCIL(1,6,3) 1. 1. 1. .79 .65 5.0E-6 .02 .031 .51FCCIL(1,7,3) 1. 1. 1. .96 .97 7.3E-3 .11 .18 .9FCCIL(1,8,3) 1. 1. 1. .99 1. 9.7E-2 .15 .2 .98FCCIL(1,9,3) 1. 1. 1. 1. 1. .25 .16 .2 1.$

FCCI GG CASE 4 : HIGH ZR CONTENTS AND WATER OVER DEBRISFCCIL(1,1,4) 1. 1. 1. 1.2E-3 0, 1.0E-9 0. O. 1.0E-5FCCIL(1,2,4) 1. 1. 1. 4.8E-3 2.0E-5 1.0E-9 0. O. 8.0E-5FCCIL O,3,4) 1. 1. 1. .032 2.7E-4 1.1E-9 0. 1.0E-5 3.6E-4FCCIL(1,4,4) 1. 1. 1. .26 2.0E-3 1.3E-9 1.9E-4 2.6E-4 2.3E-3FCCIL(1,5,4) 1. 1. 1. .64 .036 1.7E-9 2.1E-3 2.5E-3 .032FCCIL(1,6,4) 1. 1. 1. .74 .59 1.0E-6 .012 .02 .41FCCIL(1,7,4) 1. 1. 1. .93 .94 2.5E-3 .084 .17 .87FCCIL(1,8,4) 1. 1. 1. .99 .99 5.8E-2 .099 .2 .98FCC 1. 1. 1.3. . IL ( 1., 9. ., 4 )................. 1....... 1............... 15. .....1 .2 1..... .

................
$ FDCH: BWF CNE CASE CNLY: FOR HIGH FRESSURE SEQUENCES$ FISRT DIMINSION = RADIONUCLIDE GROUP
$ SECCND DIMENSION = FROBABILITY POINTS

i
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FDCHL(1,1,1) 1. .063 .063 0. O. O. O. O. O.
FDCHL(1,2,1) 1. .15 .15 O. O. O. O. O. O.FDCHL (1, 3,1 ) 1. .50 .50 .001 .001 .001 .001 .001 .001
FDCHL(1,4,1) 1. 1. 1. .008 .002 .007 .002 .002 .004FDCHL ( 1, 5,1) 1. 1. 1. 043 .012 .020 .011 .011 .012
FDCHL(1,6,1) 1. 1. 1. .600 .030 .063 .040 .040 .067
FDCHL(1,7,1) 1. 1. 1. .975 .751 .700 .087 .087 .863
FDCHL(1,8,1) 1. 1. 1. 1. .980 .900 .200 .280 .980
FDCHL (1., 9,1 ) ............. 1. 1. 1
g...... ..... 1. 1. .950............ 230 .330 1..

............... ...................
$ TEVSE: EX-VESSEL STEAM EXPLOSION RELEASE
FEVSEL(1,1,1) 1. .063 .063 0. O. O. O. O. O.
FEVSEL(1,2,1) 1. .15 .15 O. O. O. O. O. O.
TEVSEL(1,3,1) 1. .50 .50 .001 .001 .001 .001 .001 .001 ,

FEVSEL(1,4,1) 1. 1. 1. .008 .002 .007 .002 .002 .004
FEVS EL (1, 5,1 ) 1. 1. 1. .043 .012 .020 .011 .011 .012
FEVSEL(1,6,1) 1. 1. 1. .600 .030 .063 .040 .040 .067
FEVSEL(1,7,1) 1. 1. 1. .975 .751 .700 .087 .087 .863
FEVSEL(1,8,1) 1. 1. 1. 1. .980 .900 .200 .280 .980
FEVS E. L.( 1, 9,1 ) . .... 1....... 1. ..................... 0.... 230... 330.....

1.g... . ...... 1 1. 1. .95
... .......

$ F..TII: LATE IODINE FELEASE FROM SUPPFsESSION POOL: IODINE ONLY
$ THEREFORE, PROBABILITY GOING ACROSS
$ FIRST DIMINSION = PROBABILITY POINTS
$ SECOND DIMENSION = CASES
S FLTIl CASE 1: SUBCOOLED SUPPRESSION POOL
FLTI1L(1,1) O. O. O. 5.00E-4 1.55E-3 .0278 .085 .097 .10
$ FLTIl CASE 2: SATURATED SUPPRESSION POOL
FLTI1L(1,2) O.
g............... 1. E-6. 4.06E-5..........

36E-4 4.63E-3 .173 759 .95 1.9.
... ...........................................

$ FLTI2: LATE IODINE RELEASE FROM CAVITY WATER: ICDINE ONLY
$ FLTI2 CASE 1: WET CAVITY (LIKE TBS)
FLTI2L(1,1) .0E. .10'> .15 3 .365 .847 .957 1. 1. 1.
$ FLTI2 CASE 2: FLOODED CAVITY LIKE TC (REPLENISHABLE WATER SUPPLY)
FLTI2L(1,2) .00 .04 .109 .247 .435 .670 .936 .985 1.
g..............

4

...........................................................
$ FREVOL: REVOLATILIZATION RELEASE AFTER VISSEL BREACH: I,CS AND TE
$ SET ALL OTHER NUCLIDE GROUPS TO ZERO
$ BWR CASE 1: SBO AND HIGH DW TEMP
$ USED FOR POS S CASES WITH NO LPI RECOVERED
FREVOL(1,1,1) 1. O. O. O. O. O. O. O. O.
FREVOL (1, 2,1 ) 1. O. O. O. O. O. O. O. O.
FREVOL(1,3,1) 1. O. O. O. O. O. O. O. O.
FREVOL(1,4,1) 1. .03 .001 0. O. O. O. O. O.
FREVOL(1,5,1) 1. .115 .051 0. O. O. O. O. O.
FREVOL(1,6,1) 1. .306 .132 .024 0 O. O. D. O.
FREVOL(1,7,1) 1. .557 .284 .224 0. O. O. O. O. ;FREVOL(1,8,1) 1. .800 .535 .413 0. O. O. O. O. i

FREVOL (1, 9,1 ) 1. 1. .750 .800 0. O. O. O. O.
$ BWR CASE 2: STATION BLACKOUT AND LOW DRYWELL TEMPEPATURE
$ (NOT APPLICABLE TO GRAND GULF SINCE GRAND GULF CONTAINNINT SPRAY
$ IS IN OUTER CONTAINMENT, NOT DRYWELL)
F REVCL (1,1, 2 ) 1. O. O. O. O. O. O. O. O.
FREVOL(1,2,2) 1. O. O. O. O. O. O. O. O.

|FREVOL(1,3,2) 1. O. O. O. O. O. O. O. O.
FREVOL (1, 4, 2 ) 1. .03 .001 0. O. O. O. O. O.
FREVOL(1,5,2) 1. .114 .050 0. O. O. O. O. O.
FREVOL(1,6,2) 1. .261 .122 .024 0. O. O. O. O.
FREVOL(1,7,2) 1. .486 .236 .209 0. O. O. O. O.
FREVOL(1,8,2) 1. .800 .438 .413 0. O. O. O. O.
FREVOL(1,9,2) 1. 1. .750 .800 0. O. O. O. O.
$ BWR CASE 3: ATWS HIGH PRES.(TCUX) & LOW FRESS. SYSTEMS AVAILABLE
$ FOR INJECTION AFTER VB
$ USED FOR POS 5 CASES WITH INJECTION RESTORED
FREVOL(1,1,3) 1. O. O. O. O. O. O. O. O. IFREVOL(1,2,3) 1. O. O. O. O. O. O. O. O. '

FREVOL(1,3,3) 1. O. O. O. O. O. O. O. O. ;
FRIVOL (1,4,3) 1. O. O. O. O. O. O. O. O. i

FREVOL(1,5,3) 1. .03 .001 0. O. O. O. D. O.
FREVOL(1,6,3) 1. .117 .061 .024 0. O. O. O. O.
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FREVOL(1,7,3) 1. .439 .200 .209 0. O. O. O. O.
FREVOL ( 1, 8, 3 ) 1. .800 .287 .413 0. O. O. O. O.
FREVOL( 1. 1.00 750 .800 0 O O. O. O

3.....
1.,9,3). .............................. ..... ................. ...........

S RBDF: REACTOR BUILDING DF FOR GRAND GULF : ALL NINE GROUPS
$ DF FROM FEACH BOTTOM-DW SHELL FAILURE INTO REACTOR BUILDING SAT. POOL.
$ GG CASE 1:
RBDFL(1,1,1) 1. 1. 1. 1. 1. 1. 1. 1. 1.
RBDFL(1,2,1) 1. 1.06 1.06 1.08 1.08 1.08 1.08 1.08 1.08
REDFL(1,3,1) 1. 1.23 1.23 1.25 1.25 1.25 1.25 1.25 1.25
RBDFL(1,4,1) 1. 2.29 2.29 2.22 2.22 2.22 2.22 2.22 2.22
REDFL(1,5,1) 1. 4.05 4.05 4.02 4.02 4.02 4.02 4.02 4.02
RBDFL(1,6,1) 1. 6.86 6.86 6.86 6.86 6.86 6.86 6.86 6.86
RBDFL(1,7,1) 1. 14.5 14.5 17.0 17.0 17.0 17.0 17.0 17.0
RBDFL(1,8,1) 1. 87.9 87.9 92.1 92.1 92.1 92.1 92.1 92.1

55 ... 1. . 590...**.590..... 590. . 590.. . 590...... 90.5 ..........RBD FL.( 1, 9,1. .) . 1. .... 1 55
3.... .... . . .

$ FCONV: CONTAINMENT RELEASE TRACTION BEFORE VESSEL BREACH: U L NINE GROUPS
$ FCONVL GG CASE 1: EARLY LEAK, SUBCOOLED POOL
FCONVL(1,1,1) 1. .001 .001 .001 .001 .001 .001 .001 .001
FCCNVL(1,2,1) 1. .003 .003 .003 .003 .003 303 .003 .003
FCONVL(1,3,1) 1. .012 .012 .012 .012 .012 .016 .012 .012
FCCNVL(1,4,1) 1. .117 .117 .117 .117 .117 .117 .117 .117
FCONVL(1,5,1) 1. .233 .233 .233 .233 .233 .233 .233 .233
FCONVL(1,6,1) 1. .417 .417 .417 .417 .417 .417 .417 .417
FCONVL(1,7,1) 1. .676 .676 .676 .676 .676 .676 .676 .676
FCONVL(1,8,1) 1. .784 784 .784 784 .784 784 .784 784
FCONVL(1,9,1) 1. .949 .949 .949 .949 .949 .949 .949 .949
$ FCONVL GG CASE 2: EARLY LEAK, SATURATED POOL
FCONVL(1,1,2) 1. .002 .002 .002 .002 .002 .002 .002 .002
FCONVL(1,2,2) 1. .008 .008 .008 .008 .008 .008 .008 .000
FCCNVL(1,3,2) 1. .030 .030 .030 .030 .030 .030 .030 .030
FCONVL(1,4,2) 1. .151 .151 .151 .151 .151 .151 .151 .151
FCCNVL(1,5,2) 1. .245 .245 .245 .245 .245 .245 .245 .245
FCCNVL(1,6,2) 1. .447 ,447 .447 .447 .447 .447 .447 .447
FCCNVL(1,7,2) 1. .695 .695 .695 .695 .695 .695 .695 .695
FCONVL(1,8,2) 1. 792 .792 .792 792 .792 792 .792 .792
FCONVL(1,9,2) 1. .953 .953 .953 .953 .953 .953 .953 .953
S FCONVL GG CASE 3: EARLY RUPTURE, SUBCOOLED POOL
$ (ALSO USED FOR PCS S OPEN CNMT CASES)
FCCNVL(1,1.3) 1. .021 .021 .021 .021 .021 .021 .021 .021
FCCUVL(1,2,3) 1. .090 .090 .090 .090 .090 .090 .090 .090
FCONVL(1,3,3) 1. .197 .197 .197 .197 .197 .197 .197 .197
FCONVL(1,4,3) 1. .437 .437 .437 .437 .437 .437 .437 .437
FCONVL(1,5,3) 1. .639 .639 .639 .639 .639 .639 .639 .639
FCONVL(1,6,3) 1. 790 790 .770 .770 770 770 .770 .770
FC ONVL ( 1, 7, 3 ) 1. .915 .915 .892 .892 .892 .892 .892 .892
FCONVL (1, 8, 3 ) 1. .966 .966 .966 .966 .966 .966 .966 .966
FCONVL(1,9,3) 1. .996 .996 .996 .996 .996 .996 .996 .996
$ FCCNVL GG CASE 4: EARLY RUPTURE, SATURATED POOL
$ (ALSO USED FCR POS 5 OPEN CNMT CASES)
FCONVL(1,1,4) 1. .021 .021 .021 .021 .021 .021 .021 .021
FCONVI(1,2,4) 1. .090 .090 .090 .090 .090 .090 .090 .090
FCONVL (1, 3, 4 ) 1. .197 .197 .197 .197 .197 .197 .197 .197
FCONVL(1,4,4) 1. .437 .437 .437 .437 .437 .437 .437 .437
FCONVL(1,5,4) 1. .639 .639 .639 .639 .639 .639 .639 .639
FCCNVL(1,6,4) 1. 790 .790 .770 .770 .770 770 770 .770
FCONVL(1,7,4) 1. .915 .915 .892 .892 .892 .892 .892 .892 i

'

FCONVL(1,8,4) 1. .966 .966 .966 .966 .966 .966 .966 .966
FCONVL(1,9,4) 1. .996 .996 .996 .996 .996 .996 .996 .996
$ FCONVL GG CASE 5: LATE LEAK
FCONvL(1,1,5) 1. O. O. O. O. O. O. O. O.
FCONVL ( 1, 2, 5 ) 1. O. O. O. O. O. O. O. O.
FCONVL(1,3,5) 1. .001 .001 .001 .001 .001 .001 .001 .001
FCONVL(1,4,5) 1. .008 .008 .008 .008 .008 .008 .008 .000
FCONVL(1,5,5) 1. .052 .052 .052 .052 .052 .052 .052 .052
FCONVL(1,6,5) 1. .128 .128 .128 .128 .128 .128 .128 .128
FCONVL(1,7,5) 1. .330 .330 .330 .330 .330 .330 .330 .330
FCONVL(1,8,5) 1. .510 .510 .510 .510 .510 .510 .510 .510
FCCNVL(1,9,5) 1. .814 .814 .814 .814 .814 .814 .814 .814
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$ FCONVL GG CASE 6: LATE RUPTURE
FCONVL (1,1, 6 ) 1. O. O. O. O. O. O. O. O.
FCONVL(1,2,6) 1. O. O. O. O. O. O. O. O.
FCONVL(1,3,6) 1. .002 .002 .002 .002 .002 .002 .002 .002
FCONVL(1,4,6) 1. .017 .017 .017 .017 .017 .017 .017 .017
FCONVL(1,5,6) 1. .084 .084 .084 .084 .084 .084 .084 .084
FCONVL(1,6,6) 1. .186 .186 .186 .186 .186 .186 .186 .186
FCCKVL(1,7,6) 1. .338 .338 .338 .338 .338 .338 .338 .338
FCONVL(1,8,6) 1. .540 .540 .540 .540 .540 .540 .540 .540
FCONVL(1,9,6) 1. .969 .969 .969 .969 .969 .969 .969 .969
$ FCONVL: NO CONTAINMENT FAILURE CASE
FCONVL(1,1,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,2,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,3,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,4,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,5,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONv1(1,6,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,7,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONVL(1,8,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
3 . . . . L .( 1. ., 9, 7 )............1.0E-6 1.0E-6 1. 0E.-6..1 0E..6 1. 0.E..6. 1 0E-6 1. 0E..6 1. 0.E.-6
FCONV 0.005

. ............ .. . . . ..... . ..

$ FCCNC: CONTAINMENT RELEASE FRACTION AFTER VESSEL BREACH: ALL NINE GROUPS
$ FCONC GG CASL 1: EARLY LEAK, SUBCOOLED POOL
FCCNCL(1,1,1) 1. .001 .001 .001 .001 .001 .001 .001 .001
FCONCL(1,2,1) 1. .003 .003 .003 .003 .003 .003 .003 .003
FCCNCL(1,3,1) 1. .012 .012 .012 .012 .012 .012 .012 .012
FCONCL(1,4,1) 1. .115 .115 .088 .088 .088 .088 .088 .088
FCCNCL(1,5,1) 1. .280 .280 .251 .251 .251 .251 .251 .251
FCONCL(1,6,1) 1. .461 .461 .428 .428 .428 .428 .428 .428
FCONCL(1,7,1) 1. .672 .672 .672 .672 .672 .672 .672 .672
FCONCL(1,8,1) 1. .779 779 779 779 779 779 .779 779
FCONCL(1,9,1) 1. .876 .876 .876 .876 .876 .876 .876 .876
$ FCONC GG CASE 2: EARLY LEAK, SATURATED PCCL
FCONCL(1,1,2) 1. .002 .002 .002 .002 .002 .002 .002 .002
FCCNCL(1,2,2) 1. .008 .008 .008 .008 .008 .008 .008 .008
FCONCL (1, 3,2 ) 1. .030 .030 .024 .024 .024 .024 .024 .024
FCCNCL(1,4,2) 1. .141 .141 .115 .115 .115 .115 .115 .115
FCCNCL(1,5,2) 1. .251 .251 .231 .231 .231 .231 .231 .231
FCCNCL(1,6,2) 1. .449 .449 .405 .405 .405 .405 .405 .405
FCONCL(1,7,2) 1. .689 .689 .689 .689 689 .689 .689 .689
FCONCL(1,8,2) 1. .789 789 .789 789 .789 789 789 789
FCONCL(1,9,2) 1. .892 892 .892 .892 .892 .892 .892 .892 ,

$ FCONC GG CASE 3: EARLY RUPTURE, SUBCOOLED POOL
$ (ALSO USED FOR POS 5 OPEN CNMT CASES)
FCONCL(1,1,3) 1. .038 .038 .015 .015 .015 .015 .015 .015
FCCNCL(1,2,3) 1. .148 .148 .054 .054 .054 .054 .054 .054
FCONCL(1,3,3) 1. .218 .218 .169 .169 .169 .169 .169 .169
FCONCL (1, 4, 3 ) 1. .512 .512 .451 .451 .451 .451 .451 .451
FCONCL(1,5,3) 1. .743 .743 .720 720 .720 720 .720 .720
FCCNCL(1,6,3) 1. .882 .882 .855 .855 .855 .855 .855 .855
FCONCL(1,7,3) 1. .985 .985 .985 .985 .985 .985 .985 .985
FCONCL(1,8,3) 1. .990 .990 .990 .990 .990 .990 .990 .990
FCONCL (1, 9, 3 ) 1. 1. 1. 1. 1. 1. 1. 1. 1.
$ FCONC GG CASE 4: EARLY RUPTURE, SATURATED POOL
$ (ALSO USED FOR POS 5 OPEN CNMT CASES)
FCONCL(1,1,4) 1. .038 .038 .013 .013 .013 .013 .013 .013
FCCNCL(1,2,4) 1. .148 .148 .042 .042 .042 .042 .042 .042
FCONCL(1,3,4) 1. .218 .218 .153 .153 .153 .153 .153 .153
FCONCL(1,4,4) 1. .491 .491 .435 .435 .435 .435 .435 .435
FCONCL(1,$,4) 1. .719 .719 .675 .675 .675 .675 .675 .675
FCONCL(1,6,4) 1. .859 .859 .828 .828 .828 .828 .828 .828 i

FCONCL(1,7,4) 1. .940 .940 .936 .936 .936 .936 .936 .936
FCONCL(1,8,4) 1. .974 .974 .974 .974 .974 .974 .974 .974
FCONCL(1,9,4) 1. .994 .994 004 .994 .994 .994 .994 .994
$ FCONC GG CASE 5: LATE LEAK
FCONCL(1,1,5) 1. O. O. O. O. O. O. O. O.
FCONCL(1,2,5) 1. O. O. .001 .001 .001 .001 .001 .001
FCCNCL(1 3,5) 1. .001 .001 .002 .002 .002 .002 .002 .002
FCONCL(1,4,5) 1. .008 .008 .023 .014 .023 .014 .014 .014
FCCNCL(1,5,5) 1. .052 .052 .082 .063 .082 .063 .072 .072
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FCONCL(1,6,5) 1. .128 .128 .183 .149 .183 .149 .164 .164 |

FCONCL(1,7,5) 1. .330 .330 .423 .392 .423 .392 .404 .404 i
FCONCL(1,8,5) 1. .510 .510 .595 .510 .595 .510 .510 .510 |
FCCNCL(1,9,5) 1. .614 .814 .820 .814 .820 .814 .814 .814
$ FCONC GG CASE 6: LATE RUPTURZ
FCONCL(1,1,6) 1. O. O. O. O. O. O. O. O.
FCONCL(1,2,6) 1. O. O. .001 .001 .001 .001 .001 .001 |

FCONCL(1,3,6) 1. .002 .002 .003 .003 .003 .003 .003 .003 |
FCONCL(1,4,6) 1. .017 .017 .037 .020 .037 .020 .020 .020
FCONCL(1,5,6) 1. .084 .084 .107 .094 .107 .094 .094 .094
FCONCL(1,6,6) 1. .186 .186 .256 .226 .256 .226 .226 .226
FCONCL(1,7,6) 1. .338 .338 .775 .771 .775 .771 .771 .771
FCONCL(1,8,6) 1. .540 .540 .920 .920 .920 .920 .920 .920
FCONCL(1,9,6) 1. .969 .969 .973 .973 .973 .973 .973 .973 i

'

$ FCONCL: NO CONTAINHINT FAILURE CASE
FCONCL(1,1,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCCNCL(1,2,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONCL(1,3,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONCL(1,4,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONCL(1,5,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONCL(1,6,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCONCL(1,7,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCCNCL(1,8,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
FCCNCL(1,9,7) 0.005 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6 1.0E-6
$.............................................................................
$ DFVPA: SUPPPESSION POOL DF DUBING IN-VESSEL RELEASE PHASE
$ (THPCUGH T-CUENCHER)
$ D EVF A GG C AS E 1: DRAFT NURIG/CP-4 551
D FVF AL ( 1,1,1 ) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 I

|

DFVFAL(1,2,1) 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
DFVFA1(1,3,1) 1.0 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
DFVFAL(1,4,1) 1.0 16. 16. 16. 16. 16. 16, 16. 16.
DFVFAL(1,5,1) 1.0 56. 56. 56. 56. 56. 56, 56. 56.
DFVPAL(1,6,1) 1.0 180. 180. 180. 100. 180. 180. 180. 180.
D FV F AL ( 1, 7,1 ) 1.0 2500. 2500. 2500. 2500. 2500. 2500. 2500. 2500.
D F/F AL ( 1, 8,1 ) 1.0 4300. 4300. 4300. 4300. 4300. 4300. 4300. 4300.
DFVPAL(1,9,1) 1.0 5000. 5000. 5000. 5000. 5000. 5000. 5000. 5000.
g.............................................................................
$ DFCFA: SUPFPESSION POOL DF THRU VENT PIFES
$ DFCFA GG CASE 1: DRAFT NUREG/CR-4551 )
D FC F AL (1,1,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DFCFAL(1,2,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 ,

DFCFAL(1,3,1) 1.0 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 |

DFCPAL(1,4,1) 1.0 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 |

DECFAL(1,5,1) 1.0 6.8 6.8 6.0 6.8 6.8 6.8 6.8 6.8
DFCFAL(1,6,1) 1.0 20. 20. 20. 20, 20. 20. 20. 20. |
DFCFAL(1,7,1) 1.0 72. 72. 72. 72. 72. 72. 72. 72.
DFCFAL(1,8,1) 1.0 94. 94. 94. 94. 94. 94. 94. 94.
LFCFAL(1,9,1) 1.0 100. 100. 100. 100, 100. 100. 100. 100.
3.............................................................................
$ DFCAV: CAVITY WATER DF FOR CCI RELEASE
$ DFCAV GG CASE 1: WET CAVITY SIMILAR TO BMI-2139 GG TBS
$ (DRAFT NUREG/CR-4551)
DFCAVL(1,1,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DFCAVL(1,2,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DFCAVL(1,3,1) 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
DFCAVL(1,4,1) 1.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
DFCAVL(1,5,1) 1.0 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4
DFCAVL(1,6,1) 1.0 11. 11. 11. 11. 11. 11. 11. 11.
DFCAVI(1,7,1) 1.0 41. 41. 41. 41. 41. 41. 41. 41.
DFCAVL(1,8,1) 1.0 65. 65. 65. 65. 65. 65. 65. 65.
DFCAVL(1,9,1) 1.0 73. 73. 73. 73. 73. 73. 73. 73.
$ DFCAV GG CASE 2: FLOODED CAVITY SIMILAR TO BMI-2139 GG TC
DFCAVL(1,1,2) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DFCAVL(1,2,2) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DECAVL(1,3,2) 1.0 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
DFCAVL(1,4,2) 1.0 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
DFCAVL(1,5,2) 1.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
DFCAVI(1,6,2) 1.0 15. 15. 15. 15. 15. 15. 15. 15.
D FC AVL ( 1, 7, 2 ) 1.0 56. 56. 56. 56. 56. 56. 56. 56.
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D FCAVL (1, 8, 2 ) 1.0 89. 89. 89. 89. 89. 89. 89. 89. |

D F. C AVL. .( 1., 9. , 2. .) . 1.0..
100,........... 100. 100

.. 100....... 100..,..,100 100 '100,
3 ... .....**.... . . . ... ...... ......

$ DFSPRV: SPRAY DF FOR IN-VESSEL RELEASES
$ DFSPRV GG CASE 1 DRAFT NURIG/CR-4551 (SURRY)
CTSPRVL(1,1,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 ,

DFSPRVL(1,2,1) 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 |
DFSPRVL(1,3,1) 1.0 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
DFSPRVL(1,4,1) 1.0 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2
DFSPRVL(1,5,1) 1.0 11. 11. 11. 11. 11. 11. 11. 11.
DFSPRVL(1,6,1) 1.0 29. 29. 29. 29. 29. 29, 29. 29.
DFSPRVL(1,7,1) 1.0 78. 78. 78. 78. 78. 78. 78. 78.
DFSPRVL(1,8,1) 1.0 95, 95. 95. 95. 95. 95. 95. 95. .

DFSPRVL(1,9,1..). 1 0 100 . 100. 100 .. 100............. 100. 100100. .... 0.10
3........... . ...... .....**.. ......... ........

$ DFSPRC: SPRAY DF FOR CCI RELEASES
$ DFSPRC GG CASE 1 DRAFT NUREG/CR-4551 (SURRY)
DFSPRCL(1,1,1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DFSPRCL(1,2,1) 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
DFSPRCL(1,3,1) 1.0 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
DFS PRC L ( 1, 4,1 ) 1.0 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8
DFSPRCL(1,5,1) 1.0 17. 17 17 17. 17 17 17. 17
DFSPRCL(1,6,1) 1.0 29, 29, 29. 29. 29. 29. 29. 29.
DFSPRCL(1,7,1) 1.0 480. 480. 480. 480. 400. 480. 480. 480.
DFSPECL(1,8,1) 1.0 860. 860. 860. 860. 860. 860. 860. 860.
DFSPRCL(1,9,1) 1.0 1000. 1000. 1000. 1000. 1000. 1000. 1000. 1000.

,
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|
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Appendix C

C.3 Partitioned Sourte Terms

The partitioning process generated 55 source term groups (STG). The source tenns associated with each STG is provided
in Table C.3-1. A 55* STG is the special case where there is no release. A 5x5 carly health effect versus chronic healt
effect partition grid was used in this analysis. The source terms, as listed in Table C.31, provide the following informtion
about the release:

ST = [STG, Freq, TW, T1, Dl, EL, EVT, El (RF1, i= 1,.. 9) T2, D2, E2, (RF2, i=1,.. 9)],

where

STO Source term group=

Freq Frequency (1/yr) of source term group=

the time (seconds), relative to the start of the accident, when a general emergency is declared,TW =

T1 = the time (seconds), relatise to the start of the accident, when the first release segment begins,

the duration (seconds) of the first release segment,DI =

the elevation (meters), relatise to ground level, from which the radionuclides are released from theEL =

containment,

the event type which identifies the time window in which the accident occurs and is used to select theEVT =

appropriate inventory in the consequence ana'vsis,

the energy release rate (MW) associated with the first release segment,El =

release fraction for radionuclide class i, i = 1,.. 9, in the first release segment,RFI, =

the time (seconds), relative to the start of the accident, when the second release segment begins (in thisT2 =

analysis the second release segment immediately follows the first release segment),

the duration (seconds) of the second release segment,D2 =

the energy release rate (MW) associated with the second release segment,E2 =

release fraction for radionuclide class i, i = 1,.. 9, in the second release segment.RF2, =
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MM
- Appendix D: Supporting Information for the Consequence Analysis

D.] 'Radionuclide Inventories

A unique radionuclide inventory was generated with ORIGEN2 for each time window. The inventory for time window I
corresponds to 7 hours after shutdown, the inventory for time window 2 conesponds to 24 hours after shutdown, and the
inventory for time window 3 corresponds to 40 days after shutdown The insentories,in the form of a input file for
MACCS, for the sixty radionuclides considered in the MACCS code for time uindow 1, time window 2, and time

i

window 3 are presented in Sections D I.l. D 1.2, and D 13, respectively. |

D.1.1 Inventory for *Iinw Window 1 I

e

*
GRAND GULF LOW POWER AND SHUTDOWN PRA
Grand Gulf Inventory for Time Window 1 (7 hrs after Shutdown)*

* Inventories obtained from ORIGENPC; L. A. Miller (4/05/94) i

e

* NUCtW4 CORItN (BECQUERALs)
*-

RDCORItN001 CO-58 1 207E+17
RDCORItN002 CO-60 8.362E+14
RDCORItN003 KR-85 2.656E+16
RDCORItN004 KR-85M 3.884E+17
RDCORINV005 KR-87 4.952E+16
RDCORItN006 KR-88 5.692E+17
RDCORItN007 RB-86 3.235E+15 #

RDCORI!N008 SR-89 4.10(E+18
RDCORItN009 SR-90 2.082E+17
RDCORItN010 SR-91 3.123E+18
RDCORItWO11 SR-92 9.185E+17 *

RDCORI!N012 Y-90 2.199E+17
RDCORItN013 Y-91 5.491E+18
RDCORItN014 Y-92 2.966E+18
RDCORINV015 Y-93 3.895E+18 *

RDCORItN016 ZR-95 7 042E+18-
fRDCORItN017 ZR-97 5.053E+18 iRDCORI!N018 NB-95 7.060E+18

RDCORItN019 MO-99 6.408E+18
RDCORItN020 TC-99M 5.902E+18

.

RDCORItN021 RU-103 5.109E+18 *

RDCORItN022 RU-105 1.057E+18 !
RDCORItN023 RU-106 1.080E+18 L

RDCORItN024 RH-105 2.761E+18
RDCORItN02 5 SB-127 3.2ESE+17
RDCORItN02 6 SB-129 3.602E+17
RDCORItN027 TE-127 3.336E+17
RDCORItN028 TE-127M 4.399E+16
RDCORItN02 9 TE-129 5.278E+17
RDCORINV030 TE-129M 1.614E+17
RDCORItNO31 TE-131M 4.375E+17
RDCORINV032 TE-132 4.893E+18 '

RDCORItNO33 I-131 3.564E+18
RDCORItNO34 I-132 5.029E+18
RDCORINV035 I-133 6.228E+18 '

RDCORINV036 I-134 1.113E+17 |
RDCORINV037 I-135 3.437E+18
RDCORINV038 XE-133 7.652E+18
RDCORINV039 XE-135 3.401E+18
RDCORItWO40 CS-134 1.831E+17
RDCORItN041 CS-136 1.000E417
RDCORI!N042 CS-137 2.544E+17
RDCORItN04 3 BA-139 2 341E+17
RDCORI!N044 BA-140 6.630E+18
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RDCORINV04 5 LA-140 6.808E+18
RDCORINV046 LA-141 2.026E+18
RDCORINV047 LA-142 3.049E+17
RDCORINV048 CE-141 6.388E+18
RDCORINV04 9 CE-143 5.298E+18
RDCORINV050 CE-144 4.425E+18
RDCORINV051 PR-143 6.062E+18
RDCORINV052 ND-147 2.472E+18
RDCORINV053 NP-239 5.852E+19
RDCORINV054 PU-238 1.428E+15
RDCORINV055 PU-239 1.234E+15
RDCORINV056 PU-240 1.032E+15
RDCORINV057 PU-241 2.661E+17
RDCORINV058 AM-241 1.584E+14
RDCORINV059 CM-242 2.371E+16
RDCORINV060 CM-244 1.764E+14

D.1.2 Inventory for Time Window 2

i e

* GPAND GULF LOW POWER AND SHUTDOWN PPA
Grand Gulf Inventory for Time Window 2 (24 hrs after Shutdown)*

Inventories obtained from ORIGENPC; L. A. Miller (4/05/94)*

.

NUCNAM CORINV (BECQUERALs)*

RDCORINV001 CO-58 1.199E+17
RDCORINV002 CO-60 8.359E+14
RDCORINV003 KR-85 2.656E+16
RDCORINV004 KR-85M 2.799E+16
RDCORINV005 KR-87 4.686E+12
RDCORINV006 KR-88 8.966E+15
RDCORINV007 RB-86 3.149E+15
RDCORINV000 SR-89 4.064E+18
RDCORINV009 SR-90 2.082E+17
RDCORINV010 SR-91 9.034E+17
RDCORINV011 SR-92 1.188E+16
RDCORINV012 Y-90 2.180E+17
RDCORINV013 Y-91 5.461E+18
RDCORINV014 Y-92 1.749E+17
RDCORINV015 Y-93 1.213E+18
RDCORINV016 ZR-95 6.989E+18
RDCORINV017 ZR-97 2.517E+18
RDCORINV018 NB-95 7.057E+18
RDCORINV019 MO-99 5.361E+18
RDCORINV020 TC-99M 5.127E+18
RDCORINV021 EU-103 5.047E+18
RDCORINV022 RU-105 7.433E+16
RDCORINV02 3 RU-106 1.079E+18
RDCORINV024 RH-105 2.076E+18
RDCORINV025 SB-127 2.881E+17
RDCORINV026 SB-129 2.353E+16
RDCORINV027 TE-127 3.123E+17
RDCORINV028 TE-127M 4.399E+16
RDCORINV029 TE-129 1.317E+17
RDCORINV030 TE-129M 1.593E+17
RDCORINV031 TE-131M 2.954E+17
RDCORINV032 TE-132 4.209E+18
RDCORINV033 I-131 3.374E+18
RDCORINV034 I-132 4.336E+18
RDCORINV035 I-133 3.534E+18
RDCORINV036 I-134 1.961E+11
RDCORINV037 I-135 5.781E+17
RDCORINV038 XE-133 7.400E+18
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RDCORINV039 XE-135 1.899E+18 |
RDCORINV040 CS-134 1.830E+17
RDCORINV041 CS-136 9.632E+16 '

RDCORINV042 CS-137 2.544E+17
RDCORINV043 BA-139 4.535E+13
RDCORINV044 BA-140 6.382E+18
RDCORINV045 LA-140 6.731E+18
RDCORINV046 LA-141 1.011E+17
RDCORINV047 LA-142 1.486E+14
RDCORINV048 CE-141 6.302E+18
RDCORINV049 CE-143 3.706E+18
RDCORINV050 CE-144 4.419E+18
RDCORINV051 PR-143 6.003E+18
RDCORINV052 ND-147 2.364E+18
RDCORINV053 NP-239 4.751E+19
RDCORINV054 PU-238 1.432E+15
RDCORINV055 PU-239 1.237E+15
RDCORINV056 PU-240 1.032E+15
RDCORINV057 PU-241 2.661E+17
RDCORINV058 AM-241 1.592E+14
RDCORINV059 CM-242 2.373E+16
RDCORINV060 CM-244 1.764E+14

D.I .3 Inventory for Time Window 3

+

+ GRAND GULP LOW POWER AND SHUTDOWN PPA
Grand Gulf Inventory for Time Window 3 (40 days after Shutdown)*

Time Window 3 is after refueling, thus, only 2/3 of core used.*

Inventories obtained from ORIGENPC; L. A. M2ller (4/05/94)*

* NUCNAM CORINV (BECOUEFALs)

RDCORINV001 CO-58 5.461E+16
RDCORINV002 CO-60 5.503E+14
RDCORINV003 KR-85 1.761E+16
RDCORINV004 KR-85M 0.000E+00
RDCORINV005 KR-87 0.000E+00
RDCORINV006 KR-88 0.000E+00
RDCORINV007 RB-86 4.938E+14
RDCORINV008 SR-89 1.589E+18
RDCORINV009 SR-90 1.386E+17
RDCORINV010 SR-91 0.000E+00
RDCORINV011 SR-92 0.000E+00
RDCORINV012 Y-90 1.387E+17
RDCORINV013 Y-91 2.300E+10
RDCORINV014 Y-92 0.000E+00
RDCORINV015 Y-93 0.000E+00
RDCORINV016 ZR-95 3.059E+18
RDCORINV017 ZR-97 3.572E+01
RDCORINV018 NB-95 4.171E+18
RDCORINV019 MO-99 1.926E+14
RDCORINV020 TC-99M 1.855E+14
RDCORIFV021 RU-103 1.692E+18

.RDCORINV022 RU-105 0.000E+00
RDCORINV023 RU-106 6.692E+17 i

RDCORINV024 RH-105 1.499E+10 i
RDCORINV025 SB-127 1.715E+14
RDCORINV026 SB-129 0.000E+00
RDCORINV027 TE-127 2.335E+16 4

|RDCORINV028 TE-127M 2.367E+16
RDCORINV029 TE-129 3.096E+16
RDCORINV030 IE-129M 4.758E+16
RDCORINV031 TE-131M 7.994E+07
RDCORINV032 TE-132 7.000E+14
RDCORINV033 I-131 7.931E+16
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RDCORINV034 I-132 7.214E+14
RDCORINV035 I-133 6.706E+04
RDCORINV036 I-134 0.000E+00
RDCORINV037- I-135 0.000E+00
RDCORINV038 XE-133 3.189E+16
RDCORINV039 XE-135 0.000E+00
RDCORINV040 CS-134 1.178E+17
RDCORINV041 CS-136 8.168E+15
RDCORINV042 CS-137 1.694E+17
RDCORINV043 BA-139 0.000L+00
RDCORINV044 BA-140 5.145E+17
RDCORINV045 LA-140 5.921E+17
RDCORINV046 LA-141 0.000E+00
RDCORINV047 LA-142 0.000E+00
RDCORINV048 CE-141 1.832E+18
RDCORINV04 9 CE-143 7.162E+09
RDCORINV050 CE-144 2.681Et18
RDCORINV051 PR-143 5.842E+17
RDCORINV052 ND-147 1.370E+17
RDCORINV053 NP-239 3.317E+14
RDCORINV054 FU-238 9.780E+14
RDCORINV055 PU-239 8.344E+14
RDCORINV056 PU-240 6.886E+14
RDCORINV057 PU-241 1.767E+17
RDCORINV058 AM-241 1.366E+14
RDCORINv059 CM-242 1.347E+16
RDCORINV060 CM-244 1.172E+14
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D.2 Listing of Code Used to Estimate Onsite Consequences '

PROGPR4 ONSITES
C CALCULATE PARKING LOT DOSES DUE TO IMMERSION AND INHALATION AT
C VARIOUS DISTANCES AT GPRID GULF BASED ON SOURCE TEPRS PRODUCED
C BY GGSOR FOLLOWED BY PARTITION
C

C NTOT = NUMBER OF SOURCE TERMS EVALUATED
C RF(I,J) = RELEASE FPACTION TO ENVIRONMENT FOR ITH CHEMICAL GROUP AND
C JTH SEGMENT
C T1 = TIME AT WHICH FIRST RELEASE TO EINIFONMENT BEGINS
C DT1 = DURATION OF FIRST RELEASE
C T2 = TIME AT WHICH SECOND PELEASE TO ENVIRONMENT BEGINS
C DT2 = DURATION OF SECOND RELEASE
C BR = BREATHING RATE (CURRENTLY HARD-WIRED, NUMBER OBTAINED FROM 4551
C FOR A MAN BREATHING HEAVILY)
C AREA = MINIMUM AREA OF BUILDING, TAKEN AS MINIMUM WIDTH
C OF AUX BUILDING TIMES HEIGHT OF CONTAINMENT (M^2)
C ISTAB = STABILITY CLASS (1 = A, 2 = B, 6 = F)...,

C U = WIND SPEED AT 10 M HEIGHT (M/S) (CUPPENTLY MARD-WIRED)
C ICHEM(I) = CHEMICAL GROUP THAT ITH PADIONUCLIDE BELONGS TO
C XINV(I,J) = INVENTORY OF ITH RADIONUCLIDF AND JTH EVENT TYPE
C (SHUTDOWN TIME) AS DETERMINED WITH ORIGEN2
C NUCNAM(I) = NUCLIDE NAME
C CHIQtI,J,K) = RELATIVE CONCENTPATION CORRESPONDING TO ITH DISTANCE,
C JTH MET, AND KTH MODEL (1=PAMSDELL MODEL, 2= WILSON / REG GUIDE),
C DCTIMM(I) = DOSE CO!NERSION FACTOR FOR IMMERSION FOR ITH NUCLIDE
C IN (SV/ DAY}/(BQ/M'3)
C DCTINH(I) = DOSE CO?NEPSION FACTOR FOR INHALATION FOR ITH NUCLIDE
C IN (SV/BQ)
C DCTGRD(I) = DOSE CONVERSION FACTOR FOR GROUNDSHINE FOR ITH NUCLIDE
C IN (SV/ DAY)/(BQ/M*2)
C DCFING(I) = DOSE CONVERSION FACTOR FOR INGESTION FOR ITH NUCLIDE
C IN (SV/BQ)
C

PARAMETER ( MAXG R P= 10, MAXMET=2, MAXMOD=2, MAXISO=100, MAXDST=10,
1 MAXSEG=2, MAXEVT=3, MAXSTb=6)
COMMDN /DUM1/ FREQ, CPPOB, TEVAC, DEVAC, TW, T1, T2, DT2, ELEV,

1 El, E2
CHAPACTER*80 TITLE
COMMON /DUM2/ TITLE
DIMENSION RF(MAXGRP,MAXSEG), ICHEM(MAXISO), XI!N (VAXI SO, MAXEVT ) ,

1 CHIQ (MAXDS T, VAXMET, MAXMOD) ,
2 DOSEXT(2,MAXSEG,MAXDST,MAXMET,MAXMOD),
3 DOS INH ( 2, MAX SEG , MAXDST, MAXMET , MAXMOD) ,
4 DOSE (2,MAXDST,MAXMET,MAXMOD),
5 DOS PAT ( MAXS EG , VAXDS T , VAXMET , MAXMOD ) ,
6 DCFIMM(VAXISO), DCTINH(MAXISO), DCFGRD(MAXISO),
7 DC TING (VAXISO)
DIMENSION XDIST (VAXDST), YSIGA(MAXSTB), YSIGB(MAXSTB),

1 ZSIGA(MAXSTB), ZSIGB(MAXSTB)
CHARACTER *7 NUCNAM(MAXISO)
CHARACTER *140 REC
DATA ZERO / 0.0 /

C ' " * DI STANCES (M)
DATA NDIST / 5 /
DATA XDIST / 10., 50., 100., 250., 500., 5*0.0 /

C* * * * * DISPERSION PARAMETERS FOR REG GUIDE I .14 5 MODEL
DATA YSIGA / 0.3658, 0.2751, 0.2089, 0.1474, 0.1046, 0.0722 /
DATA YSIGB / 6*0.9031 /
DATA ZSIGA / 2.5E-4, 1.9E-3, 0.2, 0. 3, 0.4, 0.2 /
DATA ZSIGB / 2.125, 1.6021, 0.8543, 0.6532, 0.6021, 0.6020 /

C*"" SET PI AS CONSTANT
DATA PI / 3.141593 /

C" * * * BREATHING RATE (M3/S)
DATA BR / 2.66E-4 /

Vol 6, Part 1 D-5 NUREG/CR-6143



Appendix D
.

C*****GG REACTOR POWER LEVEL
DATA PWRLVL / 1.071 /

C
C
C*****OPEN OUTPUT FILE

OPEN (6, FILE ='ONSITE5.OUT')
C* * * * *OPEN NUCLADE LIST WITH CHEMICAL GROUP INDICES

OPEN (1, FILE ='CHEMGRP.DAT')
ISO =0

1100 CONTIFIUE
READ (1,1001.END=1500) REC
IF (REC (1:0) .NE. 'ISOTPGRP') GO TO 1100
IC=11

1200 CONTINUE
IC=IC + 1
IF (REC (IC:IC) .EO. ') GO TO 1200'

ISO = ISO + 1
NUCNAM(ISO)= REC (IC:IC+6)
IC=IC + 7

1300 CONTItiUE
IC=IC + 1
IF (REC (IC:IC) .EQ. ') GO TO 1300*

1400 CONTINUE
IC=IC + 1
IF (REC (IC:IC) .NE. ') GO TO 1400'

PEAD(PEC(IC:),*) ICHEM(ISO)
GO TO 1100

1500 CONTINUE
CLOSE (1) -

NISO= ISO
C+ + + + * READ ItIVENTORIES FOR DIFFERENT SHUTDOWN TIMES

Do 2000 ITILE=1,3
IF (IFILE .EO. 1) THEN

OPEN (1, FI LE= ' IIIV1 ' )

ELSE IF (I FI LE .EQ. 2) THEN
OPEN (1, FILE ='INV2')

ELSE
OPEti (1, FILE ='INV3')

ENDIF
1600 CONTINUE

READ (1,1001,END=1950) PEC
IF (REC (1:8) .NE. 'RDCORINV') GO TO 1600
IC=11

1700 CONTINUE
IC=IC + 1
IF (REC (IC:IC) .EO. ') GO TO 1700'

DO 1800 150=1,60
IF (REC (IC:IC+6) .EO. NUCNAM(ISO)) THEN

READ (REC (IC + 8 : ) , * ) XIIIV (ISO, IFILE )
XINV(ISO,IFILE)=PWRLVL * XINV(ISO,IFILE)
GO TO 1900

ENDIF
1800 CONTINUE

WRITE (*,*) ' >>>>> ISOTOPE INVENTORIES DO NOT MATCH '
WRITE (6,*) '>>>>> ISOTOPE INVENTORIES DO NOT MATCH'
STOP

1900 CONTINUE
GO TO 1600

1950 CONTINUE
CLOSE (1)

2000 CONTINUE
WRITE (6,2001) (I,I=1,3)
DO 2200 ISO =1,NISO

WRITE (6,2002) !TUCNAM (ISO) , (XINV(ISO,IEV),IEV=1,3)
2200 CONTINUE

C* * * * * READ DOSE COriVERSION FACTORS FOR THE ItiVENTORY 1

OPEN (10, FILE ='INDEXR.DAT')
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* Appenda D

OPEN (11, FILE ='DFNRC. INH')
OPEN (12, FILE ='DFNRC.ING')
OPEN (13, FILE ='DENRC.SUB')
OPEN (14, FILE ='DENRC.GRD')
WRITE (*,2101)
WRITE (6,2301)
Do 2100 I=1,NISO

WRITE (*,2102) I, NISO
CALL GETDF (NUCNAM(I), DCTIMM(I), DCFGRD(I), DCTINH(I),

DCFING(I))*

2100 CONTINUE
CLOSE (10)
CLOSE (11)
CLOSE (12)
CLOSE (13)
CLOSE (14)

C***** DETERMINE CHI /Q FOR EACH DISTANCE, MITEOROLOGY, AND MODEL
AREA =2902.
DO 2400 J=1,2

IF (J .EQ. 1) THEN
C+++++++++++A-STABILITY, 5 M/S

ISTAE=1
U=5.0

ELSE
C+++********F-STRBILITY, 1 M/S

ISTAB=6
U=1.0

ENDIF
C********DETERMINE CHI /O FCR EACH DISTANCE

DO 2300 I=1,NDIST
X=XDIST(I)

C * * * * * * * * * * * RAMS DELL MODEL
(AREA **(-1.25))CHIQ(I,J,1)=84.5 * (X**(-1.13)) **

(ISTAB**.473)(U**.720) **

IF (X .LT. 100.) THEN
C+++***********WILSON MODEL (<100M, INCLUDE 5 AS MULTIPLIER FOR LOW FELEASES)

CHIQ(I,J,2)=5.0 / (0.11*U+X**2.)
ELSE

C**************REG GUIDE 1.145 MODEL (>=100M)
SIGY=YSIGA(ISTAB) * X**YSIGB(ISTAB)
SIGZ=2SIGA(ISTAB) X**2SIGB(ISTAB)*

IF (X .LE. 800.) THEN
CAPSIGY=4.0 * SIGY

ELSE
SIGYCAPSIGY=3.0 * YSIGA(ISTAB)*800.**YSIGB(ISTAB) +

ENDIF
CHIQ1=1.0 / (U*(PI*SIGY*SIGZ + AREA /2.))
CHIQ2=1.0 / (U+(3*FI*SIGY'SIGZ))
CHIQ3=1.0 / (U*PI*CAPSIGY*SIGZ)
CHIQ(I,J,2) = MIN (MAX (CHIQ1, CHIQ2), CHIQ3)

ENDIF
2300 CONTINUE
2400 CONTINUE

WRITE (6,2501)
DO 2500 K=1,NDIST

WRITE (6,2502) NINT (XDIST ( K ) ) , ( (CHIQ ( K, L, M) , M=1,2 ) , L=1,2 )
2500 CONTINUE

C*****OPEN RESULT FILE FOR RAMSDELL MODEL
OPEN (1, FILE ='GGR.OUT')
OPEN (11, FILE ='GGRCON.OUT')
WRITE (1,3001) 'RAMSDELL'
WRITE (11,4001) 'RAMSDELL'

C** * * *OPEN RESULT FILE FOR WILSON / REG GUIDE MODEL
OPEN (2, FILE ='GGW.OUT')
OPEN (12, FILE ='GGWCON.OUT')
WRITE (2,3001) ' WILSON / REG GUIDE'
WRITE (12,4001) ' WILSON / REG GUIDE'

Vol 6, Part i D-7 NUREG/CR-6143



Appendix D

C***** SOURCE TERM FILE CREATED BY PARTITIONING
OPEN (3, FILE ='MACCS.INP')

C***** READ SOURCE TERMS PRODUCED BY GGSORS FOLLOWING PARTITIONING
PEAD(3,1001) TITLE
READ (3,*) NTRC, NSEG, NPAR
WRITE (*,2401)
DO 9000 IPAR=1,NPAR

WRITE (*,2402) IPAR, NPAR
READ (3,*) IPART, FREQ, CPROB
IF (IPAR .NE. IPART) THEN

WRITE (*,*) ' >>>>> ERROR IN READING PARTITION SOURCE TERF5 '
WRITE (6,*) '>>>>> ERROR IN READING PARTITION SOURCE TERMS'
STOP

ENDIF
READ (3,*) TEVAC, DEVAC, TW, T1, DT1, T2, DT2, ELEV, EVTYPE,

1 El, (RF(I,1),I=1,NTRC), E2, (RF(I,2),I=1,NTRC)
IEV=NINT(EVTYPE)

C******** INITIALIZE DOSE RATES AND DOSES
DO 3000 M=1,2

DO 2900 L=1,2
DO 2000 E=1,NDIST

DO 2700 J=1,NSEG
DO 2600 I=1,2

DOSEXT(I,J,K,L,M)=0.0
DOSINH(1,J,K,L,M)=0.0

2600 CONTINUE
2700 CONTINUE
2000 CONTINUE
2900 CONTINUE
3000 CONTINUE

C******** CALCULATE TIME-INTEGRATED CONCENTFATION OF EACH CHEMICAL
C********GROUP AT THE VARIOUS DISTANCES
C******** LOOP OVER MODELS

DO 3500 M=1,2
C'********** LOOP OVER METEOROLOGY

DO 3400 L=1,2
C************** LOOP OVER DISTANCE

DO 3300 K=1,NDIST
C***************** LOOP OVER RELEASE SEGMENTS

DO 3200 J=1,1:SEG
C********************LOOP OVER ISOTOFE INVENTORY

DO 3100 I=1,NISO
C***********************TOTAL EXPOSURE (IMMERSION + INHALATION)

DOSEXT(2,J,K,L,M)=DOSEXT(2,J,K,L,M) +
1 R F ( ICHEM (I ) , J) * XINV (I, IEV) * CHIQ ( K, L, M) * DC TIMM (I) / 8 64 00.

DOSINH(2,J,K,L,M)=DOSINH(2,J,K,L,M) +
1 R F (ICHEM (I) , J ) *XINV II, IEV) *CHIQ ( K, L, M) * DCFINH (I) * BR

3100 CONTINUE
3200 CONTINUE

lC*****************15-MIN EXPOSURE (IMMERSION + INEALATION) i

IF (DT1 .GE. 900.) THEN
DOSEXT (1,1, K, L, M) = DOSEXT (2,1, K, L, M) * 900./DT1
DOSINH (1,1, K, L, M) =DOSINH ( 2,1, K, L, M) * 900./DT1

ELSE
IF (DT1 .GT. 0.0) THEN

DOSEXT (1,1, K, L, M) =DOSEXT ( 2,1, K, L, M)
DOSINH(1,1,K,L,M)=DOSINH(2,1,K,L,M)

ENDIF
IF (DT2 .GT. 0.0) THEN

DOSEXT(1,1,K,L,M)=DOSEXT(1,1,K,L,M) +
(900.-DTI)/DT21 DOSEXT(2,2,K,L,M) *

DOSINH(1,1,K,L,M)=DOSINH(1,1,K,L,M) +
1 DOSINH(2,2,K,L,M) (900.-DTI)/DT2*

ENDIF
ENDIF

c.......++********CALCULATE DOSE RATE FOR EACH RELEASE SEGMENT
IF (DT1 .GT. 0.0) THEN
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DOS RAT (1, K, L, M) = DOS EXT ( 2,1, K, L, M) / DT1
ENDIF
IF (DT2 .GT. 0.0) THEN

DOS RAT ( 2, K, L, M) = DOS EXT ( 2, 2, K, L, M) / DT2
ENDIF

C * * * * * * * * * * * * * * * * * CALCU LAT E 15-MI N DOS E
DOSE (1,K,L,M)=DOSEXT(1,1,K,L,M) + DOSINH(1,1,K,L,M)

C * * * * * * * * * * * * * * * * * C ALCU LAT E TOT AL DOS E
DOSE (2,K,L,M)=Dc EXT (2,1,K,L,M) + DOSINH(2,1,K,L,M) +

1 DOS 6XT(2,2,K,L,M) + DOSINH(2,2,K,L,M)
3300 CONTINUE
3400 CONTINUE
3500 CONTINUE

C++++**** WRITE DOSES AND DOSE RATES FOR EACH DISTANCE, METEOROLOGY,
C********AND MODEL

DO 4000 M=1,2
WRITE (M,3002) 'GG', IPAR, (NINT(XDIST(K)),

I ((DOSRAT(J,K,L,M),J=1,2),
2 ( DOS E ( J, K, L, M) , J=1,2 ) , L=1, 2 ) , K=1, NF T ST )

WRITE (M+10,4002) 'GG', IPAR,
1 ( ( (DOSRAT (J, K, L, M) , J=1,2 ) ,
2 (DOSE (J,K,L,M),J=1,2),L=1,2),K=1,NDIST)

4000 CONTINUE
9000 CONTINUE

C********WRITE ZERO SOURCE TERM PARTITION DOSES AND DOSE RATES FOR
C********EACH DISTANCE, METEOROLOGY, AND MODEL

DO 9100 M=1,2
WRITE (M,3002) 'GG', NPAR+1, (NINT(XDIST(K)),

1 ((ZERO,J=1,2), (ZERO,J=1,2),L=1,2),K=1,NDIST)
WRITE (M+10,4002) 'GG', NPAR+1,

1 (((ZERO,J=1,2), (ZERO,J=1,2),L=1,2),K=1,NDIST)
9100 CONTINUE

CLOSE (1)
CLOSE (2)
CLOSE (3)
CLOSE (11)
CLOSE (12)

C+**** FORMAT STATEMENTS
1001 FORMAT ( A)
2001 FORMAT (/5X,' INVENTORIES (BO) FOR EACH EVENT TYPE',

1 /1X,'NUCLIDE',4X,3(' EVENT',I2,5X))
2002 FORMAT (1X,A,1P3E12.3)
2101 FORMAT (' PROCESSING DOSE FACTORS FOR ISOTCPE')
2102 FORMAT ('+ PROCESSING DOSE FACTORS FOR ISOTCPE ',I3,' OUT OF ',I3)
2301 FORMAT (/20X,' DOSE FACTORS')
2401 FORMAT (' PROCESSING PARTITION SOURCE TERM')
2402 FORMAT ('+ PROCESSING PARTITION SOUPCE TERM ',I3,' OUT OF ',I3)
2501 FORMAT (/25X,' CHI /Q VALUES',

1 /16X,'A STABILITY, 5 M/S',EX,'T STABILITY, 1 M/S',
2 /2X,'DIST (M)',2(5X,'RAMSDELL',2X,' WILSON / REG'))

2502 FORMAT (I6,2X,2(5X,1P2E10.2))
3001 FORMAT (50X,A,' MODEL',

1 /28X,'A STABILITY, 5 M/S',24X,'F STABILITY, 1 M/S',
2 /2X,' SOURCE',2X,' DISTANCE',2(2X,'REL1',6X,'REL2',5X,
3 '15-MIN',5X,' TOTAL',5X),
4 /3X, ' TERM' ,5X, ' (M) ' ,1X,2 (IX, ' DOSE RATE ' ,2X, ' DOSE RATE ' ,3X,
5 ' DOSE ' , 6X , ' DOSE ' , 4 X ) ,
6 /1X,' PARTITION',6X,2(3X,'(SV/S)',4X,'(SV/S)',5X,
7 '(SV)',6X,'(SV)',4X),/)

3002 FORMAT (2X,A,' ',I3.3,I6,2X,1P4E10.2,2X,1P4E10.2,
1 /(8X,I6,2X,1P4E10.2,2X,1P4E10.2))

4001 FORMAT (A,' MODEL')
4002 FORMAT (A,' ',I3.3,

1 /(IPE10.2))
END
SUBROUTINE GETDF (NUCNAM, DCLD, DGRD, DINH, DING)
CHARACTER *(*) NUCNAM
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CHARACTER *7 NEWNAM
CHARACTER *26 UPPER. LOWER
DATA UPPER /'ABCDEFGHIJKLMNOPORSTUVWXYZ'/
DATA LOWER /'abcdefghi]klmnopgrstuvwxyz'/

C
C

NEWNAM=NUCNAM
DO 1000 IC=2,7

IP=INDEX (UPPER, NEWNAM(IC:IC))
IF (IP .GT. 0) NEWNAM(IC:IC)= LOWER (IP:IP)

1000 CONTINUE
DCLD = 0.0
DGRD = 0.0
DINH = 0.0
DING = 0.0
CALL READIT (NEWNAM, DCLD, DGRD, DINH, DING)
RETURN
END
SUBROUTINE READIT (NEWNAM, DCLD, DGRD, DINH, DING)

C

| * MAIN READID.FOR
I * Program illustrates the use of INDEXR.DAT file to coordinate the reading

* of the dose factor files DFNRC. INH, DFNRC.ING, DFNRC.SUB, and DFNRC.GRD.
* All files are direct access formatted flies. The INDEXR.DAT file has a
* record lengt? 102, the others are 80. See the OPEN statements below for
* other details. K.F. Eckerman 4/05/89
* Last mods 5/22/90.
* The file INDEXR.DAT contains the following information:

* Variable Descriptior. Format
* Nuke Name of nuclide A7
*7 Halflife A8
* IX Halflife units A2
* Mode Decay Modes A6
* D1 Name of daughter A7
* F1 Branching fraction E10
* D2 Name of daughter A7
* F2 Branching fraction E10
* D3 Name of daughter A7
* F3 Branching fraction E10
* ID() Pointers into flies 714

| ID(1) Record # of D1 in INDEXR.DAT*

|
"ID(2) Record # of D2 "*
"* TD(3) Record # of D3 "

">(4) Record # of Nuke in DFNRC. INH*

ID(5) " DFNRC.ING"+

ID(6) " DFNRC.SUB"*

ID(7) " DFNRC.GRD"*

.

Local variables*

CHARACTER *8 T
CHARACTER *7 Nuke, D1, D2, D3, Nukel, Nuke 2, Nuke 3, Nuke 4
CHARACTER *7 NEWNAM
CHARACTER *6 Mode
CRARACTER*2 IX
COMMON / DUMMY 1/ DI, D2, D3, NUKE 1, NUKE 2, NUKE 3, NUKE 4, MODE
COMMON / DUMMY 2/ F1, F2, F3, IX, T
DIMENSION Drinh(8),Dring(8), DFsub(8), Dfgrd(8)
DIMENSION ID(7) |
PARAMETER (Idev=10,Idf1=11,Idf2=12,Idf3=13,Idf4=14,Igrd=4,Isub=4,

Iang=4,Iinh=4,Ngrd=826,Nsub=826,Ning=738,Ninh=738,.

Ifile=1, Nfile=825).

| C Search dose factor data files for use -specified nuclide and
C print dose factors for inhalation, ingestion, submersion and

|
i C ground plane.

| C Organs: Gonads, Breast, Lung, R. Marrow,
C Bone Surface, Thyroid, Remainder, and Effective.
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C Units are:
C Inhala: ion & Ingestion: Committed dose per unit intake (Sv/Bq).
C Submecsion: Dose rate (Sv/d per Bq/m3).
C Gr-und plane: Dose rate (Sv/d per Bq/m2). |
C

1
C i

DO 100 J=1,8 1

Drinh(J)=0.0
DFing(J)=0.0
DTsub(J)=0.0
DFgrd(J)=0.0

100 CONTINUE i

REWIND 10
REWIND 11
REWIND 12
REWIND 13
REWIND 14

1000 CONTINUE
READ (10,'(A7,AB,A2,A6,3(A7,E10.0),7I4)',END=9000)

Nuke, T, IX, MODE, D1, F1, D2, F2, D3, F3, (ID(J),J=1,7).

IF (Nuke .NE. NEWNAM) GO TO 1000
IF (ID(4) .NE. 0) THEN

Do 2000 I=1,ID(4)-1
READ (11,*)

2000 CONTINUE
READ (11,'(1x,A7,1P8E9.2)') Nukel, (DFinh(3), j = 1, 8)

ENDIF
IF (ID(5) .NE. 0) TPIN

DO 3000 I=1,ID(5,-1
READ (12,*)

3000 CONTINUE
READ (12,'(1x,A7,1P8E9.2)') Nuke 2, ( DFing ( 3 ) ,3 =1, 8 )

ENDIF
IF (ID(6) .NE. 0) THEN

DO 4000 I=1,ID(6)-1
READ (13,*)

4000 CONTINUE
READ (13, ' (1x, A7,1 P8 E9. 2 ) ' ) Nuke 3, (DFsub(j),j=1,8)

ENDIF
IF (ID(7) .NE. v) THEN

DO 5000 I=1,ID(7)-1
READ (14,*)

5000 CONTINUE
READ (14,'(1x,A7,1P6E9.2)') Nuke 4, (DFgrd(3),j=1,8)

ENDIF
DCLD=DFsub(8)
DGRD=DFgrd(8)
DINH=DFinh(8)
DING =Dring(8)
WRITE (6,81) NUKE, DCLD, DGRD, DINH, Da t.

81 FORMAT (1X,A,' CLD=',1PE8.2,', GRD=',EB.2,', INH =',E8.2,
1 ', ING=',E8.2)

RETURN
9000 CONTINUE

C*****NUCLIDE NOT LOCATED
WRITE (*,*) ' > > > > > NUC LI DE NOT LOCAT ED- ' , NEWN'M
WRITE (6,*) '>>>>>NUCLIDE NOT LOCATED- ', NEWb i
STOP
END

t
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D.3 Onsite Consequences for Sourte Term Groups

Doses and dose rates were calculated for a variety of distances from the containment using the Wilson / Reg Gu!Je Model
and the Ramsdell Model as described in Section 8 These calculations were performed using the mean son.v: .:m
defined for each source term group The doses and dose ictes calculated using the Wilson / Reg Guide .s45 m del are
presented in Table D.3-1. Similar results calculated using the Ramsdell Model are presented in Table D.3-2
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TAB' E C.3-1. Dcre and Cere Aater Calculated Using Wilren/Feg. Guide Medel
A STABILITY, 5 M/S T STABILITY, 1 M/S

S7JFCE DISTANCE LEL1 EEE2 15-MIN TOTAL PErl - REE2 15-MIN TOTAE
TERM (M: ECSE RATE ECSE EATE DOSE DOSE DOSE RATE DCSE HATE DOSE ECSE

FAATITION (SV/S) (SV/S) (SV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-001 10 4.26E-01 2.09E-01 6.7CE+03 e.94E+05 2.13E+00 1.04E 00 3.35E+04 4.42E+C6
50 1.7CE-02 6.36E-03 2.6EE+02 3.54E+04 8.51E-02 4.16E-02 1.34E+C3 1.77E*05

100 7,16E-04 3.51E-04 1.13E+01 1.49E+03 2.52E-02 1.24E-02 3.97E+02 5.24E 04
250 4.40E-05 2.19E-05 7.03E-01 9.2EE+01 6.35E-03 3.11E-03 1.00E+02 1.32E+ 4
500 5.47E-06 2.69E-06 8.FIE-02 1.14E+01 2.24E-03 1.10E-03 3.52E+01 4.65E+03

G3-002 10 4.8BE-01 1.73E-01 1.30E+04 1.56E*06 2.44E+00 8.64E-01 6.51E+04 7 . 8 2 E + 'A
50 1. 95 E-02 6.91E-03 5.21E+02 6.25E+04 9.76E-02 3.46E-02 2.61E+03 3.13E+C5

100 8.21E-04 2.91E-04 2.19E+01 2.63E+03 2.69E-02 1.00E-02 7.71E+02 9.26E+C4
250 5.12E-05 1.81E-05 1.37E+00 1.64E+02 7.2EE-03 2.SSE-C3 1.94E402 2.33E+04
500 6.28E-06 2-.22E-06 1.69E-01 2.01E+01 2.56E-03 9.08E-04 6.84E+01 8.21E*03

GG-003 10 2.03E-01 2.57E-01 2.05E+03 7.60E+05 1.01E+00 1.29E+00 1.02E+04 3.80E+:6
50 8.11E-03 1.03E-02 8.19E*01 3.04E+04 4.06E-02 5.15E-02 4.09E+02 1.52E+C5

100 3.41E-04 4.33E-04 3.44E+00 1.2EE+03 1.20E-02 1.52E-02 1.21E+02 4.50E+04
250 2.13E-05 2.70E-05 2.15E-01 7.97E+01 3.02E-03 3.84E-03 3.05E+01 1.13E+04
500 2.61E-06 3.31E-06 2.63E-02 9.7BE+00 1.07E-03 1.35E-03 1.06E+01 3.99E+C3

GG-004 10 1.29E*00 1.1 E-01 6.9:E 04 3.49E+06 6.45E+00 5.52E-01 3.46E+05 1.74E+07
50 5.16E-02 4.41E-03 2.7 E+03 1.40E+05 2.5EE-01 2.21E-02 1.39E+04 6.99E+05

100 2.17E-03 1.26E-04 1.16E+C; 5.67E403 7.63E-02 6.53E-03 4.1CE+03 2.CiE*05
250 1.35E-04 1.16E-05 7.26E+ 0 3.66E+02 1.9 E-02 1.65E-03 1.03E+03 5.20E+04
500 1.66E-05 1.42E-06 E.91E-01 4.49E+0. 0.77E-03 5.80E-04 3.64E+02 1.63E+ 4

GG-001 10 7.77E-01 2.91E-01 1.32E+4 1.30E+06 3. BEE +00 1.41E+00 6.6:E+04 6.49E-06
t0 3.11E-02 1.13E-02 5.30E*C2 5.19E+;4 1.55E-01 5.63E-02 2.65E+C3 2.6CE* 5

10C 1.31E-03 4.73E-04 :.23E+C* 2.15E+03 4.6CE-02 1.67E-0: 7.64E+02 7.69E-04
250 6.15E-05 2.9tE-05 * .29E+09 1.ME**2 1.16E-02 4.20E-03 1.97E+0; .94E+04*

500 9.99E-06 3.6:E-06 1.7E-01 1.67E+:1 4.09E-03 1.46E-03 6.96E*01 6.EIE+ 3

G3-006 10 1.24E-01 1.9:E-!! 1. TEE +03 3,66E 05 6.21E-01 S.99E-01 E.2iE+03 1.93E+:6
50 4.97E-03 7.19F-03 6.62E+C1 1.46E*04 2.45E-02 3.60E-02 3.31E+02 7.3:E+ 4

100 2.09E-04 3 03E-04 2.78E+00 6.1!E+02 7.35E-03 1.06E-02 9.60E+01 2.17E+ 4
250 1.30E-05 1.89E-05 1.'4E-0. 3.94E+01 1.85E-03 2.69E-03 2.4'E+01 5.45E.'3
500 1.6CE-;6 2.3*E-06 2.13E-02 4.71E*00 6.5:E-04 9.45E-04 8.69E*C0 1.9 E+ 3

GG-007 10 1.51E-01 2.01E-01 2.54E+03 E.94E+t5 7.54E-01 1.01E+00 1.27E+04 4,47E+06
50 6.03E-03 E.05E-03 1.0:E :: 3.5EE+C4 3.02E-C2 4.03E-02 5.0EE+02 1.79E+ 5

100 2.54E-04 3.39E-04 4.27E+': 1.50E+03 8.93E-03 1.19E-02 1.5CE+02 5.30E+04
250 1 !EE-05 2.11E-05 2.f6E-C. 9.3BE+01 2.2EE-03 3.00E-03 3.79E+01 1.33E+04 *

500 1.94E-06 2.59E-0( 3.27E-02 1.15E+01 7.92E-04 1.06E-03 1.33E+01 4.70E+03

G3-008 10 0.74E-01 1.39E-01 4.93E+C3 6.4EE*05 1.37E+00 6.97E-01' 2.47E*04 3.24E*06 i

50 1.10E-02 5.5EE-03 1.97E* : 2.59E*04 5.49E-02 2.79E-02 9.86E+02 1.30E 05 |
100 4.62E-04 2.35E-04 E.29E+00 1.09E+03 1.63E-02 8.26E-03 2.92E+02 3.83E+04 |

250 2.9EE-CE 1.46E-;5 5.17E-01 6.79E+01 4.C9E-03 2.08E-03 7.35E+01 9.65E+03 |
500 3.53E-06 1.79E-06 6.34E-02 8.33E+00 1.44E-03 7.32E-04 2.59E+01 3.40E+03 |

|

G3-009 10 7.04E-C1 2.60E-01 4.26E*04 1.82E+06 3.92E400 1.30E+00 2.13E+05 9.11E+C6 'l
50 3.14E-02 1.04E-02 1.70E+03 7.29E+04 1.57E-01 5.20E-02 8.51E+03 3.64E+05

|100 1.32E-03 4.37E-04 7.16E+01 3.07E+03 4.64E-02 1.54E-02 2.52E+03 1.0EE+05
250 8.23E-05 2.73E-05 4.47E400 1.91E+02 1.17E-02 3.87E-03 6.35E+02 2.72E+04 |
500 1.01E-05 3.34E-06 5.47E-01 2.34E+01 4.12E-03 1.37E-03 2.24E+02 9.57E+03

GG-010 10 2.36E-01 7.07E-02 1.24E+03 2.83E+05 1.19E+00 3.53E-01 6.22E+03 1.41E+06
50 9.54E-03 2.83E-03 4.99E+01 1.13E+04 4.77E-02 1.41E-02 2.49E+02 5.66E+04

100 4.01E-04 1.19E-04 2.09E+00 4.76E+02 1.41E-02 4.1&E-03 7.37E+01 1.67E+04
250 2.50E-05 7.41E-06 1.31E-01 2.97E+01 3.56E-03 1.05E-03 1.86E+01 4.22E+03
500 3.07E-06 9.09E-07 1.60E-02 3.64E+00 1.25E-03 3.71E-04 6.54E+00- 1.49E+03

GG-011 10 4.30E-01 2.84E-02 1.25E+04 6.83E+05 2.ISE+00 1.42E-01 6.24E404 3.42E+06
50 1.72E-02 1.14E-03 4.99E+02 2.73E+04 8.61E-02 5.6BE-03 2.50E+03 1.37E+05

,

100 7.24E-04 4.77E-05 2.10E+01 1.15E+03 2.55E-02 1.68E-03 7.39E+02 4.0$E+04 .i
250 4.52E-05 2.96E-06 1.31E+00 7.17E+01 6.42E-03 '4.23E-04 1.86E402 1.02E*C4 1

500 5.54E-06 3.65E-07 1.61E-01 8.79E400 2.20E-03 1.49E-04 6.56E+01 3.59E+03

GG-012 10 4.93E-01 4.46E-01 1.78E+04 2.09E+06 2.46E+00 2.24E+00 B.92E+04 1.04E+07
50- 1.97E-02 1.79E-02 7.13E+02 8.35E+04 9.65E-02 8.95E-02 3.57E+03 4.18E+05 j

100 0.2BE-04 7.53E-04 3.00E+01 3.51E+03 2.92E-02 2.65E-02 1.00E403 1.24E+05 ;

250 5.17E-05 4.70E-0! 1.E7E+00 2.19E+02 7.34E-03 6.67E-03 2.66E+02 3.11E+04 ,

500 6.33E-06 !.76E-06 2.29E-01 2. 6 9E + 01 2.59E-03 2.35E-03 9.37E+01 1.10E+04 j
i
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Appendix D -

TABLE R.3-1. (cor.: f r.aed) |
A STABILITY, 5 M/S E STABILITY, 1 M/S

SOUACE DIS 0ANCE REL1 REL2 15-MIN ~CTAL REL1 REL2 15-MIN TOTAL
,'

TEMt (M) ICSE PE E LCEE RATE ICSE. TCSE LCSE RATE ICSE AATE DCSE ICSE
FAAT1 TION (SV/S) ISV/S) (SV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-013 10 3.30E-01 1.57E-01 2.06E*04 2.53E+06 1.66E+00 7.84E-01 1.03E+05 .26E+7*

50 1.33E-02 6.27E-03 6.26E+02 1.01E+05 6.64E-02 3.14E-02 4.13E*03 5.06E+0! '

200 5.59E-04 2.64E-04 3.47E+01 4.25E+03 1.97E-02 9.29E-03 1.22E+03 1.5CE*01
250 3.49E-05 1.65E-05 2.17E+00 2.65E+02 4.95E-03 2.34E-03 3.08E+02 3.77E404
500 4.27E-06 2.C2E-06 2.66E-01 3.25E+01 1.75E-03 6.24E-04 1.00E+02 1.33E+04

GG-014 10 5.74E-01 2.iOE-02 7.0eE+04 5.73E*06 2.87E+00 1.35E-01 3.54E+05 2.87E+C7
50 2.29E-02 1.08E-03 2.83E+03 2.29E+05 1.15E-01 5.39E-03 1.42E+C4 1.15E+06 ,

100 9.65E-04 4.54E-05 1.19E402 9.64E+03 3.40E-02 1.6CE-03 4.20E+03 3.39E+05
250 6.02E-05 2.83E-06 7.43E+00 6.01E+02 8.55E-03- 4.02E-04 1.06E+03 B.55E+t? .

500 7.38E-06 3.47E-07 9.11E-01 7.37E+01 3.01E-03 1.42E-04 3.72E+02 S.CIE*04

GG-015 10 4.2fE-01 7.09E-02 3.71E+03 3.73E405 2.13E+00 3.54E-01 1.87E+04 1.06E4?C
50 1.70E-02 2.83E-03 1.50E+02 1,49E+C4 8.50E-02 1.42E-02 7.49E+02 7.45E+04

100 7 15E-04 1.19E-04 6.30E+00 6.27E+02 2.52E-02 4.20E-03 2.22E+02 2.21E+04
250 4.46E-05 7.43E-06 3.93E-01 3.91E+01 6.34E-03 1.06E-03 5.5&E+01 5.56E*03
500 5.47E-06 9.11E-07 4.62E-02 4.79E+00 2.23E-03 3.72E-04 1.97E401 1.96E+03

G3-016 10 5.34E-01 2.99E-01 1.13E+04 8.95E+0.5 2.67E+00 1.5CE+00 5.65E+04 4.47E+06
50 2.14E-02 1.20E-02 4 52E+02 3.5EE404 1.07E-C1 5.99E-02 2.26E 03 1.79E+0!

100 6.99E-04 5.04E-04 1.90E+C1 1.50E+03 3.1CE-02 1.77E-02 6.69E+02 5.30E-04
250 5.61E-05 3.14E-05 1.19E + 0! 9.39E4 01 7.97E-03 4.46E-03 1.69E+02 1.33E-04
500 6.07E-06 3.05E-06 1.45E-01 1.15E*01 2.81E-03 1.57E-03 5.94E+01 4.7E+03

G3-017 10 4.93E-Oi 6.19E-01 1.84E*04 5.7EE+06 2.46E400 3.09E+00 9.22E+04 2.E9E+07
50 1.97E-02 2.47E-02 7.39E+ 2 2.J1E+05 9.86E-02 1.24E-01 3.69E+03 1.16E*06 ,

10 6.29E-04 1.04E-03 3.1CE+!1 9.73E* 03 2.92E-02 3.66E-C2 1.09E+03 3.42E+li
210 5.17E-05 6.49E-05 1.93E+0C 6.'7E+ 2 7.3EE-03 9.23E-03 2.75E+02 6.(2E* 4
500 6.34E-C6 7.96E-06 2.37E-C1 7.44E+C1 2.59E-C3 3.25E-03 9.69E+01 3,04E* 4-

G3-Cla 10 1.53E-01 6.97E-02 1.19E403 1.56E+05 7.65E-01 3.49E-01 5.97E+03 7.60E4C5
50 6.12E-03 2.79E-03 4.7?E+01 6.24E*03 3.C6E-02 1.39E-02 2.39E+02 3.12E.04

100 2.57E-04 1.17E-04 2,CIE+0 2.62E+02 9.CCE-03 4.13E-03 7.C7E+01 9.23E+03
250 1.61E-05 7.3;E-06 1.25E-01 1.64E*'I 2.2EE-03 1.04E-03 1.76E+01 2.32E+03
500 1.97E-06 8.97E-07 1.54E-02 2 LIE + ' E.04E-04 3.66E-04 C.27E+0C 8.19E* 2

G0- 019 10 2.10E-01 8.1EE-02 1.13E403 1.56E+05 1.0!E+00 4.09E-01 5.67E+03 7.79E+05
50 6.40E-03 3.27E-;3 4.54E+01 6.23E+:3 4.20E-02 1.64E-02 2.27E+02 3.12E 04

100 3.53E-04 1.3SE-C4 1.91E*00 2.62E+02 1.24E-02 4.84E-03 6.72E+01 9.23E+C3
250 2.20E-C5 8.56E-06 1.19E-C1 1.64E401 3.13E-03 1.22E-03 1.69E-01 2.32E+03
500 2.70E-06 1.05E-06 1.46E-C2 2.0CE*00 1.10E-03 4.3CE-04 5.96E400 6.19E+02

G3-020 10 3.44E-01 2.01E-01 1.64E+C3 3.59E+05 1.72E+00 1.01E+00 9.20E403 1.79E+C6 I

50 1.3EE-02 E.04E-03 7.36E*01 1.43E+04 6.09E-02 4.02E-02 3.68E+02 7.16E-04 i
100 5.79E-04 3.38E-04 3.10E+00 6.02E+02 2.04E-02 1.19E-02 1.09E+02 2.12E*04 .

250 3.61E-05 2.11E-05 1.93E-01 3.75E 01 5.14E-03 3.CCE-03 2.74E+01 5 33E+C3 !

500 4.43E-06 2.59E-06 2.37E-02 4.60E+00 1.01E-03 1.06E-03 .9.67E+00 1.ESE+03
,

GG-023 10 1.20E-01 1.33E-02 6.51E+02 '4.42E*04 B.99E-01 6.65E-02 3.26E+03 2.21E*05
50 7.19E-03 5.32E-04 2.61E*01 1.77E+03 3.60E-02 2.66E-03 1.30E+02 6.84E+C3

100 3.03E-04 2.24E-05 1.1CE+00 7.44E+C1- 1.07E-02 7.BBE-04 3.86E+01 2.62E+C3
250 1.89E-05 1.4CE-06 6.03E-02 4.64E+00 2.68E-03 1,9BE-04 9.71E+00 6.59E*02
500 2.31E-06 1.71E-07 8.38E-03 5.69E-01 9.45E-04~.6.99E-05 3.42E+00 2.32E+02 ,

EGG-022 10 1.04E-01 2.41E-02 4.82E+02 6.92E+04 5.22E-01 1.21E-01 2.41E+03 3.46E+05
'50 4.18E-03 9.65E-04 1.93E+01 2.77E+03 2.09E-02 4.83E-03 9.63E+01- 1.30E+04
100 1.76E-04 4.06E-05 8.10E-01 1.16E+02 6.18E-03 1.43E-03 2.85E401 4.09E+03
250 1.10E-05 2.53E-06 5.05E-02 7.26E400 1.56E-03 3.60E-04 7.18E+00 1.03E+03
500 1.34E-06 3.10E-07 6.19E-03 8.89E-01 5.49E-04 1.27E-04 2.53E+00 3.63E+02 '

GG-023 10 3.81E-01 8.89E-04 4.0EE+02 1.71E+04 1.90E+00 4.45E-03 2.04E+03 6.55E+04 -

'
50 - 1.52E-02 3.56E-05 1.63E+01 6.64E+02 7.62E-02 1.78E-06 8.17E+01 3. 4 2E4 03 -.

100 6.41E-04 1.50E-06 6.87E-01 2.88E+01 2.26E-02 5.27E-05 2.42E+01 1.01E+03
'

250 4.00E-05 9.33E-08 4.29E-02 1.79E+00 5.68E-03 1.33E-05 6.09E+0C 2.55E+02
500 4.90E-06 1.14E-08' 5.25E-03 2.20E-01 2.00E-03 4.67E-06 2.15E+00 8.9EE+01

GG-024 10 1.17E-01 2.41E-01- 1.66E+03 5.14E+05 5.84E-01 1.21E400- 8.31E403 2.57E+06
50 4.67E-03 9.tCE-03 6.65E+01 2.05E*04 2.33E-02 4.83E-02 3.32E+02 1.03E+05 >'

100 1.96E-04 4.06E-04 2.00E400 8.64E+02 6.91E-03 1.43E-C2 9.84E+01 3.04E*04
250 1.22E-05 .2.53E-05 1.74E-01 5.39E+01 1.74E-03 3.60E-C3 2.49E+01 7.66E+03
500- 1.50E-06 3.11E-06 2.14E-02 6.61E+00 6.13E-04 1.27E-03 2.73E+00 2.7CE+03
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Appendh D,,

TABLE L.3-1. (centinued)
A S* ABILITY. 5 M/S T STABILITY, 1 M/S

SO7FCE E lrT ANCE REL1 REL2 IE-MIN TCTAL RELI REE 15-MIN 7:*AL
-
'

TERM (M) ICSE BJJE LCSE RATE ICSE ICSE DOSE M7E DCSE RATE ICSE 2GEFAh117105 (SV/S) (SV/S) (SV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-025 10 2.17E-01 1.!9E-01 2.34E*03 3.72E+05 1.00E+00 7.94E-01 1.17E+04 !.?(E+0(50 8.66E-03 E.35E-03 9.3(E*01 1.49E404 4.33E-02 3. lee-C2 4.68E+C2 7.44E+C4100 3.64E-04 2.(7E-04 3.93E+00 6.26E+02 1.28E-02 9.41E-03 1.3EE*02 2.20E C4250 2.27E-05 1.67E-05 2.45E-01 3.90E+01 3.23E-03 2.37E-03 3.49E+01 5.!5E+:1500 2. 7 9E -0 6 2.04E-06 3.01E-02 4.79E+00 1.14E-03 8.34E-04 1.23E+01 1.9ff*03

GG-026 10 1.90E-01 6.79E-03 3.(CE+02 2.38E+C4 9.50E-01 3.40E-02 1.83E+03 1.19E 0!50 7.60E-03 2.72E-04 1.4(E+01 9.54E+02 3.80E-02 1.36E-03 .7.31E+01 4.77E+03100 3.20E-04 1.14E-Ob 6.15E-01 4.01E+01 1.13E-02 4.0 E-04 2.16E+01 1.41E+03250 1.99E-05 7.13E-07 3.83E-02 2.50E400 2.03E-03 1.01E-04 5.45E+00 3.5!E+02500 2.44E-06 8.74E-08 4.70E-03 3.07E-01 9.98E-04 3.57E-05 1.9 E+CO 1.25E+02
GG-027 10 3.19E-01 5.27E-02 9.97E+02 7.94E+04 1.60E 00 2.63E-01 4.98E+03 3.97E+0550 1.28E-02 2.11E-03 3.S9E401 3. lee +03 6.38E-02 1.05E-02 1.99E+02 1.59E+04100 5.37E-04 8.e(E-05 1.6SE+00 1.34E+02 1.89E-02 3.12E-03 5.90E+01 4.7CE+03 ;

,

250 3.35E-05 5.53E-06 1.05E-01 8.33E+00 4.76E-03 7.85E-04 1.49E+01 1.18E * 0 3 .500 4.10E-06 6.77E-07 1.28E-02 1.02E+00 1.6BE-03 2.77E-04 5.24E+00 4.17E*02
GG-006 10 7.29E-01 5.21E-02 7.03E404 2.69E+06 3.64E*00 2.61E-01 3.51E+05 1.34E+0'50 2. 91 E -0 2 2.09E-03 2 f1E+C3 1.07E*05 1.46E-01 1.04E-02 1.41E*04 5.3(E*05100 1.23E-03 E.77E-05 1.1EE+02 4.51E+03 4.31E-02 3.09E-03 4.1(E+03 1.59E+0E

25C 7.64E-05 5.47E-0( 7.37E+0C 2.61E+C2 1.09E-02 7.78E-04 1.05E+03 4.00E*04500 9.37E-06 6.71E-07 9.04E-01 3.45E+01 3.83E-03 2.74E-04 3.69E+C2 1.41E+C4
G3-029 10 2.0(E-01 9.8EE-02 5.41E+03 7.42E405 1.03E+00 4.94E-01 2.71E+04 3.71E*0650 8.05E-03 3. 95 E-03 2.16E+02 2. 97E+ 0 4 4.1:E-02 1.99E-02 1.06E+03 1.4EE+:5

r
'

ICO 3.47E-04 1.6(E-04 9.1CE+00 1.2EE+03 1.22E-02 5.85E-03 3.2CE*02 4.39E.C4250 2.1(E-05 1.04E-05 E.(PE-01 7.7EE+01 3.07E-03 1.47E-03 8.07E+C1 1.11E+04500 :.65E-06 1.07E-0( 6.9(E-02 9.54E+00 1.00E-03 5.19E-04 2.84E+C1 3,90E+C3-

C4-030 10 1.09E*00 1.0'E-01 4.3 fed 4 1.55E+0C 5.41E+00 S.35E-01 2.18E+05 7.7(E (
50 4.33E-02 4.2EE-03 1,74E+C3 C.21E*04 2.1(E-01 2.14E-02 8.71E+03 3.10E+05

ICC 1.8:E-03 1.BOE-04 7.33E+C1 2.61E+:3 6.41E-02 6.33E-03 2.!8E*03 9.19E+04250 1.14E-04 1.12E-05 4.5'E+00 1.63E+02 1.61E-02 1.19E-03 6.50E+02 2.31E+04500 1.39E-05 1.3EE-06 5.(CE-01 2.00E+01 5.66E-03 5.62E-04 2.29E+02 8.15E*03
i33-C3; 10 5.CEE-0: 1.2(E-01 1.7EE*03 5.45E+C5 2.64E-01 6.30E-01 8.8PE+03 .7?E*06 ;

50 2. 'E-03 5.04E-03 ' 10E+'I 2.1EE+04 1.14E-02 2.52E-02 3.55E+02 1.09E+0!.

'00 9.5(E-05 2.12E-04 0.99E 00 9.17E+C2 3.3(E-03 7.4fE-03 1.05E+02 3.23E+04 .!E 5.9(E-CE 1.32E-05 1.6(E-01 5.7 E+01 8.47E-04 1.89E-03 2.65E+01 8.13E*03 !
?!' 7.31E-07 1.(:E-06 0.28E-02 7.01E+00 2.98E-04 6.62E-04 9.3:E+00 2.E(E+C3

|
G3-032 Ir 1.15E+0C 2.13E-01 1.19E+05 5.99E*06 5.77E+00 1.07E+00 5.97E+05 2.99E+07

SC 4.61E-0 2.53E-03 4.7EE*03 2.40E+05 2.31E-01 4.27E-02 2.39E+04 1. 2 0E + f. 6 ,100 1.94E-03 3.59E-04 2.01E+0; 1.01E*04 6.83E-02 1.26E-02 7.07E+03 3.55E+0!250 1.21E-04 2.24E-05 1.25E+01 6.2EE+02 1.72E-02 3.1EE-03 1.79E+03 8.93E+04 t500 1.49E-05 2.74E-06 1.54E+00 7.70E*01 6.0(E+03 1.12E-03 6.27E+02 3.15E+04
>

GG-033 10 1.59E-01 P.35E-02 5.1EE+03 6.9EE+05 7 . 9(E - 01 4.19E-01 2.59E+04 3.49E+0650 6.37E-!3 3.34E-03 2.07E*02 2.79E+04 3.19E-02 1.67E-02 1.04E+03 1.40E+05100 2.6SE-04 1.41E-04 8.72E4CD 1.17E+03 9.43E-03 4.95E-03 3.07E+02 4.13E+04250 1.07E-05 8.76E-06 5.44E-01 7.32E+01 2.37E-03 1.25E-03 7.73E+01 1.04E+04500 2.05E-06 1.07E-06 6.67E-02 8.9BE+00 B.37E-04 4.39E-04 2.72E+01 3.67E+03
GG-034 10 2.14E-01 3.30E-02 3.66E+03 3.29E+05 1.07E+00 1.65E-01 1.84E404 1.64E*06 i50 8.5(E-03 1.3 E-03 1.47E+02 1.32E+04 4.28E-02 6.59E-03 7.36E+02 6.58E+04100 3.60E-04 5.54E-05 6.19E + 00 5.53E+02 1.27E-02 1.95E-03 2.18E+02 1.95E+04250 2.25E-05 3.46E-06- 3.86E-01 3.45E+01 3.19E-03 4.91E-04 5.49E+01 4.90E+03

,

500 2.75E-06 4.24E-07 4.73E-02 4.23E+00 1.12E-03 1.73E-04 1.93E+01 '1.73E+03 ;
i

1
GG-035 10 2.31E-01 7.35E-02 4.03E+04 3.81E+06 1.15E+00 3.68E-01 2.01E+05 1.90E+0750 9.24E-03 2.94E-03 1.(1E+03 1.52E+05 4.62E-02 1.47E-02 8.05E+03 7.61E405 i100 3.8eE-04 1.24E-04 6.77E+01 6.40E+03 1.37E-02 4.35E-03 2.30E+03 2.25E+0! '

250 2.42E-05 7.71E-06 4.22E*00 3.99E*02 3.44E-03 1.10E-03 6.00E402 5.67E+04 '

500 2.97E-06 9.45E-07 5.18E-01 4.89E+01 1.21E-03 3.86E-04 2.11E+02 2.00E+04
GG-036 10 2.01E-01 1.06E-01 2.53E+03 3.29E+05 1.00E+00 5.31E-01 1.27E+04 1.65E+0650 8.03E-03 4.25E-03 ~1.01E+02 1.32E+04 4.01E-02 2.13E-02 5.07E+02 6.59E+04100 3.37E-04 1.79E-04 4.26E*00 5.54E+02 1.19E-02 6.29E-03 1.50E+02 1.95E*04250 2.10E-05 1.1:E-05 2.66E-01 3.46E+01 2.99E-03 1.58E-03 3.76E-01 4.91E+03500 2.56E-06 1.37E-06 3.2(E-02 4.24E+00 1.05E-03 5.56E-04 1.33E*01 '1.73E*03
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Appendix D j pj J"j

TABLE r. 3-1. (cc r.t inued ) a

A STABILITY, 5 M/S T STAP!LITY, 1 M/S
.SO"PCE LISTANCE REL1 REL: If-MIN TOTAL EEL 1 RE'2 15-MIN TOTAL

TEMi (M) DCSE FATE LCSE FATE LC SE ECSE ECSE RATE ICSE FATE ECSE :CSE
ISAT1 TI ON (SV/S) (SV/S) (SV) (SV) (SV/S) (SV/S) (SV) fSV,

GG-037 10 1.25E-01 3.89E-02 1.58E+03 1.50E+05 6.07E-01 1.95E-01 7.92E+03 7.49E+05
|50 5.CIE-C3 1.56E-03 6.34E+01 5.99E+C3 2.51E-02 7.7EE-03 3.17E+02 3.C E 04 -

100 2.11E-04 6.54E-C5 2.66E+0C 2.52E+C 7.4 E-03 2.30E-03 9.3EE+C1 8.67E*C3
250 1.31E-C5 4.08E-06 1.6(E-01 1.57E+01 1.B7E-03 5.80E-04 2.36E401 2.23E+03
500 1.61E-06 5.00E-07 2.64E-02 1.93E+00 6.58E-04 2.04E-04 8.32E+00 7.87E+0:

GG-038 10 9.73E-02 1,62E-01 5.02E403 9.54E+05 4.86E-01 8.0EE-01 2,51E+04 4.77E+0(
50 3.89E-03 6.47E-03 2.01E+0 3.8 E+04 1.95E-02 3.23E-02 1.00E*03 1.91E*:5

100 1.(4E-04 2.72E-04 6.44E*00 1.60E+03 5.76E-03 9.57E-03 2.97E+02 5.65E*04
250 1.02E-05 1.70E-05 5.27E-01 1.00E+02 1.45E-03 2.41E-03 7.48E+01 1.42E+C4 i
500 1.25E-06 2.0EE-06 6.46E-02 1.23E+01 5.11E-04 8.49E-04 2.64E401 5. 01E+ 0;*

G3-0 3 9 10 1.03E-01 7.26E-02 9.06E+03 1.0EE+06 5.14E-01 3.63E-01 4.53E+04 5.29E+0C
50 4.11E-03 2.90E-03 3.63E+C2 4.23E*04 2.06E-02 1.45E-02 1.81E+03- 2."2E-05

100 1.73E-C4 1.22E-04 1.5 E*01 1.7EE*03 6.06E-03 4.30E-03 5.37E-02 C.27E+04 .

250 1.0EE-C5 7.61E-06 9. 51 E-01 1.11E+02 1.53E-03 1.08E-03 1.35E*02 '1.58E+C4
500 1.32E-06 9.33E-07 1.*7E-01 1.36E+0i 5.40E-04 3.81E-04 4.76E+01 5.56E.C3

G3-040 10 1.14E-01 6.33E-02 2. FEE +C3 3.94E*05 5.70E-01 4.17E-01 1.29E+04 1. 97E+ 6 .

5 4.!(E-03 3.33E-03 1.03E. 1.5SE+04 2.2EE-02 1.67E-02 5.1(E*02 7.6EE+04 *

100 1.9 E-04 1.4CE-04 4.34E+:: C.63E+0 6.75E-03 4.93E-03 1.53E+02 :.33E* 4
250 1.2CE- ! 8.74E-06 .~:E-01 4.14E+01 1.7E-03 1.24E-03 3.84E+01 5.9EE-03
500 1.4'E-06 1.5'E-0C 3.3 E-02 5.0'E+00 5.99E-04 4.3EE-C4 1.35E+01 2.C~E+ 3

GG-!41 10 (.00E-C2 6.24E-C . 1E+03 0.17E+C5 3.01E-01 3.1;E-01 6.56E+C3 1.09E !(
* '

50 2.41E- > 2.5CE-03 5 25E+C1 f.69E+C3 1. CE-02 1.25E-02 2.6 E+02 4.34E-!:
100 1.01E-C4 1.05E-04 2.;1E '' 3.65E.C: 3.5tE-03 3.7CE-03 7.77E+01 1.2 9E * ! 4
250 6.3;E-06 6.55E-C6 1.3SE-Oi 2.2?E+C1 E.9EE-:4 9.31E-04 1.96E+01 3.24E*!)
5CC 7.74E-07 6.C3E-07 1. ( 9E-( 2 2. 7 9E* 00 3.10E-04 3.26E-04 6.B9E+00 1.14E*03

G3-C40 IC 3.39E-0 2.13E-02 3.7EE*:: E.4?E+:4 1.69E-01 1.CCE-01 1.89E*03 3.24E+C5 *

50 1.3(E-C3 E.5:E-04 1.5'E*01 :.(0E.03 6.72E-C3 4.2(E-03 7.56E+01 1.3 E-04
100 5.7CE-05 3.5EE-05 C.35E-01 . 09E+;2 0.01E-03 1.20E-03 2.24E+01' 3.94E+03
25C 3.5fE-06 2.23E-C( 3.9(E-02 f.51F !0 5.05E-04 3.18E-04 5.63E+CO 9.(EE+0:-
!00 4.3CE-07 0.74E-07 4.9(E-C3 E.3fE-C1 1.iEE-04 1.1:E-04 1.95E+00 3.4*E+::

G3-043 1C 3.!!E-32 1.E1E-01 1.7EE*t3 5.41E+05 1.76E-C1 9.05E-01 8. BEE +03 0.7CE :(
$0 1.4 E-!> .24E-03 7..;E.C1 2.16E*04 7.11E-03 3.62E-02 3.55E+02 1.05E+0!

10. 5.9EE-!! 3.04E-C4 0.99E 0; 9.10E+;: 2.1CE-C3 1.07E-C2 1.05E+02 3.2fE+!4
050 3.73E-tf 1.9:E-Ci 1.8(E-01 5.f'E 01 * 30E-C4 2.70E-C3 2.EEE+01 E.06E.C3:

.

EC: 4.57E-07 2.3}E-!C 2. EE-02 6.9CE*C0 1.67E-04 9.5 E-04 9.33E+00 2.64E+ > +

G3-544 10 5.4CE-C: 1.'4E-C2 6.5:E+02 7.25E*04 2.73E-01 8.71E-02 3.20E+03. 3.C3E 05
_:
j

50 2.1EE-03 f.9fE-04 2.61E.C1 2.90E+03 1.09E-02 3.4EE-03 1.3CE402 1.45E-04
100 9.19E-C5 2.93E-05 1.1CE*00 1.22E+C 3.23E-03 1.03E-C3 3.66E+01 4. 29E * 03 - !250 5.73E-06 1.S:E-06 6.54E-C2 7.61E*00 8.14E-04 2.60E-04 9.73E+00 'I.06E+C3 '

$CC 7.0 E-07 2.24E-07 8.39E-C3 9.33E-01 2.87E-04 9.15E-05 3.43E400 3.SIE+C;

G3-045 10 3.3fE-t: E.3(E-02 7.64E+C2 2.09E*05 1.(EE-01 4.1EE-Ci 3.90E403 1.05E+06
50 1.34E-03 3.35E-03 3.14E+01 0.36E+01 6.70E-03 1.67E-02 1.57E+02 4.18E+C4

100 5.64E-05 1.41E-04 1.32E*00 3.52E+22 1.90E-C3 4.95E-03 4.64E+01 1.24E+C4
250 3.5 E-06 S.77E-06 8.23E*02 2.19E+01 5.00E-C4 1.2EE-03 1.17E+01 3.12E403
500 4.31E-07 1.06E-06 1.01E-02 2.69".00 1.76E-04 4.39E-04 4.12E+00 1.10E+03

GG-046 10 2.79E-02 1.16E-03 1.09E+02 1.61E+04 1.40E-01 2.09E-02 5.4EE+02 8.04E+C4
50 1.1 E-03 1.6?E-04 4.37E+00 6.43E+02 5.59E-03 8.36E-04 2.18E+01 3.21E+C3

100 4.70E-05 7.03E-06 1.84E-01 2.70E401 1.65E-03 2.47E-04 6.47E*00 9.5 E+C2 i
250 2.93E-06 4.36E-07 1.15E-02 1.69E+00 4.17E-04 6.23E-05 1.63E+00 2.40E+0:
500 3.59E-07 5.37E-08 1.40E-03 2.07E-01 1.47E-04 2.19E-05 5.74E-01 8.44E*01

GG-047 10 2.43E-02 1.10E-01 1.1EE+03 2.90E+05 1.22E-01 5.49E-01 5.90E+03 1.45E+C6 >
50 9.74E-04 4.39E-03 4.74E401 1.16E+04 4.87E-03 2.20E-02 2.37E+02 5.79E-04

100 4.09E-05 1.85E-04 1.99E+00 4.87E+02 1.44E-03 6.50E-03 7.01E+01 1.72E*04 i

,

250 2.55E-06 1.15E-05 1.24E-01 3.04E+01 3.63E-04 1.64E-03 1.77E+01 4.32E*03 i
. 500 3.13E-07 1.41E-06 1.52E-02 3.73E+00 1.28E-04 5.77E-04 6.22E+00 1.52E*03 |

GG-048 10 3.68E-02 7.2:E-02 8.47E+02 2.52E+05 1.84E-C1 3.61E-01 4.24E+03 1.2CE+06 +21 2,4
50 1.47E-03 2.89E-03 3.39E+01 1.01E+04 7.37E-03 1.44E-02 1.69E*02 5.04E404- #

100 6.19E-05 1.21E-04 1.40E+00 4.23E+02 2. lee-03 4.27E-03 5.00E*01 1.49E+04- *

250 3.e(E-06 7.57E-06 9.99E-02 2.64E+01 5.49E-04 1.0 E-03 1.2EE+01 3.75E4 C3 -
500 4.74E-07 9. EE-07 1.09E-00 3.24E400 1.93E-04 3.79E-04 4.45E+00 1.3;E+03

i
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Appendix D

TABLE D.3-1. ( c e nt i r.ae d)
A STADI*!TY, ! M/S F STABILITY, 1 M/S

SDURCE LISTANCE REL FEL2 li-MIN TOTAL RELI REL2 15-MIN TOTAL
TEM 4 (M) LCSE RATE 2CEE MTE CC.0E ICSE ICSE FJs*E LCSE RA*E DCSE D~ S E.

FAFTITION (S7/S) (SV/S) (SV) (SV) (SV/S) (SV/S; (SV) (57)

GG-049 10 1.22E-02 2. -03 4.08E+04 3.5GE+06 6.08E-02 1.01E-02 2.04E+Cf 1.79E+C~
50 4.86E-04 0.0eE-05 1.63E+03 1.43E+05 2.43E-03 4.04E-04 8.15E+03 7.16E 05

100 2.04E-05 3.40E-06 6.86E401 6.02E+03 7,20E-C4 1.2CE-C4 2.41E+03 2.12E+05
250 1.28E-06 2.12E-07 4.2EE+00 3.76E402 1.61E-04 3.01E-05 6.06E+02 5.34E+C4
500 1.56E-07 2.6CE-08 5.24E-01 4.61E401 6.3EE-05 1.06E-05 2.14E+C2 1.85E+04

GG-050 10 6.0$E-03 1.45E-03 1.44E404 1.41E+06 3.03E-02 7.27E-03 7.20E404 7.05E+C6
50 2.42E-04 5.81E-05 5.76E*02 5.64E+04 1.21E-03 2.91E-04 2.66E+03 2.82E+05

100 1.02E-05 2.45E-06 2.42E+01 2.37E+03 3.58E-04 6.61E-05 8.53E+02 8.35E+C4
250 6.35E-07 1.53E-07 1.51E+00 1.48E+02 9.02E-05 2.17E-05 2.15E+02 2.10E4:4
500 7.76E-08 1.87E-00 1.85E-01 1.81E+01 3.18E-05 7.64E-06 7.57E+01 7.40E403

G3-051 10 5.16E-03 2.56E-03 5.71E+03 8.32E+05 2.58E-02 1.28E-02 2.86E+04 4.16E.06
50 2.06E-04 1.03E-04 2.29E+02 3.33E+04 1.03E-03 5.13E-04 1.14E+03 1.66E+CS

100 8.67E-06 4.31E-06 9.61E*00 1.40E+03 3.05E-04 '1.52E-04 3.38E+02 4.93E+04
250 5.41E-07 2.69E-07 5.99E-01 6.73E+01 7.69E-05 3.82E-05 8.52E+01 1.24E404
500 6.63E-08 3.3CE-08 7.35E-02 1.07E+01 2.71E-05 1.35E-05 3.00E+01 4.37E*03

,

G3-0 2 10 1.21E-03 7.47E-04 6.41E402 1.22E.C5 6.07E-03 3.74E-03 4.20E+03 6.12E C!
5 4.86E-0$ 2.99E-05 3.36E+ 1 4.9:E+03 2.43E-C4 1.49E-04 1.6aE*02 2.45E*04

100 2.04E-06 1.26E-06 1.41E40; 2.06E40; 7.19E-05 4.42E-05 4.96E401 7.2EE+C3
250 1.27E-07 7.84E-05 E.52E-C2 1.2EE*01 1.SIE-05 1.11E-05 1.2EE+01 1.52E+0?
E00 1.56E-06 9.61E-09 1.0EE-02 1.57E.00 6.3EE-06 3.93E-06 4.42E+CD 6.43E+C2 e

GG-CES IC 2.69E-04 1.87E-04 1.56E+C2 2.09E+04 1.3EE-03 9.36E-04 7.92E402 1.04E+C5
'

50 1.CEE-0! 7.46E-06 6.34E : S.34E 02 5.36E-05 3.74E-05 3.17E+C1 4.17E 03
100 4.53E-07 3.15t-07 2.66E-01 3.51E.01 1.59E-05 1.11E-05 9.3EE+00 1.23E*03
250 2.62E-0E 1.96E-08 1.66E-02 2.19E*00 4.01E-C6 2.79E-06 2.36E*00 3.1"E 02
500 3.46E-C9 2.41E-09 2.04E-03 2.69E-01 1.41E-06 9.63E-07 8.32E-01 1.09E+C2 ,

G7-054 It 6.E7E-t'5 4.96E-05 2.74E*:1 3.0CE+C3 3.44E-C4 2.4EE-04 1.37E-02 1.5CE+04
50 2.75E-06 1.9EE-06 1. ICE +0. 1.2CE+02 1.37E-C5 9.91E-06 5.4EE+00 6.C;E+02

1:0 1,16E-07 E.33E-09 4.(:E-02 f.05E400 4.07E-CE 2.93E-06 1.6;E+CO 1.7EE+:2

2!: 7.21E-09 5.2CE-C9 2.E7E-03 a.15E-01 1.C2E-06 7.39E-07 4.0EE-01 4.47E-il

EC' E.04E-10 6.3~E-10 3.52E-04 3.86E-02 3.61E-07 2.60E-07 1.44E-01 1.5EE+;.

G3-051 10 0.00E4C' C.''E*C0 C.00E*C: 0.00E+00 0.00E*00 0.CCC+00 0.00E+0C 0.0 E+ 0 i

50 0.CCE+0C 0.CSE.C0 C,00E.CC 0.0CE.C0 C.CCE+C; 0.00E+00 0.0CE400 0.0CE+!
ICC 0.00E+09 0.0.E+00 0.CCE* : C.0CE.C0 '.00E+C0 0.00E+00 0.00E+00 0.00E-00
25: C.COE+00 0.00E*00 0.90E+' O.00E+00 0,00E.C0 0.00E+00 0.00E+CO 0.C:E+C0
500 C.0 E+:0 C.00E*00 0.'tE C: 0.CCE+C0 0,0CE+00 0.00E400 0.00E+00 0.CCE*''

,
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TABLE D.3-2. Ecse and Dose Fates Calculated Using Farsdell Model
A STABILITY, 5 M/S T STAP1LITY, 1 M/S

SOURCE DISTANCE FEL1 REL2 15-MIN TOTAL REL1 REL2 15-MIN TOTAL |

TEFd (M) ICSE FATE DOSE F. ATE CCSE DCSE CSE RATE DOSE RATE DCSE DCSE
PAATITION (SV/S) (SV/S) (SV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-001 10 4.39E-03 2.15E-03 6.91E*01 9.12E+03 3.21E-03 1.58E-03 5.06E+01 6.68E+C3
50 7.12E-04 3.49E-04 1.12E+01 1.48E403 5.21E-04 2.56E-04 8.21E+00 1.08E+C3

100 3.25E-04 1.60E-04 5.12E+00 6.76E+02 2.38E-04 1.17E-04 3.75E*00 4.95E+C2
250 1.15E-04 5.67E-05 1.82E+00 2.40E+02 8.46E-05 4.15E-05 1.33E+00 1.76E+C2
500 5.28E-05 2.59E-05 8.31E-01 1.10E+02 3.86E-05 1.90E-05 6.09E-01 8.03E4C1

GG-002 10 5.03E-03 1.78E-03 1.34E+02 1.61E+04 3.68E-03 1.31E-03 9.84E+01 1.18E.C4
50 0.16E-04 2.89E-04 2.18E+01 2.61E+03 5.98E-04 2.12E-04 1.60E+01 1.91E4C3

100 3.73E-04 1.32E-04 9.95E+00 1.19E+03 2.73E-04 9.67E-05 7.29E+00 8.75E+C2
250 1.32E-04 4.69E-05 3.53E+00 4.24E+02 9.70E-05 3.44E-05 2.59E+00 3.11E+0
500 6.05E-05 2.14E-05 1.62E+00 1.94E+02 4.43E-05 1.57E-05 1.18E+00 1.42E+C:

G3-003 10 2.09E-03 2.65E-03 2.11E+01 7.83E+03 1.53E-03 1.94E-03 1.55E+01 5.74E+C3
50 3.39E-04 4.3CE-04 3.42E*00 1.27E+03 2.48E-04 3.15E-04 2.31E+00 9.31E-02

100 1.55E-04 1.97E-04 1.56E+00 5.81E+02 1.13E-04 1.44E-04 1.15E+00 4.25E+C2 ;

250 5.50E-05 6.98E-05 5.55E-01 2.06E+02 4.03E-05 5.11E-05 4.07E-01 1.51E+02
500 2.51E-05 3.19E-05 2.54E-01 9.42E+01 1.84E-05 2.34E-05 1.8CE-01 6.90E-01

.

1

G3-004 10 1.33E-02 1.14E-03 7.14E402 3.6CE+04 9.73E-03 8.33E-04 5.23E+02 2.63E+C4 y
50 2.16E-03 1.85E-04 1.16E+02 5.83E+C3 1.58E-33 1.35E-04 8.48E+01 4.:7E+C3

100 9.85E-04 8.43E-05 5.29E+01 2.67E403 r.21E-04 6.18E-05 3.88E+01 1.95E+C)
250 3.5CE-04 2.99E-05 1.88E+01 9.46E-r: 2.56E-04 2.19E-05 1.30E+01 6.93E-02
500 1.CCE-04 1.37E-05 8.58E+0* 4.;;E*02 1.17E-04 1.00E-05 6.29E+00 3. lie +C;

GG-005 10 P.CIE-03 2.9CE-03 1.37E+02 1.34E+C4 5.8CE-03 2.13E-03 1.0CE+02 9.8CE+03
50 . 3CE-C3 4.71E-04 2.21E+01 ' 17E+03 9.51E-04 3.45E-04 1.62E+01 1.59E+C3.

10C 5.93E-04 0.15E-04 1.01E+01 9.9:E+02 4.35E-04 1.!8E-04 7.41E+00 7.27E*!:
250 2.11E-04 7.64E-05 J.19E+0C 3.c2E+C2 1.54E-04 5.59E-05 2.63E+CO 2.58E-02
500 9.63E-05 3.49E-05 1.04E+00 1.t1E+02 7.05E-05 2.56E-05 1.20E+00 1.18E.C2

GG-00f 10 1.28E-03 1.85E-03 1.71E+01 3.7 'E+ 03 9.38E-04 1.36E-03 1.25E+C1 2.76E C3
50 2.08E-04 3.01E-04 2.'1E+00 6.1:E+02 1.52E-04 2.2CE-04 2.03E+00 4.48E+C:

100 9.49E-C5 1.37E-04 1.:6E+0C 2.80E*02 6.95E-05 1.CIE-C4 9.26E-01 0.05E+C2
250 3.37E-05 4.88E-05 4. 4 9E-01 9.93E+C1 2.47E-05 3.57E-05 3.29E-01 7.27E+01
500 1.54E-C5 2.23E-05 2.C5E-C1 4.54E+01 1.13E-05 1.63E-05 1.5CE-01 3.32E-01

h

G3-007 10 1.5?E-03 2.08E-03 0.62E+01 9.20E+03 1.14E-03 1.52E-03 1.90E+01 6.'75E+C3
50 2.5:E-04 3.37E-04 4.2!E-00 1.5CE+03 1.85E-04 2.47E-04 3.11E+00 1.10E+C3

100 1.15E-C4 1.54E-04 1.94E+CO 6.83E402 8.44E-05 1.*3E-04 1.42E+00 5.01E.C: r

250 4.09E-C5 5.4fE-C5 6.89E-01 2.43E+02 3.00E-05 4.0CE-05 5.05E-01 1.78E+02
500 1.87E-05 2.5CE-05 3.15E-01 1.11E402 1.37E-05 1.83E-05 2.31E-01 8.12E-01

GG-008 10 2.83E-03 1.44E-03 5.05E+C1 6.67E+03 2.07E-03 1.05E-03 3.72E+01 4.e9E+03
50 4.59E-04 2.33E-04 8.2EE+00 1.08E+03 3.36E-04 1.71E-04 6.04E+00 7.93E*02 '

100 2.1CE-04 1.07E-04 3.77E+00 4.95E+02 1.54E-04 7.80E-05 2.76E+00 3.62E402
250 7.45E-C5 3.78E-05 1.34E+0C 1.7CE402 5.45E-05 2.77E-05 9.00E-01 1.29E+r2
500 3.40E-05 1.73E-Ct 6.11E-01 8.03E+01 2.49E-05 1.27E-05 4.48E-01 5.88E+0!

G3-Ot9 10 8.08E-03 2.6BE-03 4.39E 02 1.68E*04 5.9:E-03 1.96E-03 3.21E+02 1.38E*04
50 1.31E-C3 4.35E-04 7.12E*01 3.05E+03 9.60E-04 3.18E-04 5.21E+01 2.23E+C3

100 5.99E-04 1.99E-04 3.25E+01 1.39E*C3 4.39E-04 1.45E-04 2.38E+01 1.C2E+03 ,

250 2.13E-C4 7.05E-05 1.15E*01 4.94E+02 1.56E-04 5.16E-05 8.46E+00 3.62E+02
500 9.72E-05 3.22E-05 5.28E+00 2.2EE+02 7.12E-05 2.36E-05 3.87E+00 1.65E+02

GG-010 10 2.40E-03 7.28E-04 1.28E+01 2.92E+03 1.80E-03 5.34E-04 9.40E+00 -2.14E+03
50 3.99E-04 1.18E-04 2.08E+00 4.73E+02 2.92E-04 8.66E-05 1.52E+00 3.47E+02

100 1.82E-04 5.40E-05 9.51E-01 2.16E+02 1.33E-04 3.96E-05 6.97E-01 1.58E+02
250 6.47E-05 1.92E-05 3.38E-01 7.67E+01 4.74E-05 1.40E-05 2.47E-01 5.62E+01
500 2.96E-05 8.76E-06 1.54E-01 3.51E+01 2.17E-05 6.42E-06 1.13E-01 2.57E+01 ,

GG-011 10 4.44E-03 2.92E-04 1.29E+02 7.04E+03 3.25E-03 2.14E-04 9.43E+01 5.16E+03
50 7.20E-04 4.75E-05 2.09E+01 1.14E+03 5.27E-04 3.48E-05 1.53E+01 8.37E+02

100 3.29E-04 2.17E-05 9.54E+00 5,22E+02 2.41E-04 1.59E-05 6.99E+00 3.83E+CL *
'

250 1.17E-04 7.7CE-06 3.39E+00 1.85E+02 8.55E-05 5.64E-06 2.48E+00 1.36E+C2
SCO 5.34E-05 3.52E-06 1.55E+00 8.47E+01 3.91E-05 2.58E-06 1.13E+00 6.21E+01

GG-012 10 5.08E-03 4.61E-03 1.84E+02 2.15E+04 3.72E-03 3.30E-03 1.35E+02 1.58E*04
50 8.24E-04 7.49E-04 2.98E+01 3.49E+03 6.03E-04 5.40E-04 2.18E+01 2.56E+03

100 3.76E-04 3.42E-04 1.36E+01 1.60E+03 2.76E-04 2.51E-04 9.98E+00 1.17E+03
250 1.34E-04 1.21E-04 4.84E+00 5. 67E* 02 9.79E-05 8.90E-05 3.54E+00 4.15E+02
500 6.11E-05 5.55E-0; 2.21E400 2.59E,02 4.47E-05 4.06E-05 1.62E+00 1.9CE+02 f

!
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TABLE E.3-2, (centinued)
A STABILITY, 5 M/S F STAP!LITY, 1 M/S

.SCUPCE DISTANCE FEL1 REL2 10 u.1N TOTAL PELI REL2 15-MIN TCTAL
TEF.M (m ICSE FATE ICEE FATE CO* '. DCSE ECSE FATE [CEE TATE D?!E D30E

FAATITION (SV/S) (SV/S) ISV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-0;3 10 3.42E-03 1.62E-03 2.13E+d2 2.61E+04 2.51E-03 1.18E-03 1.56E*02 1.91E+C4
50 b.56E-04 2 62E-04' 3.45E+01 4.23E'c3 4.07E-04 1.92E-04 2.53E*01 3.10E+03

100 2.54E-C4 1.2CE-04 1.58E+01 1.o!E+03 1.86E-04 8.76E-05 1.16E+01 1.42E+C3
250 9.01E-05 4.26E-05 5.60E+00 6.86E+02 6.60E-05 3.12E-05 4.10E+00 5.03E.02
500 4.12E-05 1.94E-05 2.*6E+00 3.13E+02 3.02E-05 1.42E-05 1.87E400 2.30E+02

GG-014 10 5.91E-03 2.78E-04 7.30E+02 5.91E+04 4.33E-03 2.04E-04 5.35E+02 4.33E404
50 9.59E-04 4.51E-05 1.16E+02 9.59E+03 7.03E-04 3.30E-05 8.66E+01 7.02E+C3

100 4.3PE-04 2.06E-05 5.41E401 4.3EE+03 3.21E-04 1.51E-05 3.97E401 3.21E 03
250 1.56E-04 7.32E-06 1.92E+01 1.56E+03 1.14E-04 5.36E-06 1.41E401 1.14E+03
500 7.11E-05 3.34E-06 8.78E+00 7.11E+02 5.21E-05 2.45E-06 6.43E400 5.21E+ 0

GG-015 10 4.3eE-03 7.30E-04 3.86E+01 3.84E+03 3.21E-03 5.35E-04 2.83E+01 0.81E+03
50 7.11E-04 1.1EE-04 6.26E+00 6.23E+02 5.21E-04 8.68E-05 4.59E+00 4.57E*02

100 3.25E-04 5.41E-05 2.86E+00 2.85E+02 2.38E-04 3.97E-05 2.10E+00 2 09E+02 ,

'

250 1.15E-04 1.92E-05 1. 0ZE4 00 1.01E+02 8.45E-05 1.41E-05 7.44E-01 7.41E+01
500 5.27E-05 8.7EE-06 4.64E-01 4.62E+0! 3.86E-05 6.43E-06 3.40E-01 3.3eE+01

t

G7-016 10 5.51E-03 3.09E-03 1.17E+02 9.22E.03 4.03E-03 2.2(E-03 6.54E+01 6.75E+03
50 6.93E-14 5.01E-04 1.&9E+01 1.50E.03 6.540-04 3.6'E-04 1.3SE+01 1.10E+03

100 4.0EE-04 2.29E-04 E.C4E+00 6.84E+02 2.99E-04 1.6EE-t4 6.33E400 5.01E+02
250 1.4fE-C4 '.12E-C5 3.07E+00 2.43E+02 1.06E-04 5.9EE-05 2.25E+00 1.7eE+02
500 6.62E-05 3.71E-05 1.4CE+00 1.11E+;2 4.85E-05 2.72E-05 1.03E+00 B.12E401

*

GG-017 10 5.09E-03 f.3EE-03 '.90E4C2 5.96E+04 3.72E-03- 4.6?E-03 1.39E+02 4.3'E-04
50 8.24E-C4 1.03E-03 3.0EE+01 9.67E+03 6.04E-04 7.56E-04 2,20E+01 7.09E+03

100 3.7'E-04 4.73E-04 1.41E+01 4.4 E+03 2.7(E-04 ?.46E-04 1.C3E+0! 3.24E+03
250 1.34E-04 1.6EE-04 5.CCE+00 1.57E.03 9.79E-05 1.23E-04 3.66E+00 1.IEE+03
50C 6.11E-05 7. 67 E-0 5 2.29E+00 7.17E*02 4.47E-05 5.62E-05 1.67E400 5.25E*02

GG-010 10 1.58E-03 7.19E-04 1.23E+01 1.61E+03 1.16E-03 5.26E-04 9.00E+00 1.18E+03
50 2.56E-04 1.!7E-04 2.00E+00 2.61E+02 1.87E-04 E.54E-05 1.46E+00 1.91E+02

100 1.17E-04 5.33E-0!- 9.12E-01 1.19E 02 8.57E-05 3.90E-05 6.6SE-01 8 '. 7 3 E + 0 !

250 4.1!E-05 1.&9E- 5 3.24E-01 4.23E.01 3.04T-05 1.39E-05 2.37E-01 3.1CE+01 .

500 1.90E-:5 6.64E-0( I 4EE-01 1.93E+0! 1.39E-05 6.33E-06 1.06E-01 * .42E+01
7

G3- 019 10 2. ! (E-C :a 6.43E-04 '.17E+01 1.61E+C3 .59E-03 6.10E-04 8.57E+00 .1EE+03* *

50 3.51E-04 1.37E-04 1 90E*'C 2.61E+C2 2.57E-04 1.00E-04 1.39E+00 1.91E+!;
100 1.6CE-!4 6 ;fE-05 G.07E-!* 1.1?E 02 1.18E-04 4.5BE-05 6.35E-01 0.7;E*01

,

;50 5.70E-05 2.22E-05 3.02E-01 4.23E+01 4,17E-05 1.63E-05 2.26E-01 3.10E+C1 *

'

500 2.(CE-05 1.01E-05 1.41E-C1 1.93E 01 1.91E-05 7.43E-06 1.03E-01 1.42E+01

G3-020 10 3.55E-03 2.07E-03 1.9 E.01 3.69E+03 2.60E-03 1.52E-03 1.39E+01 2.7CE+03 *

50 5.7tt-C4 3.36E-04 3.0EE+tt E.98E+02 4.2;E-04 2.46E-04 2.25E+00 4.3EE+02.

100 2.63E-04 1.54E-04 1.41E+00 2.73E402 1.93E-04 1.13E-04 1.03E+00 2.00E+02 ;'

250 9.35E-05 5.4!E-05 4.99E-01 9.71E+01 6.85E-05 3.99E-05 3.66E-01 7.11E+01
500 4.27E-05 2.49E-05 2.2EE-01 4.44E+01 3.13E-05 1.83E-05 1.67E-01 3.25E+01

G3-021 10 1.95E-03 1.37E-04 6.71E+00 4.56E*02 1.36E-03 1.00E-04 4.92E+00 3.34E+02
50 3.01E-04 2,23E-05 1.0 9E + 0 0 7.40E401 2.20E-04 1.63E-05 7.9EE-01 5.42E+01

100 1.37E-04 1.00E-05. 4.98E-01 3.3EE+01 1.01E-04 7.45E-06 -3.f5E-01 2.4SE+C1
250 4.8EE-05 3.CIE-06 1.77E-01 1.20E401 3.57E-05 2.64E-06 1.29E-01 6.79E+0C
500 0.23E-05 1.65E-06 0.0EE-02 5.4BE+00 1.63E-05 1.21E-06 5.92E-02 4.02E+00

,

GG-022 10 1.0eE-03 2.49E-04 4.96E+00 7.13E402 7.88E-04 1.82E-04 3.64E+00 5.22E+02
50 1.75E-04 4.04E-05 0.05E-01 1.16E+02 1. BE-04 2.96E-05 5.90E-01 8.47E+01: .

100 7.9EE-05 1.64E-05 3.6SE-01 5.28E*01 5.84E-05 1.35E-05 2.69E-01 3.87E*01 f

250 2.83E-05 6.55E-06 1.31E-01 1.88E+01 2.00E-05 4.00E-06 '9.57E-02 1.37E+01
500 1.29E-05 2.99E-06 5.97E-02 8.57E+00 9.40E-06 2.19E-06 4.37E-02 6.28E+CD

GG-023 -10 3.93E-03 9.17E-06 4.21E+00 1.76E+02 2.86E-03 6.71E-06 3.0eE+00 1.29E402
50 6.37E-04 1.49E-06 6.83E-01 2.86E+01 4.67E-04 1.09E-06 5.00E-01 2.09E*01 1

100 2.91E-04 6.79E-07 3.12E-01 1.31E+01 2.13E-04 4.9BE-07 2.29E-01 9.57E+00 !
'

250 1.03E-04 2.41E-07 1.11E-01 4.64E400 7.57E-05 1.77E-07' 8.12E-02 J.40E+00
500 4.72E-05 1.10E-07 5.06E-02 2.12E+00 3.46E-05 8.08E-08 3.71E-02 'I.55E+00 i

. .
1

4

.2.49E-03 1.71E401 5.29E+03 8.81E-04 1.82E-03 1.25E+01 3.88E+03GG-024 10 .1.20E-03
'50 1.95E-04 4.04E-04 2.78E+00 B.59E402 1.43E-04 2.96E-04 2.04E+00 6.29E+02 I

100 8.92E-05 1.84E-04 1.27E*00 3.93E+02 6.53E-05 1.35E-04 9.30E-01 2.88E 02
250 3.17E-05 6.5?E-05 4.51E-01 1.39E+02 2.32E-05 4.80E-05 3.30E-01 1.02E402
500. 1.45E-05 2.99E-05 2.06E-01 6.37E+01 1.0(E-05 2.19E-05 1.51E-01 4.66E+01

.
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- JRAFT
TABLE D.3-2. (centinued)

A STABILITY, 5 M/S T STABILITY, 1 M/S
SOURCE EISTANCE RELI REL2 15-MIN TOTAL REL1 REL2 15-MIN T O7 A'- |

TERM (M) DCEE RATE DCSE RATE DOSE DCSE ICSE RATE DCSE RATE DCSE DCSE I
FARTITION (SV/S) (SV/S) (SV) (SV) (SV/S) (SV/S) (SV) (SV) 4

GG-025 10 2.23E-03 1.(4E-03 2.41E*01 3.84E+03 1.64E-03 1.20E-03 1.77E*01 2.81E-03
50 3.62E-04 2.6CE-04 3.91E+00 6.22E+02 2.65E-04 1.95E-04 2.66E+00 4.56E+C2

100 1.66E-04 1.21E-04 1.79E+00 2.84E*02 1.21E-04 8.89E-C5 1.31E+00 2.08E+C2
250 5.88E-05 4.31E-05 6.35E-01 1.01E+02 4.30E-05 3.1EE-05 4.65E-01 7.40E+C1
500 2.69E-05 1.97E-05 2.90E-01 4.61E+01 1.97E-05 1.44E-05 2.12E-01 3.36E+01 . )

GG-026 10 1.96E-03 7.00E-05 3.77E400 2.46E+02 1.44E-03 5.13E-05 2.76E+00 1.8CE+02
50 3.18E-04 1.14E-05 6.11E-01 3.99E+01 2.33E-04 8.32E-06 4.48E-01 2.92E*01

100 1.45E-04 5.19E-06 2.79E-01 1.82E+01 1.06E-04 3.80E-06 2.05E-01 1.33E*01 4

250 5.16E-05 1.84E-06 9.92E-02 6.47E+00 3.78E-05 2.35E-06 7.26E-02 4.74E+00 |
500 2.36E-05 8.42E-07 f.53E-02 2.96E+00 1.73E-05 6.17E-07 3.32E-02 2.1CE+00

GG-027 10 3.29E-03 5.43E-04 1.03E+01 0.18E+02 2.41E-03 3.9EE-04 7.52E+00 5.99E+C2
50 5.34E-04 8.81E-05 1.67L+00 1.33E+02 3.91E-04 6.45E-05 1.22E400 9.73E+01

100 2.44E-04 4.02E-05 7.62E-01 6.07E401 1.79E-04 2.95E-05 5.58E-01 4.44E+01
250 8.66E-05 1.43E-05 2.70E-01 2.15E+01 6.34E-05 1.05E-05 1.98E-01 1.58E40"
500 3.96E-05 6.53E-06 1.24E-01 9.84E+00 2.90E-05 4.78E-06 9.05E-02 7.21E+00

GG-028 10 7.51E-03 5.37E-04 7.24E+02 2.76E+04 5.50E-03 3.94E-04 5,31E+02 2.03E+04
50 1.22E-03 8.72E-05 1.18E*02 4.49E.C3 8.93E-04 E.39E-05 8.6*E+01 3.29E+03

100 5.57E-04 3.9EE-05 5.37E40* 2.05E+03 4.06E-04 2.92E-05 3.93E+01 1.50E*03
250 1.90E-04 1.41E-05 1.91E*01 7.2EE+02 1.45E-04 1.04E-05 1.40E+01 5.33E+02
500 9.03E-05 6.46E-06 8.71E*C0 3.32E*02 6.62E-05 4.74E-06 6.38E+00 2.44E-02

GG-029 10 2.12E-03 1.02E-03 5.5EE+01 7.65E+03 1.56E-03 7.46E-04 4.09E+01 5.60E-03
50 3.45E-04 1.65E-04 9. 5E+0C 1.24E+03 2.53E-04 1.21E-04 6.63E+00 9.09E+02

100 1.58E-04 7.55E-05 4.13E*00 5.67E+02 1.15E-04 5.53E-05 3.03E+00 4.15E*02 '
2!0 5.59E-05 2.69E-05 1.47E+00 2,01E+02 4.10E-05 1.9fE-05 1.08E+0C 1.47E+C2
500 2.56E-05 1.23E-05 E.71E-01 9.20E+01 1.87E-05 8.98E-06 4.91E-01 6.74E*01

G3-030 10 1.12E-02 1.10E-03 4.49E*02 1.60E+04 8.17E-03 8.07E-04 3.29E+02 1.17E*04 r

50 1.81E-03 1.79E-04 7.29E*01 2.59E+03 1.33E-03 1.31E-04 5.34E+01 1.90E*03
100 8.27E-04 0.17E-05 3.33E+01 1.19E+03 6.0fE-04 5.99E-05 2.44E+01 E.E8E+02
250 2.94E-04 2.90E-05 1.1EE+C1 4.21E+02 2.15E-04 2.13E-05 8.66E+00 3.0$E*02
500 1.34E-04 1.33E-05 5.40E+00 1.92E+02 9.83E-05 9.71E-06 3.96E+00 1.41E+02 |

GG-C31 10 5.8CE-04 1.30E-03 1.63E+C1 5.(2E+03 4.29E-04 9.51E-04 1 34E+01 4.12E+03
50 9.50E-05 2.11E-04 2.97E+00 9.12E*02 6.9CE-05 1.54E-04 2.17E*00 6.f5E+02

100 4.34E-05 9.62E-05 1.36E+0C 4.17E+02 3.18E-05 7.0$E-05 9.94E-01 3.05E+02
250 1.54E-05 3.42E-05 4.82E-01 1.4SE+02 1.13E-05 2.50E-05 3.53E-01 1.0eE.02 |
500 7.04E-06 1.56E-05 2.20E-01 6.76E+01 5.16E-0C 1.14E-05 1.61E-01 4.95E*01

GG-032 10 1.19E-02 2.20E-03 1.23E+03 6.17E+04 6.71E-03 1.61E-03 9.02E+02 4.52E-04
50 1.93E-03 3.57E-04 2.00E402 1.00E+04 1.41E-03 2.61E-04 1.4EE+02 7.34E+03. l

100 8.81E-04 1.f3E-04 9.13E*01 4.58E+03 6.45E-04 1.19E-04 6.68E+01 3.3EE+03 i

250 3.13E-04 5.79E-05 3.24E+01 1.62E*03 2.29E-04 4.24E-05 2.37E+01 1.19E+03. !

500 1.43E-04 2.64E-05 1.48E+01 7.42E*02 1.05E-04 1.94L-05 1.00E+01 5.44E-02

G3-033 10 1.64E-03 8.61E-04 5.34E+01 7.19E+03 1.20E-03 6.31E-04 3.91E+01 5.27E+03 !

50 2.66E-04 1.40E-04 8.67E+00 1.17E+03 1.95E-04 1.02E-04 6.35E+00 8.55E+02
100 1.22E-04 6.38E-05 3.9(E400 5.33E+02 8.91E-05 4.6BE-05 2.90E+00 3.91E+02
250 4.32E-05 2.27E-05 1.41E+00 1.89E+02 3.17E-05 1.66E-05 1.03E+00 1.39E+02
500 1.97E-05 1.04E-05 6.43E-01 8.65E+01 1.45E-05 7.59E-06 4.71E-01 6.34E+01 4

GG-034 10 2.21E-03 3.40E-04 3.79E+01 3.39E+03 1.62E-03 2.49E-04 2.78E+01 2.48E+03
50 3.56E-04 5.51E-05 6.15E+00 5.50E+02 2.62E-04 4.04E-05 4.51E+00 4.03E+02

100 1.64E-04 2.52E-05 2.81E+00 2.51E+02 1.20E-04 1.84E-05 2.06E+00 1.84E+02
250 5.81E-05 8.94E-06 9.98E-01 8.92E+01 4.25E-05 6.55E-06 7.31E-01 6.54E+01
500 2.65E-05 4.09E-06 4.56E-01 4.08E+01 1.94E-05 2.99E-06 3.34E-01 2.99E+01

GG-035 10 2.3BE-03 7.58E-04 4.15E+02 3.92E+04 1.74E-03 5.55E-04 3.04E+02 2.87E+04
50 3.00E-04 1.23E-04 6.73E+01 6.36E+03 2.83E-04 9.00E-05 4.93E+01 4.66E+03

100 1.76E-04 5.62E-05 3.08E+01 2.91E+03 1.29E-04 4.11E-05 2.2bE+01 2.13E+03
250 6.27E-05 1.99E-05 1. 0 9E4 01 1.03E+03 4.59E-05 1.46E-05 8.00E+0C 7.56E+02
500 2.86E-05 9.11 E-06 4.99E+00 4.72E+02 2.10E-05 6.67E-06 3.66E+00 3.46E+02

GG-036. 10 2.07E-03 1.10E-03 2.61E*01 3.40E+03 1.51E-03 8.02E-04 1. 91E+01 ' 2,4 9E+ 03
50 3.35E-04 1.78E-04 4.24E+00 5.51E+02 2.46E-04 1.30E-04 3.10E+00 4.04E+02.

-100 1.53E-04 8.12E-05 1.94E+00 2.52E+02 1.12E-04 5. 95 E- 0 5 1.42E+00 1.84E+02
250 5.44E-05 2.86E-05 6 97E-01 8.94E+01 3.99E-05 2.11E-05 5.03E-01 6.55E+01
500 2.49E-05. 1.32E-05 3.14E-01 4.08E+01 1.82E-05 9.f5E-06 2.3SE-01 2.99E+01
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Appenda D

]TABLE D.3-2. (cer.:inued)
A ST73:LITY, 5 M/S T STABILITY, 1 M/S

i

' S 7.'A CE DISTM;0E PEL1 REL2 15-MIN TOTAL RELI FEL2 I!-MIN TCTAL '

TEEM (M) CCSE RATE 2CSE RATE CCSE ICSE CCSE RATE TCSE RATE DOSE OCSL
EAFTITION (SV/S) (SV/0) (SV) (SV) (SV/S) (SV/S) (SV) (SV)

GG-037 10 1.29E-03 4.01E-04 1.63E+01 1.54E+03 9.46E-04 2.94E-04 1.20E+01 1.13E+03
50 2.10E-04 6.51E-05 2.65E+0C 2 51E+C2 1.54E-04 4.77E-05 1.94E+0 1.84E+02

100 9.5EE-05 2.97E-05 1.21E+00 1.15E+C2 7.01E-05 2.1EE-05 6.67E-01 e,39E+'l .

250 3.40E-05 1.06E-05 4.30E-01 4.0?E401 2.49E-05 7.73E-06 3.15E-01 2.99E+C1 !
'

500 1.55E-05 4.B E-06 1.96E-U1 1.56E+01 1.14E-05 3.53E-06 1.44E-01 1.36t+01

GG-0.i B 10 1.00E-03 1.67E-03 5.17E+01 9.83E+03 7.34E-04 1.22E-03 3.79E+01 7.20E+C3
50 1.63E-04 2.70E-04 8.39E+00 1.60E+03 1.19E-04 1.9BE-04 6.15E+00 1.17E*C3

100 7.43E-05 1.24E-04 3.84E+00 7.29E+02 5.44E-05 9.05E-05 2.21E+00 5.34E+02'
259 2.64E-05 4.39E-05 1.36E+00 2.59E+02 1.93E-05 3.21E-05- 9.96E-01 1.9CE+02
500 1.21E-05 2.00E-05 6.22E-01 1.16E+02 8.83E-06 1.47E-05 4.56E-01' 6.66E+01

i

GG-039 10 1.06E-03 7.4SE-04 9.34E*01 1.09E+04 7.7EE-04 5.46E-04 6.84E+01 7.99E+03
'

50 1.72E-04 1.21E-04 1.52E+01 1.77E403 1.2EE-04 8.89E-05 1.11E+01 1.30E+03
100 7.85E-05 5.55E-05 6.93E+00 8.09E+02 5.75E-05 4.06E-05 5.07E+00 5.93E402
250 2.79E-05 1.97E-05 2.46E+00 2.87E+02 2.04E-05 1.44E-05 1.80E+00 2.1CE+02 1

500 1.27E-05 9.00E-06 1.1 E+00 1.31E402 9.33E-06 6.59E-06 8.23E-01 9.61E+0*
.

GG-040 10 1.18E-03 0.59E-04 2.66E+01 4.06E+03 8.61E-04 f.29E-04 1.95E+01 2.99E+03 '
50 1.91E-04 1.39E-04 4.31E-CC 6.59E+0 1.40E-04 1.0 E-04 3.1EE+00 4.63E+C

100 9.72E-Ot 6.37E-05 1. 97 E * ! 0 3.01E+02 6.35E-05- 4.6(E-05 1.44E+00 2.21E+C:
250 3.0?E-C5 2.2(E-05 6.99E-!! 1.07E+0 2.27E-05 1.66E-05 5.1 E-01 7,93E+0*
500 1.41E-05 1.03E-05 3.:CE-Ci 4.59E+01 1.04E-C5 7.5(E-06 2.34E-01 3.56E*01

G3-041 10 6.20E-04 6.43E-04 1.3fE+01 2.24E+03 4.54E-04 4.71E-04 9.91E+00 1.64E+03
5C 1.01E-04 1.04E-04- 2.19E+0C -3.63E+0: 7.37E-C5 7.6EE-05 1.61E+00 2.6CE+1;

160 4.(CE-05 4.77E-05 1.00E+CC 1.6CE+02 3.37E-05 3.49E-05 7.34E-01 .1.22E+C 1

750 1.63E-05 1.69E-C! 3.56E-C1 5.E9E*01 1.20E-05 1.24E-05 2.61E-01 4.3;E+C*

E00 7.46E-06 7.74E-Of 1.63E-01 2.69E+01 5.47E-06 5.67E-06 1.19E-01 1.97E+0!

GG-04: 10 3.49E-04 :.20E-04 3. 6 9E * ' I (.69E+0: 2.5EE-04 1.61E-04 2.EEE+00 4.9 I+C2 |
50 5.(7E-05 3.5(E-05 6.3:E-01 1.09E*02 4.!!E-05 2.61E-05 4.63E-01 7.95E+!!

*00 2.59E-05 1.(3E-05 2.69E-01 4.96E+01 1.90E-05 1.19E-05 2.11E-01 3.C3E4C1
250 9.20E-0( 5.79E-C6 1.0 E-C' 1.76E+0; 6.74E-06 4.23E-06 7.51E-02 1.29E+01
E0; 4.20E-06 64E-06 4.(SE-0 6.04E+00 3.0SE-06 1.93E-06 3.43E-02 5.69E+00

G3-043 10 3.6(E-04 1.e(E-03 1.53E401 !.5?E+C3 2.66E-04 1.37E-03 1.34E+01 4.05E.C3
10 5.94E-05 1.03E-04 0.97E+C1 9.04E+C 4.3EE-05 2.22E-04 2.1EE+00 6.(CE*00

100 2.7 E-0! 1.36E-04 .36E+0C 4.13E+0: 1.99E-05 1.01E-04 9.94E-01 3.03E+0*
'

250 9.C4E-06 4.91E-05 4.9 E-01 1.4?E+0 7.CEE-06 3.60E-05 3.53E-01 1.07E+C:
ECO 4.41E-06 2.24E-0. 2. E-C1 6.70E+01 0.23E-06 1.64E-05 1.61E-01 4.91E+01

.33-044 10 5.63E-04 1.79E-C4 6.7E+0C 7.47E402 4.1;E-04 1.31E-04 4.93E+00 1.4EE+02
50 9.13E-0 5 0.91E-0! 1.09E+0C 1.21E+0 6.69E-05 2.13E-05 7.99E-01 E.6EE+:1

100 4.17E-05 1.33E-Ci 4.95E-01 5.!4E 01 3.06E-05 9.74E-06 3.65E-01 4.06E+01
25C 1.4EE-05 4.72E-06 1.?'E-0: 1.97E+01 1.09E-05 3.46E-06 1.30E-01 1.44E+;.
500 6.77E-06 2.1(E-(( E.09E-C 0.99E+00 4. 9 6E-0 6 1.58E-06 5.92E-02 6.59E400 ,

.GG-C45 10 3.45E-04 9.COE-04 E.0EE 00 2.15E+03 2.53E-04 6.31E-04 5.92E+00 1.5EE+03
50 5.60E-05 1.40E-04 1.31E.00 3.50E*0: 4.10E-05 1.02E-04 9.60E-01 2.5EE*02

100 2.56E-05 6.39E-05 5.99E-01 1.60E+02 1.88E-05 4.6EE-05 4.39E-01 1.17E+C2 I

250 9.09E-CC 2.27E-05 2.13E-01 5.67E+01 6.66E-06 1.6EE-05 1.5EE-01 4.15E+01 .

^

500 4.15E-06 1.04E-05 9.7;E-02 2.59E+01 3.04E-06 7.59E-06 7.12E-02 1.90E+01
*

GG-046 10 2.00E-04 4.31E-05 1.13E+00 1.66E+02 2.11E-04 3.15E-05 8.24E-01 1.21E+0:
SO 4.67E-05 6.99E-06 1.83E-01 2.69E401 3.42E-05 5.12E-06 1. 3 4 E-01 - 1. 97E+ 01

100 2.13E-05 3.19E-06 8.34E-02 1.23E+01 1.56E-05 2.34E-06 6.11E-02 8.99E+00 t

250 7.58E-06 1.13E-06 2.9(E-02 4.36E+00 5.55E-06 8.30E-07 2.17E-02 3.19E+00
500 3.46E-06 5.18E-07 1.35E-02 1.99E*00 2.54E-06 3.79E-07 9.92E-03 1.46E+00

GG-047 10 2.51E-04 1.13E-03 1.22E+01 2.99E+03 1.84E-04 8.29E-04 8.94E+00 2.19E+03
50 4.07E-05 1.84E-04 11.98E+00 4.84E+02 2.9EE-05 1.35E-04 1.45E+00 .3.55E+02

'

100 1.86E-05 B.39E-05 9.0$E-01 2.21E+02 1.36E-05 6.15E-05 6.63E-01 1462E+C
250 6.61E-06 2.98E-C5 3.21E-01 7.86E+01 4.84E-06' 2.IEE-05 2.35E-01 5.7EE+01 ,

500 3.02E-06 1.36E-05 1.47E-01 3.59E+01 2.21E-06 9.97E-06 1.08E-01 2.63E+01
d

GG-048 10 3.80E-04 7.44E-04 6.73E*00 2.60E+03 2.78E-04 5.45E-04 6.40E+00 1.90E+03
50 6.1CE-05 1.21E-04 1.42E400 4.21E+02 4.51E-05 8.84E-05 1.04E+00 3.0eE+02'

100 2.81E-05 5.51E-05 6.4'E-01 1.92E*02 2.06E-05 4.04E-05 4.74E-01 .1.41E+02 1

250 9.99E-06 1.9(E-05 2.3cE-01 6.83E+01 7.3;E-06 1.43E-05 1.(EE-01 5.00E+01
500 4.57E-06 S.95E-06 1.0!E-01 3.12E+C1 3.34E-06 6.55E-0( 7.69E-C2 2.29E401 .}
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wa g.?T
TABLE D.3-2. (contir.ved)A STABIL*TY, 5 M/S T STABILITY, 1 M/SSOURCE DISTANCE REL1 REL 11-MIN TOTAL PEL1 REL2 15-MIN TCTALTEM 4 (M) DCSE RATE DOSE FATE DCSE DCSE ECSE RATE DOSE RATE DOSE ECSEFAFTITICH (SV/Si (SV/S) tSV) (SV) (SV/S) (SV/S) (SV) -(EV:

GG-049 10 1.2EE-04 2.00E-05 4.20E+02 3.69E+04 9.18E-05 1.53E-05 3.06E402 2.7CE+0450 2.03E-05 3.3PE-06 6.82E+01 5.99E 03 1.49E-05 2.47E-06 4.99E*01 4.39E C3100 9.29E-06 1.54E-06 3.12E+01 2.74E+03 6.80E-06 1.13E-06 2.2BE+01 2.00E+03250 3.30E-06 5.48E-07 1.11E+01 9.72E402 2.42E-06 4.01E-07 8.1CE+00 7.12E+02500 1.51E-06 2.5CE-07 5.05E+00 4.44E+02 1.1CE-06 1.83E-07 3.70E+00 3.25E+02
GG-050 10 6.24E-05 1.5CE-05 1.48E+02 1.45E+04 4.57E-05 1.10E-05 1.09E+02 1.06E+0450 1.01E-05 2.43E-06 2.41E401 2.36E+03 7.41E-06 1.78E-06 1.76E+01 1.73E*03 i100 4.62E-06 1.11E-06 1.10E+01 1.08E+03 3.39E-06 8.14E-07 8.06E+00 7.89E+02 f250 1.64E-06 3.94E-07 3.91E+00 3.82E+02 1.20E-06 2.89E-07 2.86E+00 2.8CE+C2500 7.50E-07 1.80E-07 1.79E+00 1.75E+02 5.49E-07 1.32E-07 1.31E+00 1.28E+02

3

.GG-051 10 5.32E-05 2.64E-05 5.89E+01 8.58E+03 3.89E-05 1.94E-05 4.31E+01 6.2SE+03 '
50 8.62E-06 4.29E-06 9.55E+00 1.39E+03 6.32E-06 3.14E-06 7.00E+C0 1.02E+03100 3.94E-06 1.96E-06 4.37E400 6.36E+02 2.89E-06 1.44E-06 3.20E+00 4.66E+02250 1.4CE-06 6.96E-07 1.55E+00 2.26E+02 1.02E-06 5.10E-07 1.14E400 1.65E+02500 6.39E-07 3.16E-07 7.08E-01 1.03E+02 4.68E-07 2.33E-07 5.19E-01 7.56E401

GG-052 10 1.2EE-05 7.70E-06 8.67E+00 1.26E+03 9.16E-06 5.64E-06 6.35E+00 9.24E+0250 2.03E-06 1.2EE-06 1.41E+00 2.05E*02 1.49E-06 9.15E-07 1.C3E+00 1.50E+C2100 9.27E-07 5.71E-07 6.42E-01 9.35E+01 6.79E-07 4.18E-07 4.71E-01 6.8SE+01250 3.29E-07 2.03E-07 2.2EE-01 3.32E-01 2.41E-07 1.49E-07 1.67E-01 2.43E+01
'

$00 1.5CE-07 9.26E-08 1.04E-01 1.52E+01 1.1CE-07 6.79E-08 7.63E-02 1.11E+01
GG-053 10 2.7EE-06 1.93E-06 1.63E+CO 2.15E402 2.03E-06 1.41E-06 1.20E+00 1.57E+0250 4.50E-07 3.13E-07 2.6tE-01 3.49E+01 3.30E-07 2.29E-07 1.94E-01 2.5fE+01100 2.0(E-07 1.43E-07 1.21E-01 1.59E+01 1.51E-07 1.05E-07 6.87E-02 1.17E+01250 7.30E-08 5.00E-08- 4.3CE-02 5.66E+00 5.35E-08 3.72E-08 3.15E-02 4.14E+00

'

500 3.34E-08 2.32E-08 1.96E-02 2.58E+00 2.44E-08 1.7CE-08 1.44E-02 1.89E+00 '

GG-054 10 7.08E-07 5.11E-07 2.82E-01 3.09E+01 5.19E-07 3.74E-07 2.07E-01 2.2*E-C150 1.15E-07 8.29E-08 4.5BE-02 5.0ZE+00 8.42E-06 6.07E-06 3.36E-02 3.6EE+00 '
100 5.25E-06 3.79E-08 0.09E-02 2.29E400 3.85E-08 2.77E-08 1.53E-02 1.62E40C250 1.86E-06 1.34E-08
500 6.52E-09 6.14E-09 ~7.43E-03

6.14E-01 1.37E-08 9.BSE-09 5.44E-03 5.9fE-C13.4CE-03 3.72E-01 6.24E-09 4.5CE-09 2.49E-03 2.72E-01
,

GG-055 10 0.00E+00 0.CCE+C0 0.00E+00 0.00E400 0.00E+00 0.00E+00 0.00E+00 0.00E*0050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 C.00E+00 0.00E+00 0.00E+00 0.00E+0C100 0.00E+00 0.00E+00 0.C0E+00 0.0CE+00 0.00E+00 0.00E400 0.00E+00 0.00E+00 ;
250 0.00E+00 0.00E*00 0.00E.00 D.00E+00 0.00E+00 0.0CE+00 0.00E+00 0.00E+00500 0,00E+00 0.00E+00 0,00E+0C 0.00E+00 0.00E+00 0.00E+00 0.00E-00 C.0CE+0C ,

.
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DRAFT
Appendix E Supporting Information for die RISK Analysis

Table E-lcontains the descriptive statistics for the risk distributions for each plant damage state The distributions were
generated using a LHS sample with 200 observations The risk measures are discribed in Section 8.

Table E-1
Plant Damae State Risk Results ,

PDS Consequence Measure Descriptive Statistics

$Th PCT SOTil PCT 95TH PCT MEAN STD DEV.

Total frequency 4. lE-07 14E-06 5 6E-06 2. l E-06 2.7E-06

Total Early Fatality 3.7E-11 2 8E-09 3.9E-08 1.4E-08 5.4E-08

Total Total Lat. Cancer 4.3E-04 1.9E-03 1.2 E-02 3.8E-03 7.6E-03

Total Pop Dose within 50 miles 1.3E-03 5.3E-03 3. l E-02 9.9E-03 1.9E-02

Total Pop Dose within 1000 miles 9 9E-03 4 4E-02 2 8E-01 8.7E-02 1.7E-01

Total Indiv. Early Fatahties within 1 mile 4 2E-13 2.6E-11 3.0E-10 9 6E-Il 3 4E-10

Total Indiv. Lat. Cancers within 10 miles 2 SE-10 9 4E-10 4 8E-09 16E-09 2.4E-09

PDS l-1 Frequency 16E-09 1.4 E-08 1.9E-07 4.lE-08 8.3 E-08

PDSI-l Early Fatality 5 3E-13 2.7E 11 5.6E 10 12E 10 5.0E-10

PDSl1 Total Lat Cancer 1.7E-06 1.9E-05 3 3E-04 6 7E-05 14E-04
*

PDSl1 Pop Dose within 50 miles 5 2E-06 5 5E-05 8 3E-04 1.9E-04 4 OE-04

PDS l-1 Pop Dose within 1000 miles 4. lE-05 4 3E-04 7 4E-03 1.6E-03 3.3E-03

PDS I-l Indit Early Fatalities within 1 mile 6 4E-15 30E-13 6.9E-12 1.lE-12 2 6E 12

PDSIl Indit Lat Cancers within 10 miles 1 OE 12 1.0E-li 1.5E-10 3.0E-11 6 3E-11

PDSt2 Frequency 1.4E 10 4 3E-09 1.3E-07 2.3E-08 4.8 E-08
'

PDSI2 Early Fatality 1.1E 13 2.9E-11 13E-09 3.3E-10 16E-09

PDSI2 Total Lat. Cancer 3 4E-07 9 6E-06 3 4E-04 6.5 E-05 1.5E-04 ,

PDS12 Pop Dose within 50 miles 9 6E-07 2.5E-05 8 OE-04 16E-04 3 6E-04
'

PDS I-2 Pop Dose within 1000 miles 7 8E-06 2.2E-04 7 7E-03 1.5E-03 3.5E-03

PDSl2 indiv. Early Fatahties within 1 mile 1.4E-15 2.9E-13 1.lE-Il 2.3E-12 7.6E 12

PDSl2 indiv. Lat Cancers within 10 miles IlE-13 2.9E-12 9 7E-Il 1.8E-I l 4 2E-Il

PDSl3 Frequency 2 9E-09 1.7E-08 1,6E-07 4.4 E-08 1.2E-07

PDSI3 Early Fatality 14E-13 1.2E 10 14E-09 3.0E-10 5 7E 10

PDSl3 Total Lat. Cancer 3.lE 06 3 4E 05 2 9E-04 7.9E-05 13E-04 i

PDSI3 Pop.. Dose within 50 miles 1.0E 05 9.3E-05 7.6E-04 2.0E-04 3.5E-04

PDSI3 Pop Dose within 1000 miles 7.3E 05 7.9E-04 6.7E-03 1.8E-03 3.0E-03

PDSI-3 Indiv. Early Fatahties within 1 mile 1.8E-15 1.lE-12 1.0E 11 2.5E 12 4.5E-12

PDS)3 Indiv. Lat. Cancers within 10 miles 1.7E-12 1.1E-11 9 2E-11 2.7E-11 5.9E-11 i

PDSI-4 Frequency 4.7 E-I l 2.0E-09 3.5E-08 9.1 E-09 2.9E-08

PDS I-4 Earl) Fatality 2.9E-14 1.0E-11 3.2 E-10 6.5E-11 1.9E-10

PDS l-4 Total Lat Cancer 5 3E-08 3.7E-06 8. lE-05 1.9E-05 5 4E-05

PDSI-4 Pop. Dose within 50 miles 1.7E-07 1.0E-05 18E-04 4.8E-05 1.4 E-04

PDSI-4 Pop. Dose within 1000 miles 1.2E-06 8.5E-05 18E-03 4.4 E-04 1.3 E-03

PDSI-4 Indiv. Early Fatalities within 1 mile 3.7E-16 9.8E-14 2 5E 12 5 3E-13 1.4E 12

PDSl-4 Indit Let Cancers within 10 miles 3 9E-14 13E-12 2.4 E-I l 6.1E-12 1.9E-l l
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Appendix E

Table E-1 (continued)
Plant Damae State Risk Results

PDS Consequence Measure Descriptive Statistics

5Th PCT SOTH PCT 95Til PCT MEAN STD DEV.

PDSI-5 Frequency 4 4E-10 6 8E-09 4 8E-08 14 E-08 2 4E-08 j

PDS1-5 Early Fatality 1.2E-14 5 9E-12 14E-10 3.0E-11 5 8E-l! |
PDSI-5 Total Lat Cancer 2 8E-07 5,8E-06 5 8E-05 1.4 E-05 2.3E-05 |
PDS )-5 Pop Dose within 50 miles 1. l E-06 1.9E-05 1.5E-04 4.2 E-05 7. l E-05

PDSI-5 Pop Dose within 1000 miles 6.6E-06 1.4 E-04 1.3 E-03 3.3E-04 5 4E-04

PDSI5 Indiv. Early Fatalities within i mile 1.6E-16 6.9E-14 1.5E-12 3.lE-13 5 6E-13

PDS I-5 Indiv. Lat. Cancers within 10 miles 1.9E-13 3.3E 12 2 4E-11 7.2E-12 1.3E-11

PDS2-1 Frequency 1.3 E-08 14 E-07 1.5 E-06 3.$E-07 6.6E-07

PDS2 1 Early Fatality 2.3E-14 8 6E-11 2.5E-09 6.6E-10 2 6E-09

PDS2-1 Total Lat Cancer 1.6E-05 1.8E-04 3.0E-03 5 8E-04 12 E-03

PDS2-1 Pop. Dose within 50 miles 4 8E-05 5 2E-04 7 9E-03 1.6E-03 3.2E-03

PDS21 Pop Dose within 1000 miles 3 8E-04 4 2E-03 6 9E-02 1 4E-02 28E-02

PDS2- 1 Indiv Early Fatahties withm 1 mile 3 OE-16 1.0E-12 2 9E-11 6OE-12 1.7E 11

PDS2-1 Indiv Lat Cancers within 10 miles 7 8E 12 9.0E-Il 1 3 E-09 2.6E-10 5 0E 10

PDS2 2 Frequency 2 2E-08 1 SE-07 1.6E 06 5 $E-07 1.9E-06

PDS2-2 Early Fatality 4 6E-14 1. l E-09 2 $E-08 1.0E-08 5 OE-08

PDS2 2 Total I at Cancer 4 4E-05 3 5E-04 4 3E-03 1.7E-03 6 4E-03

PDS2-2 Pop Dose within 50 miles 1 OE-04 9.lE-04 1. l E-02 4.0E-03 1.5E-02

PDS2-2 Pop Dose within 1000 miles 1.0E-03 8 IE-03 9.8E-02 3 8E 'O 1.5E-01

PDS2 2 Indiv Early Fatahties within i mile 5 8E-16 9.9E-12 1.6E-10 6 8E 1i 3.0E-10

PDS2-2 Indiv Lat Cancers within 10 miles 1.7E 11 1 lE-10 1.7E-09 5 lE-10 1.8E-09

PDS2-3 Frequency 2.7E-09 2 9E-08 4 5E-07 1 1E-07 3.7E-07

PDS2 3 Early Fatality 18E.14 2. l E-10 4 9E-09 1 3 E-09 4.9E-09

PDS2-3 Total Lat Cancer 3.7F-06 6 4E-05 1.lE-03 2 8E-04 1.0E-03

PDS2 3 Pop Dose within 50 miles 1 2E-05 1.5E-04 2 5E-03 6.9E-04 2.5E-03

PDS2 3 Pop Dose withm l000 miles 8 7E-05 1.5E-03 2 5E-02 6 4E-03 2.3E-02

PDS2 3 Indw Early Fatahties withm 1 mile 2 3E-16 1.9E-12 3.6E-I l 9.9E-12 3 8E Il
PDS2 3 Indiv. Lat Cancers within 10 miles 18E-12 2 2E-11 3 3E-10 8 SE-11 2.6E- 10

PDS2-4 Frequency 7.7E-09 8 8E-08 7.5E-07 2 OE-07 3.0E-07

PDS2-4 Early Fatality 2OE-15 3.2E-11 1.4E-09 2.7E-10 7.4E-10

PDS2-4 Total Lat. Cancer 4 8E-06 9. 4 E-05 8 3E-04 2. lE-04 3.6E-04

PDS2-4 Pop. Dose within 50 miles 1.8E-05 3.0E-04 2.6E-03 6.8E-04 1.lE-03

PDS2-4 Pop. Dose within 1000 miles 1.1E-04 2.2E-03 2.0E-02 5 0E-03 8.4 E-03

PDS2 4 Indiv. Early Fatalities within 1 mile 2.5E 17 3.9E-13 1.6E-11 2. 8E-12 6.9E 12

PDS2-4 Indiv Lat. Cancers within 10 miles 3 4E-12 5.lE-11 4.4E-10 1.lE-10 1.5E-10

l
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DRAFT Appendix E

Table E-1 (concluded)
Plant Damse State Risk Results

PDS Consequence Measure Descriptne Statistics

5Th PCT 50T11 PCT 95Til PCT MEAN STD DEV

PDS2 5 Frequency 7 7E 11 2.7E-09 5 3E-08 1.3 E-08 3.4 E-08

PDS2 5 Early Fatality 12E 14 6 0E-12 2.3E-10 9.4E-I l 4.8E 10

PDS2-5 Total Lat. Cancer 12E-07 4 4E-06 1.2E-04 2.7E-05 8 3E-05

PDS2 5 Pop Dose within 50 miles 3 5E-07 1.3 E-05 2.9E-04 6.9E-05 2.lE-04

PDS2-5 Pop. Dose within 1000 miles 2 7E-06 iOE-04 2.8E-03 6. l E-04 1.9E-03

PDS25 Indiv. Early Fatalities within 1 mile 1.2E-16 5 2E-14 2.0E-12 6 SE-13 3 IE-12

PDS2-5 Indiv. Lat Cancers within 10 miles 6 SE-14 1.9E-12 3.9E-11 9.5E-12 2.7E 11

PDS2-6 Frequency 1.7E-11 1. l E-09 2.8E-08 7.4E-09 2.2E-08

PDS2-6 Early Fatality 8.7E 18 9.9E-13 1.0E-10 2.9E-11 1.4E 10

PDS2-6 Total Lat. Cancer 12 E-08 1.3 E-06 5 7E-05 1.2E-05 3 OE-05

PDS2-6 Pop Do.w within 50 miles 4 3E-08 4 0E-06 1 SE-04 33E-05 8.2E 05

PDS2-6 Pop Dose within 1000 miles 2.7E-07 3. l E-05 1.3 E-03 2 8E-04 6.8E-04

PDS2-6 Indiv Early Fatalities within 1 mile 1lE-19 9 9E-15 6.9E-13 2.lE-13 9.lE 13

PDS2 6 Indiv. Lat Cancers within 10 miles 1.0E-14 6.8E-13 2 4E 11 5 2E 12 1.4E-11

PDS3 1 Frequency 6 2E-08 3 7E-07 2 4E-06 7.3 E-07 1.2 E-06

PDS3 1 Early Fatality 0OE+00 0.0E+00 8 6E 11 1.0E 10 6.5E 10

PDS31 Total Lat Cancer 2 8E-05 3 6E-04 3 SE-03 8 2E-04 1.5E-03

PDS3-1 Pop. Dose within 50 miles 1 2E-04 1.0E-03 8 6E-03 2.2E-03 3.8E-03

PDS3-1 Pop Dose within 1000 miles 6 3E-04 7 8E-03 7 8E-02 18E-02 3 3E-02

PDS3-1 Indiv. Early Fatalities within 1 mile 0 0E+00 0.0E+00 1.lE-12 10E-12 6.6E-12

PDS31 Indiv.1.at Cancers within 10 miles 3 4E 11 2 6E-10 2 OE-09 5 6E 10 9 6E 10

i
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Appendix F Summary Report for Abridged Study of POS 6

For the sake of completeness, this appendix contains a letter report titled " Summary Report Grand Gulf Low Power and
Shutdown Abridged Risk Analysis, POS 6: Early Refueling " This reports documents the abridged study of the early
portion of the refueling mode of operation, referred to as POS 6, that was performed under FIN Ll679 during the Spring
of 1992. The reader is cautioned that there are many differences between the study of POS 5 and the abridged study of
POS 6 and the two studies should not be viewed as equal in scope or approach. The abridged study of POS 6 used a
much more abbreviated version of the NUREG-Il50 methodology. Some of the more important differences include:

The results from POS 6 are conditional on the occurrence of the plant damage states (PDS) defined in the*

analysis Only two PDSs were defined, LOSP and non-LOSP, and these PDSs were based on information from

a Level I coarse screening study of the Grand Gulf low power and shutdown modes of operation; the screening
study did not provide core damage frequencies Since core damage frequencies for the PDSs were not available,
the analy sis of POS 6 provide no information on the hkehhood of the accidents

Estimates of the risk associated with POS 6 were not calculated since core damage frequencies for POS 6 were*

not available.

The Accident Progression Event Tree (APET) used in the POS 6 study did not address as many events and thee

events it did include were treated less detail as compared to the POS 5 APET. Also, the POS 6 analysis
included fewer events in its uncertainty analysis, as compared to the POS 5 analysis

in the calculation of offsite consequences, the POS 6 anal) sis used an LHS sample with only 12 observations ase

opposed to the 200 observations used in the POS 5 analysis Thus, while the results from the 12 obsersations
can be used to provide an indication of the range of expected results, meaningful statistics cannot be calculated
based on this limited sample.

The onsite consequence analysis for POS 6 was based on a slightly different set of assumptions as compared to*

the onsite POS 5 analysis in both studies, the dose was based on exposure from both the immersion and the
inhalation pathways In the POS 6 analysis, the dose rate was also based on both the immersion and the
inhalation pathway s (very conservatise to include inhalation pathway in the calculation of the dose rate) whereas
in the POS 5 analysis the dose rate was only based on exposure from the immersion pathway The dose and
dose rates calculated in the two studies were based on different weather scenarios. Also, Jose and dose rates in
the containment and auuliary building were calculated in the POS 6 study, similar calculations were not
performed in the POS 5 study.
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1.0 INTRODUCTION

| 1.1 Study Obiectives

The Office of Nuclear Regulatory Research at the U. S. Nuclear Regulatory Commission
established programs to investigate postulated accidents during low power and shutdown (LP&S)

| operations of a BWR (Grand Gulf) and a PWR (Surry). One such program is a risk study of
,

accident progressions and consequences.

The objective of this study is to make a preliminary risk determination of the progressions (Level
2 analysis) and the consequences (Level 3 analysis) of accidents during low power and shutdown
operations in the Grand Gulf plant. The study was designed to obtain results for regulatory
decisions. This letter report documents the methods, Jndings, and implications of the study
done under NRC FIN L1679. A sister study of the Surry plant is reported separately by the
staff at Brookhaven National Laboratory (BNL) under NRC FIN L1680.

1.2 Scope of the Study

The abbreviated risk analysis took place from January through April 1992. The study has been
referred to as an abridged risk analysis. The term abridged means that simple event trees (about
nine top event questions) were developed and used with assumptions and other approximate
methods to compute rough estimates. The term risk means conditional consequences

(prob.%ility of the various events during the accident progressions multiplied by the
consequences), given that core damage has occurred. Traditional risk estimates, computed by ;

4

multiplying the conditional consequences and the frequency of the sequences, could not be made
at this time because the core damage frequencies have yet to be determined in companion I.evel
1 and IIRA studies. Uncertainty has been taken into account in a manner consistent with the
detail of the abridged study.

This study investigated the possible accident progressions and the associated consequences of a
single plant operating state, POS 6, an early stage of refueling, where the reactor vessel head
is removed, the steam dryers and separators are removed, the drywell is open, and the
containment is open. The sister study at BNL investigated mid-loop operation. The scope of
both studies is illustrated in Figure 1-1.

|,
1.3 Methods

In
The abridged process of computing conditional consequences is shown in Figure 1-2.

Some
general, both the study reported here and the study done at BNL follow this scheme.
differences in the details of the procedure exist and are noted at the end of Section 1.3. The

process used here is an abbreviated form of the NUREG-1150 study (1].

I

t
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Accident procressions

The calculations begin with the assumption that core damage has occurred. Given core damage,
the reasonable accident progressions are delineated with the accident progression event tree
(APET). Much of the delineation is based on information obtained from PRAs of full power
operation, knowledge of severe accident phenomena, and deterministic calculations with codes
used to compute source terms, such as MELCOR [2]. The likelihood of the various accident
progressions is reflected vis-a-vis branch point probabilities.

Branch point probabilities were assigned to reflect the likelihood of various pathways thought
to exist. In large scale risk studies, the assignment can be done by groups of expens
knowledgeable in severe accident issues. Here, because of resource limitations, most of the
assignments were done by the project staff. The probabilities are not as rigorous as they could
be but this is one of many limitations of the study to be discussed. Some lack of rigor in
determining the probabilities is taken into account by repeating the calculations with other
possible probabilities; taken together, the repeated calculations constitute an uncertainty analysis.

Through the uncertainty analysis, distributions, instead of point values, were assigned to selected
branch points. The distributions are subjective but account for many possible values of the

'

branch points. Point values are selected from the distributions with a fonn of Monte Carlo
sampling known as Latin Hypercube Sampling (LHS) [3]. After making sets of inputs, each set,
consisting of point values, is assigned to the branch points and multiplied through to the ends
of the APET. The calculations are repeated using the sets of' inputs, building a probability
distribution a. the end of each pathway.

Source terms

Having delineated accident progressions with the APET, the source tenns of the progressions
were calculated with a parametric code [4]. The parametric code is a collection of simple mass-
balance equations designed to mimic detailed source term codes. The parametric approach is
not meant to be a substitute for detailed, mechanistic computer simulations codes. Rather, it is
a framework for integrating the results of these codes together with experimental results and

expert judgment.

The parametric code determines source terms, given the characteristics of the accident
progression and other inputs (e.g., fraction of the inventory a) leaving the reactor vessel; b)
involved in core concrete interactions; c) entering the containment). Because these other
variables are imprecisely known, many reasonable values can be assigned to the inputs. As in
the APET calculations, distributions are assigned to the variables and sampled with LHS to form
many sets of input values for repeated calculations. The result is a distribution of source terms
for each accident progression pathway.

Because the estimation of the source terms is a critical component of this study, an internal
advisory group, call the Source Term Advisory Group, was formed to support this study. The

2
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members of the advisory group included: John E. Kelly (SNL), Hossein P. Nourbakhsh (BNL).
Dana A. Powers (SNL), and Trevor Pratt (BNL). The role of the Source Term Advisory Group
was to 1) provide guidance on the identification of phenomena that may be important to the
formation of the source term during these modes of operation, and 2) assess the adequacy,
relative to the study's objectives and scope, of the assumptions, methods and data used in this
study. The results of the accident progression and source term analysis were presented to and
discussed with the advisory group in two meetings during the course of this analysis.

Conseauences

Three sets of radiological consequences were determined: building dose, onsite dose (so called

parking lot dose), and offsite consequences,

I}.uildine dose was determined based on source terms derived from the parametric sourceo
term expressions. Doses in the containment and auxiliary building were estimated.

Parkinc lot dose was based on relative concentrations computed with the Ramsdell modelo
[l1), in which the release concentration is somewhat proportional to wind speed, and a1.145 [13],combination of the Wilson model (12} and the model in Regulatory Guide
in which the concentration is inversely proportional to wind speed.

Offsite consecuences were computed using the MACCS code [5,6,7].o

Uncertainty was not propagated through the consequence analysis as it was through the APET
and the source term calculations. While a sample size of 100 was used in the onsite analysis to
propagate accident progression and source term uncertainties, a reduced sample size of 12 was
used in the determination of offsite consequences.

Conditional _offsite conteauences

Conditional risk was computed by multiplying the offsite consequences by their associated
accident probability that was determined with the APET. This product of probability and
consequences was computed for each accident progression pathway. The products of the
pathways were summed. This process was repeated for each of the few samples of the source
terms. Then, high, medium, and low results were reported.

.

Differences

This study differs slightly from its sister program at BNL in three ways. (1) Here, one hundred
samples from the uncertainty distributions were propagated through the accident progression and
source term analyses whereas, in the BNL study, two hundred samples were taken. (2) Here,
twelve samples were propagated through the APET to offsite consequences whereas, in the BNL
study, twenty samples from the source term distributions were used in consequence calculations
and traced back through the APET for the probabilities needed to compute conditional risk.

3
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(3) Here, uoses in the containment and auxiliary building were calculated whereas, in the BNL
study, these calculations were thought unnecessary since the releases were assumed to pass from
the containment directly into the environment.

1.4 Limitations and Strencths of the Studv

In order to place the calculations in proper context, it is necessary to understand the strengths
and limitations of the study.

Limitations

The subject of the study is one POS, early refueling. This POS was selected for studyo
because it was identified in a preliminary Level 1 study, known as a coarse screening
analysis [8], as potentially occurring at a relatively high frequency. Also, the POS had
characteristics (i.e., reactor vessel head removed) of interest to the staff in the Office of
Nuclear Reactor Regulations at the NRC.

The abridged study is based on the coarse screening analysis where accident sequenceso
potentially having high frequencies were identified. The consequences of these sequences
were determined in the Level 2 and 3 abridged study reported here. The frequency is
not merged with the Level 2 and 3 calculations to determine risk because the numerical
value of the frequency estimate is believed to be too rough for such use.

The simple APET accounts for a limited number of factors. The APET consisted of nineo
top event questions, compared to about one hundred questions in a large scale PRA.

The onsite dose estimates stem from simple equations yielding rough estimates,o

Variables were selected and assi:ned distributions for the uncertainty analysis by theo
project staff.

Because of gaps in knowledge of the plant configuration and operator actions,o
assumptions were necessary. The assumptions are documented in the sections to follow.

Strencths

Even with the limitations noted above, the abridged study is a systematic evaluation,o
which includes a limited treatment of the uncertainty in severe accident progressions,

The source term analysis was reviewed by an internal advisory group.o

The project staff and the NRC project staff believe that the APET represents theo
occurrence of key events during accident progressions.

4
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The relationship and timing of accident progression events and factors have beeno
determined to at least a first approximation.

o Estimates of both onsite and offsite conditional consequences were made.

The sections to follow document the abridged study of the Grand Gulf plant. The discussion
above is expanded, providing important details ar.d results.

:
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2.0 ACCIDENT PROGRESSION ANALYSIS

2.1 Approach
!

The progression of accidents following core damage are analyzed in the 12 vel 2 portion of the
. PRA. In this chapter the development and quantification of the accident progression scenarios ,

will be presented. The input to the accident progression analysis is the core damage sequence
,

definitions developed in the level 1 analysis [8]. The core damage sequences define the
successes and failures of equipment and human actions that have resulted in the loss of core ,

cooling and the onset of core damage. The sequence definitions provide information on the |
istatus of core cooling systems, containment cooling systems, and containment integrity at the

time of core damage. From this information the possible accident progressions, which identify
Thesethe response of the core and the containment following core damage, are determined.

accident progressions are developed and displayed using an event tree. In this abridged analysis-
only the most important events that affect the timing and the magnitude of the radionuclide

.

release are addressed. The outputs from the accident progression analysis are the accident
progression path definitions and the likelihood, conditional en core damagr' having occurred, of
each path. In the source term analysis, the fission product release associated with each path is i

estimated. The estimation of the' source term is addressed in Chapter 3 and the resulting .

consequences are presented in Chapter 4.

In the following subsections the configuration of the plant during POS 6 w... be presented, the

important characteristics of the level I core damage sequences will be identified, and the
development of the accident progression paths will be discussed.

.

2.2 POS 6 Plant Conficuration
'

The configuration af the plant at the onset of core damage is important because it will determine
the framework witin which the accident will unfold. That is, the plant configuration will define '

the boundary conJitions for the analysis. For exampic, it will define the mitigative features of
the plant that will be available during the accident (e.g., containment, suppression pool,
containment sprays).

;

The abridged risk analysis was performed n '- early portion of the refueling mode of
'

operation, referred to as plant operating state 6 M S 6). During a refueling outage the plant
will enter POS 6 prior to loading fresh fuel (i.e , going down) and then following fuel transfer
on W way back up to power conditions (i.e., going up). In the level 1 analysis, the sequence
definitions are based on the " going down" phase because (1) more systems are likely to be
unavailable (i.e., on the way back up, maintenance and repairs may already have been ,

performed on many systems) and (2) the decay heat levels are higher and, therefore, there is less |

time to respond to events in the going down phase versus the going up phase. Thus, in this'

|
audy only the * going down" phase is analyzed. POS 6 begins when the vessel head is detached
and ends when the upper reactor cavity has been filled with water. During this POS the
following tasks are performed:

8
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1. Steam dryers are lemoved,
2. Vessel water level is lowered to the bottom of th steam lines and the steam lines are

plugged,
3. Water level is raised and the steam separators are removed, and
4. Vessel water level is raised to flood the upper reactor cavity.

Prior to this mode of operation, the containment equipment hatch and personnel locks have been
opened, the drywell head has been removed, and the drywell equipment hatch and personnel
locks have been opened. Thus, the suppression poolis effectively bypassed both from the vessel
and from the drywell (i.e., steam lines are plugged and the drywell is open).

Timing information for the initiation of the accident in POS 6 is based on Grand Gulf refueling
outage (RFO) data. Information was available for the first four RFOs. However, because of
the number of special tests that were conducted during the first refueling outage, RFO-1 was
considered atypical and, therefore, data from this outage was excluded from the analysis. Thus,
only RFO 2,3, and 4 data were used in this study. Based on this data the fastest the plant will
enter POS 6 from full power is approximately four days after shutdown and the longest the plant
has been in POS 6 (in the " going down" phase) is approximately 12 days (i.e.,16 days from
shutdown). In the level 1 analysis the time window from the initiating event to core damage
was based on the decay heat at four days. This assumption is carried through the level 2/3
analyses.

2.3 Level 1 Seouence Description

2.3.1 Sequence Description

The initial conditions for the accident progression analysis are the core damage sequence
descriptions from the level 1 analysis [8]. That is, a list of attributes that describe the status
of systems that can be used to mitigate the accident and the configuration of the plant at the time
of core damage. In the Level I coarse screening analysis the sequences were placed into three
groups: potentially high likelihood group, potentially medium likelihood group, and potentially
low likelihood group. Only sequences from the high likelihood group were analyzed in this
study. Fourteen different initiating events are associated with these sequences. A list of these
14 initiating events is presented in Table 2.3-1. The initiating events can be divided into four
major groups: Loss of Offsite Power (LOSP) Transients, Loss of Support System Transients,
IAss of Coolant Accidents (LOCAs), and Decay Heat Removal Challenges. The accident
sequences that form the input to this study all progress to core damage in the following manner.
The initiating event leads to the loss of the operating shutdown cooling system, subsequent
random failures and unavailabilities complete the loss of core cooling and injection. Without
a means to keep the core cool, the vessel inventory is lost via boiling and core damage ensues.

In the level 1 screening analysis both the emergency core cooling system (ECCS) and Makeup
(i.e., CRD and CDS) were assumed to be unavailable or unable, due to some postulated failure,

9
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to prevent core damage. Thus, only the firewater system (FW) and the standby service water :

(SSW) cross-tie were considered as potential injection systerrs.
!

In POS 6 the suppression pool can be either at its normal leul, partially drained, or empty. |

Furthermore, the suppression pool makeup system (SPMU) is no' available. Because a supply
of water to the SP is not available ECCS systems that draw water from the SP could not be .

used in a continuous mode and, therefore, it was assumed in the livel 1 analysis that these |

systems were not available to cool the core. Because the containment spray system is one mode
of the residual heat removal system (i.e., part of ECCS) and draws water from the SP, it is also
unavailable during these postulated accidents.

The CRD system has insuf0cient capacity to prevent the core inventory from boiling and,
therefore, was not considered as a means to cool the core in the 12 vel 1 screening study. Ot
should be noted, however, that if this system was used, the energy removed from the core via ,

steaming would be sufficient to prevent core damage.) While CDS has more than enough
capacity to cool the core, its unavailability due to random failures and maintenance precludes
its use as a means to cool the core.

A general description of the core damage sequences for each class of initiators is presented
below.

LOSP Transients

The LOSP initiating event leads directly to the loss of the alternate decay heat removal system ;

(ADHR). Subsequent random failures lead to the complete loss of shutdown cooling (SDC),
makeup, the standby service water and the Drewater system. With ECCS unavailable in this
POS, as a result of support system failures, the accident proceeds to core damage because of the ;

lack of core cooling.

less of Sunnort System Transients

in these sequences the initiating event leads directly to the loss of ADHR, makeup, and the
Drewater system. Subsequent random failures lead to the complete loss of SDC and the SSW
system.

'

Decay Heat Removal Challences

In these sequences the initiating event leads to the loss of the operating shutdown cooling system. |
In some of th:se sequences this system is recovered. However, subsequent random failures lead j

to the complete loss of SDC, the firewater system, and SSW.

i

10
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LOCAs That Can Be Isolated

In these sequences the isolation of the LOCA also isolates the SDC systems. Subsequent random
failures lead to the loss of both the firewater system and the standby service water cross-tie
system. _

l

i

Table 2.3-1 Grand Gulf LP&S POS 6 Initiating Events {
i

truusung Imuatmg I
'

Event Esent
Group Nomenclature Desenpuon

:

~

LoSP T1 Loss of offsne Power (1oSP) Transieni
_

less of T5B Loss of all TBCW
Support
Sptem TSC Loss of all PSW (mcludes Radial Welli

TIA Loss of all Instrument Air

Deca) ElB Isolation of SDC Loor B on!>
'

Heat
Rernos a! E2B Loss of SDC leop B onb

' #
eld isolanon of ADHRS

E2D less of ADHRS only

EIT isolaton of SDC Common Succon Lme

E2T Losi of SDC Common Succon Lme

Elv !solacon of Common Succon Lme for ADHRS

E2v less of Common Sucuon Line for ADHRS

IsolatcJ Hi Dnersion to Suppression Pool via RHR

LoCAs
J2 LOCA in Connected sprem (RHR) i

2.3.2 Plant Damace State Description

The level 1 sequences were divided into two plant damage state (PDS) groups: LOSP and
nonLOSP. This distinction is made because of the effect that the LOSP has on injection
recovery and containment closure. In the analysis of the nonLOSP PDS it is assumed that if
injection is not recovered prior to core damage, it will not be recovered during core damage.
The reason for this assumption is that there is a considerable amount of time from the initiating |

event to core damage for the operators to align and use injection systems to cool the core. If j
this has not been done by the time of core damage, there is no reason to believe that they will 4

recover core cooling during core damage. Recovery of injection is considered in the LOSP i

PDS. In these sequences offsite power is unavailable and, therefore, non-emergency systems
are unavailable to provide injection to the core. Thus, for the LOSP PDS it is assumed that if

11
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offsite power is recovered, injection can be recovered. The availability of ac power also affects '

the likelihood that the containment is closed prior to core damage. The crane that is used to
position the equipment hatch is powered with offsite ac power and, therefore, without offsite ac j

power the containment cannot be closed. If offsite power is available during the accident,
closure of the containment prior to core damage is addressed in the event tree analysis. The key
attributes associated with these two PDSs are presented in Table 2.3-2.

Table 2.3-2 Grand Gulf LP&S POS 6 Plant Damage State Attributes

PDs Atmbutes Plant Damage states (PDs)

LOsP nonLOsP
__

Offsite Power Not Available Available

vessel Head off Off

Contatnrnent integnry Open open

Drywe!! Inte;nry Open Opcn

suppressinn Pool Makeup Not Asailable Not AsatlaNe

Containment sprays Not AvailaNe Not Asailable

Containment Closure PosuNe' No Yes

injecrien Recmcr> PossiNe' Yes No

From Table 2.3-2 it can be seen that the main differences between the LOSP and nonLOSP
PDSs are 1) the containment can be closed only in the nonLOSP PDS and 2) injection can be
recovered only in the LOSP PDS. Because sequence frequencies are unavailable from the Level
1 screening analysis, the relative likelihood of the two PDSs is unavailable. The remaining
analysis that is presented in this report is conditional on the occurrence of these PDSs.

2.4 Event Tree Analysis

A simplified APET was used in this analysis to delineate and quantify the likelihood of the
possible accident progression paths. The selection of events to include in the accident
progression analysis was based on (1) insights gained from the NUREG-1150 full power PRAs
[1,9), (2) results from MELCOR calculations specifically performed for this analysis, and (3)
the plant configuration during POS 6. Events deemed important for inclusion in the APET were
events that related to containment performance and the estimation of the radionuclide release.

The APET addresses three general time regimes: prior to core damage, during core damage, and
following vessel failure. In the first time regime the issue of containment closure is addressed.
Injection recovery, core damage arrest, in-vessel steam explosions and early containment failure
are all addressed in the second time regime. The characteristics of the interaction between the
core debris release from the vessel and the reactor pedestal are addressed in the last time regime.

12
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The times associated with these time regimes are based on results from a series of MELCOR
calculations that were performed to support this analysis. The timing of key events in the
accident progression analysis is presented in Table 2.4-1.

Table 2.4-1 Accident Progression Timing

Calculauen Timing of Key Events from Inicauen of Accident (hours)

Time to Core Vessel Aux. Bids Contam.

TAF Damage Failure Failure failure

PRA MoDr1 INPUT
T

PRA Model. Contamment open 13.0 18.3 25 4 21.1 Cnt open(2)

PRA Model Contamment Fails 13 0 19 4 2R 6 No Fail. (3) 30.

MELCoR RESULTS .

Bne Case (BCFNo Aun Bldg 12.7 18 3 25 4 (1) (;t

DC s'small Aus Bldg 13 0 18 8 24.5 21.6 (2)

BC w/ Big Aus Bldg 13.0 18.8 28 6 2# 6 (2)

BC w / Contamment Closed 13,6 19 4 28 6 (1) 22 - 80

BC miuated 15 dan after sD 19.7 28 3 39 8 (1) (2)

Notes:
1. Austhar) buildmg model not incladed
2. Contamrnent is open dunng the accident
3 Contamment failure bypasses the austhar) buddmg

4 MEl.CoR PoS 6 BC Calculauon:
. Accident initiated 4 day $ after shutd0w n
- Conutnment is open Il e. eqisipment hatch and both persennel locks)
. Injecuan. shutdown coolmg. and conumment spra)s are all unasadable

5. Core damage is dermed as the first gap release
6 tar = Co!!apsed water lesel at the top of the actne fuel

,

In this table both the times estimated with MELCOR and the times assumed in this PRA are
presented. From this table it is apparent that the timings of these accidents are quite different
from accidents initiated at full power. For example, it takes approximately 18 hours to progress
from the initiation of the accident to the onset of core damage. In comparison, a fast station
blackout initiated from full power progresses to a sirnilar point in approximately I hour.
Another notable entry in this table is the predicted time of auxiliary building failure for cases
with the containment open. The building is predicted to overpressurize and fail from the
accumulation of steam and noncondensibles during core damage. The exact timing of building ,

failure depends on the volume assumed for the auxiliary building (i.e., various rooms in the
building can isolated) and the building failure pressure. For this abridged study, the auxiliary
building is estimated to fail approximately half way through the core damage process.

;

13
1

1

1
__ -- _ _ _ . __ _



DRKE
Nine events are used to characterize the accident progression. A graphical depiction of the
APET is presented in Figure 2.4-1. The first nine paths are associated with the LOSP PDS and
the remaining 7 paths (i.e., paths 10 through 16) are associated with the nonLOSP PDS. The
mean probability for each path is also presented in this figure. The path probabilities for each
PDS sum to 1.0. The nine events and a brief description of each event are presented below.

1. Is the containment closed prior to core damage?

The containment equipment hatch has been removed prior tc entry into POS 6. For the
LOSP PDS the lack of offsite ac power precludes containment closure prior to core
damage. However, for the nonLOSP PDS it is possible tnt the plant personnel will close
the containment after the initiation of the accident Fat prior to core damage. The

containment can be closed if the operators recogni7. that a problem exists early in the
accident and decide that containment closure wdi be prudent. Because it takes between
8 to 12 hours to completely close the hatch, it is necessary that the operators begin the
closure tasks within the first few hours of the accident. The equipment hatch is a pressure
seating hatch which requires the personnel closing the hatch to be in the containment.
Thus, the environment in the containment during the boiloff is an important parameter that
will affect the personnel's ability to close the containment. MELCOR calculations
performed for this analysis indicate that the temperatures in the containment during this
phase of the accident will be high (i.e., range from 100 to 140 degrees F) but not so high
that it would preclude the personnel from carrying out their tasks. It was also assumed that
the radiological environment in the containment will not preclude the closure tasks from
being performed. These assumption will have to be verified in future analysis. In this
analysis it was assumed that the containment was habitable up until the time of core
uncovery (i.e., approximately 13 hours).

2. If the containment is closed prior to core damage, does it fait prior to vessel failure?

The Grand Gulf plant utilizes a Mark Ill containment to house its BWR-6 reactor. The
containment has a volume of 1.6 million cubic feet and a design pressure of 15 psig. The
mean estimated failure pressure is 56 psig [9]. Since the containment has a relatively low
failure pressure, the pressure rise from the accumulation of steam and noncondensibles can
pose a threat to the containment integrity. Actions must also be taken to prevent the |

combustion of large quantities of hydrogen. Containment venting was not considered in
this analysis as a means to control pressure because venting would still result in an open
containment. In POS 6 the suppression pool is bypassed and, therefore, the steam and
noncondensibles are released directly into the containment atmosphere. Furthermore, the
containment sprays are not available. Thus, the containment will pressurize during the core
damage process. The peak pressure during this phase of the accident depends on the steam )

1
generation rate, the condensation rate in the containment, and the presence and magnitude
of hydrogen burns. MELCOR calculations indicate that the containment pressure can
exceed the lower range of the con'ainment failure pressure distribution if a burst of steam

|
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occurs at the time of vessel failure or if discrete hydrogen burns (not diffusion flames)
occur during the core damage phase of the accident. Because steam and bot hydrogen are
released directly into the containment in this POS, the effectiveness of the HIS to control
the accumulation of hydrogen is uncertain. Thus, it is possible that for some accident
scenarios the containment will fail early in the accident. If the containment does not fail
early, calculations indicate that it will take several days to reach the mean estimated failure
pressure of 56 psig. Therefore, it was assumed that if the containment does not fail early,
it will not fail in the time frame of this analysis.

3. If the containment fails, is the failure in the form of a leak or rupture?

The failure size will determine how fast the radionuclides are released from the
containment and the amount of radionuclides deposited within the containment.

4. Is the auxiliary building bypassed?

This question distinguishes the accidents in which the releases pass through the auxiliary
building from those accidents which result in a release from the containment directly into
the environment. The release path is important because it will affect the amount of
mitigation that the release experiences before entering the environment. Accidents in which
the containment equipn ent hatch is off will result in a release that passes through the
auxiliary building; accuents in which the containment fails bypass the auxiliary building.
Based on previous snuctural analysis of the Grand Gulf containment, it was concluded that
the most likely location for failure is the region near the junction of the dome and the
cylindrical wall [9]. A failure in this location will result in a release to the enclosure
building that surrounds the containment dome. The enclosure building has virtually no
pressure retaining capabihty and is essentially isolated from the auxiliary building.
Therefore, it is assumed that following containment failure, the release goes directly from
the containment into the environment. The retention in the containment will be fairly small
in this case because the containment fails early in the accident. The result will be
essentially an unmitigated release. If the containment is open to the auxiliary building, the
majority of the radionuclides will quickly enter the auxiliary building and the retention in
the containment will be small. For these accidents, the only significant mitigation feature
will be the auxiliary building which acts as a large holdup volume allowing time for natural
processes to remove radionuclides from the building atmosphere before being released into
the environment. The auxiliary building is predicted to overpressurize and fail from the
accumulation of steam and noncondensibles during core damage. The exact timing of
building failure depends on the volume of the auxiliary building that will pressurize (i.e.,
some rooms within the building can be isolated and therefore will not pressurize) and the
building failure pressure. For this abridged study, the auxiliary building is estimated to fail
approximately halfway through the core damage process.

15
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5. Is injection recovered prior to vessel failure?

This question is used to identify those accidents in which injection is restored to the vessel
during the core damage process. The recovery of injection allows for the possibility that
the core damage process will be arrested in the vessel (i.e., prevent vessel failure).
Injection can only be recovered for the LOSP PDS. The probability that injection is .
recovered is based on the probability that offsite ac power is recovered during core
damage.

6. If injection is recovered, when is it recovered?

The timing of injection recovery during core damage affects the likelihood that the core
damage process will be arrested before the vessel fails. For this analysis, the in vessel
phase of the accident (i.e., core damage) has been divided into three time regimes: very
early, early, and late. The very early time regime ranges from the initiation of core
damage to the onset of autocatalytic oxidation. Ifinjection is recovered during this phase
of the accident the core damage process will be arrested in the vessel and the releases will
be limited to the inventory in the gap. The early time regime ranges from onset of
autocatalytic oxidation to 30% core damage. Based on extrapolation of analysis performed
in NUREG-1150, if injection is recovered before 30% of the core has been damaged, it is
very likely that the core damage process can be arrested. Because MELCOR calculations
indicate that core damage progresses rapidly from 30% to full core damage, the late time
regime is defined as 30% core damage to vessel failure. Recovery ofinjection during this
phase of the accident will not prevent vessel failure. The time windows for each of these
time regimes is based on results from MELCOR calculations. The possibility of the reactor
going critical following the restoration of injecticn was not addressed in this abridged
analysis.

7. Does an in-vessel steam explosion occur during core damage?

In-vessel steam explosions are treated in a very limited fashion in this abridged analysis.
A primary motivation for including this question in the APET is to highlight the fact that

iin-vessel steam explosions are possible. The effect of the steam explosion on the accident
progression can be quite different from in-vessel steam explosions that occur at full power
because the steam and radionuclides that are generated during this event are released
directly into the containment atmosphere. In this analysis the treatment ofin-vessel steam ;

explosions was limited to the estimation of the source term that is associated with the debris
that participates in the steam explosions. Neither the pressure loading from in-vessel steam
explosions nor the relocation of intact fuel from the steam explosion was addressed in this
study. Both issues were beyond the scope of this abridged study. Ex-vessel steam
explosions were not considered in this analysis because the pedestal cavity below the vessel
will be essentially dry at the time of vessel failure.

i
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8. Is the core damage process arrested in the vessel?

This question addresses the cot 'ity of the core debris following injection recovery. If
the core damage process is arre. a before the vessel fails, the core debris will remain in
the vessel and core-concrete interactions (CCI) will be prevented. Because only a portion
of the core is damaged and CCI is prevented, the source term associated with recovered
accidents is typically less than the source term associated with full core damage accidents.
If injection is not restored during core damage, the accident always progresses to vessel
failure and the core debris relocates to the pedestal cavity below the vessel. The likelihood
that the core damage process is arrested before vessel failure depends on when injection
is restored during the core damage process (see question 6). Ifinjection is restored during
either the very early or early time regimes, analysis indicates that it is very likely the core
damage process will be arrested. If, on the other hand, injection is not restored until the
late time regime, it is very likely that the vessel will fail and the core debris will relocate
to the pedestal cavity.

9. Do core-concrete interactions occur following vessel failure?

Core-concrete interactions consist of the thermal and chemicalinteractions between the core
debris and the concrete pedestal. During this process the concrete is eroded and gases and
radionuclides are released from the core / concrete mixture. For the accidents analyzed in
this study, the vessel will fail and the core debris will enter the cavity if 1) injection is not
restored to vessel during core damage or 2) injection is restored during the late time
regime. The presence of water can affect CCI in two different ways. First, water can
quench the debris and prevent CCI. Second, if the debris is not quenched, the overlying
pool of water will retain some of the radionuclides released during CCI and thus, tend to
mitigate the release. Thus, for the accidents in which injection is restored but the vessel
still fails, there is some probability that the core debris will be quenched and CCI will be
prevented. The probability of this occurring is based on information from the NUREG-
1150 study [9). If injection is not restored during core damage, CCI will always proceed
in a dry cavity.

From inspection of Figure 2.41 it can be seen that there are several important differences
between the LOSP PDS and the nonLOSP PDS. In the 'LOSP PDS injection can be recovered
allowing for the possibility to arrest the core damage process in the vessel. If the vessel does
fail, it is still possible to quench the core debris in the cavity (i.e., no CCI). Thus, in many of
the LOSP accidents the ex vessel radionuclide release is prevented. The containment, however,
cannot be closed in the LOSP PDS and, therefore, the releases always pass into the auxiliary
building and then out into the environment. In the nonLOSP PDS, the containment can be
closed, however, injection cannot be recovered. Thus, all of the nonLOSP accidents identified
in the APET progress to full core damage, vessel failure, and involve CCI. In some of the
scenarios the containment is closed. However, because containment cooling (i.e., containment
sprays) is unavailable and the suppression pool is bypassed, eveu if the containment is closed
it is possible that it will fail early in the accident from pressure transients associated with events

17
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accornpanying vessel failure and hydrogen combustion. Based on information from NUREG-
1150, it is expected that the containment will fail above the auxiliary building roof. Thus, the
releases from the containment will enter the environment without first going through the
auxiliary building. Because so many of the mitigative features of the plant are bypassed in this
POS (e.g., suppression pool, containment sprays, containment), the auxiliary building plays an
important role in reducing the amount of radionuclide material that is released into the
environment. Thus, for the nonLOSP accidents there are two extremes: 1)if the containment
is closed and remains intact, the releases to the environment are expected to be very small and
2) if the containment fails, the releases to the environment are expected to be quite large because
all of the accidents involve full core damage and CCI and the releases bypass the auxiliary
building. The scenarios in which the containment is not closed are very similar to the LOSP
accidents in which injection is not recovered.

18
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3.0 SOURCE TERM ANALYSIS

3.1 Approach

A source term is estimated for each accident progression path identified in the A. PET (see Figure
2.4-1). The simple parametric source term approach that was used in NUREG-1150 to estimate
source terms is used in this study. The parametric source approach is used because 1)
information from a wide variety of sources can be used in the model,2) it is easily incorporated
into uncertainty analysis, and 3) thousands of source terms can be estimated with this model in
a very efficient manner. The parametric source term code GGSOR that was developed in
NUREG-1150 [9] was modified for this analysis. The modified parametric code is called
GGLPSOR. Modifications were made to the code to incorporate the unique plant configuration
associated with accidents initiated in POS 6. Wherever possible, data from NUREG-1150 was
used to quantify the model. Results from MELCOR were compared with both the input
distributions and the f~ mal source terms to verify that distributions developed for full power
accidents could be applied to shutdown accidents.

A limited uncertainty analysis was performed in this section of the analysis. For each accident
progression path, the model was repeatedly exercised with different combinations of selected
input variables. The distributions for these input variables were obtained, when applicable, from
NUREG-1150.

3.2 Description of P_arametric Model

The parametric source term model GGSOR that was developed in NUREG-1150 was modified
to account for unique features of POS 6 that have a strong impact on the source term. In POS
6 both the drywell head and the vessel head have been removed and the steam lines have been
plugged. Thus, during the core damage process radionuclides released from the core debris will
bypass the suppression pool and directly enter the containment. Furthermore, because most of
the internal stmetures above the core (e.g., steam dryers and separators) have been removed and
the steam lines are plugged, there is very little deposition of radionuclides in the vessel. Thus,
the mitigative features of both the vessel and the suppression pool, which are present in many
full power accident scenarios, are absent in this POS. For scenarios in which the containment
hatch is open, the residence time of the radionuclides in the containment atmosphere is fairly
short and, thus, there will be limited deposition (i.e., from gravitational settling) of radionuclides
in the contairunent. In this POS the drywell is open to the containment (i.e., the drywell hatch
is open) and, therefore, an ex-vessel release will also bypass the suppression pool. For these
accidents, the containment sprays are not available and cannot be used to scrub the releases.
Thus, the mitigative features of the vessel, suppression pool, containment sprays, and possibly
the containment, are bypassed or unavailable.

For scenarios with the containment open, the only major mitigative feature of the plant is the
auxiliary building. The auxiliary building encompasses a very large volume and, therefore, acts
as a hold up volume for the radionuclides which allows time for the radionuclides to deposit on |
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surfaces within the building. The auxiliary building can play an important role in POS 6
because so many of the other mitigative features of the plant are absent and the characteristics
of the radionuclide transport to the auxiliary building are different from the transport associated
.with full power accidents. In full power accidents the containment pressurizes to the ultimate
failure pressure and then blows down into the auxiliay/ reactor building (i.e., Peach Bottom

'

analysis in the NUREG-1150 study). Following containment failure the auxiliary building
rapidly pressurizes and fails (the failure pressure of the auxiliary building is only a few psi).
Thus, the releases are swept through the auxiliary building fairly rapidly. In the POS 6
accident scenarios the steam and radionuclides are released to the auxiliary building much more ;

slowly allowing more time for condensation and deposition. The scenarios that involve
containment closure followed by containment failure will not bene 6t from the auxiliary building .

because the containment failure location is assumed to be above the roof of the auxiliary building
[9). Thus, the releases will bypass the auxiliary building essentially resulting in an unmitigated
release.

;

Neither the normal ventilation system nor the standby gas treatment system (SBGT) were
modeled in this analysis. The 61ters and charcoal beds in the SBGT system could act to mitigate
the release or at least delay the release of radionuclides. Before credit can be given to this-
system, the capacity of the system and the performance of the filters under severe accident
conditions will have to be addressed. The analysis of this system was beyond the scope of this
study.

'

3.3 Besults
'

A source term is estimated for each path through the APET. In addition, because an uncertainty
analysis was performed, a distribution of source terms is available for each path. For the sake
of brevity, only the mean source terms, expressed as fractions of the core inventory, that enter
the environment are presented in Table 3.3-1. When reviewing this tatie, it must be
remembered that the initial inventory of radionuclides four days after shutdown is different from
the inventory typical of full power accidents. -

Inspection of Table 3.3-1 confirms that many of the releases are essentially unmitigated and,
therefore, are quite large. Table 3.3-1 also highlights some of the differences between the
various accident scenarios (i.e., paths). Paths 1 through 3 correspond to accidents in which
injection is recovered early in the accident and the core damage process is arrested in the vessel.
Thus, because only a portion of the core is damaged and there are no ex vessel releases (i.e.,
no CCI), the source terms associated with these accidents are relatively small compared to the ;

other source terms presented in this table. The notable exception is Path 14 which corresponds
,

to the scenario in which the containment is closed prior to core damage and remains intact i

throughout the accident. Because the containment remains intact, only nominal leakage occurs
'

and the resulting source term is quite small. Paths 4 through 9, on the other hand, correspond.
to full core damage accidents that have the containment open to the auxiliary building. The
source terms associated with Paths 4 and 6 tend to be lower than the other full core damage i

|source terms because the core debris is quenched in the pedestal cavity and, therefore, there are
,
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no releases associated with CCI. This difference is fairly minor, however, and the fact still
remains that these are large source terms. Paths 10 through 13 are nonLOSP accidents in which
the containment fails around the time of vessel failure. All of these accidents progress to full
core damage and CCI. The containment fails via a leak in Paths 10 and 11; the containment
ruptures in Paths 12 and 13. In all four of these scenarios the containment fails directly to the
environment (i.e., the auxiliary building is bypassed). The source terms associated with the leak
failure mode are similar to the source terms when the release passes through the auxiliary
building. In the leakage cases, the radionuclides are held up in the containment for a period of
time thus allowing a fraction of the radionuclides to settle out of the containment atmosphere.
For the mpture cases, however, the containment quickly depressurizes following containment
failure and considerably less deposition occurs. Thus, the source term associated with the
rupture cases are quite large. Paths 15 and 16 correspond to the nonLOSP cases where the
containment is not closed prior to core damage and the radionuclides pass through the auxiliary
building. These source terms are essentially the same as the LOSP full core damage source
terms.

22
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Table 3.3-1 Mean Source Terms for Accident Progression Paths (Total Release)

Path Rademxide Relesw Cimes Timmg of Releaw thr.s)

NG I Cs Te Sr Ru La Ce Da TW Tl DTI DT2

':
LOSP PDS

l 0 015 0 002 5.9E-3 I 2E-5 00 00 00 00 I .2E-7 16 3 21.1 24.0 00

2 0 072 0 012 0 018 6 3E-3 2 tE-3 3.3E 4 1.4E 4 6 71?-4 2_2E-3 16.3 21.1 4.3 00
t

,

! 3 0 072 0 OI2 0 011 6. 3 E- 3 2 IE-3 3. 3 E-4 1 4 E.4 6 7E-4 2 2E 3 16.3 21.1 4.3 00

4 0.79 0.17 0.15 0 ORi 0 027 0 O!2 3 OE-3 R.7E-3 0 011 16.3 21.1 4.3 to 0
!,

5 1.0 0.25 0.19 0.11 0 042 0.012 4.0E-3 0 011 O M7 16.3 21.1 4.3 10 0,

6 0 74 0.15 0 13 0 075 0 022 4 9E-3 1.5 E-3 7. l E 1 0 026 16 3 21.1 43 to 0,

7 1.0 0 25 0.lR 0.11 0 041 4.9E-3 2.7F 1 9 6E-3 0 042 16.3 21.1 4.3 10 0
'

R 1.0 0 25 0.25 0.16 0 08 0 012 6 4E-3 0 012 0 OR4 16.3 21.1 4.3 to 0

9 1.0 0.25 0E 0.17 0 OMR 5 4E-3 6101 0 011 0 OR9 16.3 21.1 4.3 to 0
'T,

rmnLOSP PDS

10 1.0 0 27 0.27 0 14 0 044 0 013 6 AE.3 0 011 0 0R3 17.4 30 0 2.0 10 0

11 1.0 0.2R 0.2R 0.19 0 10 6 iE-3 6 2E-3 0 011 0.0R6 17.4 30 0 2.0 10 0

12 1.0 0 62 0.63 0.40 0.22 0 029 0 016 0 027 0 19 17.4 30 0 0 05 to o

i3 1.0 0 62 0 63 0.43 0.24 0 013 0.0I4 0 025 0.20 17.4 30.0 0.05 to 0

14 5 0E-3 4.l E-7 4. l E-7 2.9E-7 1.4 E-7 9 4E-9 9.7E-9 19E R 1.4E-7 16.3 21.1 43 10 0

'
15 1.0 0.25 0.25 0.16 0.0R 0 012 6.9E.3 0 012 R .4 E-2 16.3 21.1 43 10 0 '

16 . l .0 0.25 0.25 0.17 0 0RR 5.4 E-3 6. 3 E-3 0 011 0 0R9 163 21 1 4.3 10.0

eEcs. *

1. TW = Warning Time
2. TI = Timing of first relenw

*

3. DTl = Duration of first release
4. DT2= Duraron of secord release (start immediately aber first release ends)

'
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4.0 CONSEOUENCE ANALYSIS

The consequences of a severe accident during POS 6 were calculated as part of the abridged
study. As is typically done, the offsite consequences were estimated. The onsite doses were
also estimated, which is not typically done.

An important difference between this analysis and those previously performed for full power
accidents is that the radionuchdes in the fuel have had at least four days to decay resulting in
a different inventory than that present at shutdown. ORIGEN2 [10] was used to calculate the
inventory in three different fuel assemblies, one which had been irradiated for three fuel cycles,
one which had been irradiated for two fuel cycles, and one which had been irradiated for one
fuel cycle. All fuel assemblies were then allowed to decay for four days. Based on information
from plant personnel, a fuel cycle consisted of 540 days of irradiation and 55 days of decay.
The inventory for the whole core four days after shutdown was then summed. This inventory,
which was reduced to include only the sixty radionuclides currendy available in the MACCS
code [5,6,7], was then used as the basis for both the onsite and offsite consequence calculations.
This inventory, which does not include short-lived radionuclides, is appropriate for both the
onsite and offsite analyses since the reactor has been in shutdown for at least four days at the
beginning of the accident thus allowing decay of the short-lived radionuclides.

The following sections detail the methodology and results for the onsite consequences, both in
the buildings and in the parking lot, and the offsite consequences.

4.1 Oncite Consecuenen 1

Onsite consequences have seldom been considered in the analysis of severe accidents at nuclear
power plants. During shutdown there will be hundreds of onsite personnel and, thus, onsite
consequences could be large. For this reason a method for estimating the potential doses to
onsite personnel had to be developed as part of this study. The primary simplifying assumption
of the analysis was that radioactive decay was neglected during the exposure time. This
assumption is justified by the fact that the accident under analysis typically occurs no earlier than ;

four days after shutdown by which time the decay heat curve is fairly flat. Other assumptions ;

were employed in the two aspects of the onsite consequences: (1) in building doses and (2)
j

parking lot doses. The method, assumptions, and results of the analyses are discussed in the j
followmg two sections.

!
1

4.1.1 Buildine Doses

The onsite consequences for POS 6 were estimated based on the source terms to both the i
containment and the auxiliary building that were determined with the parametric source term
code, GGLPSOR. However, since GGLPSOR calculates integral releases, the time dependence
of the two release segments of the source terms was determined from MELCOR calculations.
Three different sets of residence times (i.e., estimated time airborne material spends in the j
building) were used based on the status of the containment. The first set of residence times was l
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used if the containment was open to the auxiliary building at the time of the accident. The
residence times through both buildings were based on a MELCOR calculation modeling this
scenario. The residence time of the radioactive material in each building was directly
proportional to the volume of that building. The second set of residence times was used if the
containment ruptured directly to the environment. For this case, the same residence times were
used as in the previous scenario, however, the residence time in the auxiliary %ilding was set
to zero. In other words, the amount of time the material spent in the containment was the same
for both of these scenarios, but in the latter scenario the material did not pass through the
auxiliary building. The third set of residence times was used if the containment leaked directly
to the environment. In this case, the residence time for the first release was increased by two
hours, and again the residence time in the auxiliary building was set to zero. The residence
times used under the various conditions are summarized in Table 4.1.1-1.

Table 4.1.1-1. Residence times through the containment and auxiliary
building for Grand Gulf POS 6.

Accident Progresson Contamment Residence Contamment Residence Ausdiary Buddmg Autdiary Buddmg
Path Number Time rirst segment Time second segment Residence Time First Residence Time:

(hours) (mm) segment (hours) second segment
(hours)

LosP PDS

Paths 19 3.4 47 61 1.4

nonLoSP PDs

Path 10 4. l' 47 00 0.0

Path 11 41 47 00 0.0

Path 12 34 47 00 00

Path 13 34 47 0.0 0.0

Path 14' NC NC NC NC

Path 15 34 47 6.1 1.4

Path 16 34 47 6.1 1.4

8 Buildmg doses were not calcu|ated smcc the contamment is not open.

To estimate the doses in the buildings, the average release fraction of each chemical group was
determined for each building. The integrated concentration of each radionuclide in the buildings
was then based on the average release fraction of its chemical group and the amount of time
spen. in that building. Using the integrated concentration for each radionuclide, the immersion
and 50 year committed inhalation dose were calculated over the entire exposure time. In
addition, 'he immersion and 50 year committed inhalation dose were calculated for the first 30
minutes of exposure. These doses should be viewed with caution since the integrated
concentration in the building was based on an average concentration in the building and therefore ;

'

the time dependence of the dose is not well represented. The final result estimated in the
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buildings was a dose rate. These results should also be viewed with caution since they are also
based on average concentrations in the building. In addition, the dose rates were calculated by
dividing the total dose during a release segment by the transit time through the building. This
results in a conservative estimate of the inhalation dose rate. The mean dose due to the entire
release, the first 30 minutes of exposure, and the mean dose rates during the first and second
release segments in the containment are shown in Table 4.1.1-2 for each of the paths through
the APET. Similar estimates are shown in Table 4.1.1-3 for the auxiliary building.

Table 4.1.1-2. Grand Gulf POS 6 mean containment doses and dose rates.

Accu $ent Path Condiconal Consequence Measure

Progresuon Path ProbabJiry

Number Total Dose (rem) 30 imnute Dose Dose Rate First Dose Rate second

(rem) serment (ren'hr) segment frem'hr)

LoSP PDs

Path 1 0 10 1.81 E + 6 2 69E+5 5.38E + 5 00

Path 2 0 48 4.27E + 7 6 35E+6 1.27E + 7 0.0

Path 3 0 OS 4.27E + 7 6 35E+ 6 1.27E + 7 0.0

Path 4 0 02 5.38E + 6 7 95E4 7 1.59E + 8 00'

Path 5 0 09 5 69E + 8 7.95 E + 7 1.59E + 8 4.04 E + 7

Path 6 0 003 4.27E + 8 6 35E+7 1.27E + 8 0.0

Path 7 0 01 4 66E + 8 6.35 E + 7 1.27E + 8 5.05E + 7

Path 8 0 18 6.16E + 8 7.95 E + 7 1.59E + 8 1.01 E + 8

Path 9 0 03 5.25E+ 8 6.35 E + 7 1.27E + 8 1.26E + 8

nontoSP PDs

Path 10 0 16 5.7FE+ 8 6 35E+7 1.27E + 8 7.74 E + 7

Path 11 0 02 4.88E + 8 5.05E + 7 1.01 E + 8 9.68E + 7

Path 12 0.16 6.16E + 8 7.95E + 7 1.59E+ 8 1.01 E + 8

Path l3 0 02 5.25 E + 8 6 35E+7 1.27E + 8 1.26E + 8

Path 14' O.37 NC NC NC NC

Path 15 0.23 6.16E + 8 7.95 E + 7 1.59E+ 8 1 ole + 8

Path 16 0 04 5.25E + 8 6.35 E + 7 1.27E + 8 1.26E + 8

' Buildmg doses were not calculated smce the contatament is not open.

!
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Table 4.1.1-3. Grand Gulf POS 6 mean auxiliary building doses and dose rates.

I
Accident Path Condinonal Consequence Measure

|Progression Path Probabthry

Number Total Dose (rem) 30 mmute Dose Dose Rate First Dose Rate second I

(rem) Segment (remtr) segment tremtr)

LoSP PDs I

Path 1 0.10 9.41 E + 5 7.70E + 4 1.54E + 5 00

Path 2 0.48 213E + 7 1.74 E + 6 3.47E + 6 0.0

Path 3 0.08 2.13 E + 7 1.74E + 6 3.47E + 6 0.0

Path 4 0 02 2 80E+ B 2.28 E + 7 4.56E + 7 0.0

Path 5 0.09 2.98E + 8 2.28E + 7 4 56E + 7 1.31E + 7

Parh 6 0 003 2.20E+ 8 1.79E + 7 3 59E+7 00

Path 7 0 01 2.43E + 8 1.79E + 7 3.59E + 7 1.64E + 7

Path k 0 18 3.23E+ 8 2.2BE+ 7 4.56E + 7 3.06E + 7

Path 9 0 03 2.74 E + 8 1.79E + 7 3.59E + 7 3.83E + 7

nonLOSP PDS

Path 10 0.16 00 0.0 0.0 0.0

Path 11 0 02 0.0 00 0.0 0.0

Path 12 0.16 00 00 0.0 00

Path 13 e 02 00 00 00 0.0

pal 5 14' O.37 NC NC NC NC

Path 15 0 23 3 23E+8 2 28E+7 4.56E + 7 3.06E + 7

Path 16 0D4 2.74E+ 8 1.79E + 7 3 59E+7 3 83E+7

' Butidmg doses were not calculated since the containment is not open.

To illustrate the uncertainty in the dose rate in the containment and the auxiliary building due
to the uncertainty in the source term, the 5*,50*, and 95* percentile dose rates as well as the
mean dose rate for two pathways through the APET are shown in Figure 4.1.1-1. The first of
these paths represents a scenario in which injection is recovered very early in the accident, thus
arresting core damage. Note that in the recovered accident, CCI does not occur therefore the
source term consists of only one segment and en!y one dose rate was calculated. The second

path r2 presents a scenario in which full core damage occurs.

9

27

. _ _ . _ __



DRAFT

Building Dose Rates for Recovered Accident (Path 1)
and Full Core Darnage Accident (Path 8)
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Figure 4.1.11. Containment and auxiliary building dose rates for selected paths

4.1.2 Parkinc let Doses

The dose due to immersion and inhalation was also estimated for several distances from the
reactor. The source terms were obtained from the parametric source term code, GGLPSOR.
In contrast to the building doses, the timing of the source terms was taken directly from
GGLPSOR. For comparative purposes, three different wake effect models were used to estimate
the relativ: concentrations downwind of the reactor. These models were developed by Ramsdell
[11], Wilson [12], and the NRC [13]. For simplicity, the directional dependence of the weather
was ignored and doses were calculated for several distances from the reactor. The weather used
in each of the wake effect models was chosen to represent conservative values for the model.
In the case of the Ramsdell model the relative concentration is somewhat proportional to the
wind speed and the stability class. For this reason the highest wind speed and the corresponding
stability class in a year of weather data at Grand Gulf was chosen as input to this model. In
addition, the relative concentration is predicted to be somewhat inversely proportional to the area
of the building, therefore, the minimum area was utilized. In the case of the Wilson and NRC
models the relative concentration is predicted to be imersely proportional to the wind speed.
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' Therefore, a wind speed of 1 m/s and a stability class of F (i.e., moderately stable
meteorological conditions) were used in these models. Using the integrated air concentrations
for each building wake effect model, the dose and dose rate due to immersion and inhalation for
the entire source term was determined for each of the unique accident progression paths. As
with the building dose rates, the dose rates in the parking lot are very conservative since the
inhalation dose nte was determined by dividing the 50 year committed dose by the exposure
time. The dose due to 30 minutes of exposure was also estimated. Table 4.1.2-1 contains the
mean total dose,30 minute dose, and dose rates for each segment of the release based on the
Ramsdell building wake effect model at 100 meters from the reactor. Similar estimates of the
mean doses and dose rates at 100 meters based on the Wilson model is shown in Table 4.1.2-2.

Table 4.1.2-1. Grand Gulf POS 6 mean doses and dose rates at 100 m based on the
Ramsdell building wake effect model.

Accdent Path Condmonal Consequence Measure

Progrenion Pam Probabiht)
Number Total Dose (rem) 30 nunute Dose Dose Rate First Dose Rate second

(rem) segment (remtr) segment (rem'hr)

LOsP PDs

Pam 1 0 10 4.23E + 2 8 80 17.6 00

]Pam 2 0 48 9 42E + 3 1.09E + 3 2.19E + 3 0.0

Path 3 0 08 9 42E+3 1.09E + 3 2.19E + 3 0.0

|
Pam 4 0.02 1.32 E + 5 1.5 3 E + 4 3.06E + 4 00

Pam 5 0 09 1.73E + 5 1.53 E + 4 3 06E + 4 4 08E+ 3
J

!
Pam 6 0 003 1.04E + 5 1.21 E + 4 2.43E + 4 00

Path 7 0.01 155E+ 5 1.21 E + 4 2.4 3E + 4 5.10E+ 3
,

i

Pam 8 0 18 2.16E + 5 1.53E + 4 3.06E + 4 8 44E + 3

Path 9 0 03 2.10E + 5 1.21 E + 4 2.43E + 4 105 E + 4

nonLosP PDs

Path 10 0.16 2 26E+ 5 3dlE+4 6.83 E + 4 8 94E + 3

Pam 11 0 02 2.19E + 5 2.68E + 4 5.37E + 4 1.12 E + 4

Path 12 0.16 5.24E+ 5 3.20E + 5 6.22E+ 6 2.13E + 4

Path 13 0 02 5.10E + 5 2.56E + 5 4 88E+ 6 2.66E + 4 ,

!
'

Path 14 0.37 0.899 5.25 E.2 0.105 4.50E-2

Path 15 0.23 2.16E + 5 1.53 E + 4 3.06E + 4 8.44E + 3

Path 16 0 04 2.10E + f 1.21E + 4 2.43E + 4 1.05E+ 4

29

-_ _____ _______ _ -____-_--__-___ _____ _ - _- _ _ _ _- _ -_-



<. i
-

'

. 1'
>

e$'
to%q)@ d,y','a

+q,6x, 6^ P IMAGE EVALUATION
[(f f9 ' /gj[g }# $k* TEST TARGET (MT-3) /

Qt\gp)W k ,, ,fh
+ +

l.0 |t U 224.

R
Fc m |l|||'=E

|,| EC !!|bk

h!L

l.25 l I.4 1.6
__ ; __

4 150mm >

<- 6" >

|

. n& %#r ++sA*g
'

. ,,,,,gv .,g y -) jjj>j .

s4g<pc
,

-
-

o1y),, ,

_

?' . . . ., . . . . . . 3_ ' N5Y.' 4A.":hY N * '><,_,_,.g''
__ _



x

1'
i

4,

| o'&
NNN\(ot/A ab| g

/////st. e IMAGE EVALUATIONv

[A $,gjf/,\//g//7 '[#* TEST TARGET (MT-3)
'

'' '' ' /; 4

|'# k's, '

f7+g s

1.0 ||: n*, a
m e p"-

I|: m
1.I [" M

l.8
==

1.25 1.4 1.6

4- 150mm >

4 - - - - 6" >

!

* <$
p>%q,I,ll + sA+ s

'N
ax # 3>, +

///.s--
. ,'sv 3g f./

ss
n. s Q_. ,x

*} , /O &
-

'g

Oy f6 {[<ip'
/ #4

*$'> ,

ft ,

v_ . .. . . . ; i @ uddj j .,_di L"



DRAFT
Table 4.1.2-2. Grand Gulf POS 6 mean doses and dose rates at 100 m

based on the Wilson building wake effect model.

Accident Path Condmoral Consequence Measure

Progression Path Probabiht)
Number Total Dose (rem) 30 cunute Dose Dose Rate First Dose Rate second

(tem) segment (rem'hr) segment (rem'hr)

LosP PDs

Path 1 0.10 9 48E+ 3 1.97 E + 2 3.95 E + 2 00

Path 2 0.48 2.11 E+ 5 2 45E+4 4.9 t E + 4 0.0

Path 3 0.08 2.11E + 5 2.45E + 4 4 91E+4 0.0

Path 4 0 02 2.95E + 6 3.43E + 5 6.86E + 5 00

Pam 5 0.09 3.56E + 6 3 43E+5 6.86E + 5 914E+4

Path 6 0.003 2.34E + 6 2 72E+ 5 5 44E+ 5 00

Path 7 0 01 3 4SE+6 2.72 E + 5 5 44E+ 5 1.14E + 5

Pam 8 0.18 4.84E + 6 3 43E+5 6.86E + 5 189E+5

Path 9 0 03 4.70E + 6 2.72E + 5 5 44E + 5 2.36E+ 5

nonLOsP PDs

h 0 16 5 06E + 6 7.65E + 5 1.53E + 6 2.00E + 5
Path 10

Path 11 0.02 4 91E + 6 6 00E+ 5 1.20E + 6 2.50E + 5

Path 12 0.16 1.17E + 7 7.16E + 6 1.39E + 8 4.77E + 5

f Fal l3 0 02 1.14 E + 7 5.72E + 6 1.09E+ 8 5.96E + 5

__

Patu 14 0 37 20.1 1.17 2.34 1.01

Patt !* O 23 4.84E + 6 3 43E+5 686E+5 1.89E + 5

un

Path 16 0 G4 4.70E + 6 2.72E + 5 5 44E+ 5 2.36E + 5

Figure 4.1.2-1 contains the 5*,50*,95* percentile as well as the mean parking lot dose rates
for the first release for both the Ramsdell and Wilson / Regulatory Guide models for distances of
10 - 500 meters from the reactor. A similar plot for the second release is shown in Figure
4.1.2-2. The uncertainty in both the building wake effect models and the source tenn is shown

by the wide range of dose rates at each distance.

4.2 Offsite Consecuer,ces

The MACCS code [5,6,7] was used to estimate the consequences to the general public. MACCS
models the transport and dispersion of plumes of radioactive material released 'Jom the plant.
As the plumes travel through the atmosphere, material is deposited on the ground. Several of

|the pathways through which the general population can be exposed are considered. Emergency
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response and protective action guides are also considered as means to mitigate the extent of the"

public exposure.

The input used in this study is identical to that used for Grand Gulf in the NUREG-1150 study
[9] with the exception of the core inventory for which the inventory four days after shutdown
was used and the source terms which resulted from GGLPSOR. The emergency response
assumptions were not changed for this analysis.

Table 4.2-1 contains the estimated mean number of early fatalities, latent cancers, 50 mile
population dose, and 1000 mile population dose for the sixteen paths through the APET along
with the conditional probability of that path. The mean number of early fatalities ranged from

'

0 to 3.9 x 10-2 while the mean number of latent cancers ranged from 0 to 1940. |
;

Table 4.2-1 Grand Gulf POS 6 Offsite Mean Consequences

Accident Path Consequence Measure

Progression Conditional
Path Number Probabdity Early Total Latent 50 nule Populanon 1000 Mile

Fatahues Cancers Dose' Pop Dose' i

LOsP PDs

Path l' 0 10 NC NC NC NC !

Path 2 0 48 1.3E 5 102 77,000 591.000

Path 3 0 08 1.3E 5 102 77.000 591.0C0

Path 4 0 02 4 8E 3 684 330,000 4,010 roO

Path 5 0.09 4.8E-3 984 496,000 5.800,000 ;

Path 6 0 003 4 OE.3 588 293,000 3,4!'.000 [
i

Path 7 0 01 4.0E.3 940 479,000 5.560,000

Path 8 0 18 5.2E 3 1270 652,000 7.480.000

Path 9 0 03 4 7E.3 1260 662.000 7,460.000

nonLOsP PDs ,

Path 10 0 16 8 9E 3 1190 624.000 7.090.000

!
Path 11 0.02 9.3E-3 1200 640,000 7.130,000

Path 12 0.16 3.7E 2 1920 939,000 I1,300.000 i

Path 13 0 02 3.9E-2 1940 966,000 11.500,000

Path 14' O.37 NC NC NC NC
,

Path 15 0.23 5.2 E.3 1270 652,000 7.480.000

Path 16 0.04 4.7E 3 1260 662,000 7,460.000 |

Table Notes:
' Dose is in Person Rem

Offsite consequences were not evaluated for these paths because the offsite consequences associated with these paths were assessed to te8

neghgible.
,
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5.0 INTEGRATED REStiLTS CONDITIONAL ON CORE DAMAGE |

|
In the previous section the consequences associated with individual accident progression paths
were presented. In this section the offsite consequences conditional on the occurrence of the i

LOSP PDS and the nonLOSP PDS are presented and are compared to full power PRA results
extracted from the Grand Gulf analysis presented in NUREG-1150. Onsite consequences were
not evaluated in NUREG-1150 and, therefore, an analogous comparison is not provided.

The consequences for a given PDS are calculated by taking a weighted average of the
consequences for the individual paths. The weighted average is based on the conditional
probability of each path. The PDS consequence is the sum of all of the " weighted" path
consequences for the given PDS.

The offsite consequence distributions associated with the LOSP and nonLOSP PDSs are
presented in Figure 5.1. Because a relatively small LHS sample was used in the evaluation of
offsite consequences, the presentation of exact quantiles (i.e.,95*)is inappropriate. Instead of
quantiles, the high, low, median, and mean values are presented in this figure. From this figure
it can be seen that the consequences associated with the nonLOSP PDS tend to be higher than
the consequences associated with the LOSP PDS. This stems from the assumption that injection
cannot be recovered in the nonLOSP PDS and, therefore, all of these accidents proceed to full
core damage and CCI. Although the probability that the containment is closed during this PDS

'

is significant, the lack of a means to control the containment pressure results in a significant
probability of early containment failure. Containment failure bypasses the auxiliary building and
results in, essentially, an unmitigated release.

Also presented in Figure 5.1 are the conditional consequences from the Grand Gulf full power
PRA. The full power results are for internal events and are " averaged" over all of the accidents
analyzed in the study. In addition to the global consequences, the mean consequences associated
with a selected full power accident are also presented (i.e., triangle on the full power
distribution). This selected accident is a fast station blackout that progresses to full core
damage. The containment is ruptured during core damage; the containment sprays are
unavailable throughout the accident. Thus, this accident is similar to the accidents analyzed in
this abridged study in that many of the mitigative features of the plant (i.e., the containment and
sprays) are unavailable. In this full power accident, however, the in-vessel releases are typically
scrubbed by the suppression pool From Figure 5.1 it can be seen that the number of early
fatalities associated with POS 6 are very similar to the number of early fatalities associated with
full power accidents. This may seem somewhat surprising at first because the inventory of
radionuclides important to early fatalities during POS 6 is less than the inventory at full power.
However, this difference is compensated by the lack of mitigative features in POS 6. In POS
6 the inventory has been reduced by decay but because of the lack of mitigative features, a
significant amount of the radionuclides are released to the environment. In the full power
accidents, on the other hand, there is a large inventog, however, mitigative features of the plant

Ilimited the size of the release. In full power accidents, for example, a considerable fraction of
these radionuclides are retained in the suppression pool. The net effect is that the number of :

I
!
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early fatalities is roughly the same. The number of latent cancers associated with POS 6
accidents is greater than the number oflatent cancers associated with full power accidents. The
radionuclides that are important to latent health effects are long lived isotopes and, therefore,
four days of decay will not have a significant impact on the radiological potential of the release
to cause latent cancer fatalities. Thus, the magnitude of the release is the driving factor for
latent cancer fatalities. Because in POS 6 the releases tend to be higher than the full power
accidents, the number of latent cancers associated with POS 6 are greater than the number of

.

'

latent cancers associated with full power accidents. The factors that influence latent cancers also
affect the population dose.

i

!
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6.0 INSIGHTS AND CONCLUSIONS

The results and insights presented in this study are conditional on the occurrence of core
damage. Thus, this study gives no indication about the likelihood of these postulated accidents,
but rather what could be expected given that core damage does occur. The input to this analysis
is the core damage sequence definitions from the Level I coarse screening analysis. In this
Level 1 scoping analysis conservative assumptions were made with regard to the availability of
certain systems and the performance of the plant operators. These assumptions provided the
necessary simplifications such that the dominant sequences could be identified and still keep the
scope of the study manageable. While the calculated frequencies from the Level 1 study are
used to rank the sequences, the absolute values of these frequencies were not reported due to the
conservative nature of many of the necessary simplifications. Thus, frequencies were not >

propagated through to the Level 2 and 3 analyses. It is within this framework that the abridged
study was performed. Therefore, when interpreting these results it must be remembered that
frequency information is not available to indicate the likelihood of accidents and simplifying
assumptions were made in both the level 1 and the level 2/3 studies.

The following is a list of insights obtained from this study:

o During POS 6 the majority of the mitigative features of the plant are bypassed or are
unavailable. The vessel and drywell are open to the containment and, thus, the suppression
pool is effectively bypassed. Furthermore, the containment spray system is unavailable during
these accidents. Thus, steam and radionuclides are released directly into the containment
atmosphere without being scrubbed by either the suppression pool or the containment sprays.
For the accidents in which the containment hatch is removed, the only significant plant
mitigative feature is the deposition that occurs in the auxiliary building. If the containment
is closed but then fails during core damage, the auxiliary building is also bypassed.

o Because of the lack of mitigative features associated with these accidents, the source terms
tend to be quite large.

o The consequences associated with these accidents are also significant. Offsite consequences
are comparable with consequences associated with full power accidents. Onsite consequences
are large,

|
o The time from the accident initiation to the onset of core damage is significant (i.e., from 18

to 28 hours). Thus, there is a considerable amount of time to restore core cooling and to close
the containment. If offsite ac power is available, it is likely that the operators will close the
containment prior to core damage.

o The pressure suppression features (i.e., suppression pool and containment sprays) of the Mark
III design are bypassed during POS 6. Since the ultimate pressure capacity of the ca.tainment
is fairly low, the plant is vulnerable to pressurization events accompanying vessel fadure and

i
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iassociated with hydrogen burns. Failure to avoid or mitigate pressure excursions from these
i

events could result in early containment failure. |

|

o Because of the large recovery potential associated with these accidents (i.e., which were not |
fully accounted for in either the 12 vel 1 analysis or this abridged analysis because of |
simplifying assumptions), POS 6 offsite risk could be significantly lower than the risk i

associated with full power accidents.

o Recovered accidents can pose a significant threat to ensite personnel. ;
:

o Because of the lack of mitigation features associated with accidents initiated in this POS, the
auxiliary building and the SBGTs could play a significant role in the mitigation of the release,
especially for recovered accidents.

There were many issues that were identified in this study that could affect the possible accident
progressions and consequences. The resolution of many of these issues was beyond the scope
of this abridged analysis and will have to be addressed in any more detailed analysis that is
performed in the future. The following is a list of potentially signi0 cant issues:

o Containment Closure. The effects that the temperature, humidity, and radiation have on the
plant personnel's ability to close the containment needs to be addressed in more detail.
Containment closure is a critical issue that will affect the consequences associam with these
accidents. I

o Containment Loading. Hydrogen combustion phenomena associated with this plant
configuration need to be investigated. In this plant configuration steam and hot hydrogen are
released directly into the containment atmosphere. The amount of steam blanketing and air
ingression and the availability of ignition sources will all affect the likelihood and magnitude
of hydrogen burns. The effectiveness of the hydrogen ignition system in this plant
con 0guration also needs to be investigated. The loading from in-vessel steam explosions is
another issue that needs to be addressed. With the vessel head off in this POS and the
relatively low failure pressure of this containment, in-vessel steam explosions could be a
signincant mechanism for early containment failure.

o Source Term. There are several events that can enhance the source term that were not
included in the PRA model. First, the role that air ingression plays during core damage needs
to be investigated. If signi0 cant air ingression does occur, the in-vessel phase of the core
damage process could be significantly altered and the release of certain radionuclides
enhanced. Second, the relocation ofintact fuel from an in-vessel steam explosion could also
result in the enhancement of an early source term. This issue was not addressed in this
analysis. Third, for recovered accidents the embrittlement and failure of the clad could lead
to a release earlier than what is currently inodeled. This could be particularly important for
onsite consequences.
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o Auxiliary Building. For accidents in which the containment is open during core damage, the |

auxiliary building could play a major role in mitigating the release. The radionuclide retention
capabilities of this building need to be assessed in more detail than what was done in this
abridged analysis. Furthermore, the effectiveness of the SBGT system to mitigate the release, j

especially for recovered accidents, also needs to be assessed.

o Onsite Consequences. Only a scoping type analysis of onsite consequences was performed |

in this study. In the calculation of doses in the building, the integrated concentrations were ;

based on average concentrations from GGLPSOR and on crude estimates of the residence |

times in the buildings. More detailed information on the concentration as a function of time
and on the residence time would produce more realistic dose estimates.
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Abstract
,

To gain a better understanding of the risk significante of low power and shutdown
modes of operation, the OfIice of Nuclear Regulatory Hescarch at the NRC established
programs to investigate the likelihood and severity of postulated accidents that could
occur during low power and shutdown (LP&S) modes of operation at commercial nu-
clear power plants. To investigate the likelihood of severe core damage accidents during
off power conditions, probabilistic risk assessments (PRAs) were performed for two nu-
cicar plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR-6 Mark III
boiling water reactor (BWR) and Unit 1 of the Surry Power Station which is three loop,
subatmospheric, pressurized water reactor (PWR). The analysis of the BWR was con-
ducted at Sandia National Laboratories while the analysis of the PWR was performed
at Brookhaven National Laboratory.

This multi-volume report presents and discusses the results of the BWR analysis.
The subject of this part presents the deterministic code calculations, performed with the
MELCOR code, that were used to support the development and quantification of the
PRA models. The background for the work documented in this report is summarized,
including how deterministic codes are used in PRAs, why the MELCOR code is used,
what the capabilities and features of MELCOR are, and how the code has been used by
others in the past. Brief descriptions of the Grand Gulf plant and its configuration during
LPkS operation, and of the MELCOR input model developed for the Grand Gulf plant
in its LP&S configuration are given. The results of MELCOR analyses of various acci-
dent sequences for the POS 5 plant configuration are presented, for accidents initiated at
several different times after scram and shutdown, including shortened thermal /h> 1raulic
and core damage calculations done in support of the Level 1 analysis and full plant and
yses, including containment response and source terms, supporting the Level 2 analysis.
MELCOR calculations of various accident scenarios for POS 6 (i.e., a selected regime
of refueling mode of operation) also are given; these include a reference calculation and
sensitivity studies on both plant configuration assumed and on code input options used.
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Executive Summary ,

1

The safety of commercial nuclear plants during full power operation has been previ-
ously assessed in many probabilistic safety assessment studies. llecent events at several
nuclear power generating stations, recent safety studies, and operational experience, how-
ever, have all highlighted the need to assess the safety of plants during low power and
shutdown modes of operation. In contrast to full power operation, there is very little
information on the safety of plants during low power and shutdown modes of operation. |

In the past, the assumption has been that power operation is the risk dominant mode of
operation because the decay energy is greatest at the time of shutdown and then decays
as a function of time. Thus, the rationale was that during shutdown modes of operation
the decay heat would be sufliciently low that there would be plenty of time to respond to
any abnormal event that may threaten the core cooling function. Furthermore, given the
unlikely event that a release did occur, radioactive decay would lessen the radiological
potential of the release. This argument's Achilles' heel is that the technical specifications
allow for more equipment to be inoperable in off power conditions. Thus, while there
may be more time to respond to an accident during shutdown, many of the systems that
are relied on to mitigate an accident during power operation may not be available during
shutdown.

To gain a better understanding of the risk significance of low power and shutdown
modes of operation, the Office of Nuclear Regulatory Research at the NRC established
programs to investigate the likelihood and severity of postulated accidents that could oc-
cur during low power and shutdown (LPkS) modes of operation at commercial nuclear
power plants. To investigate the likelihood of severe core damage accidents during off
power conditions, probabilistic risk as.sessments (PRAs) were performed for two nuclear
plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR-6 Mark IH boiling
water reactor (BWR) and Unit 1 of the Surry Power Station which is three loop, subat-
mospheric, pressurized water reactor (PWR). These studies consist of the following five j

analysis components: accident frequency analysis, accident progression analysis, analysis
of the release and transport of radioactive material (i.e., source term analysis), conse- :

quence analysis, and a risk integration analysis. A principle product of such a Level 3 )
PRA is an expression for risk. !

The analysis of the BWf. was conducted at Sandia National Laboratories while the j
analysis of the PWR was performed at Brookhaven National Laboratory. This multi- |
volume report presents and discusses the results of the BWR analysis. Volume I summa- )
rizes the BWR study. Volumes 2-5 present the accident frequency analysis (i.e., Level 1).
Volume 6 presents the Level 2/3 analysis performed under FIN Ll679. Part 1 of Volume
6 presents the accident progression, radionuclide release and transport, consequence and
risk analyses. The subject of this part, i.e., Part 2 of Volume 6, presents the determinis- j

tic code calculations, performed with the MELCOR code, that were used to support the !

development and quantification of the PRA models.

In this report, the background for the work documented in this report is first sum-
marized, including how deterministic codes are used in PRAs, why the MELCOR code
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is used, what the capabilities and features of MELCOR are, and how the code has been
used by others in the past. Brief descriptions of the Grand Gulf plant and its config- ;

uration during LP&S operation, and of the MELCOR input model developed for the '

Grand Gulf plant in its LPkS configuration are given. The results of MELCOR .nalyces
of various accident sequences for the POS 5 plant configuration are presented, for acci-
dents initiated at several different times after scram and shutdown, including shortened
thermal / hydraulic and core damage calculations done in support of the Level 1 analysis
and full plant analyses, including containment response and source terms, supporting the
Level 2 analysis. MELCOR calculations of -ious accident scenarios for POS 6 (i.e., a
selected regime of refueling mode of operatu) also are given; these include a reference
calculation and sensitivity studies on both plant configuration assumed and on code input

,

options used.

MELCOR is an integrated, relatively fast-running, engineering-level computer code
that models the progression of severe accidents in light water reactor nuclear power
plants, being developed at Sandia National Laboratories for the NRC and the U. S.
Department of Energy (USDOE). An entire spectrum of severe accident phenomena
is modelled in MELCOR in a unified framework for both boiling water reactors and
pressurized water reactors. Characteristics of severe accident progression that can be
treated with MELCOR include the thermal / hydraulic response in the reactor coolant
system, reactor cavity, containment, and confinement buildings; core heatup, degradation
and relocation; fission product release and transport; hydrogen production, transport and
combustion; core-concrete attack; heat structure response; and the impact of engineered
safety features on thermal / hydraulic and radionuclide behavior. The MELCOR computer
code has been developed to the point that it is now being successfully applied in both
experiment analyses, intended for code validation, and in plant analyses, in support of
PRAs and accident management studies.

A series of MELCOR calculations were done to support the quantification of the
Level 1 PRA models for I?OS 5. POS 5 is rigorously defined as: " Cold Shutdown (Op- 4

erating Condition 4) and Refueling (Operating Condition 5) only to the point where the
vessel head is off." For these calculations, the parameters of interest include the times
to reach various pressure and/or level setpoints, the time to top-of-active-fuel (TAF)
uncovery, the times to core heatup and clad failure and the time to vessel failure. Several
general scenarios when the plant is in POS 5 have been considered:

open MSIVs,
low pressure boiloff,
high pressure boiloff with closed RPV head vent,
high pressure boiloff with open RPV head vent,
large break LOCA,
station blackout with failure to isolate SDC,
station blackout with firewater addition,
station blackout with 10 hr firewater addition followed by high pressure boiloff,
station blackout with 10 hr firewater addition followed by failure to isolate SDC.

In all these Level I cases, the drywell personnel lock is open; the containment equipment
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hatch and both of the containment personnel locks are open.

Calculations were performed for several different times from shutdown for each of l

these accident scenarios: 7 hr,24 hr,59 hr,12 days, and 40 days. The first two times
correspond to the times used to determine the decay heats for the first and second time 1

windows; the third time corresponds to the midpoint of the second time window; the
last time corresponds to the time corresponding to the decay heat levelin the third time |

window. Because the primary interest was in time to core damage, these 1,evel I support
1

calculations were run until any of the following: vessel failure, code abort or 24 hr of
transient. If any sequence produced no significant core damage within 24 hr for a given
decay heat level, no further calculations were done with longer shutdown time s (i.e.,
lower decay heat levels).

Based partly on the results of the MELCOR calculations done in support of the POS 5
Level 1 analysis, a number of accident sequences were eliminated from consideration as
not resulting in core damage within the first 24 hr from the start of the accident. The
remaining sequences, those leading to core damage within I day and with a frequency
greater than the Level 1 truncation frequency, were grouped into plant damage states or
PDSs. The plant damage states are ranked by their relative contribution to core damage
frequency as: ,

MELCOR Level 2 Support Calculations - Sequences and Relative Contribution of-

Plant Damage States to Core Damage Frequency

Plant Damage Time After Fraction Sequence
State Shutdown Contributed Description |

1

PDS 3-1 40 day 0.338 LBLOCA with flooded containment i
PDS 2-2 24 hr 0.242 SBO w/o firewater, break in SDC |

PDS 2-1 24 hr 0.170 LBLOCA with flooded containment
PDS 2-4 24 hr 0.104 Low-P Boiloff with flooded containment i

PDS 1-3 7 hr 0.032 SBO w/10 hr-firewater, High-P Boiloff |
PDS 1-1 7 hr 0.019 LBLOCA with flooded containment
PDS 1-2 7 hr 0.015 SBO w/o firewater, break in SDC
PDS l-5 7 hr 0.008 Low-P Boiloff with flooded containment
PDS 2-5 24 hr 0.007 High-P Boiloff with closed containment
PDS 2-6 24 hr 0.006 Open MSIVs with closed containment

PDS 2-3 24 hr 0.054 Same as PDS 2-2, but with potential
to recover AC power

PDS 1-4 7 hr 0.005 Same as PDS 1-2, but with potential
|

to recover AC power |

.

Complete MELCOR accident analyses have been done for these sequences in support of
the Level 2 PRA, with results decribed in detail. (The last tw sequences in the table
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are identical to other sequences in the table with regard to MELCOR calculations, but
with different recovery assumptions in the Level 2 PRA.)

|

An abridged risk analysis was also performed on the early portion of the refueling I
mode of operation. In the Level I coarse screening analysis this mode of operation is
referred to as plant operating state 6 (POS 6). During a refueling outage, the plant
will enter POS 6 prior to loading fresh fuel (i.e., going down) and then following fuel
transfer on the way back up to power conditions (i.e., going up). In this POS 6 study,
only the going-down phase is analyzed. POS 6 begins when the vessel head is detached
and ends when the upper reactor cavity has been filled with water. Prior to this mode
of operation, the containment equipment batch and personnel locks have been opened,
the drywell head has been removed and the drywell equipment hatch and personnel locks
have been opened. Thus the suppression pool is effectively bypassed both from the vessel
and from the drywell (i.e., steam lines are plugged and the drywell is open).

A series of MELCOR calculations also were performed to support the abridged risk
analysis of POS 6. All the MELCOR POS 6 calculations were done assuming that, at the
start of the accident, shutdown cooling, suppression pool cooling and containment sprays'

are all unavailable and remain unavailable during the accident; coolant injection is not
provided to the vessel during the accident, and suppression pool makeup is not dumped
into the suppression pool. The MELCOR POS 6 calculations done included a number of
variations on the exact plant configuration assumed. In addition, a few sensitivity studies
were done on various code options and/or parameters. As part of these sensitivity studies,
a set of calculations were performed to investigate the effect that possible ingression of
air into the core region would have on the core damage process.

|
,

|

L
1
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1 Introduction

1.1 Background
:

The safety of commercial nuclear plants during power operation has been previously
assessed in many probabilistic safety assessment studies. The U.S. Nuclear Regulatory
Commission (NRC) has been an active participant in these studies including the landmark
Reactor Safety Study [1], the five plant studies performed as part of the NUREG-1150 i

study [2] and the LaSalle plant analysis performed under RMIEP/PRUEP programs
[3,4]. Furthermore, all licenses are required to perform an individual plant examination
(IPE) that assesses the safety of the plant during full power operation.

Recent events at severr.' nuclear power generating stations, recent safety studies, and
operational experience, however, have all highlighted the need to assess the safety of
plants during low power and shutdown modes of operation. In contrast to full power
operation, there is very little information on the safety of plants during low power and
shutdown modes of operation. In the past, the assumption has been that power operation
is the risk dominant mode of operation because the decay energy is greatest at the time
of shutdown and then decays as a function of time. Thus, the rationale was that during
shutdown modes of operation the decay heat would be sufficiently low that there would
be plenty of time to respond to any abnormal event that may threaten the core cooling
function. Furthermore, given the unlikely event that a release did occur, radioactive
decay would lessen the radiological potential of the release. This argument's Achilles'
heel is that the technical specifications allow for more equipment to be inoperable in off
power conditions. Thus, while there may be more time to respond to an accident during
shutdown, many of the systems that are relied on to mitigate an accident during power
operation may not be avaih,ble during shutdown.

To gain a better understandmg of the risk significance of low power and shutdown
modes of operation, the Office of Nuclear Regulatory Research at t'he NRC established
programs to investigate the likelihood and severity of postulated accidents that could oc-
cur during low power and shutdown (LP&S) modes of operation at commercial nuclear
power plants. To investigate the likelihood of severe core damage accidents during off
power conditions, probabilistic risk assessments (PRAs) were performed for two nuclear
plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR-6 Mark Ill boiling
water reactor (BWR) and Unit 1 of the Surry Power Station which is three loop, sub-
atmospheric, pressurized water reactor (PWR). These studies are Level 31 PRAs and,
as such, consist of the following five analysis components: accident frequency analysis,
accident progression analysis, analysis of the release and_ transport of radioactive mate-
rial (i.e., source term analysis), consequence analysis, and a risk integration analysis. A
principle product of a Level 3 PRA is an expression for risk.

2 The Level 1 analysis consists of the accident frequency analysis; the Level 2 analysis consists of the |

accident progression and eadionuclide release and transport analyses; and the Level 3 analysis consists
of the consequence analysis. A Level 3PRA combines the results from each of the constituent analyses j
and develops an expression for risk.

|
|
J
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The analysis of the BWR was conducted at Sandia National Laboratories while the
analysis of the PWR was performed at Brookhaven National Laboratory. The LP&S
PWR analysis is reported in NUREG/CR-6144 [5] and will not be discussed any further
in this report. This multi-volume report presents and discusses the results of the BWR
analysis. Volumes 2-5 present the accident frequency analysis (i.e., Level 1). Volume

!

6 presents the Level 2/3 analysis performed under FIN L1679. Part 1 of Volume 6
{presents the accident progression, radionuclide release and transport, consequence and
)

risk analyses. The subject of this part,i.e., Part 2 of Volume 6, presents the deterministic
code calculations, performed with the MELCOR code (6), that were used to support the
development and quantification of the PRA models.

l
1.2 Use of Deterministic Codes in Level 3 PRA

Deterministic calculations are vital analysis that are used to support the development
and quantification of the PRA models used in the Level 1 and 2 analyses. Deterministic
calculations are used to define success criteria and timing characteristics for the Level 1
analysis. For example, these calculations are used to: (1) define the regimes under which
certain injection system can be used to cool the core,(2) determined the amount of time
the operators have to respond to an initiating event and perform appropriate actions to

,

terminate or mitigate the accident, and (3) determine when the onset of core damage '

occurs. In the Level 2 analysis, deterministic calculations are used to estimate the timing
of key events in the accident (e.g., the onset of core damage, the time at which the vessel !
fails, and the time when the containment fails), characteristics of the core degradation

I process, the conditions in the containment as a function of time (e.g., temperature, pres-
! sure, composition of the atmosphere), the occurrence and impact of certain phenomena

(e.g., hydrogen combustion), and the release and transport of radioactive materialin the
containment. Wherever pc,ssible, a consistent set of calculations are use to support both
the Level 1 and Level 2 analysis to ensure that a consistent set of assumptions are being
used and to maintain continuity in the timing of events.

The results from deterministic analyses are incorporated in the Level 2 analysis in
the following manner:

. Calculations are performed for the important accident sequences (i.e., typically
Plant Damage States) that lead to core damage; sensitivity calculations are per-
formed to investigate important facets of the accident,

e Following a general understanding of the possible accident progressions from the
deterministic calculations and other source of information (e.g., results from exper-
iments), major events that can affect the progression of the accident and the release
and transport of radioactive material are identified. These events form some of the
top events of the Level 2 Accident Progression Event Tree.

* Results from these calculations supplemented by other information serve as the
basis for quantifying the PRA models. Since uixertainty is unavoidable in these

2
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:

,

calculations (e.g.,in the initial conditions, phenomenological models, and t he model
of the plant), judgement techniques are often used to translate results from deter-
ministic analyses into a form suitable for probabilistic analysis. For example, a
deterministic calculation may indicate that based on the prescribed _ initial and -

boundary conditions, a combustible mixture of hydrogen will form in the contain-
ment and combustion of this mixture will result in a peak pressure P. Ilowever,
the initial and boundary conditions are uncertain and there are many uncertainties.
associated with the phenomena involved in this process, for example, the amount
of hydrogen produced, the likelihood that the mixture willignite, and once ignited,
the rate of combustion. Thus, the results from the calculations are assessed in light
of the uncertainties involved in the process to yield expressions for the likelihood
that the burn occurs and the likelihood that various pressures are realized.

P

i
In this PRA, the MELCOR code was used to perform the deterministic calculations

because:

e it addresses all major aspects of a severe core damage accident,

e its input structure allows the user to modify the p ant model such that the manyl -

possible plant configurations during shutdown can be modelled, *

e runs quickly enough that integral calculations (i.e., from accident initiation to the
,

release of radioactive material from the plant into the environment) and supporting
sensitivity calculations can be performed for the dorninant accident scenarios, and

e it allows parametric studies to be performed on parameters that may be important
to the progression to of the accident and the release of radioactive material.

1.3 Description of MELCOR
;

MELCOR [6] is a fully integrated, relatively fast running, engineering-level computer
code that models the progression of severe accidents in lig,ht water reactor nuclear power

;

plants, being developed at Sandia National Laboratories for the NRC and the U. S. *

Department of Energy (USDOE). An entire spectrum of severe accident phenomena *

is modelled in MELCOR in a unified framework for both boiling water reactors and
r

pressurized water reactors. Characteristics of severe accident progression that can be ;

treated with MELCOR include the thermal / hydraulic response in the reactor coolant '

system, reactor cavity, containment, and confinement buildings; core heatup, degradation
and relocation; fission product release and transport; hydrogen production, transport and .|
combustion; core-concrete attack; heat structure response; and the impact of engineered .i
safety features on thermal / hydraulic and radionuclide behavior.

<

MELCOR is composed of a number of different packages, each of which models a
different portion of the accident phenomenology or program control. For example, the
Control Volume Hydrodynamics (CVII) package calculates the thermal / hydraulics of

.

. .

.

|
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control volumes, and the Core (COR) package evaluates the core behavior. Each of the '

packages presently in MELCOR is listed:

BH Bottom Head: Models the bottom head in BWR systems. (This model was developed
by Oak Ridge National Laboratory.)

BUR Combustion of Gases: Compares conditions within control volumes against criteria
for deBagrations and detonations. Initiates and propagates deflagrations involving
hydrogen and carbon monoxide. Calculates burn completeness and Bame speed.

CAV Core-concrete Interactions: CORCON410D2 with enhanced sensitivity analysis
and multi-cavity capabilities.

CF Control Functions: Evaluates user-specified " control functions" and applies them to
define or control various aspects of the computation such as opening and closing of
valves; controlling plot, edit, and restart frequencies; defining new plot variables,
etc.

COR Core Behavior: Evaluates the behavior of the fuel and other core and lower plenum
structures including heatup, candling, Bow blockages, debris formation and reloca-
tion, bottom head failure, and release of core material to containment.

CVH Control Volume Hydrodynamics: In conjunction with the FL package, evaluates
mass and energy Bows between control volumes.

CVT Control Volume Thermodynamics: Evaluates the thermodynamic state within each
control volume for the CVH package.

DCH Decay Heat: Used by other packages to evaluate decay heat power associated with
radionuclide decay.

EDF External Data Files: Controls the reading and writing of large external data files, i

in close interface to the Control Function and Transfer Process packages.

EOS Equation of State: The CVT, H20, and NCG packages are stored as one block of
code under this name.

ESF Engineered Safety Features: Models the thermal / hydraulics of fan coolers, storage
tanks, injection and recirculation pumps and heat exchangers, and ice condensers.
Currently, only the fan cooler model is included. The containment sprays are a
separate package.

EXEC Executive Package: Controls execution of MELGEN and MELCOR.

FDI Fuel Dispersal Interactions: Models ex-vessel debris relocation, heat transfer, and
oxidation due to fuel-coolant interactions and direct heating.

FL Flow Paths: Models, in conjunction with the CVH package, the Bow rates of gases
and liquid water through the Bow paths that connect control volumes.

4



1120 Water Properties: Evaluates the water properties based on the Keenan and Keyes
equation of state extended to high temperatures using the JANAF data.

IIS Ileat Structures: Models the thermal response of heat structures and mass and heat
transfer between heat structures and control volume pools and atmospheres. Treats
conduction, condensation, convection, and radiation, as well as degassing of unlined
concrete.

.

MP Material Properties: Evaluates the physical properties of materials for other packages
except for common steam and non-condensible gas properties (see 1120 and NCG).

NCG Non-Condensable Gas Equation of State: Evaluates the properties of noncondens-
able gas mixtures using an equation of state based on the JANAF data.

PROG Part of MELGEN/MELCOR executive package separated for computer library
and link purposes.

RN Radionuclide Behavior: Models radionuclide releases, aerosol and fission product
vapor behavior, transport through flow paths, and removal due to ESFs. Allows |

for simplified chemistry.

SPR Containment Sprays: Models the mass and heat transfer rates between containment
spray droplets and control ulumes.

TF Tabular Functions: Evaluates user-selected " tabular functions" to define or control j
various aspects of the computation such as mass and energy sources; integral decay
heat; plot, edit, and restart frequencies, etc.

TP Transfer Process: Controls the transfer of core debris between various packages and )
the associated transfer of radionuclides within the RN package. ;

UTIL Utility Package: Contains various utilities employed by the rest of the code,

i

Only a brief summary of the phenomenological modelling in the major packages can '

be included here; for more detailed information, see [6].

Thermal /bydraulic processes are modelled in MELCOR by the CVH/FL packages, J
while the thermodynamic calculations are performed within the CVT package. The ]
CVII package is concerned with control volumes and their contents, and the FL package -
represents the connections which allow transfer of these contents between control volumes.

No formal distinction is made between the reactor coolant system and containment;
the same models and solution algorithms are used for both and the resulting equations
solved simultaneously. Within the basic control volume formulation, the treatment is
quite general; unlike the MAAP code (7), no specific nodalization is built in, and there |
are no predefined models for reactor components such as steam generators. All systems |

!and components are built up from general control volumes, flow paths, and other elements
(such as beat structures and control functions). In some cases, the control volumes may

5
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correspond to physical tanks, with the flow paths representing pipes connecting them; in
other cases, the volumes may be geometrical regions such as portions of larger physical
rooms, with the flow paths representing the geometrical surfaces separating them.

Hydrodynamic materials in control volumes (i.e., coolant and noncondensables) are
assumed to separate under gravity within a control volume to form a pool beneath an
atmosphere. The separation need not be complete; the pool may contain vapor bubbles
and the atmosphere may contain liquid droplets. The shape of the volume is defined
though a user-input volume / altitude table to allow the elevation of the pool surface to be
determined. The mass exchange models include both an optional thermal and mechanical
equilibrium model which assumes the same pressure and temperature for both pool and
atmosphere, and the default thermal nonequilibrium model which assumes the same
pressure but different temperatures for pool and atmosphere.

The control volumes are connected by flow paths through which hydrodynamic mate-
rials move without residence time, driven by a momentum equation. Each control volume
may be connected to an arbitrary number of others, and parallel flow paths (connecting
the same pair of control volumes) are permitted; there are no restrictions on the connec-
tivity of the network built up in this way. The flow path area can be modified by input
to model valves, obstructions, etc. Appropriate hydrostatic bead terms are included in
the momentum equation for the flow paths, allowing calculation of natural circulation.

The IIS package in MELCOR calculates one-dimensional heat conduction within an
intact, solid structure and energy transfer across its boundary surfaces into control vol-
umes. The modelling capabilities of heat structures are general and can include pressure
vessel internals and walls, fuel rods with nuclear or electrical heating, steam generator
tubes, piping walls, etc.

Convective heat transfer is calculated using an extensive set of heat transfer coefficient
correlations for natural or forced convection to both the pool and atmosphere; pool boiling
heat transfer utilizes correlations for nucleate boiling, critical heat flux, film boiling and
transition boiling. Radiation beat transfer can be specified between a heat structure
surface and the boundary volume atmosphere, with two options (an equivalent band
model and a gray gas model) available.

Mass transfer models for heat structure surfaces include condensation and evaporation
in the presence of noncondensables with an appropriate limit for pure steam, and flashing
in any environment. Liquid films on heat structure surfaces are also modelled. A user-

.

input degassing model is provided for the release of gases from materials which are
contained in heat structures, for example, to represent the release of water vapor or
carbon dioxide from concrete as its temperature increases.

The MELCOR COR package calculates the thermal response of the core and lower ;

plenum structure, including the portion of the lower head directly beneath the core, and }
models the relocation of core materials during melting, slumping and debris formation. {
The core and lower plenum are divided into a number of user-specified axial levels and
concentric radial rings. A number of component types and materials are modelled. Fuel
pellets, cladding, grid spacers, canister walls (for DWRs), other structure (e.g., support

6
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plates, control rods, guide tubes) and particulate debris are modelled separately within
individual COR cells. Either PWR or BWR systems may be modelled.

A number of heat transfer processes are .nodelled in each COR cell. Thermal radiation
within a cell and between cells in both the axial and radial directions is calculated, as well !

as radiation to boundary beat structures (e.g., the core shroud or upper plenum) from the
outer and upper cells; radiation to a liquid pool (or the lower head if no pool is present)
and to steam is also included. Conduction radially across the fuel-clad gap and axially
between cells, and optionally between the core and radial boundary heat structures, is
modelled; an aaalytical model for axial conduction is applied within structures that are
partially covered with liquid pool. Convection to the control volume Buids is modelled for
a wide variety of Buid conditions and structure surface temperatures, including nucleate
and film boiling.

Oxidation of zircaloy and steel is modelled for both the limiting cases of solid-state
diffusion of oxygen through the oxide layer and gaseous diffusion of steam or oxygen
through the mixture. The core degradatior. model treats eutectic liquefaction and disso-
lution reactions, candling of molten core materials (i.e., downward flow and refreezing),
and the formation of liquid and particulate debris. Geometric variables (e.g., cell surface
areas and volumes) are updated for changing core geometry. A lower head penetration
failure model is also included.

The interaction of the core debris released from the vessel with the concn te basemat
in the cavity is modelled by the CAV package in MELCOR using the CORCON-Mod 2

'

code [8]. The molten debris may contain large amounts of unoxidized metals such as
zirconium and chromium as well as oxidic species such as ZrO and UO . These materials2 2

are assumed to stratify in the cavity because they have different densities. CORCON,

calculates the rate of erosion in the concrete basemat; the temperature and composition '

of the molten layers; and the temperature, Bow rate and composition of gases (such as
CO , CO, H and water vapor) evolving from the concrete. Heat generation in the molten2 2

pool is due both to decay heat and to the heat of reactions.

The molten core debris in the cavity is assumed to be stratified into a dense bottom
,

layer and a lighter top layer. Initially, the oxide layer is calculated to be less dense than
the metallic layer, but after the molten concrete slag dilutes the heavy oxide layer, the
oxide layer becomes less dense than the metallic layer and rises to the top. Each layer
is assumed to be isothermal. Heat is exchanged between the melt and the concrete, the

,

layers in the melt, and the top surface of the melt and the atmosphere and structures
above it. The melt-concrete heat transfer is modelled by a gas film model which assumes
the occurrence of Taylor-instability bubbling on the pool bottom and a flowing gas film :

vertically along the melt pool. Inter-layer heat transfer in the presence of gas bubbling
is modelled. If a coolant layer is present over the melt pool, boiling heat transfer to the
overlying coolant layer is also modelled.

,

i

The RN package models the behavior of fission product aerosols and vapors and
other trace species, including release from fuel and debris, aerosol dynamics with vapor -

condensation and revaporization, deposition on structure surfaces, transport through Bow
,

5
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paths and removal by engineered safety features. The package also allows for simplified
chemistry controlled by the user.

Rather than tracking all fission product isotopes, the masses of all the isotopes of an
element are modelled as a sum; furthermore, elements are combined into classes, groups
of elements with similar chemical characteristics. Fifteen material classes are used by
default, twelve containing fission products plus boron, water and concrete oxides. User-
specified combination of classes to form new classes upon release (c.g., Cs + 1 to Csl) is
permitted.

The release of fission products from the fuel within the vesselis modelled using either
the CORSOR, CORSOR-M or CORSOR-Booth representations of radiological release
data for irradiated fuel. The CORSOR modelis a simple correlational relationship based
on data from early experiments [63]. Release of volatiles is assumed to be limited by
diffusion, and all volatiles share the same release parameters, obtained by averaging ex-
perimental results; release of nonvolatiles is assumed to be limited by vaporization, and
vapor pressures are scaled for consistency with experimental observations. The fractional
release coefIicients in CORSOR are simple exponentials, with constants selected for each
species in specific temperature ranges based upon fitting experimental data; the fractional
release coeflicients used in CORSOR M utilize an Arrbenius-type equation with constants

,

representing empirical fits to experimental data. Other parameters possibly affecting re-
lease rates (such as pressure, atmospheric composition, fuel characteristics, chemistry,
radiation environment, flow rates and the extent of fuel degradation) are not considered
explicitly in either the CORSOR or CORSOR-M correlations. Time-dependent Cs re-
lease data from the expanded experiment data base currently available were used to fit

i
parameters describing an effective diffusion coefficient in the new diffusion- and mass-
transfer-based CORSOR-Booth model [10]; release rates of other species are then scaled
to the Cs release rate. This model includes high- and low-burnup expressions, and also '

is a function of fuel grain size.
i

Releases of radionuclides occurring during core-concrete interactions in the reactor
cavity are calculated using the VANESA [11] release model, which is designed to accept
melt temperatures and gas generation rates from CORCON.

Aerosol dynamic processes and the condensation and evaporation of fission product ;

vapors after release from fuel are considered by codes included within the RN package. !

The aerosol dynamics models are based upon MAEROS [12], a multisection, multicom-
ponent aerosol dynamics code, but without calculation of condensation. Aerosols can
deposit directly onto erfaces such as heat structures and water pools, or can agglomer- !

ate and eventually settle out. The condensation and evaporation of radionuclide vapors
at aerosol surfaces, pool surfaces and heat structure surfaces are evaluated by rate equa-

,

tions from the TRAP-MELT 2 code [13), which are based on the surface area, mass
,

transfer coeflicients, and the differences between the present surface concentration and '

the saturation surface concentration. ,'

| Models are available for the removal of radionuclides by pool scrubbing, filter trapping
and containment spray scrubbing. The pool scrubbing modelis based on the SPARC code

!
t
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[14], and treats both spherical and elliptical bubbles; the model includes condensat on |

at the pool entrance, Brownian diffusion, gravitational settling, inertial impaction and
evaporative forces for the rising bubble. The filter model can remove aerosols and fission
products vapors with a specified maximum mass loading. The containment spray model
is based on the model in HECTR 1.5 [15] and removes both vapors and aerosols from
the atmosphere.

1.4 Related MELCOR Applications

The MELCOR computer code has been~ developed to the point that it is now be-
ing successfully applied in both experiment analyses, intended for code validation, and
in plant analyses, in support of PRAs and accident management studies. A review of
MELCOR verification, validation and assessment to date reveals that most of the se-
vere accident phenomena modelled by MELCOR have received or are receiving some
evaluation.

Figures 1.4 ,,1.4.2 and 1.4.3 summarize the available MELCOR assessment against
experimental test data for primary system thermal / hydraulics,in-vessel core damage and
fission product release and transport, and ex vessel and containment phenomenology, re-
spectively. Only analyses that are completed or already underway are included; analyses
scheduled but not yet begun are not included.

Reactor coolant system thermal / hydraulic response, core heatup and degradation,
1

and fission product and aerosol release and transport in a PWR geometry all were stud- '

ied at full plant scale in the TMI-2 accident analysis [16], and are important in LOFT
LP-FP-2 [17]. However, there is no experiment (not even the TMI accident) which repre-
sents all features of a severe accident (i.e., primary system thermal / hydraulics;in-vessel
core damage; fission product and aerosol release, transport and deposition; ex-vessel core- '

concrete interaction; and containment thermal / hydraulics, and hydrogen transport and
combustion), and only the TMI accident is at full, plant scale. It is therefore necessary
for severe accident codes to supplement standard assessment against experiment (and {
against simple problems with analytic or otherwise obvious solutions) with plant calcu- !

lations that cannot be fully verified, but that can be judged against expert opinion for
reasonableness and internal self-consistency (particularly using sensitivity studies) and )
also can be compared to other code calculations for consistency. Table 1.4.1 summarizes I
the plant analyses done with MELCOR to date, many with sensitivity studies and/or l
code-to-code comparisons. Only analyses that are completed are included; analyses in
progress or scheduled but not yet begun are not included.

In the NUREG-1150 study [2] reusessing risk at five plants, MELCOR was used to
perforrn coatainment response calculations [18]. In the phenomenology and risk uncer-
tainty evaluation program (PRUEP), MELCOR calculations were performed as part of
an integrated risk assessment for the LaSalle plant [4]. MELCOR calculations have been
done updating the source term for three accident sequences (AG, S2D and S3D) in the

i

Surry plant [19]. A TMLB' station blackout analysis for Surry, comparing results from
'
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Table 1.4.1. MELCOR Plant Calculations
Plant Plant Scenarios

Type Analyzed

TM1-2 B&W PWR '

LaSalle BWR/5, Mark Il Station blackout (SBO)

Surry 3-loop PWR TMLB' w/ and w/o DCH
AG, S D, S3D2

TMLB' w/ surge-line-break
LBLOCA

Peach Bottom BWR/4, Mark I Station blackout

Oconee B&W PWR LOCA, TMLB'

Calvert Cliffs CE 3-loop PWR

Zion 4-loop PWR

Peach Bottorn BWR/4, Mark I Station blackout
LBLOCA

Point Beach 2 loop PWR SBO

Peach Bottom BWR/4, Mark 1 TQUX,AE
S E SBLOCABrowns Ferry BWR/?, Mark I 2

TVO BWR TB, MSLBreak
>

10% SBLOCA

M6hleberg BWR/4, Mark I SBO w/ and w/o ADS,
V-sequence, SBLOCA

Beznau 2 loop PWR SBO, V-sequence, SGTR,
llL SBLOCA,IBLOCA, LBLOCA

G5sgen 3-loop PWR SBO

Leibstadt BWR/6, Mark Ill
Asc6 II 3-loop PWR AB and V-sequence, SGTR

Garo6a BWR/3, Mark 1 SBO

I
l

l

I

1
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MELCOR 1.8.2 with results from MELCOR 1.8.1 for the same transient [20], was done
as a task in the Sandia MELCOR development project. SCDAP/RELAP5 calculations
of natural circulation in the' Surry TMLB' accident scenario [21] were independently re-
viewed and assessed by Sandia [22]; a number of identified uncertainties were examined
by building a corresponding MELCOR model of the Surry plant and performing sensi-
tivity studies with MELCOR on several modelling parameters. MELCOR calculations
[23] have been done to study the effects of air ingression on the consequences of various
severe accident scenarios; one set of calculations analyzed a station blackout with surge
line failure prior to vessel breach, starting from nominal operating conditions, while the
other set of calculations analyzed a station blackout occurring during shutdown (refu-
eling) conditions, both for the Surry plant. MELCOR calculations have been done at
Sandia recently for severe accident sequences in the ABWR and the results compared
with MAAP calculations for the same sequences [24].

The BNL MELCOR assessment effort includes plant analyses for the Peach Bottom
BWR [25,26]; Zion, a 4-loop Westinghouse PWR [27), as part of a MAAP/MELCOR
comparison exercise; Oconee, a B&W PWR plant [28,29,30]; and Calvert Cliffs, a CE
PWR plant [31], including comparison to other code calculations. ORNL has completed
a MELCOR analysis characterizing the severe accident source term for a low-pressure,
short-term station blackout sequence, with flooded and dry cavities, and a LBLOCA, in
the Peach Bottom BWR-4 [32]. MELCOR has been used as a severe accident analysis
tool for several of the Oak Ridge test reactor programs. MELCOR has been validated
by ORNL [33] as part of the High Flux Isotope Reactor (HFIR) Safety Analysis Report
(SAR) quality assurance program, before using MELCOR as the primary analysis tool
for their Chapter-15 design-basis accident analyses. As part of a severe accident study
for the Advanced Neutron Source ( ANS) Conceptual Safety Analysis Report (CSAR),
MELCOR has been used at Oak Ridge to predict the transport of fission product nuclides
ard their release from containment [34). A MAAP/MELCOR comparison study for the
Point Beach plant was done as a master's thesis at the University of Wisconsin [35].

AEA Technology at Winfrith Technology Centre have examined the performance of
the code in plant calculations,in particu!ar for the TMLB' sequence in Surry with and
without surge line failure [36]. Three accident sequences (AB, V, and SGTR) for the
Asc6 U plant [37,38,39,40],' and two station blackout sequences in the Garo5a plant,
have been done [41] by the Catedra de Tecnologia Nuclear, Universidad Politecnica de
Madrid. MELCOR has been used by the Netherlands Energy Research Foundation,
Energieonderzoek Centrum Nederland (ECN) mainly to analyze severe accidents for the
General Electric ABWR and SBWR designs.

MELCOR calculations have been done for two plant scenarios, a station blackout
and a main steam line break, in the Teollisuuden Voima Oy (TVO Power Company)
nuclear power plant (42,43,44), including a MAAP/MELCOR comparison study with
the MAAP runs done by TVO and the MELCOR runs done by Valtion Teknillinen '

Tutkimuskeskus (VTT), the Technical Research Centre of Finland. More recently, an
initial station blackout with a 10% break in the main steam line with recovery of power
and reflooding of the overheated reactor core with auxiliary feedwater has been analyzed
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for the TVO plant using the MAAP, MELCOR and SCDAP/RELAP5/ MOD 3 computer
codes [45].

There is substantial MELCOR use and experience at HSK (Hauptabteilung f6r die
Sicherheit der Kernanlagen, the Swiss Federal Nuclear Safety Inspectorate) [46]. The ex-
tensive set of plant analyses done for four plants includes a number of accident sequences,
sensitivity studies and a MELCOR/MAAP comparison.

MELCOR is being used in the Nuclear Power Engineering Center of the Japan In-
stitute of Nuclear Safety (NUPEC/ JINS) as a second generation code for once-through
analysis of light water reactor severe accidents, to improve the accuracy of containment
event tree analysis and source term analysis in level 2 PSAs for Japanese light water
reactors. Preliminary calculations performed using MELCOR 1.8.0 included calculations
of two Peach Bottom BWR plant severe accident sequences [47]. More recent calculations
done with MELCOR 1.8.1 [48] include PWR [49) and BWR [50] plant sequence analyses
in support of PSA studies. The Japanese Atomic Energy Research Institute (JAERI)
has done a comparative study of source terms in a BWR severe accident as predicted by
THALES-2, the Source Term Code Package (STCP), and MELCOR [51,52].

MELCOR is being used by a number of groups to model VVER nuclear power plants,
even though the code models are not all readily applicable to the VVER design and
even though there has been no development of MELCOR for VVER phenomenology.
MELCOR is being used in Hungary and in Russia to model a VVER-440/213 reactor
and plant [53).

There have been other innovative applications of MELCOR, beyond its original
planned uses. A Level 3 PRA was done for N Reactor, a USDOE production reactor, with
phenomenological supporting calculations performed with HECTR and MELCOR [54}.
MELCOR was used to perform independent safety calculations for two proposed SP-
100 space reactors designs [55); it proved possible to model and analyze simple pressure
and temperature excursions for lithium coolant with the existing code. (This successful <

application to space reactors helps demonstrate the code's worth as a flexible analysis
tool.)

1.5 Report Outline

Section 1 summarizes the background for the work documented in this repert,includ-
ing how deterministic codes are used in PRAs, why the MELCOR code is used, what the
capabilities and features of MELCOR are, and how the code has been used by others in
the past. Section 2 provides a brief description of the Grand Gulf plant and its config-
uration during LPkS operation. The MELCOR input model developed for the Grand
Gulf plant in its LP&S configuration is described in Section 3. Section 4 presents the
results of MELCOR analyses of various accident sequences for the POS 5 plant configu. I

ration, initiated at several different times after scram and shutdown, including shortened
thermal / hydraulic and core damage calculations done in support of the Level 1 analysis
and full plant analyses, including containment response and source terms, supporting
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the Level 2 analysis. MELCOR calculations of various accident scenarios for POS 6 are
given in Section 5; these include a reference calculation and sensitivity studies on both
plant configuration assumed and on code input aptions used. Section 6 contains a brief
summary of this work.

t ._ .I
t

I |
,

I

s

|

l

|

;

~.

:
1

16

_ - _ _ _ _ _ _ - _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ - _ _ _ _ _ _ -



:

-

2 Phnt Description

The Graad Gulf Nuclear Station located in southwestern Mississippi is a BWR/6
boiling water reactor with an 800-fuel-assembly core and a Mark III containment.

j

The contaimnent is divided into two main regions, the drywell and the outer con-
tainment, as shown in Figure 2.1. The drywell is a cylindrical region that surrounds
the reactor pressure vessel. The outer containment surrounds the drywell and is sepa-
rated from it by the drywell wall. The two regions are further isolated by an annular
suppression pool which is located at the base. of containment. The suppression pool is
contained between the outer containment wall and a shorter wall in the drywell called
the weir wall. Besides leakage through the drywcll wall, the only flow path between the
two containment regions in a staticn blackout accident is through horizontal vents that
are submerged in the suppression pool.

The weir wall containing the suppression pool is not high enough to prevent backflow

of suppression pool water onto the drywell floor when the outer containment pressure
exceeds the drywell pressure by a large enough margin to overcome the water head in
the weit annulus. The water overflowing onto the drywell floor would then drain into the

pedestal region beneath the vessel through floor drains.

The reactor pressure vessel normally vents through safety relief valves (SRVs) into
the supprusion pool. There are vacuum breakers in the piping between the SRVs and
the suppression pool which open to avoid condensation induced problems in the tailpipes
following SRV reclosure. If these vacuum breakers fail to reclose, a portion of the subse-
quent flow through the SRVs would enter the drywell directly, and the remainder would
continue to be discharged to the suppression pool.

The ooter containment can be ccoled by a spray system, with injection nozzles located
in the upper dome. Because this system is ac-powered,it would not be available during a
station blackout. However,if ac power was restored during a station blackout, the sprays

would become available.

Grand Gulf is equipped with igniters in both the drywell and outer containment to
provide controlled burning of hydrogen and carbon monoxide during accidents. Because
of this, threats from containment burning are not important for many sequences. How-
ever, these igniters are ac-powered, so they would not b6available during station blackout
sequences.
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3 MELCOR Computer Model -

|

The basecase MELCOlt input model used for these Grand Gulf shutdown analyses |
is shown in Figure 3.1. There are a total of 19 control volumes,36 flow paths, and 57
heat structures in this basecase model; a few control volumes, flow paths and/or heat
structures were added to or removed from this model for various analyses, as required. All |

control volumes were specified to use nonequilibrium thermodynamics and were specified
to be vertical volumes; all heat structures used the steady-state temperature-gradient
self initialization option. Detailed volume-altitude tables and junction flow segments
were used to correctly represent subcomponents in and between the major components
modelled.

The primary system (i.e., the reactor pressure vessel) was represented by six control
volumes: one each for the downcomer, lower plenum, upper-plenum / steam-separators,

,

j
steam dome and the core and bypass channels. The vessel model [56} is depicted in

j
more detail in Figure 3.2, with flow paths and heat structures shown. (The core model is
discussed separately later in this section.) The recirculation loop piping was not modelled
for these calculations, because it was assumed that circulation within the recirculation
piping would not significantly afTect the boiloff results.

1

Previous Grand Gulf calculations [18] used a modified LaSalle core and reactor cool-
ing system. These models, particularly the core model, have been improved to better
represent Grand Gulf [4); these models still contain LaSalle-specific data but the param.
eters of importance have been converted to or verified as Grand Gulf data to the extent

;

possible given the limited available plant data. For instance, the core model has the '

proper fuel assembly and control rod masses, and the primary system volumes are in-
reasonable agreement with the volumes stated in the FSAR [57], but certain flow loss
coeflicients were not known specifically for Grand Gulf.

For the POS 5 analyses discussed in Section 4, a flow path was added representing
the RPV head vent, a piping line extending from the upper head to the pedestal canty;

!
depending on the sequence being simulated the RPV head vent flow path was open a
closed, and the' SRV flow path was locked open, locked closed, or cycled in the relid
mode, as required. Flow paths were added for the open MSIV line and for the SDC

!
brer.k as needed for individual POS 5 scenarios. For the POS 6 analyses discussed in
Section 5, a flow pr.th was added representing the vessel upper head open to the drywell
rad the flow path representing the SRVs was set to a zero area. In all cases, a flow path
representing the vessel breach provided the thermal /bydraulic outflow when penetrationv. 1

in the lower head failed, because the COR package only handles ejection of core debris.

Figure 3.3 highlights the MELCOR input model for the containment, taken directly
from the MELCOR model used for the NUREG-1150 supporting analyses [18]. The outer I

containment was represented by five control volumes (dome, equipment hatch, upper
annulus and lower annulus, and wetwell) and the inner containment by three (upper
drywell, pedestal cavity and weirwall). Flow paths representing the drywell personnel
lock and the containment personnel locks and the containment equipment hatch were
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added. In the POS 5 analyses described in Section 4, the flow path modelling the drywell

personnel lock was always fully open, while the flow paths for the containment upper and
lower personnel locks and equipment batch were open or closed as required in particular |

accident sequences; in the POS 6 analyses described in Section 5, the drywell head was ,

modelled as open, the flow path modelling the containment equipment batch was always |
open, while the flow paths for the upper and lower containment personnel locks were

~

sometimes open, and closed in other calculations. Several of the flow paths between
volumes in the containment were divided into higher-elevation and lower-elevation flow-

path pairs to allow better representation of gas and liquid Dows. In some calculations the
containment was assumed open to the auxiliary building or directly to the environment;
in othera, a 489.5 kPa (71 psia) containment failure pressure was used.

The cavity was specified to be a flat-bottomed cylinder with an internal depth and |

radius of 3.921 m and 3.226 m, respectively; the concrete is 1.752 m thick on the sides and i
'

:2.0 m thick below the cavity. The cavity consists of limestone / common sand concrete
with 0.135 kg/kg rebar; the ablation temperature is set to 1503 K. ;

A model for the auxiliary building, depicted in Figure 3.4, was developed specifi-
cally for these analyses, primarily from the limited information in the FSAR [57]. Two -
variations were considered; in both, the auxiliary building model consists of four control

*

!
volumes (one for each floor). a number of flow paths (three between floors, one from the
stairwell to the environment and various inflow paths from containment) and heat struc-
tures (five for floors and/or ceilings, four for external walls and four for internal walls),
but the volumes and surface areas are changed. The open auxiliary building model rep;
resented open interior doors, resulting in larger open volumes and heat structure surface
areas for flow-through and potential retention and/or deposition of aerosols before the
stairwell door to the environment is blown open at 135.85 kPa (5 psig overpressure). The
closed auxiliary building model represented the interior doors remaining closed while the
stairwell door to the environment is blown open.

The containment equipment batch and upper personnellock open to the fourth floor
iin the auxiliary building, while the cont ainment lower personnel lock opens to the second

floor. For one POS 5 sequence the flow path representing the MSIV line was open, and
'
,

goes from the upper vessel to the third floor of the auxiliary building. For several other
POS 5 scenarios a break in the SDC line is represented, which goes from the vessel
downcomer to the first floor of the auxiliary building. The auxiliary building can vent to
the environment through a stairway door, taken as coming from the second floor of the
auxiliary building.

The basecase core model [56] consists of six radial rings and 13 axial levels, for a total
of 78 core cells, as illustrated in Figure 3.5. Axially, five levels are used in the lower
plenum, one of which corresponds to the core support plate, and eight levels are used in ;

the core itself. The active fuel region of the core was subdivided into six axial levels of
equal height (25in); the lowest and highest levels in the core region contaim only support |

'

structures, not fuel.

The 800-assembly Grand Gulf core contains a total of 179,760lb of Zr,98.71bm in each
aasembly canister and 1261bm in the fuel rods. In addition, the FSAR gives the total fuel
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mass as 45Slbm/ assembly for a total UO mass of 366,400lbm. The total fuel assembly2

and control ma:ses are given as 699 and 21 Sib, respectively; there are 193 control rods
in the core. The Grand Gulf fuel rods appear to be identical to the LaSalle rods and
both have an 8x8 matrix. Grand Gulf, however, has a thicker canister than LaSalle,in
addition to 36 more fuel assemblics and 8 more control rods than LaSalle.

LaSalle data was used for the top guide, core plate, fuel supports, control rod tubes
and housings masses. These were subdivided into radial and axial cells corresponding
to the cells for the power distribution. The subdivided masses are reasonably accurate
for the active fueled core region and the correct total masses are maintained. The mass
distribution outside of the fueled region (i.e., the handles, the lower tie plate, the fuel
support pieces, control rod velocity limiters, etc.) were estimated from the available data
and drawings.

Other core model input were computed in a similar manner as the masses; these
include the component surface areas, the flow areas, cross. sectional areas, and equivalent
diameters. Inputs for the vessellower head and penetrations still reflect the LaSalle data.

The core decay power distribution was developed from FSAR EOC data. Since the
radial power distribution dips at the core center, the inner portion of the core was sub-
divided to focus on the region with the highest power density (the second ring). The
time-dependent decay power was calculated using the normalized time-dependent power
distribution developed for the LaSalle plant (which is the same power curve used in previ-
ous Grand Gulf calculations). The operating power level was 3833 Mw when the reactor
was tripped.

The default classes in the MELCOR RN and DCll packages were used. The default
classes and initial inventories are presented in Tablern-int-t0; as shown in this table, a
small fraction of these were specified to be in the gap rather than in the fuel. Most
of our calculations were done using the MELCOR default fission product release model
(i.e., CORSOR-M); section 5.4.1 presents the results of using a POS 6 analysis using
the alternative CORSOR release model option. These Grand Gulf shutdown analyses
also were done specifying two MAEROS components, one for the noble gases (Class 1)
and another for all other aerosols, and five aerosol distribution size bins (the MELCOR
default), with the minimum diameter reduced by an order of magnitude from the default
value, to 0.1pm.

MELCOR gives radionuclide inventories in terms of both " total" mass and "radioac-
tive" mass. Only the radioactive masses are given in this report. The total and radioac-
tive values can be different for the Cs, Ba, Te, Ru, Mo, Ce, U and Sn classes. For neveral
of these, the difference is due only to the use of a different compound molecular weight
for the total than the elemental weight used for the radioactive mass, i.e., CsOH vs Cs,
TeO vs Te, and UO vs U. There is no difference in the default elemental and compound2

molecular weights for the other classes with unequal total and radioactive masses; in-
stead, the differences between total and radioactive masses are due to the inclusion of
degraded core structural materials and clad. The platinoids class (Class 6, represented
by ruthenium) includes nickel, found in stainless steel; the other major components of
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Table 3.1. Initial Radionuclide Class inventories

Class Initial Mass Initial Gap Inventory
(kg) (%) ,

I (Xe) 463.71 3.0

2 (Cs) 268.35 5.0

3 (Ba) 207.52 0.0001
'

4(1) 20.931 1.7

5 (Te) 40.789 0.01

6 (Ru) 306.99 0.0

7 (Mo) 350.64 0.0

8 (Ce) 593.95 0.0 '

9 (La) 571.05 0.0

10 (U) 132,3S6 0.0

11 (Cd) 1.4065 0.0

12 (Sn) 8.5872 0.0

stainless steel, iron and chromium, are included in the Mo class. Zircaloy and released as
the clad melts. The tetravalent class (Class 8, represented by cerium) includes zirconium.
a major clad component; the Sn class includes the tin found normally in Zircaloy and
released as the clad melts.

Also note that, while there are 15 default RN classes in MELCOR and those default
classes were used for the POS 6 analyses (with Csl added as Class 16 in the POS 5
analyses), no values are given in this report for Class 13 (boron), Class 14 (water) or
Class 15 (nonradioactive aerosols generated during core-concrete interaction), all of which
have identically zero radioactive masses.

A large number of control functions were used to track the total and radioactive
!

masses of each class released from the intact fuel and/or debris in the vessel (either in
the core, the bypass or in the lower plenum); released from the debris in the cavity;
remaining in the primary system (i.e., the reactor vessel): in the inner containment (in
the drywell and cavity, and the weirwall atmosphere and walls); in the outer containment
(in the dome, annulus, equipment batch, and suppression pool atmosphere an'd walls);
in the water in the suppression pool and weirwall; in the auxiliary building; and in the
environment. Those control functions provided time-dependent source term release and i

distribution data for subsequent postprocessing. Control functions were used also to
force edit and restart dumps when specified events occurred (e.g., when the clad first

'

failed, when specified amounts of hydrogen had been generated, when each lower head
penetration failed, when the containment and/or auxiliary building failed).

Most of the MELCOR calculations done for the POS 5 Level I study (described in
Section 4.2 were run with MELCOR 1.8.2 (version 1.80C) on an IBM /RISC-6000 Model ;

550 workstation; most of the MELCOR calculations done for the POS 5 Level 2/3 study i
|
;
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(described in Section 4.3 were run with MELCOR 1.8.2 (version 1.SOM) on a llP/9000
Model 755 workstation. All MELCOR calculations for the POS 6 study were run with

MELCOR 1.8.1 (version 1.81V) on the IBM /RISC-6000 Model 550 workstation.
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4 POS 5 Calculations

4.1 Description of POS 5

POS 5 is rigorously defined as: " Cold Shutdown (Operating Condition 4) and Refuel-
ing (Operating Condition 5) only to the point where the vessel head is off." POS 5 can be
entered into coming down from power or in going back up to power. During a refueling
outage the plant can be in POS 5 for an extended period of time; the event that initiates
the accident can occur anytime during this time period. Since the decay heat load from
the core decreases with time, the amount of time that is available to the operators to
respond to an accident will depend on when the event that initiates the accident occurs
during POS 5. inventory also changes with time and, therefore, the radiological potential
of the accident will also change with time. dependency on time, the time the plant is
in POS 5 is divided into segments or " time windows"; a unique decay heat level is then
assigned to each window. To keep the calculations manageable, only three time windows
were defined for POS 5. The selection of the time windows was based on the availabil-
ity of systems used to mitigate the accident and the time required to perform actions
necessary to restore systems designed to mitigate the accident. In POS 5, there are two
natural time segments, the time the plant is in POS 5 before refueling (i.e., coming down
from power) and the time the plant is in POS 5 following refueling (i.e., going backup
to power). The decay heats for these two segments will be significantly different. The
first segment was further subdivided to account for the availability of an alternate source
of decay heat removal. The Alternate Decay Heat Removal System (ADHRS) can be
used to remove decay heat from the core once the reactor has been shutdown for at least ,

24 hours. Thus, the first segment was divided to distinguish the time in POS 5 prior to !
'

24 hours after shutdown from the time in POS 5 after 24 hours after shutdown.

Based on reviews of the refueling outage critiques for RFOs 2,3, and 4, on average,
'

the plant enters POS 514 hours after shutdown and remains in POS 5 for 60 hours before
entering POS 6. On the way back up to power, the plant again enters POS 5 40 days
after shutdown and remains in POS 5 for 10.4 days. Based on this information, the threc

,

'

time windows were defined as:

Time Window 1: Starts 14 hours after shutdown and has a duration of 10 hours

Time Window 2: Starts 24 hours after shutdown and has a duration of 70 hours

Time Window 3: Starts 40 days after shutdown and has a duration of 10.4 days

Although the plant can enter POS 5 during a refueling outage (RFO) as fast as
7 hours after shutdown, 7 hours was not used as the start time for Window 1 because
review of the refueling outage critiques indicated that 14 hours was a me:e typical value.
However, to account for the fact that the plant could enter POS 5 as soon as 7 hours
after shutdown, the decay heat load used to represent Window 1 was the decay beat load
7 hours after shutdown. The decay heat used to represent Window 2 is the decay heat
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l
load 24 hours after shutdown. Similarly, the decay heat used to represent Window 3 is {

the decay beat load 40 days after shutdown. ]
The configuration of the plant during POS 5, as modelled in the Level 2/3 analysis, {

was determined from requirements imposed by the technical specifications [60] and from
plant procedures and practices during a refueling outage (i.e.,information was received
in the form of critiques of refueling outages and interviews with plant personnel). The

,

technical specifications were used to define the minimum set of requirements. If a system {
was not required by the technical specifications to be operable, then the plant procedures i

and practices were reviewed to obtain the status of the system. In actual practice, the {
configuration of the plant continues to change during POS 5. For example, the con- !

tainment equipment batch is removed during'this POS. Thus, when the POS is initially
entered. the hatch is attached and then it is subsequently removed during the POS chang- !

ing the configuration of the plant in the process. To keep the analysis manageable. it .

was often necessary to make simplifying assumptions with regard to the configuration of I

the plant when the accident was initiated. The configuration of the plant at the start of
the accident, as modelled in the Level 2/3 analysis, is defined below.

. Containment: The technical specifications do not require the primary or the sec-
ondary containments during POS 5. Review of the Grand Gulf refueling critiques
indicated that the containment equipment batch is typically removed shortly after j
entering POS 5. In this analysis, it was assumed that the equipment hatch and j
both personnel locks are open when the accident is initiated. Given that the nec- j
essary support systems are available, it was assumed that the containment could )
be vented in the event that the containment was closed prior to the onset of core j
damage. )

a

j e Drywell Integrity: The technical specifications do not require that the drywell
integrity be maintained during POS 5. Review of the Grand Gulf refueling critiques!

indicated that the drywell personnel lock is open and equipment hatch is typically
removed early in POS 5. Furthermore, during POS 5 a portion of the upper reactor
pool is drained and the drywell head is removed It was assumed that either the |

|
drywell equipment batch or the drywell personnel locks were open and remained

j open throughout the accident.
1

<
t e Reactor Pressure Vesseh in cold shutdown the reactor pressure vessel head is on. |

While the technical specifications do not require any SRVs to be available, Grand |
Gulf administrative procedures require at least two SRVs to be available. Therefore,
in this analysis it was assumed that two SRVs were available. The temperature of

,

the vessel water is required by the technical specifications to be less than 200*F. |
The water level can either be at the normal level or the natural circulation level.

'

For the purposes of this analysis, it was assumed that at the start of the accident
the reactor water was at the normal level and its temperature was 200'F. The RPV
head vent was assumed to be open at the start of the accident. The status of the
MSIVs (i.e., open or closed) is accident specific.
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e Suppression Pool: The suppression pool inventory is accident specific. Three levels
were considered: (1) Low water level (18 ft -41/2 in), (2) Drained level 12 ft 8 in.
and (3) empty with 170,000 gal available to HPCS from the condensate storage
tank.

. Hydrogen Ignition System: The technical specifications do not require the HIS to
be available during POS 5. However, since it is the practice at the plant to perform
train based maintenance during a refueling outage, and half of the igniters are on
Train A and the other half are on Train B, it was assumed in this analysis that
at least one train of HIS will always be available (Note, however, the HIS will not
operate without ac power).

4.2 Level 1 Thermal / Hydraulic Support Calculations

A series of MELCOR calculations were done to support the quantification of the
Level 1 PRA models. For these calculations, the parameters of interest include the times
to reach various pressure and/or level setpoints, the time to top-of. active-fuel (TAF)
uncovery, the times to core heatup and clad failure (at 1173 K) and the time to vessel
failure.

Several general scenarios when the plant is in POS 5 have been considered:

1. Open MSlYs: At the initiation of the accident, the MSlVs on all four steam lines
are open. The initiating event then results in a loss of all core cooling and coolant
makeup. The SRVs and the reactor pressure vessel head vent are closed at the
beginning of the transient.

2. Low Pressure Boiloff: At the initiation of the accident, two SRVs are open. The
initiating event then results in a loss of all core cooling and coolant makeup. The
reactor pressure vessel head vent is closed at the beginning of the transient.

3. High Pressure Boiloff with Closed RPV Head Vent: At theinitiation of the accident,
the SRVs are closed. The SRVs remain closed during the accident and only open
to relieve pressure at the safety setpoint. The initiating event then results in a loss
of all core cooling and coolant makeup. The reactor pressure vessel head vent is
closed at the beginning of the transient.

4. High Pressure Boiloff with Open RPV Head Vent: This scenario is identical to case
3, except that the reactor pressure vessel head vent is open.

5. Large Break LOCA: This accident is initiated by a large break LOCA in a 24 in-OD
recirculation line. At the start of the accident, the SRVs are closed. The break
drains the vessel to 2/3 core height. The initiating event then results in a loss of all
core cooling and coolant makeup. The reactor pressure vessel head vent is closed
at the beginning of the transient.
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6. Station Blackout with Failure to isolate SDC: The accident is initiated by a loss ;

of offsite power. Following the initiating event, onsite power is lost leading to a
SB0 and loss of all core cooling and coolant makeup. The operator fails to open
the SRVs and steam the core at low pressure (i.c., the SRVs operate in the relief
mode). Since the SRVs are closed, the RPV will pressurize. The SBO precludes
the isolation of the low pressure piping in the SDC system. This low-pressure SDC
system piping fails when the RPV pressure reaches 3.135 MPa (440 psig) resulting
in an interfacing systems LOCA.

7. Station Blackout with Firewater Addition: The accident is initiated by a loss of
'

offsite power. Following the initiating event, onsite power is lost leading to a SBO
and loss of all core cooling and coolant makeup. The operator opens two SRVs at
2 hr and steams the core at low pressure while adding coolant from the firewater
system to the core bypass region. Firewater addition can be maintained indefinitely. [

i

8. Station Blackout with 10 hr Firewater Addition Followed by High Pressure Boiloff: ;

The accident is initiated by a loss of offsite power. Following the initiating event,
onsite power is lost leading to a SB0 and loss of all core cooling and coolant makeup.
The operator opens two SRVs at 2 hr and steams the core at low pressure while
adding coolant from the firewater system to the core bypass region. The SRVs are ;

shut at 12 hr after accident initiation, after which they operate in the relief mode.
Since the SRVs are now closed, the RPV can pressurize.

9. Station Blackout with 10 hr Firewater Addition Followed by Failure to Isolate SDC:
The accident is initiated by a loss of offsite power. Following the initiating event,
onsite power is lost leading to a SBO and loss of all core cooling and coolant makeup.
The operator opens two SRVs at 2 hr and steams the core at low pressure while
adding coolant from the fire. vater system to the core bypass region. The SRVs are
shut at 12 hr after accident initiation, after which they will operate in the relief
mode. Since the SRVs are now closed, the RPV will pressurize. The SB0 precludes
the isolation of the low pressure piping in the SDC system. This low-pressure SDC
system piping fails when the RPV pressure reaches 3.135 MPa (440 psig) resulting
in an interfacing systems LOCA.

In all cases, at the initiation of the accident, the reactor vessel is depressurized, and the
,

coolant is at the normal level (i.e.,554.7 in actuallevel or 569.7 in measured level). Also,
in all these cases, the drywell personnel lock is open; the containment equipment hatch
and both of the containment personnel locks are open (i.e., "open containment").

Calculations were performed for several different times from shutdown for each of
!these accident scenarios: 7 hr,24 hr,59 br,12 days, and 40 days. The first two times

correspond to the times used to determine the decay heats for the first and second time
windows; the third time corresponds to the midpoint of the second time window; the ,

last time corresponds to the time corresponding to the decay heat levelin the third time I
window. (Some calculations were done for 12 days after shutdown while the decay heat
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6table in the MELCOR deck only extended to 1.0x10 s after scram; after the decay heat .

table was extended to >50 days, calculations were done starting 40 days after shutdown.)

Because the primary interest was in time to core damage, these Level 1 support
calculations were run until any of the following: vessel failure, code abort or 24 hr of
transient. If any sequence produced no significant core damage within 24 hr for a given
decay beat level, no further calculations were done with longer shutdown time s (i.e.,
lower decay heat levels).

1

4.2.1 Open MSIVs

At the initiation of the accident, the reactor vessel is depressurized, the coolant is
at the normal level and the MSIVs on all four steam lines are open. The vessel water
inventory is at 366.5 K (200*F), which corresponds to the maximum temperature allowed
by the Grand Gulf technical specifications for operation in POS 5. The initiating event
then results in a loss of all core cooling and coolant makeup. The SRVs and the reactor
pressure vessel head vent are closed at the beginning of the transient. The drywell
personnel lock is open; the containment equipment batch and both of the containment
personnel locks are open (i.e., 'open containment").

Figure 4.2.1.1 gives the vessel pressures calculated starting this accident s.cenario at :

several different times after scram. In all cases, the system begins pressurizing as all
core cooling is lost but only pressurizes to ~150kPa before the steam flow out the open

'

MSIVs is sufficient to remove all the decay heat. The steam flow out the MSIVs in turn
pressurizes the auxiliary building and, through the open equipment batch and personnel
locks, pressurizes the containment, as shown in Figure 4.2.1.2. The auxiliary building
is assumed to fail on a 0.345 kPa (5 psig) overpressure. The longer after shutdown and
scram that this accident sequence begins, the lower the decay heat and the longer it takes
to fail the auxiliary building.

The coolant inventory in the vessel drops as the decay heat boils water to steam which
is lost out the open MSIVs, faster for higher decay heat levels than for lower decay heat
levels, as presented in Figure 4.2.1.3. Figure 4.2.1.4 gives the predicted upper plenum l

liquid level drop due to this inventory loss, for different decay beat levels and highlighting
'

when a Level 3 trip (544.4 in) would be generated; this is the autoisolation signal for
SDC. Figure 4.2.1.5 gives the upper plenum and corresponding core liquid level drops
due to this inventory loss, for different decay beat levels and highlighting when TAF
uncovery is calculated to occur; horizontal lines indicate both the boundary between
the upper plenum and the core at 9.6 m and the top-of-active-fuel elevation at 9.3 m.
The core uncovery begins when the upper plenum still has substantial liquid left, with
liquid downflow restricted by countercurrent flow limiting by upflow of the steam being ;

generated in the core, but the two-phase level in the core does not drop substantially ]
below the top of the active fuel until after the upper plenum is mostly drained. We take
TAF uncovery as the drop of the collapsed level in the core below the TAF elevation.

The early core heatup is illustrated in Figures 4.2.1.6 through 4.2.1.8, as calculated for i

accident sequencesinitiated by stuck-open MSIVs at 7 hr,24 hr and 59 hr after shutdown.
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As with TAF uncovery, core uncovery begins sooner and proceeds more rapidly at higher |
decay heat levels. (The calculation begun 40 days after shutdown showed no core heatup !

'

by about 90,000 s, when stopped.)

Tables 4.2.1.1 and 4.2.1.2 summarize the timings of various key events predicted using i

MELCOR for this sequence assuming various times after shutdown and associated decay |

!heat levels.
i

4.2.2 Low Pressure Boiloff

At the initiation of the accident, the reactor vessel is depressurized, the coolant is
at the normal level and two SRVs are open. The vessel water inventory is at 366.5 K
(200*F), which corresponds to the maximum temperature allowed by the Grand Gulf
technical specifications for operation in POS 5. The initiating event then results in a loss
of all core cooling and coolant makeup. The reactor pressure vessel head vent is closed'

at the beginning of the transient. The drywell personnel lock is open; the containment
equipment batch and both of the containment personnel locks are open (i.e., "open

containment").
Figure 4.2.2.1 gives the vessel pressures calculated starting this accident scenario at

,

several different times after scram. In all cases, the system begins pressurizing as all core |
'

cooling is lost but only pressurizes slightly before the steam Bow out the two open SRVs
is sufficient to remove all the decay heat; the higher the decay heat (i.e., the sooner after
shutdown), the higher the early. time pressure peak before the Bow out the open SRVs
can fully remove the decay heat. J

The steam Bow out the two open SRVs in turn pressurizes the containment and, 1

through the open equipment batch and personnellocks, pressurizes the auxiliary building, !
I

as shown in Figure 4.2.2.2. The longer after shutdown and scram that this accident
sequence begins, the lower the decay beat and the longer it takes to fail the auxiliary
building.

The coolant inventory in the vessel drops as the decay beat boils water to steam which
is lost out the open SRVs, faster for higher decay beat levels than for lower decay beat
levels, as presented in Figure 4.2.2.3. Figure 4.2.24 gives the predicted upper plenum )
liquid level drop due to this inventory loss, for differu.t decay beat levels and highlighting |

when a Level 3 trip (544.4 in) would be generated Bath collapsed and swollen (two-
phase) liquid levels in the upper plenum are quite oscillatory, and we chose the first time
the collapsed level crossed the 544.4 in level setpoint as the signal generation.

i

Figure 4.2.2.5 gives the corresponding core liquid level drop due to this inventory
loss, for different decay heat levels and highlighting when TAF uncovery is calculated to

!

occur; horizontal lines are included both at the top of the core (9.6 m) and at the TAF
elevation (9.3 m). The collapsed liquid levelin the upper core generally drops rapidly and
smoothly; the swollen liquid level in the upper core in contrast oscillates substar.tially.
The core uncovery begins when the upper plenum still has substantial liquid left, with
liquid downBow restricted by countercurrent Bow limiting by upBow of the steam being
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Table 4.2.1.1. Key Event Times for Grand Gulf POS 5 - Open MSIVs, laitiated at
Various Times After Shutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel
After Shutdown Uncoveryt Heatup Release Failure

7 hr 5,500 13,000 17,000 -t
24 hr 8,000 20,000 24,100 -t
59 hr 10,500 27,000 33,200 -t
12 day
40 day 54,000 90,000 -t -t

jCollapsed liquid level
tCalculation stopped before event occurred

i

t

Table 4.2.1.2. Key Signal Times for Grand Gulf POS 5 Open MSIVs, Initiated at |
Various Times After Shutdown

Time to (s) j
Initiation Time Collapsed Level Swollen Level
After Sbutdown <544.4 in <544.4 in

7 br 200 3,500
24 hr 500 5,250
59 hr 1000 6,500
12 day 2500

40 day 3600

1

r

'

|

k .
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generated in the core, but the two-phase level in the core does not drop substantially f
below the top o' the active fuel until af ter the upper plenum is mostly drained. We take
TAF uncovery as the drop of the collapsed levelin the core below the TAF elevation.

The early core heatup is illustrated in Figures 4.2.2.6 through 4.2.2.8, as calculated
i

for low-pressure boiloffs starting at 7 br,24 hr and 59 br after shutdown. As with TAF
uncovery, core uncovery begins sooner and proceeds more rapidly at higher decay heat
levels. The calculation begun 12 days after shutdown showed core heatup just beginning
by about 63,000 s, when stopped; the calculation begun 40 days after shutdown showed
no core heatup by 90,000 s, when stopped. (Recall that the period of interest for all these
Level 1 analyses is either from accident initiation to core heatup, or 1 day after accident

start.)
Tables 4.2.2.1 and 4.2.2.2 summarize the timings of various key events predicted using

MELCOR for this sequence assuming various times after shutdown and associated decay
beat levels.

High Pressure Bolloff with Closed RPV Head Vent !4.2.3
| '
l At the initiation of the accident, the reactor vessel is depressurized, the coolant is at .

the normal level and the SRVs are closed. The SRVs remain closed during the accident
The vessel water inventory

and only open to relieve pressure at the safety setpoint.
is at 366.5 K (200 F), which corresponds to the maximum temperature allowed by the

!

;

Grand Gulf technical specifications for operation in POS 5. The initiating event then
results in a loss of all core cooling and coolant makeup. The reactor pressure vessel head
vent is closed at the beginning of the transient. The drywell personnel lock is open; the
containment equipment hatch and both of the containment personnel locks are open.

(A calculation beginning 40 days after shutdown was not done for this sequence
because the results of the analysis beginning 12 days after shutdown showed no significant
core uncovery or damage within the 1 day maximum time window of interest.)

Figure 4.2.3.1 gives the vessel pressures calculated starting this accident scenario at
several difTerent times after scram. In all cases, the system begins pressurizing as all core
cooling is lost and continues pressurizing, with no relief, until reaching the SRV setpoint.
The SRVs then cycle around the valve setpoints, intermittently opening and allowing
the steam flow out the SRVs to remove the decay heat. The higher the decay beat (i.e., !

the sooner after shutdown), the faster the initial pressurization and associated inventory
,

loss, and the earlier the vessel fails.

The steam flow out the SRVs in turn pressurices the containment and, through the
,

open equipment batch and personnel locks, presenzes the auxiliary building, as shown in|;
Fi6ure 4.2.3.2. The longer after shutdown and scram that this accident sequence begins,
the lo ver the decay heat and the slower the auxiliary building pressurizes. In all these
cases, the auxiliary building does not reach its 5 psig overpressure failure setpoint before
vessel failure; the auxiliary building fails on a sudden pressure spike corresponding to

|
I vessel failure and debris ejection.
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Table 4.2.2.1. Key Event Times for Grand Gulf POS 5 - Low Pressure Boiloff,
Initiated at Various Times After Shutdown

j

Time to (s)
Initiation Time TAF Core First Gap Vessel

After Shutdown Uncoveryt Ileatup Release Failure
:

7 hr 10,250 20,000 - -t ,

!
24 hr 12,250 25,400 31,600 136,386

'

59 hr 13,200 31,600 32,500 -t
' '

12 day. 30,400 63,000 - -t
40 day 52,000 >90,000 - -t

tCollapsed liquid level ,

TCalculation stopped before event occurred

,

j

Table 4.2.2.2. Key Signal Times for Grand Gulf POS 5 - Low Pressure Boiloff, |
Initiated at Various Times After Shutdown |

Time to (s) )
Initiation Time. Collapsed Level Swollen Level i

'

After Shutdown <544 4 in - <544.4 in.

7 hr 750

24 hr 1,000 .

59 br 2,000 | |

12 day 3,600

40 day (1.4 hr) ,

-!
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initially, the vessel water mass remains constant while the system pressurizes due to
the loss of core cooling. After the SRV setpoint is reached, the coolant inventory in the |

vessel drops as the decay heat boils water to steam which is !ost out the open SR\ s,
i

faster for higher decay heat levels, as presented in Figure 4.2.3.3. I

Figure 4.2.3.4 gives the predicted upper plenum liquid level drop due to this inventory
loss, for different decay beat levels and highlighting when a Level 3 trip (544.4 in) would
be generated. The level initially rises as the vessel pressurizes, faster for higher decay
beat levels, until the SRV begins cycling. The level then appears to remain constant
for a brief time, and then drops as inventory continues to be lost out the SRV. The
plateau in liquid levelis an artifact of the MELCOR nodalization, in which the upper
plenum volume extends up to just over 15.43 m; during the apparent level plateau, the
liquid level in the vessel rises into the dryer / steam-dome control volume just above the
upper-plenum / steam-separators control volume.

Figure 4.2.3.5 gives the corresponding upper core liquid level drop due to this inven-
tory loss, for different decay heat levels and highlighting when TAF uncovery is calculated
to occur; horizontal lines are included both at the top of the core (9.6 m) and at the TAF
elevation (9.3 m). The swollen and collapsed liquid levels in the upper plenum generally

,

drop rapidly and smoothly; the swollen and collapsed liquid levels in the upper core in
contrast oscillate substantially. The core uncovery begins when the upper plenum still
has substantial liquid left, with liquid downflow restricted by countercurrent flow limiting
by upflow of the steam being generated in the core, but the two-phase levelin the core
does not drop substantially below the top of the active fuel until after the upper plenum
is mostly drained. We take TAF uncovery as the final, substantive drop of the collapsed ,

level below the TAF elevation, rather than as any of the earlier, intermittent oscillations. |

The core heatup is illustrated in Figures 4.2.3.6 through 4.2.3.8, as calculated for
this high pressure boiloff with closed RPV vent starting at 7 hr,24 hr and 59 hr after
shutdown. As with TAF uncovery, core uncovery begins sooner and proceeds more rapidly
at higher decay heat levels. The calculation begun 12 days after shutdown showed core
heatup beginning after about 90,000 s, and is not shown because the period of interest
for all these Level 1 analyses is the shorter of either accident initiation to core damage
or i day after accident start.

Tables 4.2.3.1 and 4.2.3.2 summarize the timings of various key events predicted
.

'
using MELCOR for this sequence assuming various times after shutdown and associated
decay beat levels. A calculation beginning 40 days after shutdown was not done for this
sequence because the results of the analysis beginning 12 days after shutdown showed no
significant core uncovery or damage within the 1 day maximum time window of interest.

,

4.2.4 High Pressure Boiloff with Open RPV Head Vent

At the initiation of the accident, the reactor vessel is depressurized, the coolant is at
the normal level and the SRVs are closed. The SRVs remain closed during the accident ,

and only open to relieve pressure at the safety setpoint. The vessel water inventory is at j
i
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Table 4.2.3.1. Key Event Times for Grand Gulf POS 5 - Ifigh Pressure Boiloff with
Closed RPV llead Vent, Initiated at Various Times After Shutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel

'

After Shutdown Uncoveryt Heatup Release Failure

7 br 26,000 28,400 32,638 58,043

24 br 36,650 37,800 44,451 72,784

59 hr 48,800 50,400 58,624 89,888
12 day 93,000 96,200 110,500 -t

tCollapsed liquid level
tCalculation stopped before event occurred

Table 4.2.3.2. Key Signal Times for Grand Gulf POS 5 - High Pressure Boiloff with
Closed RPV Head Vent, Initiated at Various Times After Shutdown

Time to (s)
Initiation Time Collapsed Level Swollen Level P> P>
After Shutdown <544.4 in <544.4 in 135 psia 160 psig

7 hr 20,000 6,200

24 hr 25,500 9,000

59 hr 37,200 12,200

12 day (19.44 br) (6.63 br) 23,500 (7.67 hr)
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366.5 K (200*F), which corresponds to the maximum temperature allowed by the Grand
Gulf technical specifications for operation in POS 5. The drywell personnel lock is open;
the containment equipment hatch and both of the containment personnel locks are open
(i.e., "open containment"). This scenario is identical to case 3, except that the reactor
pressure vessel head vent is open.

(As for the high pressure boiloff with closed RPV head vent in the previous section,
a calculation beginning 40 days after shutdown was not done for this sequence because
the results of the analysis beginning 12 days after shutdown showed no significant core
uncovery or damage within the 1 day time window of interest.)

Figure 4.2.4.1 gives the vessel pressures calculated starting this accident scenario at
several different times after scram. In all cases, the system begins pressurizing as all
core cooling is lost and continues pressurizing until reaching the SRV setpoint. As in
the sequence with a closed RPV vent, the SRVs then cycle around the valve setpoints,
intermittently opening. However, with the RPV vent line open, there is continual, limited
relief out the vent line throughout the entire period. This increases inventory loss. The
system does not remain at the SRV cycling setpoints until vessel failure, but instead
remains at the SRV cycling setpoints for only a few valve cycles before dropping due to
continual inventory loss out the open RPV vent line. However, whether the RPV vent is
open or closed, the higher the decay heat (i.e., the sooner after shutdown), the faster the
initial pressurization and associated inventory loss, and the earlier the eventual vessel
fails.

The steam flow out both the SRVs and the RPV vent pressurizes the containment and-
the auxiliary building, as shown in Figure 4.2.4.2. The longer after shutdown and scram
that this accident sequence begins, the lower the decay heat and the slower the auxiliary
building pressurizes. Unlike the results with the RPV vent closed, the auxiliary building
reaches its 5 psig overpressure failure setpoint before vessel failure, due to the continued
inventory loss through the open RPV vent for the higher decay heat level cases (i.e.,7 hr,
24 hr and 59 br after shutdown). Only for lower decay heat level s (i.e.,12 days after
shutdown) is the behavior the same with the RPV vent open or closed: the auxiliary
building does not reach its 5 psig overpressure failure setpoint before vessel failure, but
instead fails on a containment pressure spike caused by vessel failure and debr:a ejection.

Figure 4.2.4.3 illustrates that the vessel water mass drops more continuously with
the RPV vent open than for the same accident scenario but with the RPV vent closed
(Figure 4.2.4.3), in both cases dropping faster for higher decay heat levels.

Figure 4.2.4.4 gives the predicted upper plenum swollen and collapsed liquid levels
for different decay beat levels and highlighting when a Level 3 trip (544.4 in) would be
generated. The levelinitially rises as the vessel pressurizes, faster for higher decay heat
levels, and then drops as inventory continues to be lost out the RPV vent and the SRV.
The levels rise more slowly and later drop more slowly with the RPV vent open than
with it closed (Figure 4.2.3.4), reflecting the difference between a more gradual, continual
loss of inventory out the RPV vent in addition to flow out the cycling SRVs in the case
with the RPV head vent open, compared to an inventory loss out the SRVs beginning
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later but progressing more rapidly as the system remains at pressure at the SRV setpoint
longer with the RPV vent closed.

Figure 4.2.4.5 gives the corresponding upper core liquid level drop due to this inven-
tory loss, for different decay beat levels and highlighting when TAF uncovery is calculated
to occur; horizontal lines are included both at the top of the core (9.6 m) and at the TAF
elevation (9.3 m). With the RPV vent open, the swollen and collapsed liquid levels in
the upper core generally drop more smoothly than corresponding analyses with the RPV
vent closed (Figure 4.2.4.5).

The core heatup is illustrated in Figures 4.2.4.6 through 4.2.4.8, as calculated for this
high-pressure boiloff with the RPV vent open starting at 7 hr, 24 hr and 59 hr after
shutdown. The results with the RPV vent open and closed are generally quite similar.
As with TAF uncovery, core uncovery begins sooner and proceeds more rapidly at higher
decay beat levels. As with the RPV vent closed, the calculation with the RPV vent
open and initial decay heat corresponding to 12 days after shutdown showed core heatup
beginning only after about 90,000 s, and is not shown because the period ofinterest for
all these Level 1 analyses is the first 24 hr after accident initiation.

.

Tables 4.2.4.1 and 4.2.4.2 summarize the timings of various key events predicted using
MELCOR for this sequence assuming various times after shutdown and associated decay
heat levels. (A calculation beginning 40 days after shutdown was not done for this
sequence because the results of the analysis beginning 12 days after shutdown showed no
significant core uncovery or damage within the 1 day time window ofinterest.)

4.2.5 Large Break LOCA

This accident is initiated by a large break LOCA in the recirculation line. At the start
of the accident, the reactor vesselis depressurized, the coolant is at the normal level and
the SRVs are closed. The vessel water inventory is at 366.5 K (200*F), which corresponds
to the maximum temperature allowed by the Grand Gulf technical specifications for
operation in POS 5. The break drains the vessel to 2/3 core height. The initiating event
then results in a loss of all core cooling and coolant makeup. The reactor pressure vessel
head vent is closed at the beginning of the transient. The drywell personnellock is open;
the containment equipment batch and both of the containment personnel locks are open
(i.e., "open containment"). 4

r

Figure 4.2.5.1 gives the vessel pressures calculated for this accident scenario initiated
at several different times after scram. In all cases, the primary system remains near !

atmospheric as the large break maintains pressure near-equilibrium between the primary
and the containment, while the open personnel locks and equipment hatch vent the
containment to the auxiliary building. For any given decay heat level, the smaller pressure :

spikes seen in Figure 4.2.5.1 generally correspond to core heatup and damage, while the - '

largest pressure spikes seen in Figure 4.2.5.1 correspond to vessel failure.

The water and steam coolant flowing out through the break pressurizes the con-
tainment and, through the open equipment batch and personnel locks, pressurizes the
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Table 4.2.4.1. Key Event Times for Grand Gulf POS 5 - High Pressure Boiloff with
Open RPV Head Vent,laitiated at Various Times After Shutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel
After Shutdown Uncoveryt Heatup Release Failure :

7 br 30,000 31,600 36,470 57,780
24 hr 40,850 43,800 49,930 73,550
59 hr 55,200 58,400 65,890 88,970
12 day 91,000 97,500 113.000 -f

tCollapsed liquid level
tCalculation stopped before event occurred

,

|

Table 4.2.4.2. Key Signal Times for Grand Gulf POS 5 - High Pressure Boiloff with
Open RPV Head Vent, Initiated at Various Times After Shutdown

Time to (s) ,

Initiation Time Collapsed Level Swollen Level P> P>
After Shutdown <544.4 in <544.4 in 135 psia 160 psig

7 hr 24,000 6,700
24 hr 33,500 9,900

,

59 hr 39,600 13,200 |
12 day (15.56 hr) (7.5S hr) 27,300 (9 br)

|

|

!
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Table 4.2.5.1. Key Event Times for Grand Gulf POS 5 - Large Break LOCA,
Initiated at Various Times After Sbutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel
After Shutdown Uncoveryt Heatup Release Failure

I
1

7 hr 61 500 3,875 21,030
|

24 hr 62 1,000 5,445 33,850 :

59 br 65 1,500 7,125 50,475
40 day 71 4,500 22,200 183,500

tCollapsed liquid level

auxiliary building, as shown in Figure 4.2.5.2. The longer after shutdown and scram that
this accident sequence begins, the lower the decay heat and the longer it takes to fail the
auxiliary building. The auxiliary building pressure rises somewhat more slowly during
the early stages of core uncovery, beatup and damage, then spikes up to the failure point
at vessel failure.

,

|
The coolant inventory in the vessel drops due to coolant and steam loss out the

break, with a very rapid loss of about 60-70% of the inventory as liquid followed by
a more gradual loss of the remaining inventory due to boiling and steam outflow, as
presented in Figure 4.2.5.3. The amount of liquid inventory lost in the initial liquid -

blowdown is determined by the elevation of the break and is therefore about the same
regardless of the decay beat level; later, as would be expected, the gradual inventory loss
due to continued steaming is faster for higher decay heat levels. i

The upper plenum and core liquid levels drop very quickly as the break drains the
vessel to 2/3 core height, within seconds or minutes, and are not shown for this accident
scenario.

The early core heatup is illustrated in Figures 4.2.5.4 through 4.2.5.7, as calculated
for LBLOCA accidents initiated at 7 hr,24 hr,59 hr and 40 days after shutdown. Core
uncovery and heatup begins sooner and proceeds more rapidly at higher decay beat levels.

'

Table 4.2.5.1 summarizes the timings of various key events predicted using MELCOR
for this sequence assuming various times after shutdown and associated decay beat levels. t

,

4.2.6 Station Blackout with Failure to Isolate SDC

The accident is initiated by a loss of offsite power with the reactor vessel depressurized
and the coolant at the normal level. The vessel water inventory is at 366.5 K (200*F),
which corresponds to the maximum temperature allowed by the Grand Gulf technical
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specifications for operation in POS 5. Following the initiating event, onsite power is
Jost leading to a SB0 and loss of all core cooling and coolant makeup. The operator
fails to open the SRVs and steam the core at low pressure (i.e., the SRVs operate in the
relief mode). Since the SRVs are closed, the RPV will pressurize. The SBO precludes
the isolation of the low pressure piping in the SDC system. This low-pressure SDC
system piping fails when the RPV pressure reaches 3.135 MPa (440 psig'; resulting in an
interfacing systems LOCA with outflow from the vessel downcomer to the first floor of
the auxiliary building. The drywell personnel lock is open; the containment equipment
hatch and both of the containment personnellocks are open (i.e., "open containment").

Figure 4.2.6.1 presents the vessel pressures calculated starting this accident scenario
at several different times after scram; Figure 4.2.6.1 also includes lines at 440 psig, the
postulated SDC break setpoint, and at 160 psig, a pressure signal of interest because it
is the failure pressure for any shutdown cooling provided by the ADHRS. In all cases,
the system begins pressurizing as all core cooling is lost. For most decay beat levels the '

primary system pressurizes to 3.135 MPa (440 psig), which actuates the postulated SDC
break; however, for a decay heat level corresponding to 40 days after shutdown, relief
through the open RPV vent lineis sufficient to cause the primary system pressure to begin
dropping before reaching the SDC break setpoint. The flow out the SDC line break goes
directly to the auxiliary building first floor and pressurizes the auxiliary building, as
indicated in Figure 4.2.6.2. Even with the SDC break remaining closed for the sequence
initiated 40 days after shutdown, the flow out the open RPV vent line pressurizes the i

containment and, through the open equipment batch and personnel locks, pressurizes
the auxiliary building. As expected, the lower the decay heat the slower the auxiliary ;

building pressurizes and the longer it takes to fail the auxiliary building.

The coolant inventory in the vessel drops as the decay heat boils water to steam which !
is lost out the SDC break and the open ItPV vent, faster for higher decay heat levels, as
presented in Figure 4.2.6.3. The opening of the SDC break is reflected in the extremely
rapid loss of about 75% of the vesselinventory seen at various times; that inventory loss
then slows down when the break uncovers, until subsequent vessel failure. ;

Figure 4.2.6.4 gives the predicted upper plenum liquid level drop due to this inventory
loss, for different decay heat levels and highlighting when a Level 3 trip (544.4 in) would ,

be generated. In all cases, the upper plenum levelinitially rises as the primary system |
|

pressurizes and then falls rapidly when the SDC break is opened. For lower decay heat
level s (i.e., longer after shutdown), the upper plenum level peaks and begins dropping
steadily before the SDC break opens, due to flow out the open RPV vent.

Figure 4.2.6.5 gives the corresponding core liquid level drop due to this inventory i

'

loss, for different decay beat levels and highlighting when TAF uncovery is calculated
to occur; horizontal lines indicate both the boundary between the upper plenurn and
the core at 9.6 m and the top-of-active-fuel elevation at 9.3 m. Note that, for decay

heat levels such that the primary system pressurizes sufficiently to open the postulated
SDC break, the core liquid levels drop precipitously when the SDC break opens, as did
the upper plenum liquid levels also. The behavior is qualitatively different for a decay
heat level low enough that relief through the open RPV vent line is sufficient to cause j
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the primary system pressure to begin dropping before reaching the SDC break setpoint.
While the upper plenum levels are dropping gradually, as illustrated in Figure 4.2.6.4,
the uppermost core is being uncovered slowly and intermittently; after the upper plenum
has uncovered completely the core then begins sustained uncovery.

The early core heatup is illustrated in Figures 4.2.6.6 through 4.2.6.10, as calculated
for accident sequences initiated by station blackouts at 7 br,24 hr and 59 hr, and 12 day
and 40 day, after shutdown. As with TAF uncovery, core uncovery begins sooner and
proceeds more rapidly at higher decay beat levels. The calculation begun 40 days af-
ter shutdown showed core heatup only beginning when the calculation was stopped at
~150,000 s; the calculation was stopped because this was long after the 1 day (86,400 s)
maximum time period of interest for these Level 1 analyses.

Tables 4.2.6.1 and 4.2.6.2 summarize the timings of various key events predicted using
MELCOR for this sequence assuming various times after shutdown and associated decay
heat levels.

4.2.7 Station Blackout with Firewater Addition
<

The accident is initiated by a loss of offsite power with the reactor vessel depressurized i

and the coolant at the normal level. The vessel water inventory is at 366.5 K (200*F),
which corresponds to the maximum temperature allowed by the Grand Gulf technical
specifications for operation in POS 5. Following the initiating event, onsite power is lost
leading to a SB0 and loss of all core cooling and coolant makeup. The operator opens
two SRVs at 2 hr and steams the core at low pressure while adding coolant from the
firewater system. The drywell personnel lock is open; the containment equipment batch
and both of the containment personnel locks are open (i.e., "open containment").

Figure 4.2.7.1 presents the vessel pressures calculated starting this accident scenario
at two different times after scram. Initially, the system begins pressurizing as all core
cooling is lost, more quickly for higher decay beat; the pressure then begins dropping
after two SRVs are opened 2 hr after the start of the accident. The flow out the open
RPV vent line and later out the SRVs also pressurizes the containment and the auxiliary
building, as indicated in Figure 4.2.7.2, more rapidly for higher decay heat.

Although the operator aligns the firewater system to inject coolant into the vessel
starting at 2 hr after accident initiation, injection does not begin until the vessel has
depressurized sufficiently (as determined by the pump characteristics). Figure 4.2.7.3
shows that firewater can be injected as soon as desired if the accident is assumed to start
24 hr after shutdown, but firewater injection can not begin until the vesselis depressurized
for about 4 hr if the accident is assumed to start 7 hr after shutdown (a higher decay
heat level). At the lower decay heat the firewater injection quickly rises to its maximum
level after beginning, while at higher decay heat levels the firewater injection rises to
its maximum level more slowly as the vessel continues to depressurize through the open
SRVs.
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Table 4.2.6.1. Key Event Times for Grand Gulf POS 5 - Station Blackout with SDC
Break, initiated at Various Times After Shutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel

After Shutdown Uncovery Heatup Release Failure

7 hr 13,300 31,600 15,6S5 51,770 1

24 hr 19,750 43,800 22,840 45,390

59 br 26,200 58,400 31,570 81,135

12 day 75,600 75,600 82,800 -t
40 day 124,800 132,800 - -t

tCalculation stopped before event occurred .

Table 4.2.6.2. Key Signal Times for Grand Gulf POS 5 - Station Blackout with
SDC Break, Initiated at Various Times After Shutdown

Time to (s)
Initiation Time Collapsed Level Swollen Level P> P>
After Shutdown <544.4 in <544.4 in 135 psia 160 psig !

7 hr 7,600

24 hr 11,400

59 br 15,600

12 day
40 day 52,200
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Coolant addition from firewater is partially countered by increased steaming in the i

core and steam flow out the open SRVs. Figure 4.2.7.4 indicates that, at lower decay
heats the firewater injection causes a net increase in vessel inventory, while at higher
decay beat levels firewater injection does not equal and reverse inventory loss for about
5hr.

Figure 4.2.7.5 gives the predicted upper plenum liquid level drop due to this inventory
loss, for different decay heat levels and highlighting when a Level 3 trip (544.4 in) would
be generated. The upper plenum liquid levels reflect the overall vessel coolant inventory
response presented in Figure 4.2.7.4 - at lower decay beats the upper plenum levels remain
nearly constant, while at higher decay heat levels the upper plenum levels drop for about
Shr after the SRVs are opened before the firewater addition is sufficient to begin raising
the liquid levels back up.

The same general response is found in the core also, as illustrated in Figure 4.2.7.6.
(llorizontal lines are included in the figure to indicate both the boundary between the
upper plenum and the core at 9.6 m and the top-of active-fuel elevation at 9.3 m.) The
collapsed level in the core drops below the core midplane before stabilizing and rising
again for the case initiated at 7 hr after shutdown, but the swollen level drops only about
a foot into the active fuel region before the firewater addition is sufficient to begin raising
the vessel inventory and liquid levels back up. At lower decay heat levels, there is no
core uncovery at all.

The small core uncovery at the higher decay heat level does not result in significant
core heatup before the firewater addition is sufficient to begin raising the vesselinventory
and liquid levels back up, as demonstrated in Figure 4.2.7.7. At lower decay beat level s
(i.e., for 24 hr after shutdown), there is no core heatup at all because there is no uncovery
at all (while firewater injection continues). Because firewater injection was sufficient to
prevent core uncovery and heatup at decay heats 1 day after shutdown, calculations were
not done for lower decay heat levels.

4.2.8 Station Blnckout with 10 hr Firewater Addition Followed by High
Pressure Boiloff

The accident is initiated by a loss of offsite power. The vessel water inventory is at
366.5 K (200 F), which corresponds to the maximum temperature allowed by the Grand
Gulf technical specifications for operation in POS 5. Following the initiating event,
onsite power is lost leading to a SBO and loss of all core cooling and coolant makeup.
The operator opens two SRVs at 21 r and steams the core at low pressure while adding
coolant from the firewater system to the core bypass region. The depletion of the station
batteries 12 hr after the start of the accident cause the SRVs to close (i.e., the SRVs
require DC power to remain open), after which they operate in the relief mode. Since
the SRVs are now closed, the RPV can pressurize. Tbc reactor pressure vessel head vent
is open. The drywell personnel lock is open; the containment equipment hatch and both
of the containment personnel locks are open (i.e., "open containment").

.
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Although the operator aligns the firewater system to inject coolant into the vessel
starting at 2 br after accident initiation, injection does not begin until the vessel has
depressurized sufficiently (as determined by the pump characteristics). Figure 4.2.8.1
shows that firewater can be injected as soon as desired if the accident is assumed to' start

24 br after shutdown, but firewater injection can not begin until the vessel is depressurized
for about 4 hr if the accident is assumed to start 7 br after shutdown (a higher decay
heat level). At the lower decay heat the firewater injection quickly rises to its maximum
level after beginning, while at higher decay heat levels the firewater injection rises to
its maximum level more slowly as the vessel continues to depressurize through the open
SRVs. Firewater injection stops soon after 12 hr because after the SRVs close the system
quickly repressurizes.

Figure 4.2.8.2 presents the vessel pressures calculated starting this accident scenario
at two different times after scram. Initially, the system begins pressurizing as all core
cooling is lost, more quickly for higher decay heat; the pressure then begins dropping
after two SRVs are opened 2 hr after the start of the accident. Firewater cooling and
steaming out the SRVs keep the vessel pressure down until 12 hr, when depletion of
the station batteries cause the SRVs to close. Since the SRVs are now closed, the RPV
pressurizes until the SRVs begin operating in the relief mode. After some time, the
continued inventory loss out thc open RPV vent is suflicient to relieve the steaming in
the core and the SRVs close. The pressure continues to drop until core heatup and
damage begins; thca is then a brief repressurization, followed very quickly by a final, ;

sharp depressurization obc to vessel failure.

The flow out the open RPV vent line and later out the SRVs also pressurizes the.

containment and the auxiliary building, as indicated in Figure 4.2.8.3, more rapidly for
j higher decay heat than for lower decay heats. At both decay beat levels, for this scenario
| the auxiliary building fails when the SRVs begin cycling at their safety setpoint. The

auxiliary building pressure briefly spikes later when the vessel fails.;

As in the results presented in the previous section for a station blackout with continual

firewater injection, Figure 4.2.8.4 indicates that, at lower decay beats the firewater injec-
tion causes a net increase in vessel inventory, while at higher decay beat levels firewater

,

injection does not equal and reverse inventory loss for about Shr. After the SRVs close at :
12 hr, the system pressurizes until the SRV setpoint is reached; coolant inventory is then
lost as the SRVs cycle at the safety setpoint until vessel failure, when all the remaining
coolant in the vessel drains to the cavity abruptly. I

Figure 4.2.8.5 gives the predicted upper plenum liquid level drop due to this inventory
'

loss, for different decay heat levels and highlighting when a Level 3 trip (544.4 in) would
;

be generated. The upper plenum liquid levels reflect the overall vessel coolant inventory :
response presented in Figure 4.2.8.4 - at lower decay heats the upper plenum levels
remain nearly constant, while at higher decay heat levels the upper plenum levels drop
for about 5hr after the SRVs are opened before the firewater addition is sufficient to raise
the liquid levcs back up briefly. The liquid levelin the upper plenum resumes dropping ;

soon after firewater injection is stopped after 12 hr for the accident initiated 7 br after
shutdown. For the same scenario initiated 24 hr after shutdown the liquid levelin the
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upper plenum drops later, reflecting the higher vesselinventory when the SRVs are closed
3

and firewater injection stops and the longer period to pressurize to the SRV setpoint at I

the lower decay heat level; the upper plenum levels in both cases drop when the SRVs
begin cycling in the relief mode.

.

1

The same general response is found in the core also, as illustrated in Figure 4.2.8.6.
(Horizontal lines are included in the figure to indicate both the boundary between the
upper plenum and the core at 9.6 m and the top-of-active-fuel elevation at 9.3 m.) The
collapsed level in the core drops below the core midplane before stabilizing and rising
again for the case initiated at 7 hr after shutdown, but the swollen level drops only about
a foot into the active fuel region before the firewater addition is suflicient to begin raising
the vessel inventory and liquid levels back up. At lower decay heat levels, there is no core
uncovery at all while firewater injection continues. The liquid level in the core resumes
dropping soon after firewater injection is stopped after 12 hr for the accident initiated
7 hr after shutdown. For the same scenario initiated 24 hr after shutdown the liquid levels
in the core also begin dropping when firewater injection stops. However, the liquid levels
in the core do not drop below the TAF elevation until later, when the upper plenum is
empty. The core levels in both cases drop sharply when the SRVs begin cycling in the
relief mode.

The small core uncovery at the higher decay heat level does not result in significant
core heatup before the firewater addition is sufficient to begin raising the vessel inventory
and liquid levels back up, as demonstrated in Figure 4.2.8.7. At lower decay heat level s
(i.e., for 24 hr after shutdown), there is no core heatup at all because there is no uncovery
at all while firewater injection continues. In both cases, after firewater injection ends at
12 hr there is a slow temperature increase, reflecting the rise in saturation temperature
as the system pressurizes to the SRV setpoint. Later, after TAF uncovery, core heatup
and damage begins. Because core heatup and damage did not begin until more than
I day after accident initiation for the case initiated 24 hr after shutdown, calculations
were not done for lower decay heat levels.

Table 4.2.8.1 summarizes the timings of various key events predicted using MELCOR
for this sequence assuming various times after shutdown and associated decay heat levels.

4.2.9 Station Blackout with 10 hr Firewater Addition Followed by Failure
to Isolate SDC

The accident is initiated by a loss of offsite power. The vessel water inventory is at
,;

366.5 K (200"F), which corresponds to the maximum temperature allowed by the Grand
Gulf technical specifications for operation in POS 5. Following the initiating event,
onsite power is lost leading to a SB0 and loss of all core cooling and coolant makeup.
The operator opens two SRVs at 2 hr and steams the core at low pressure while adding
coolant from the firewater system to the core bypass region. The depletion of the station
batteries 12 hr after the start of the accident cause the SRVs to close (i.e., the SRVs
require DC power to rema:n open), after which they operate in the relief mode. Since
the SRVs are now closed, the RPV will pressurize. The SB0 precludes the isolation of
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Table 4.2.8.1. Key Event Times for Grand Gulf POS 5 - Station Blackout with
10 hr Firewater Addition Followed by liigh Pressure Boiloff, Initiated
at Various Times After Shutdown a

Time to (s)
Initiation Time TAF Core First Gap Vessel

After Shutdown Uncoveryt Ileatup Release Failure

- 7 br 9,780 56,500 63,038 90,582
24 hr 79,530 90,000 97,950 141,447 |

iCollapsed liquid level

the low pressure piping in the SDC system. This~ low-pressure SDC system piping fails '

when the RPV pressure reaches 3.135 MPa (440 psig) resulting in an interfacing systems
LOCA. The break in the SDC line is opened when the vessel pressure reaches 3.135 MPa
(440 psig). The SDC break runs from the vessel downcomer,4.38 m above the bottom
of the vessel to the first floor of the auxiliary building,8.18 m below the bottom of the-
vessel. The reactor pressure vessel head vent is open. The drywell personnel lock is open; .
the containment equipment batch and both of the containment personnellocks are open
(i.e., "open containment").

The thermal / hydraulic and core damage behavior for this scenario are quite similar
to those in the station blackout with 10 hr firewater addition followed by high pressure .,

'
boiloff, described in the previous section; they are completely identical for the first >12 hr,
until the system pressurizing is interrupted by the failure to isolate SDC at 3.135 MPa
(440 psig) in this case. Figure 4.2.9.1 presents the vessel pressures calculated starting
this accident scenario at two different times after shutdown. |

Figure 4.2.9.2 gives the predicted upper plenum and core liquid levels, highlighting
_ ,

when a Level 3 trip (544.4 in) would be generated and when TAF (at 9.3 m) is uncovered.
There is a temporary core uncovery for this cenario initiated 7 hr after scram but no core -

'

uncovery while firewater injection continues for this scenario initiated at 24 hr decay
heat, as noted in the previous two sections. The upper plenum and core liquid levels
both drop.very quickly after the SDC break opens.

Figures 4.2.9.3 and 4.2.9.4 present the core clad temperatures during the firewater I
addition period and the subsequent core heWp for this scenario initiated 7 hr and 24 hr
after shutdown, respectively. There is a brief core heatup during the early, temporary 1
core uncovery in this sequence initiated 7 b after shutdown; At decay beat levels corre- ;

sponding to accident initiation 24 hr after shutdown, there is no core heatup at all while )
'

firewater injection cont _inues, because there is no uncovery at all. In both cases, after
firewater injection ends at 12 hr there is a slow temperature increase, reflecting the rise

_

in saturation temperature as the system pressurizes to the SRV setpoint. Later, after
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Table 4.2.9.1. Key Event Times for Grand Gulf POS 5 - Station Blackout with
10 hr Firewater Addition Followed by Failure to Isolate SDC,
Initiated 24 hr After Shutdown

Time to (s)
Initiation Time TAF Core First Gap Vessel
After Shutdown Uncoveryt Heatup Release Failure

7 hr 9,924 53,000 53,720 93,800
24 hr 60,520 63,000 63,940 109,527

tCollapsed liquid level

TAF uncovery, core heatup and damage begins.

Table 4.2.9.1 summarizes the timings of various key events predicted using MELCOR
for this sequence initiated 24 hr after shutdown.

4.3 Level 2 Support Calculations

Based partly on the results of the MELCOR calculations done in support of the
Level 1 analysis, a number of accident sequences were eliminated from consideration as
not resulting in core damage within the first 24 hr from the start of the accident. The
remaining sequences, those leading to core damage within I day and with a frequency
greater than the Level 1 truncation frequency, were grouped into plant damage states or
PDSs (see Section XX of Volume YY). The plant damage states are ranked by their rela-
tive contribution to core damage frequency in Table 4.3.1. Complete MELCOR accident
analyses have been done for these sequences in support of the Level 2 PRA, with results
described in the following subsections. (The last two sequences in the table are identical
to other sequences in the table with regard to MELCOR calculations, but with different
recovery assumptions in the Level 2 PRA.)

4.3.1 Large Break LOCA with Flooded Containment, Initiated 7 hr, 24 hr
and 40 day After Shutdown

This accident is initiated by a large break LOCA in the recirculation line. At the start
of the accident, the reactor vesselis depressurized, the coolant is at the normal level and
the SRVs are closed. The vessel water inventory is at 366.5 K (200aF), which corresponds
to the maximum temperature allowed by the Grand Gulf technical specifications for
operation in POS 5. The break drains the vessel to 2/3 core height. The initiating event
then results in a loss of all core cooling and coolant makeup. The reactor pressure vessel
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Table 4.3.1. MELCOR Level 2 Support Calculations - Sequences and Relative
Contribution of Plant Damage States to Core Damage Frequency

Plant Damage Time After Fraction Sequence
State Shutdown Contributed Description

PDS 3-1 40 day 0.338 LBLOCA with Booded containment
PDS 2-2 24 hr 0.242 SBO w/o firewater, break in SDC
PDS 2-1 24 hr 0.170 LBLOCA with Booded containment
PDS 2-4 24 hr 0.104 Low-P Boiloff with flooded containment
PDS 1-3 7 hr 0.032 SBO w/10 hr-firewater, High-P Boiloff
PDS 1-1 7 hr 0.019 LBLOCA with Booded containment
PDS 1-2 7 hr 0.015 SBO w/o firewater, break in SDC

'

PDS 1-5 7 hr 0.008 Low-P Boiloff with Booded containment
PDS 2-5 24 hr 0.007 Ifigh-P Boiloff with closed containment
PDS 2-6 24 hr 0.006 Open MSIVs with closed containment

PDS 2-3 24 hr 0.054 Same as PDS 2-2, but with potential .

to recover AC power
PDS 1-4 7 hr 0.005 Same as PDS 1-2, but with potential

to recover AC power

|

|
4

'
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head vent is open at the beginning of the transient. The containment has been flooded
to the elevation of the lower personnel lock,9.65 m or 31.67 ft above the suppression pool
floor. The containment (suppression pool, pedestal cavity and drywell) water inventory

{
is at 300.5 K (80 F); the containment is at 305.4 K (90*F). The drywell personnel lock '

is open; the containment equipment hatch and both of the containment personnel locks |

are open (i.e., "open containment").

This sequence is almost identical to the large break LOCA scenario discussed in
Section 4.2.5, except that in those Level 1 analyses the containment was dry while in
these Level 2 analyses the containment was assumed to be flooded.

The sequence of events predicted by MELCOR for this accident with different initia-
tion times is given in Table 4.3.1.1.

Figure 4.3.1.1 gives the vessel pressures calculated for this same accident scenario
initiated at three different times after scram. In all cases, the primary system remains
near atmospheric as the large break maintains pressure near-equilibrium between the
primary and the containment, while the open personnel locks and equipment batch vent
the containment to the auxiliary building. For any given decay heat level, the smaller
pressure spikes seen in Figure 4.3.1.1 generally correspond to core heatup and damage,
while the largest pressure spikes seen in Figure 4.3.1.1 correspond to vessel failure to
auxiliary building failure.

The water and steam coolant flowing out through the break pressurizes the con-
tainment and, through the open equipment batch and personnel locks, pressurizes the
auxiliary building, as shown in Figure 4.3.1.2. The longer after shutdown and scram that
this accident sequence begins, the lower the decay beat and the longer it takes to fail the-

auxiliary building. The auxiliary building pressure rises somewhat more slowly during
the early stages of core uncovery, heatup and damage, then spikes up to the failure point
after vessel failure. Because of the rapid decrease in the exponentially-dropping decay
heat soon after scram and the much more gradual decline in decay heat much later after
scram, the time to vessel and auxiliary building failure for this accident initiated 40 days
after scram is not proportionally greater than the time to vessel and auxiliary building
failure for this accident initiated 24 hr after scram.

The pressure histories in all the control volumes modelling the vessel are virtually
identical to the results shown in Figure 4.3.1.1 for the core control volume; the pressure

'

histories in the four control volumes modelling different floors in the auxiliary building
are all virtually identical to the results shown in Figure 4.3.1.2 for the second floor. In
each case, the pressure response in the drywell and cavity generally tracks the vessel
pressure, while the pressure response in the outer containment (i.e., dome, equipment
hatch, etc.)is very similar to that shown for the auxiliary building.

The coolant inventory in the vessel drops due to coolant and steam loss out the
break, with a very rapid loss of about 60 70% of the inventory as liquid followed by
a more gradual loss of the remaining inventory due to boiling and steam outflow, as
presented in Figure 4.3.1.3. The amount of liquid inventory lost in the initial liquid
blowdown is determined by the elevation of the break and is therefore about the same
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Table 4.3.1.1. Sequence of Events Predicted by MELCOR for Large Break LOCA
with Flooded Containment, Initiated 7 hr,24 hr and 40 day After
Shutdown

Tirne After Shutdown
Event 7 hr 24 hr 40 day

Accident initiation 0.0 0.0 0.0 j
Core uncovery (TAF) begins 69 s 70 s 70 s
Core heatup begins 2,000 s (0.56 hr) 3,000 s (0.83 hr) 4,500 s (1.25 br)
Clad failure / Gap release

(Ring 1) 9,393 s (2.61 br) 14,766 s (4.10 br) 22,264 s (6.18 br)
(Ring 2) 9,296 s (2.58 br) 14,590 s (4.05 hr) 22,102 s (6.14 hr)
(Ring 3) . 9,409 s (2.61 br) 14,832 s (4.12 hr) 22,465 s (6.24 hr) :
(Ring 4) 10,007 s (2.78 hr) 15,754 s (4.38 hr) 23,773 s (6.60 hr) i

(Ring 5) 12,563 s (3.49 br) 19,612 s (5.45 hr) 28.391 s (7.89 hr)
(Ring 6) 16,461 s (4.57 hr) 25,602 s (7.11 br) 34,570 s (9.60 br)

Core plate failed
(Ring 1) 98,755 s (27.43 hr) 146,396 s (40.67 br) 218,961 s (60.82 hr)

"

(Ring 2) 95,954 s (26.65 br) 145,749 s (40.49 br) 218,100 s (60.58 br)
(Ring 3) 98,940 s (27.48 hr) 141,85S s (39.41 hr) 218,090 s (60.58 hr)
(Ring 4) 101,503 s (28.20 hr) 141,478 s (39.30 br) 217,619 s (60.45 br) :
(Ring 5) 94,884 s (26.36 hr) 140,514 s (39.03 hr) 216,292 s (60.08 hr) #

(Ring 6) 92,455 s (25.68 br) 139,997 s (38.89 br) 213,691 s (59.36 hr) i
Vessel LH penetration failed

(Ring 1) 92,646 s (25.74 br) 141,280 s (39.24 hr) 218,100 s (60.58 br)
,

(Ring 2) 92,603 s (25.72 br) 140,621 s (39.06 br) 214,252 s (59.51 br) .

(Ring 3) 92,574 s (25.72 hr) 140,257 s (38.96 br) 213,956 s (59.43 hr)
(Ring 4) 92,559 s (25.71 br) 140,146 s (38.93 br) 213,868 s (59.41 hr)
(Ring 5) 92,544 s (25.71 hr) 140,100 s (38.92 hr) 213,823 s (59.40 hr)
(Ring 6) 92,571 s (25.71 hr) 140,100 s (38.92 hr) 213,801 s (59.39 hr)

Comrnence debris ejection 92,544 s (25.71 hr) 140,100 s (28.92 hr) 213,823 s (59.40 br)-
Auxiliary building failed 117,500 s (32.6 hr) 205,000 s (57.0 hr) 315,000 s (87.5 hr)
Cavity rupture
End of calculation 500,000 s (138.9 hr) 662,916 s (184.1 br) 787,100 s (218.6 hr)

;
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regardless of the decay heat level; later, as would be expected, the gradual inventory loss
due to continued boiloff is faster for higher decay heat levels than for lower decay beat
levels. The vessel inventory then drops to zero very quickly upon vessel failure.

Figures 4.3.1.4 and 4.3.1.5 give the core and lower plenum swollen and collapsed liquid
levels for this accident sequence initiated at three different times after scram. (Note the
change in time scale on the abcissa in these two figures.) The upper plenum liquid levels
drop very quickly as the break drains the vessel to 2/3 core height, within seconds or
minutes, and are not shown. As with the vessel total inventory comparison, the core
levels initially drop rapidly to 2/3 core height as liquid inventory is lost out the break,
followed by a more gradual loss of the remaining inventory due to boiling and steam
outflow, as presented in Figure 4.3.1.4. The swollen (i.e., two phase, frothy) liquid levels
in the core remain substantially above the collapsed liquid leveis during most of core
uncovery. The level drop continues from the core region down into the lower plenum, !

shown in Figure 4.3.1.5, with the levels dropping more sicwly once the core is uncovered .

and less swelling predicted in the lower plenum region than in the core. The lower rienum
is still mostly full when vessel failure occurs and any remaining liquid inventory is lost
out the vessel break to the cavity.

The heatup of the intact fuel and clad is illustrated in Figures 4.3.1.6 through 4.3.1.8,
,

as calculated for scenarios initiated at 7 br,24 hr and 40 days after shutdown, respectively. '

'

Core uncovery and heatup begins sooner and proceeds more rapidly at higher decay heat
levels than for the same accident initiated longer after scram. The fuel / clad component
temperatures in MELCOR are set to zero in a cell when that component fails, so these ,

figures show both the overall heatup rate and the time to failure.
' '

Figures 4.3.1.9 through 4.3.1.11 present corresponding core debris temperatures in
the active fuel region calculated for scenarios initiated at 7 hr,24 hr and 40 days af-
ter shutdown, respectively; these are the temperatures of the debris bed formed by the
failure of the intact fuel / clad component in MELCOR in a core cell, whose (intact) tem- .

peratures were given in Figures 4.3.1.6 through 4.3.1.8. The intact fuel / clad component
temperatures reach a peak of 22000 K (23140*F) since the component generally fails at i

the zircaloy clad melt temperature, taken as 2098 K (3317"F)in MELCOR. The debris
bed in the active fuel region in contrast reaches peak temperatures 23250 K (5390*F),
just above the UO melt temperature of 3113 K (5144*F). The debris bed temperatures2

reached in the active fuel region are slightly higher for accW A initiated at higher decay {
heat levels than for lower decay beat levels, as would be expected.

The temperatures of the active fuel region debris bed drop to zero when the core ,

plate fails and the debris relocates to the lower plenum. This occurs much later than the j ,

collapse of the intact fuel and clad into a debris bed. The core support plate is assumed
to fail at 1273 K (1832*F) and, with the new debris radial relocation model added in
MELCOR 1.8.2, the core support plate needs to fail in only one ring before debris from
cells in the active fuel region in all radial rings can potentially flow sideways and down,
fall through the failed plate, and then spread sideways into cells in the lower plenum in
all radial rings. (Thus a lower head penetration can now fail in a ring before the core
plate in that ring fails.) ,
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The predicted temperatures in the debris bed in the lower plenum and core plate
are given in Figures 4.3.1.12 through 4.3.1.14, for scenarios initiated at 7 br,24 hr and '

40 days after shutdown, respectively. In all cases, prior to core support plate failure there -

is some cold, refrozen debris both on the core support plate (level 5) and on the lower core
structural material just above the core support plate (level 6); the cooling and refreezing
of this debris is the cause of the continued gradual drop in lower plenum liquid level due
to steaming seen in Figure 4.3.1.5. The debris temperature rises gradually to the core
support plate failure temperature of 1273 K (1832*F). After core support plate failure,
hot high-temperature debris begins appearing the the lower plenum as debris falls from
the active fuel region into the lower plenum. The lower head penetrations begin failing
almost immediately, and the lower plenum debris temperatures begin dropping to zero
as debris is ejected from the vessel to the cavity.

Figures 4.3.1.15 through 4.3.1.17 indicate what fraction of each material in the active
fuel region has collapsed into a debris rubble bed held up by the core support plate,
prior to core plate failure and subsequent lower head failure and debris ejection, for
this large break LOCA scenario initiated at 7 br,24 hr and 40 days after shutdown,
respectively. The debris bed forms relatively quickly, taking 10,000-20,000 s to reach
its final configuration. The fraction of material in the debris bed then remains nearly
constant for 50,000-100,000 s as the debris material continues to beat up.

Figure 4.3.1.18 shows the total masses of core materials (UO , Zircaloy and ZrO2,2

stainless steel and steel oxide, and control rod poison) remaining in the vessel. This ;

includes both materialin the active fuel region and in the lower plenum. Debris' ejection
began very soon after lower head failure. This figure illustrates that most of the core

'

material was lost from the vessel to the cavity quickly,in step-like stages, la all cases, all
of the UO was transferred to the cavity within ~1 hr after initiallower head penetration2

failure, as was the unoxidized zircaloy, the associated zirc oxide and the control rod
poison. A small fraction (1-10%) of the structural steel in the lower plenum, and some
associated steel oxide, was predicted to remain unmelted and in place throughout the

,

entire transient period (most noticably for the sequence initiated 40 day after scram).

The debris material lost from the vessel is ejected to the reactor pedestal cavity. Since
almost all the material in the core active fuel region and lower plenum is lost within a
very short time period after vessel failure, the core debris mass in the cavity is about
the same for this sequence initiated at three different times after scram. Figure 4.3.1.19
indicates that the amount of concrete ablated and the total cavity debris mass (i.e.,
core debris combined with concrete ablation products) is also similar for this sequence
initiated at three different times after scram, except for a shift in timing (with debris
ejection occurring and core-concrete interaction beginning later at lower decay heat levels
than for higher decay heat levels). In all cases, concrete ablation is quite rapid soon after i

debris ejection (while the core debris is hot, >2000 K, and consists of a layer of metallic ,

debris above a heavy oxide layer), and concrete ablation slows significantly after a short '

time (after enough concrete has been ablated for the debris bed configuration to invert to
a light oxide layer above a layer of metallic debris, mixed to a lower average temperature
of ~1500 K).
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The calculated production of noncondensable gases (H , CO, CO and 110) is sum-2 2 2

marized in Figure 4.3.1.20. The hydrogen production shown includes both in-vessel
production (the initial step increase) and ex-vessel production in the cavity (the later- ,

time increase). The in-vessel hydrogen generation corresponds to the oxidation of about
,

15-20% of the zircaloy and about 1-2% of the steel in the core and lower plenum, prior
to vessel failure and debris ejection. As soon as the core debris enters the cavity, core-
concrete interaction begins, resulting in the production of carbon dioxide and hydrogen;
reduction of these gases by the molten metal in the core debris also gives rise to carbon
monoxide and hydrogen.

This generation of noncondensables changes the composition of the atmosphere in the
containment and in the auxiliary building. The mole fractions in the drywell, containment
dome, containment equipment hatch and auxiliary building (second floor) are presented
in Figures 4.3.1.21 through 4.3.1.23 for this sequence initiated at various times after
shutdown, including a vertical dotted line at vessel failure for reference. The drywell
control volume atmosphere consists mostly of steam both before and after vessel and
auxiliary building failure. The atmosphere composition in the outer containment volumes
and in most of the auxiliary building is generally similar, with little steam or hydrogen
(abcut 5% each) present before vessel failure but a steadily increasing steam concentration
and potentially flammable amounts of hydrogen and CO building up late in time. The
behevior is qualitatively the same in all three cases, just stretched out in time more at
the lower decay heat levels compared to higher decay heats.

Figures 4.3.1.24 through 4.3.1.26 illust rate the time-dependent release of radionuclides
from the fuel debris both within the vessel and in the cavity, for cases initiated 7 br,24 hr
and 40 day after scram, respectively. The vertical dotted lines within the plots mark the

'

time of vessel failure, indicating that most of the in-vessel release occurs prior to vessel
failure, from the int debris bed in the active fuel region, while most of the ex-vessel
release occurs withir, a short time period after vessel failure and debris ejection to the
cavity, while the core debris is still hot, >2000 K, and consists of a layer of metallic
debris above a heavy oxide layer, before enough concrete has been ablated for the debris
bed configuration to invert to a light oxide layer above a layer of metallic debris, mixed
to a lower average temperature of ~1500 K. Table 4.3.1.2 summarizes the in-vessel, ex-
vessel and total amounts of each radionuclide class released, all normalized to the initial
inventories of each class. (Note that these amounts generally consider only the release of
radioactive forms of these classes, and not additional releases of nonradioactive aerosols

from structural materials.)
The release behavior predicted by MELCOR can be grouped into several subdivi-

sions. Almost all (~100%) of the volatile Class 1 (noble gases), Class 2 (CsOll), Class
4 (1 ) and Class 5 (Te) radionuclide species are released. primarily in-vessel, as are most2

(~75-85%) of the Class 3 (Ba) and Class 12 (Sn) inventories. The next major release
fraction, dropping rapidly with lower decay heat levels and cooler debris (as shown in
Figures 4.3.1.9 through 4.3.1.11) is for uranium. Around 1% of the total inventories of
Ru and Mo, Ce and La, are released. Finally, a total 50.01% of the initial inventory

3

) of Class 11 (Cd) is predicted to be released. Note that the CORSOR-M fission product
!
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with Flooded Containment,laitiated 24 hr After Shutdown
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Table 4.3.1.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 - Large
Break LOCA with Flooded Containment, Initiated at Various Tirnes

After Shutdown

Fission Products Released from Fuel
(M Initial Inventory)Class

7 hr 24 hr 40 day

In-Vessel Ex-Vessel Total in-Yessel Ex-Vessel Total In-Yessel Ex-Vessel Total
&

Xe 99.81 0.16 99.96 99.61 0.33 99.94 99.70 0.28 99.97

Cs 99.75 0.15 99.91 99.60 0.32 99.92 99.74 0.26 100.0

Ba 71.54 4.47 76.02 70.51 9.59 80.10 63.66 9.74 73.40

1 99.77 0.16 99.93 99.59 0.34 99.93 99.71 0.28 99.99-

Te 99.77 0.03 99.81 99.58 0.10 99.6S 99.52 0.10 99.63

Ru 0.89 3x10-8 0.89 0.44 2 x 10-6 0.44 0,10 3x10-7 0.10

Mo 0 1.15 1.15 0 1,23 1.23 0 1.35 1.35

Ce 0.67 0.0007 0.67 0.25 0.0007 0.25 0.03 0.0005 0.03

La 0 0.28 0.28 0 0.39 0.39 0 0.10 0.10

U 23.11 0.0014 23.11 14.92 0.0019 14.92 4.50 0.0012 4.51

Cd 0 0.005 0.005 0 0.011 0.011 0 0.006 0.006

Sn 84.70 0.05 84.75 83.05 0.008 83.12 82.81 3.29 86.10 |

|
|

I
,

1

|

l
l
l

|

.
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release model option used in these analyses has identically zero release in-vessel of Class
7 (Mo), Class 9 (La) and Class 11 (Cd). These are higher release fractions of Ba, Te,

,

Ru, Ce, La and Sn than seen in MELCOR analyses of severe accidents at full power i

operation in LWR plants [19,20,32], reflecting the high debris temperatures calculated
during in-vessel core degradation (shown in Figures 4.3.1.9 through 4.3.1.11).

Figure 4.3.1.27 gives the total radioactive release to the environment in these three
cases. The releases are similar in magnitude for accidents begun at different times after
shutdown, but shifted in time reflecting the slower accident progression at lower de-
cay heat levels than at higher decay heat levels. These environmental releases do not
correspond to immediate release of all radionuclides released from the fuel; there is con-
siderable retention of most radionuclide species within the containment and auxiliary
building (as discussed below). Only the noble gases and halogens (i.e , iodine) have
substantial releases to the environment by the end of the transient p_riods simulated,
because gaseous forms are not scrubbed, filtered, deposited or otherwise retained. There
is a total of 484.63 kg of noble gases and halogens released from the fuel; the release to
the environment is >90% of this by the end of the simulations begun at 7 hr and 24 hr
after shutdown, and is about 75% of this when the calculation begun 40 days after scram
was stopped. The temperatures are low enough in these shutdown sequences with flooded
containment that the other volatile species released from the fuel (i.e., Cs and Te) are
found mostly in aerosol form and are retained in the primary system, containment and
auxiliary building.

Tables 4.3.1.3 through 4.3.1.5 summarize the distribution of the initial radionuclide
inventory at the end of the three calculations initiated at various times after shutdown;
they provide an overview of how much of the radionuclides remain bound up in fuel<

debris in either the core or the cavity, and of how much of the released radionuclides are
retained in the primary system vs how much of the released radionuclides are released to,
or released in, either the containment or the auxiliary building and the environment, all ;
normalized to the initialinventories of each class. Table 4.3.1.6 presents a slightly different r

breakdown of the released radionuclide final distribution, giving the fractions of released
inventory for each class in control volume atmospheres (including the environment),in
pools, or deposited or settled onto heat structures at the end of the calculations. (As
in Table 4.3.1.2, these amounts consider only the release of radioactive forms of these !

classes, and not additional releases of nonradioactive aerosols from structural materials.)

These fission product distribution tables show that, of the radionuclides with signifi-
cant (280% of initial inventory) release from fuel, most of the noble gases released are in
the environment,in the atmosphere. While most of the volatile species (Cs and Te) re- ;

leases occurred in-vessel, the largest part (about 90%) of those releases are retained in the ,

containment, in water pools; most of the remaining volatiles release are retained in the
auxiliary building, very small fractions of these volatiles are released to the environment
for this large break LOCA scenario with flooded containment. (Only the low-pressure
boiloff sequence discussed in Section 4.3.4, also with Booded containment, shows similarly
high retention and small environmental releases of volatiles.) Two classes of radionuclides
forming aerosols only had substantial releases (also occurring mostly in-vessel); for those
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Table 4.3.1.3. Final Radionuclide Distribution for Grand Gulf POS 5 - Large Break
LOCA with Flooded Containment, Initiated 7 hr After Shutdown

Fission Product Distribution
Class (9E Initia! Inventory)

Fuel Debris Primary System Containment Auxiliary Building Environment

Xe ~0 ~0 0.426 3.413 96.1

CsOII ~0 0.658 88.76 10.56 0.0044

Ba 24.0 39.1 35.22 1.60 0.0042

Te 0.137 0.657 89.07 10.25 0.0026
,

Itu 99.1 0.375 0.496 0.021 0.0002

Mo 98.9 0.001 1.063 0.077 0.006

Ce 99.3 0.242 0.406 0.016 0.0002

La 99.7 0.0008 0.272 0.007 0.00007

U 78.7 10.2 10.6 0.47 0.0033

Cd ~100 0.00002 0.004 0.0004 0.0001

Sn 15.3 39.3 43.0 2.43 0.004

1
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Table 4.3.1.4. Final Radionuclide Distribution for Grand Gulf POS 5 - Large Break
LOCA with Flooded Containment, Initiated 24 hr After Shutdown

Fission Product Distribution
Class (% Initial Inventory)

Fuel Debris Primary System Containment Auxiliary Building Environment

Xe ~0 ~0 1.80 6.46 91.7

CsOH ~0 1.17 85.36 13.20 0.14

Ba 19.9 45.4 31.6S 3.06 0.0101

Te 0.292 1.07 85.31 13.18 0.19,

Ru 99.6 0.237 0.191 0.016 0.00002

Mo 98.8 0.149 0.902 0.17 0.0103
Ce 99.8 0.119 0.117 0.010 0.000033

La 99.6 0.044 0.327 0.018 . 0.0000S6

U 86.3 7.79 5.59 0.383 0.00062

Cd ~100 0.0012 0.009 0.0007 0.000044

Sn 16.9 46.8 32.15 4.17 0.0015

|
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Table 4.3.1.5. Final Radionuclide Distribution for Grand Gulf POS 5 - Large Break
LOCA with Flooded Containment, Initiated 40 day After Shutdown

Fission Product Distribution
Class (% Initial Inventory)

Fuel Debris Primary System Containment Auxiliary Building Environment

Xe ~0 ~0 9.29 16.41 74.3

Csoll ~0 0.881 92.76 6.4266 0.00065
Ba 26.6 38.6 34.06 0.75 0.0037
Te 0.358 0.745 92.90 6.03 0.0019,

Ru 99.9 0.05S4 0.0406 0.00073 0.0000035
Mo 98.7 0.0003 1.34 0.008 0.00033
Ce ~100 0.018 0.014 0.00024 0.0000013
La '99.9 0.000056 0.098 0.0005 0.000016

U 95.8 2.44 1.68 0.34 0.00014

Cd ~100 0.0000004 0.0054 0.00005 0.0000018

Sn 17.2 45.1 37.5 1.54 0.0006
i

!
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Table 4.3.1.6. Final Itadionuclide State for Grand Gulf POS 5 - Large Break LCCA
with Flooded Containment, initiated at Various Times After
Shutdown

Fission Products Reicased from Fuel

Class (% Released Inventory)
7 hr 24 hr 40 day

Atmosphere Pool Deposited Atmosphere Pool Deposited Atmosphese Pool Deposited

Xe ~100 0 0 ~100 0 0 ~100 0 0

CsOII 0.004 84.6 15.3 0.15 74.65 25 ')* 0 79.48 2'i.52

Da 0.006 40.9 59.1 0.013 29.24 70.i4 0.005 39.03 60.97

1 ~100 0 0 ~100 0 0 ~100 0 0

Te 0.003 84.0 16.0 0.005 74.67 25.75 0.086 78.73 21.27

Ru 0.02 49.14 50.86 0.005 31.69 68.33 0.00034 32.34 67.66

Mo 0.5 97.96 1.49 0.84 52.00 47.17 0.025 99.89 0.089

Ce 0.03 55.33 44.65 0.018 35.35 64.63 0.0001 34.78 65.26-

1a 0.03 97.3 2.64 0.025 56.13 13.87 0.0015 99.86 0.13-

U 0.02 42.9 57.1 0.005 29.14 70.74 0.0034 31.77 68.10

Cd 3.60 93.98 2.42 1.10 55.28 43.65 0.033 99.75 0.21

,
-0.005 45.48 54.52 0.002 31.90 68.09 0.00074 36.23 63.76Sn

I
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classes (Da and Sn), about half the releases are retained in the vessel. primarily deposited
on structures, while the other half of the releases are retained in the containment, mostly
in water pools and a small fraction deposited on structure surfaces.

4.3.2 Station Blackout with Failure to Isolate SDC, Initiated 7 hr and 24 hr
After Shutdown

( At the initiation of the accident, the reactor vesselis depressurized and the coolant is
at the normal level. The vessel water inventory is at 366.5 K (200*F), which corresponds
to the maximum temperature allowed by the Grand Gulf technical specifications for
operation in POS 5. The reactor pressure vessel head vent is open. At the start of the
accident all core cooling and injection is lost and the SRVs are closed. Before the SRVs can
cycle at their pressure relief setpoint, the break in the SDC line is opened when the vessel'
pressure reaches 3.135 MPa (440 psig). The SDC break runs from the vessel downcomer,
4.38 m above the bottom of the vessel to the first floor of the auxiliary building, S.18 rn
below the bottom of the vessel. The suppression pool levelis 3.86 m (12.67 ft) from the
suppression pool floor. The containment is at 305.4 K (90 F) and the suppression pool is
at 308.2 K (95 F). The drywell personnellock is open; the containment equipment hatch
and both of the containment personnel locks are open.

This sequence is identical to the Level 1 analysis of a station blackout sequence with
failure to isolate SDC discussed in Section 4.2.6, initiated at 7 hr and 24 hr after shutdown.

The sequence of events predicted by MELCOR for this accident with different initia-
tion times is given in Table 4.3.2.1.

Figure 4.3.2.1 gives the vessel pressures calculated for this same accident scenario
initiated at two different times after scram. In both cases, the primary system pressure
rises to the SDC failure pressure at 3.135 MPa (440 psig), which actuates the postulated
SDC break. The flow out the SDC line break goes directly to the auxiliary building first
floor and pressurizes the auxiliary building, as indicated in Figure 4.3.2.2. As expected,
the lower the decay heat the slower the auxiliary building pressurizes and the longer it
takes to fail the auxiliary building. The open personnellocks and equipment batch keep
the containment equilibrated to the auxiliary building in this sequence.

The coolant inventory in the vessel drops as the decay heat boils water to steam which

,
is lost out the SDC break and the open RPV vent, faster for higher decay heat levels, as

| presented in Figure 4.3.2.3. The opening of the SDC break is reBected in the extremely
rapid loss of about 75% of the vessel inventory seen at various times; that inventory loss
then slows down when the break uncovers, and is followed by a more gradual loss of the
remaining inventory due to boiling and steam outflow until vessel failure. The amount of
liquid inventory lost in the initial liquid blowdown is determined by the elevation of the
break and is therefore about the same regardless of the decay heat level;later, as would
be expected, the gradual inventory loss due to continued boiloff is faster for higher decay
beat levels than for lower decay heat levels. The vesselinventory then drops to zero very ;
quickly upon vessel failure. |
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Table 4.3.2.1. Sequence of Events Predicted by MELCOR for Station Blackout with
Failure to Isolate SDC, Initiated 7 hr and 24 hr After Shutdown

Time After Shutdown
Event 7 hr - 24 hr

Accident initiation 0.0 0.0

Core uncovery (TAF) begins 13,375 s (3.72 hr) 19.717 s (5.48 br) ;

Core heatup begins 13,500 s (3.75 hr) 20.000 s (5.56 hr)
SDC break at 440 psig 13,750 s (3.82 hr) 20.250 s (5.63 br)
Auxiliary building failed 13,750 s (3.82 hr) 20.250 s (5.63 br)
Clad failure / Gap release ,

(Ring 1) 15,714 s (4.36 hr) 22.876 s (6.35 hr)
(Ring 2) 15,670 s (4.35 hr) 22.S17 s (6.34 hr)
(Ring 3) 15,70S s (4.36 br) 22.S69 s (6.35 hr) i

(Ring 4) 15,941 s (4.43 hr) 23.180 s (6.44 hr)
(Ring 5) 16,959 s (4.71 hr) 24.520 s (6.81 hr)
(Ring 6) 19,279 s (5.36 hr) 27.389 s (7.61 hr)

Core plate failed
(Ring 1) 55,519 s (15.42 hr) 56.345 s (15.65 hr)-

Iring 2) 55,477 s (15.41 hr) 44.848 s (12.46 br)
(Ring 3) 55,399 s (15.39 hr) 55.630 s (15.45 hr)

'

(Ring 4) 5f,138 s (15.59 hr) 55.S75 s (15.52 br)
'

(Ring 5) 54,003 s (15.00 hr) 58,377 s (16.22 hr)

(Ring 6) 52,994 s (14.72 hr) 59.495 s (16.53 hr)
Vessel LII penetration failed ,

(Ring 1) 53,123 s (14.76 hr) 44.930 s (12.48 hr)
7

(Ring 2) 53,105 s (14.75 br) 44,941 s (12.48 hr)

(Ring 3) 53,079 s (14.74 hr) 44,931 s (12.48 hr)

(Ring 4) 53,074 s (14.74 hr) 44.934 s (12.48 br)
(Ring 5) 53,074 s (14.74 hr) . 44,938 s (12.48 br) >

(Ring 6) 53,139 s (14.76 hr) 44.939 s (12.48 br)
Commence debris ejection 53,074 s (14.74 hr) 44,930 s (12.48 br)

Cavity rupture 213,431 s (60.68 hr)

End of calculation 216,431 s (60.68 hr) 200,000 s (55.56 br)

|
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Figure 4.3.2.4 present s the upper plenum, core and lower plenum swollen and collapsed
liquid levels for this accident sequence initiated at two different times after scram. The
upper plenum levelinitially rises as the primary system pressurizes and then falls rapidly
when the SDC break is opened. The vesselliquid level drops smoothly through the upper
plenum into the core and continue dropping smoothly partway into the lower plenum,
followed by a more gradual loss of the remaining inventory due to boiling and steam
outflow. The amount of liquid inventory lost in the blowdown out the SDC break is
determined by the elevation of the break and is therefore about the same regardless
of the decay heat level; later, as would be expected, the gradual core uncovery due to
continued boiloff is faster for higher decay heat levels than for lower decay heat levels.
There is very little pool frothing or swelling in any of the vessel volumes.

The heatup of the intact fuel and clad is illustrated in Figures 4.3.2.5 and 4.3.2.6, as
calculated for scenarios initiated at 7 hr and 24 hr after shutdown, respectively. Core
uncovery and heatup begins sooner and proceeds more rapidly at the higher decay heat
level resulting from beginning this accident 7 hr after scram than for a lower decay heat in

,

the same accident initiated 24 br after scram. The fuel / clad component temperatures in
MELCOR are set to zero in a cell when that component fails, so these figures show both
the overall heatup rate and the time that the intact fuel / clad component fails through
melting of the clad.

Figures 4.3.2.7 and 4.3.2.8 present corresponding core debris temperatures in the
active fuel region calculated for scenarios initiated at 7 hr and 24 hr after shutdown,
respectively; these are the temperatures of the debris bed formed by the failure of the
intact fuel / clad component in MELCOR in a core cell, whose (intact) temperatures were
given in Figures 4.3.2.5 and 4.3.2.6. The intact fuel / clad component temperatures reach
a peak of 22000 K (23140*F) since the component generally fails at the zircaloy clad
melt temperature, taken as 2098 K (3317 F) in MELCOR. The debris bed in the active
fuel region in contrast reaches peak temperatures 24250 K (7190 F), significantly above
the UO melt temperature of 3113 K (5144*F), except in the lowermost active fuellevel2

where the debris bed temperature remains near the UO melt temperature. The debris2 .

bed temperatures reached in the active fuel region are slightly higher for the accident
initiated at a higher decay heat level than at the lower decay heat level, as would be
expected. (Notice that the debris bed temperatures predicted in these station blackout
sequences with failrre to isolate SDC are substantially higher than those predicted in the !

large break LOCA analyses presented in the previous section.) :

The temperatures of the active fuel region debris bed drop to zero when the core !

plate fails and the debris relocates to the lower plenum. This occurs much later than
the collapse of the intact fuel and clad into a debris bed. An unexpected result in these
station blackout sequences with failure to isolate SDC is the failure of the core plate (and
subsequently the vessel) earlier in the case initiated 24 hr after shutdown than in the
case initiated 7 hr after shutdown.

Figures 4.3.2.9 and 4.3.2.10 depict the structure temperatures for the core support
plate (" level 5") and for the lower core support structure in the level just above the core,

support plate and below the fhst active fuel level (" level 6", with active fuel beginning
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in ' level 7"). The core support plate is assumed to fail at 1273 K (1832"F), a criterion
also shown in these figures. The support structure above the core plate reaches this
temperature at about the time the debris bed forms in the active fuel region, but the
temperature of the support structure above the core plate then remains nearly constant
and increases only gradually as the temperature of the debris bed in the active fuel region
reaches values of 3100-4200 K; this growing temperature gradient is probably due to the
neglect of axial conduction in the particulate debris component in the MELCOR COR

,

package. The core support plate itself remains substantially cooler than the support
structure above the core plate, increasing only slowly. In the calculation initiated 7 hr
after shutdown, the core support plate temperatures in all radial rings remain nearly
equal as the core plate is heated, while in the calculation initiated 24 hr after shutdown,
the lower core support structure and the core support plate temperatures in the second
ring increase much more quickly than for the other three rings. On physical grounds, '

given most of the active fuel material forming a relatively uniform debris bed, the core
plate temperatures in the various radial rings should remain nearly equal; if this had
happened in the calculation initiated at 24 hr after scram, Figure 4.3.2.10 indicates that
the core plate should have failed at ~56,000 s, later than in the calculation initiated 7 hr
after shutdown.

The predicted temperatures in the debris bed in the lower plenum and core plate
are given in Figures 4.3.2.11 and 4.3.2.12, for scenarios initiated at 7 hr and 24 hr af-
ter shutdown, respectively. In both cases, prior to core plate failure there is some cold,
refrozen debris both on the core support plate and on the lower core structural mate-
rial just above the core support plate; the cooling and refreezing of this debris is the 1

cause of the continued gradual drop in lower plenum liquid level due to steaming seen in
'

,

Figure 4.3.2.4. The debris temperature rises gradually to the core support plate failure
temperature of 1273 K (1832 F). After core plate failure hot, high-temperature debris
begins appearing the the lower plenum as debris falls from the active fuel region into the
lower plenum. With the new debris radial relocation model added in MELCOR 1.8.2,
the core plate needs to fail in only one ring before debris from cells in the active fuel
region in all radial rings can potentially flow sideways and down, fall through the failed
plate, and then spread sideways into cells in the lower plenum in all radial rings. (Thus a
lower head penetration can now fail in a ring before the core plate in that ring fails.) The
lower head penetrations begin failing almost immediately, and the lower plenum debris
temperatures begin dropping to zero as debris is ejected from the vessel to the cavity.
(Notice that the calculation initiated 24 hr after shutdown shows some quenched debris
fallen into the lower plenum in the second ring prior to core plate failure, not seen in the
other rings or in any ring in the calculation initiated 7 br after shutdown; this is probably
related to the anomalous core plate heatup and failure behavior discussed above.)

Figures 4.3.2.13 and 4.3.2.14 indicate what fraction of each materialin the active fuel
region has collapsed into a debris rubble bed held up by the core support plate, prior -

to core plate failure, debris relocation, lower head failure and debris ejection, for this
station blackout scenario with failure to isolate SDC initiated at 7 br and 24 hr after
shutdown, respectively. The fractions of each material and the overall fraction of total

,
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material in the active fuel region degraded into particulate debris and are similar in the
'

two calculations. The majority of the debris bed is formed within about 8,000 s at the
higher decay heat level and within about 9.000 s at the lower decay heat level.

Figure 4.3.2.15 shows the total masses of core materials (UO , Zircaloy and ZrO ,2 2

stainless steel and steel oxide, and control rod poison) remaining in the vessel. This
includes both material in the active fuel region and in the lower plenum. Debris ejection
began very soon after lower head failure. This figure illustrates that most of the core
material was lost from the vessel to the cavity quickly,in step-like stages. In all cases,
all of the UO was transferred to the cavity within ~1 hr after vessel failure, as was the

2

unoxidized zircaloy, the associated zirc oxide and the control rod poison. A small fraction
(1-5%) of the structural steel in the lower plenum, and some associated steel oxide, was
predicted to remain unmelted and in place.

The debris material lost from the vesselis ejected to the drywell pedestal cavity. Since
almost all the material in the core active fuel region and lower plenum is lost within a

'

very short time period after vessel failure, the core debris mass in the cavity is about the
same for these two calculations initiated at different times after scram. Figure 4.3.2.16
indicates that the amount of concrete ablated and the total cavity debris mass (i.e., core
debris combined with concrete ablation products) are also very similar for this sequence
initiated at different times after scram. In both cases, concrete ablation is quite rapid
soon after debris ejection (while the core debris is hot, >2000 K, and consists of a layer of
metallic debris above a heavy oxide layer), and concrete ablation slows significantly after
a short time (after enough concrete has been ablated for the debris bed configuration to

'. invert to a light oxide layer above a layer of metallic debris, mixed to a lower average
temperature of ~1500 K).

The calculated production of steam and noncondensable gases (H , CO, CO and2 2

110) is summarized in Figure 4.3.2.17. The hydrogen production shown includes both2

in-vessel production (the initial step increase) and ex-vessel production in the cavity (the
later-time increase). The in-vessel hydrogen generation corresponds to the oxidation of
about 10-20(7c of t be zircaloy and about Ic/c of the steel in the core and lower plenum, prior
to vessel failure and debris ejection. As soon as the core debris enters the cavity, core-
concrete interaction begins, resulting in the production of carbon dioxide and hydrogen; |

reduction of these gases by the molten metal in the core debris also gives rise to carbon
monoxide and hydrogen. The production rate of noncondensables from core-concrete
interaction resembles the concrete ablation rate: quite rapid soon after debris ejection,
later slowing after a CORCON " layer flip" has occurred. On a molar basis, similar
amounts are produced of all these gases.

This generation of noncondensables changes the composition of the atmosphere in the
containment and in the auxiliary building. The mole fractions in the drywell, containment
dome and auxiliary building (first and second floors) are presented in Figures 4.3.2.18
and 4.3.2.19 for this sequence initiated at two different times after shutdown, includ.
ing vertical dotted lines at auxiliary building failure and at vessel failure for reference.
The mole fractions in the cavity resemble the behavior shown for the drywell; the mole
fractions in the containment equipment batch are very similar to those shown for the

i
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containment dome; and the mole fractions in the upper floors of the auxiliary building
generally resemble the behavior shown for the second floor of the auxiliary building (with

the behavior in the first floor different because of the SDC break outlet located there).

The drywell control volume atmosphere consists mostly of steam for relatively short
times just before and after auxiliary building failure and vessel failure, and late in the
accident, and there is a substantial CO concentration spike a short time after vessel
failure. The atmosphere composition in the outer containment volumes remains mostly
air (nitrogen and oxygen), with little steam or hydrogen (about 10% each) present. The
SDC break vents to the first floor of the auxiliary building, resulting in a very high
steam concentration in that volume; higher in the auxiliary building the atmosphere
composition closely resembles that in the outer containment (because the containment
equipment hatch and both of the containment personnel locks are open). The behavior
is qualitatively the same in both cases,just stretched out in time more at the lower decay
heat levels compared to higher decay beats.

Figures 4.3.2.20 and 4.3.2.21 illustrate the time-dependent release of radionuclides -
from the fuel debris both within the vessel and in the cavity, for cases initiated 7 hr
and 24 hr after scram, respectively. The vertical dotted lines within the plots mark the
time of vessel failure, indicating that most of the in-vessel release occurs prior to vessel
failure, from the hot debris bed in the active fuel region, while most of the ex-vessel
release occurs within a short time period after vessel failure and debris ejection to the
cavity, while the core debris is still hot, >2000 K, and consists of a layer of metallic
debris above a heavy oxide layer, before enough concrete has been ablated for the debris
bed configuration to invert to a light oxide layer above a layer of metallic debris, mixed
to a lower average temperature of ~1500 K. Table 4.3.2.2 summarizes the in-vessel, ex-,

vessel and total amounts of each radionuclide class released, all normalized to the initial
inventories of each class. (Note that these amounts generally consider only the release of
radioactive forms of these classes, and not additional releases of nonradioactive aerosols

from structural materials.)

Unlike the results for the large break LOCA accident simulations described in the
previous section, in this station blackout scenario (and the remainder of the Level 2
MELCOR analyses done) the MELCOR model included the formation of Cs1 from Cs
and 1 released from the fuel, and its subsequent transport, deposition and release. The2

,

initial radionuclide inventories are such that all the 1 released reacts to form Csl while2

most of the Cs remains unreacted and forms Cs0H (the default Cs form). .

Almost all (~100%) of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te)
and Class 16 (Csi) radionuclide species are released from the fuel, primarily in-vessel,

as are most (~90-100%) of the Class 3 (Ba) and Class 12 (Sn) inventories. The next
major release fraction, dropping rapidly with lower decay heat levels and cooler debris
is for uranium. Around 1-10% of the total inventories of Ru and Mo, Ce and La, are
released. Finally, a total 50.1% of the initial inventory of Class 11 (Cd) is predicted
to be released. Note that the CORSOR-M fission product release model option used in
these analyses has identically zero release in-vessel of Class 7 (Mo), Class 9 (La) and
Class 11 (Cd). These are higher release fractions of Ba, Te, Ru, Ce, La and So than
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Table 4.3.2.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 - Station
Bfackout with Failure to Isolate SDC, Initiated at Various Times
After Shutdown

Fission Products Released from Fuel
Class ((X Initial Inventory)

7 br 24 hr
In-Vessel Ex-Vessel Total In-Vessel Ex-Vessel Total

Xe 99.98 0.0022 99.9S 99.99 0.0024 99.99

CsOH ~100 0.0020 ~100 ~100 0.0020 ~100
Ba 93.16 2.4 S 95.64 86.01 5.524 91.534

1 ~0 ~0 ~0 ~0 ~0 ~0
Te 99.97 0.0015 99.97 99.99 0.002 99.99
Ru 31.47 0.00004 31.47 6.704 0.0004 6.70
Mo 0 1.20 1.20 0 1.664 1.664

Ce 46.33 0.0009 46.33 10.88 0.0022 10.88

La 0 2.37 2.37 0 8.99 8.99

U 76.64 0.0025 76.64 59.64 0.017 59.66

Cd 0 0.025 0.025 0 0.079 0.079

Sn 98.05 0.056 99.11 96.03 0.25 96.28

Csl 99.99 0.0023 99.99 ~100 0.0024 ~100

,
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seen in MELCOlt analyses of the large break LOCA sequences described in the previous
subsection, re6ecting the very high debris temperatures calculated during in vessel core
degradation (shown in Figures 4.3.2.7 and 4.3.2.8).

Figure 4.3.2.22 gives the total radioactive release to the environment in these two
The total releases and time history of the release for this accident initiated atcases.

two different decay heat levels are nearly identical. The release fractions of individual
classes to the environment are shown in Figures 4.3.2.23 and 4.3.2.24. With the break
in the SDC system and the failure of the auxiliary building early in this scenario, fission
products released during in-vessel core heatup and degradation can immediately escape
to the environment (although the only significant release fraction is for the noble gases).
There is an increased release of all radionuclide classes at vessel failure, as the core debris

falling into and flashing the lower plenum water pool (either immediately in the lower
plenum or subsequently in the cavity) generates a substantial steam spike which is vented
out the containment and auxiliary building. There is later a continued low-level release
of some radionuclide classes,in particular for the volatiles CsOH, Csl and Te.

These environmental releases do not correspond to immediate release of all radionu-
clides released from the fuel; there is considerable retention of most radionuclide species
within the containment and auxiliary building (as discussed below). The noble gases have
the greatest releases (>90%) to the environment by the end of the transient periods sim-
ulated, because gaseous forms are not scrubbed, filtered, deposited or otherwise retained. |

'There is some release to the environment of the other volatile species (i.c., CsOll, Csl
and Te) also, although these are found mostly in aerosol form (and are generally retained
in the auxiliary building); the temperatures are higher enough in this station blackout
sequence than in the large break LOCA for the volatiles' vapor form to persist, primarily

'

because the containment was flooded in the large break LOCA scenario and dry in the
station blackout scenario.i

Tables 4.3.2.3 and 4.3.2.4 summarize the distribution of the initial radionuclide in-
ventory at the end of the two calculations initiated at different times after shutdown;
they provide an overview of how much of the radionuclides remain bound up in fuel
debris in either the core or the cavity, and of how much of the released radionuclides are
retained in the primary system vs how much of the released radionuclides are released
to, or released in, either the containment or the auxiliary building and the environment,
all normalized to the initial inventories of each class. Table 4.3.2.5 presents a slightly
different breakdown of the released radionuclide final distribution, giving the fractions of
released inventory for each class in control volume atmospheres (including the environ-
ment), in pools, or deposited or settled onto heat structures at the end of the calculations.
(As in Table 4.3.2.2, these amounts consider only the release of radioactive forms of these
classes, and not additional releases of nonradioactive acrosols from structural materials.)

|

These tables show fission product distributions generally similar to those found for the j

large break LOCA sequences (discussed in the previous section) for the radionuclides with
significant (>S0'X of initialinventory) release from fuel. In both accident scenarios, most
of the noble gases released are in the environment,in the atmosphere. Most of the volatile
species (CsOH, Csl and Te) releases occurred in-vesselin both scenarios. Ilowever,in this
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Table 4.3.2.3. Final Radionuclide Distribution for Gra d Gulf POS 5 - Station
,

Blackout with Failure to Isolate SDC, J .itiated at 7 hr After
Shutdown

Fission Product Distribution
Class (% Initial Inventory) '

Fuel Debris Primary System Containment Auxiliary Building Environment ;

Xe ~0 0.0113 4.36 3.29 92.3 ;

Cs0H ~0 1.19 5.43 91.74 1.68
Da 4.37 49.5 20.52 25.42 0.138 !
Te 0.289 0.293 5.89 93.39 0.442 !

Ru 68.5 15.7 4.72 10.95 0.147
Mo 98.8 0.0S7 0.95 0.147 0.013 |
Ce 53.7 23.6 6.09 16.44 0.192
La 97.6 0.276 1.79 0.204 0.10
U 29.4 38.2 11.74 20.48 0.12

'

Cd ~100 0.0023 0.019 0.0027 0.0009
Sn 1.89 50.7 14.9 32.39 0.107 ~!
Csl ~0 0.0113 4.81 93.94 1.09

;

i
.

|

!
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!Table 4.3.2.4. Final Radionuclide Distribution for Grand Gulf POS 5 - Station,

Blackout with Failure to Isolate SDC, Initiated at 24 hr After ,
'

Shutdown

i

Tission Product Distribution
;Class (M InitialInventory)

Fuel Debris ! Primary System Containment Auxiliary Buildinc ! Environment i

iXe ~0 0.011 4.45 5.04 90.5 ;Csoli ~0 0.2u0 . 42 66.14 4.19.
Ba 6.46 41.7 32.30 17.23 0.352- i

Te 0.003 0.332 6.11 84.62 6.90-
Ru 93.3 1.75 4.64 0.25 0.0063
Mo 95.3 0.225 1.29 0.13 0.0124

,

'

Ce 69.1 2.50 7.6S 0.39 0.005 :La 91.0 1.35 7.04 0.39 0.199 '
U 45.0 16.9 34.67 3.22 0.127

Cd 99.0 0.012 0.062 0.0037 0.0016
Sn 3.72 45.2 20.95 26.81 0.274

,

Csl ~0 0.151 6.91 89.21 3.77
.
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Table 4.3.2.5. Final Radionuclide State for Grand Gulf POS 5 - Station Blackout
with Failure to Isolate SDC, Irdtiated at Various Times After
Shutdown ,

Fission Products Released from Fuel
Class (M Released Inventory)

7 hr 24 hr
Atmosphere Pool Deposited Atmosphere Pool Deposited

Xe ~100 0 0 ~ 100 0 0

CsOH 2.27 91.1 6.63 5.19 S5.2 6.65
Ba 0.145 33.9 66.0 0.39 31.2 6S.4

I ~100 0 0 ~100 0 0

Te 0.64 92.2 7.11 6.46 84.S 6.75
Ru 0.47 39.5 59.6 0.0094 25.8 74.1

Mo 1.09 40.0 55.9 0.77 3S.0 61.3
Ce 0.41 39.7 59.5 0.073 25.4 74.5
La 4.22 40.3 55.5 2.21 35.7 62.0
U 1.71 34.5 65.3 0.23 27.7 72.0

Cd 6.30 34.9 5S.5 3.00 34.1 62.9
Sn 0.11 37.7 62.1 0.29 35.0 64.7

Csl 1.44 93.5 5.06 4.50 89.3 6.15
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station blackout with the SDC break venting directly to the auxiliary building most of
those releases are retained in the auxiliary building. while in the large break LOCA most
of those releases are retained in the containment (but primarily in water pools in both
cases). About 1-77c of the volatile species are released to the environment in this accident
scenario, an order of magnitude or more than in the large break LOCA sequence. The two
classes of radionuclides forming acrosols which had substantial releases (Ba and Sn, also |
occurring mostly in-vessel) were predicted to have about half those releases retained in i

'

the vessel, primarily deposited on structures, in both accident scenarios; for this station.
blackout with failure to isolate SDC the other half of the releases are retained about
equally in the containment and in the auxiliary building. about equally in water pools
and deposited on structure surfaces. while for the large break LOCA the other balf of
the releases are retained in the containment, mostly in water pools and a small fraction
deposited on structure surfaces.

4.3.3 Station Blackout with Firewater Addition Followed by High Pressure
Boiloff, Initiated 7 hr After Shutdown

;

At the initiation of the accident. the reactor vesselis depressurized and the coolant is ,

'

at the normal level. The vessel water inventory is at 366.5 K (200rF), which corresponds
to the maximum temperature allowed by the Grand Gulf technical specifications for
operation in POS 5. The reactor pressure vessel head vent is open. At the start of tl.e
accident all core cooling and injection is lost and the SRVs are closed. Two hours after
the start of the accident two SRVs are opened and firewater is injected-into the core
bypass region at a flow rate determined by the pump head curve. Twelve hours after
the start of the accident the SRVs close due to depletion of the station batteries. and
subsequently the SRVs cycle at their pressure relief setpoint. The suppression pool level
is 3.66 m (12.67 ft) from the suppression peol floor. The containment is at 305.4 K (90*F)
and the suppression pool is at 305.2 K (95'F). The drywell personnel lock is open; the
containment equipment hatch and both of the containment personnel locks are open.

This sequence is identical to the Level 1 station blackout sequence with firewater j
'

addition followed by a high pressure boiloff discussed in Section 4.2.8, initiated 7 br after
s,.m down.

The sequence of events predicted by MELCOR for this accident with different initia-
tion times is given in Table 4.3.3.1.

The pressure response is identical to that presented in Figures 4.2.8.2 and 4.2.8.3 for
the vessel and auxiliary building, respectively,in Section 4.2.8 for this sequence initiated !
7 hr after shutdown. Initially, the system begins pressurizing as all core cooling is lost,
more quickly for higher decay beat; the pressure then begins dropping after two SRVs are
opened 2 br after the start of the accident. Firewater cooling and steaming out the SRW
keep the vessel pressure down until 12 hr, when depletion of the station batteries cause
the SRVs to close. Since the SRVs are now closed, the RPV pressurizes until the SRVs
begin operating in the relief mode. After some time, the continued inventory loss out the
open RPV vent is sufficient to relieve the steaming in the core and the SRVs close. The

i
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Table 4.3.3.1. Sequence of Events Predicted by MELCOR for Station Blackout with
Firewater Addition Followed by High Pressure Boiloff, Initiated 7 br
After Shutdown

Time After Shutdown
Event 7 hr

Accident initiation 0.0
Firewater injection enabled 7,200 s (2 hr)
Core uncovery (TAF) begins 9,787 s (2.72 hr)
Firewater injection stopped 43.200 s (12 br)
Auxiliary building failed 56.000 s (15.56 hr)
Core heatup begins 56.000 s (15.56 hr)
Clad failure / Gap release

(Ring 1) 63,097 s (17.53 br)
(Ring 2) 63.032 s (17.51 hr)
(Ring 3) 63.056 s (17.52 br) j

(Ring 4) 63,427 s (17.62 hr)
(Ring 5) 64,862 s (18.02 hr)
(Ring 6) 79,190 s (22.00 hr)

Core plate failed
| (Ring 1) 90.492 s (25.14 hr)

|
(Ring 2) 95.165 s (26.43 br)
(Ring 3) 94.525 s (26.26 hr)
(Ring 4) 94.502 s (26.25 br)
(Ring 5) 102,598 s (28.50 hr)
(Ring 6) 112,341 s (31.21 hr)

Vessel LH penetration failed
(Ring 1) 90,5S2 s (25.16 br)
(Ring 2) 90,595 s (25.17 br)
(Ring 3) 90,603 s (25.17 hr)
(Ring 4) 90,653 s (25.18 br)
(Ring 5) 102,741 s (28.54 br)
(Ring 6) 112,898 s (31.36 hr)

Commence debris ejection 90,582 s (25.16 br)
Cavity rupture 199,146 s (55.32 hr)

f End of calculation 199,146 s (55.32 hr)

!
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pressure continues to drop until core heatup and damage begins: there is then a briei
repressurization, followed ver.s t;u:ckly by a final. sharp depressurization due to vessel )'

failure. The flow out the open RPV vent line and later out the SRVs also pressurizes
-

the containment and the auxiliary building. The auxiliary building fails when the SRVs
begin cycling at their safety setpoint. The auxiliary building pressure briefly spikes later
when the vessel fails.

The firewater injection rate and the vessel inventory response are also identical to
:the results discussed for the corresponding Level 1 analysis presented in Section 4.2.5

(shown in Figures 4.2.7.3 and 4.2.8.4. respectively). Firewater injection does not equal
and reverse inventory loss for about 5hr. After the SRVs close at 12 br. coolant inventory
is lost as the SRVs cycle at the safety setpoint umil vessel failure, when all the remaining
coolant in the vessel drains to the cavity abruptly.

Figure 4.3.3.1 presents the upper plenum. core and lower plenum swollen and collapsed
liquid levels for this accident sequence. The upper plenum levels drop for about 5hr
after the SRVs are opened before the firewater addition is sufEcient to raise the liquid
levels back up briefly. The liquid levelin the upper plenum resumes dropping soon after
firewater injection is stopped after 12 hr when the SRVs begin cycling in the relief mode.
The collapsed levelin the core drops below the core midplane before stabilizing and rising
again during the 10hr of firewater injection, but the swollen level drops only about a foot
into the active fuel region before the firenater addition is sufUcient to begin raising the
vessel inventory and liquid levels back up. After firewater injection is stopped at 12 hr
and the SRVs begin cycling in the relief mode, the vessel liquid level drops smoothly
through the upper plenum into the core and continue dropping smoothly partway into
the lower plenum. followed by a more gradual loss of the remaining inventory due to

iboiling and steam outflow. There is very little pool frothing or swelling in any of the
vessel volumes in this sequence.

The heatup of the intact fuel and clad is illustrated in Figure 4.3.3.2. The small
core uncovery early in the accident progression does not result in significant core heatup
before the firewater addition raises the vesselinventory and liquid levels back up After *

firewater injection ends at 12 hr there is a slow temperature increase, reflecting the
rise in saturation temperature as the system pressurizes to the SRV setpoint. Later,
after TAF uncovery, core beatup and damage begins. Because the fuel / clad component
temperatures in MELCOR are set to zero in a cell when that component fails, this figure
shows both the overall heatup rate and the time that the intact fuel / clad component fails
through melting of the clad at 2100 K (3320"F). ;

Figure 4.3.3.3 presents corresponding core debris temperatures in the active fuel re-
gion; these are the temperatures of the debris bed formed by the failure of the intact
fuel / clad component in MELCOR in a core cell, whose (intact) temperatures were given
in Figure 4.3.3.2. The debris bed in the active fuel region reaches peak temperatures
23500 K (5S40$F), significantly above the UO melt temperature of 3113 K (5144*F),2

except in the lowermost active fuellevel where the debris bed temperature remains below
the UO melt temperature. The debris bed temperatures predicted in this station black- !

2
,

out sequence with 10hr of firewater addition are somewhat lower than those predicted |

I
1
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in the station blackout sequences with failure to isolate SDC (and no firewater addition)
presented in the previous section.

The temperatures of the active fuel region debris bed drop to zero when the core
plate fails and the debris relocates to the lower plenum. The predicted temperatures in
the debris bed in the lower plenum and core plate are given in Figure 4.3.3.4. Prior to

'

!core plate failure there is some cold, refrozen debris both on the core support plate and
'

on the lower core structural material just above the core support plate; the cooling and
refreezing of this debris is the cause of the continued gradual drop in lower plenum liquid
level due to steaming seen in Figure 4.3.3.1. The debris temperature rises gradua.lly to
the core support plate failure temperature of 1273 K (1832*F). After core plate failure
bot, high temperature debris begins appearing the the lower plenum as debris falls from
the active fuel region into the lower plenum. With the new debris radial relocation model
added in MELCOR 1.8.2, the core plate needs to failin only one ring before debris from
cells in the active fuel region in all radial rings can potentially flow sideways and down.
fall through the failed plate. and then spread sideways into cells in the lower plenum in
all radial rings. (Thus a lower head penetration can now fail in a ring before the core
plate in that ring fails.) The lower bead penetrations begin failing almost immediately.
and the lower plenum debris temperatures begin dropping to zero as debris is ejected
from the vessel to the cavity Some cool. quenched debris remains present in the lower
plenum for a significant period of time, however, as indicated by the 10001250 K debris
temperatures in the lowest level after vessel failure.

Figure 4.3.3.5 illustrates what fraction of each material in the active fuel region has
collapsed into a debris rubble bed held up by the core support plate. prior to core plate
failure. debris relocation. lower bead failure and debris ejection, for this station blackout
scenario with firewater. The fractions of each material and the overall fraction of total
material in the active fuel region degraded into particulate debris in this sequence are
visibly lower than the corresponding fractions predicted for the station blackout scenarios ;

without firewater addition and with failure to isolate SDC, due to the relatively lower
debris temperatures calculated for this sequence. The debris bed forms later in time.
due to the delay in core beatup until after firewater injection is stopped, and remains in
the active fuel region for a shorter time than predicted for the station blackout scenarios
without firewater addition and with failure to isolate SDC.

Figure 4.3.3.6 shows both the total and the individual masses of core materials (UO ,2
Zircaloy and ZrO , stainless steel and steel oxide, and control rod poison) remaining in2

the vessel. This includes botb material in the active fuel region and in the lower plenum.
Debris ejection began very soon after lower head failure. This figure illustrates that most
of the core material was lost from the vessel to the cavity quickly,in step-like stages. In
all cases, all of the UO was transferred to the cavity within ~1 br after the initial vessel2

lower head penetration failure, as was the unoxidized zircaloy, the associated zirc oxide
ar.d the control rod poison. A small fraction (10-1504) of the structural steel in the lower
plenum, and some associated steel oxide, was predicted to remain unmelted and in place,
more than in the station blackout scenarios without firewater addition and with failure ,

to isolate SDC.
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The debris material lost from the vessel is ejected to the drywell pedestal cavity.
Figure 4.3.3.7 presents the amounts of ejected core debris, concrete ablated and the total
cavity debris mass (iA, core debris combined with concrete ablation products). As in
the other sequences analyzed, concrete ablation is quite rapid soon after debris ejection
while the core debris is bot (>2000 K) and consists of a layer of metallic debris above
a heavy oxide layer, and then slows noticably after enough concrete has been ablated
for the debris bed configuration to invert to a light oxide layer above a layer of metallic
debris, mixed to a lower average temperature of ~1500 K.

The calculated production of steam and noncondensable gases (H , .CO, CO and2 2

H O) is depicted in Figure 4.3.3.8. The hydrogen production shown includes both in-2

vessel production (the initial step increase) and ex-vessel production in the cavity (the
later-time increase). The in-vessel hydrogen generation corresponds to the oxidation of
about 157c of the zircaloy and about 17t of the steelin the core and lower plenum, prior
to vessel failure and debris ejection. As soon as the core debris enters the cavity. core-
concrete interaction begins. resulting in the production of carbon dioxide and hydrogen:
reduction of these gases by the molten metal in the core debris also gives rise to carbon
monoxide and hydrogen. The generation rates and amounts of these gases produced, and
the amount of concrete ablated. are generally similar in this station blackout sequence
with 10hr of firewater addition followed by a high pressure boiloff to the corresponding
rates and amounts calculated in the station blackout scenarios with failure to isolate SDC
and no firewater addition. described in the previous section.

The mole fractions in the drywell, containment dome and auxiliary building (first
'

and second floors) are shown in Figure 4.3.3.9, including vertical dotted lines at auxiliary
building failure and at vessel failure for reference. The mole fractions in the cavity resem-
ble the behavior shown for the drywell: the mole fractions in the containment equipment
batch are very similar to those shown for the containment dome, and the mole fractions -

in the upper floors of the auxiliary building generally resemble the behavior shown for Ii
the second floor of the auxiliary building (but with more steam higher in the auxiliary ! ,

building late in time and correspondingly less nitrogen). The inner containment atmo- 1i
sphere consists mostly of steam, building up rapidly after the SRVs are first locked open '

and later cycle in the relief mode, decreasing somewhat after vessel failure and noncon-
;'

densable gas generation due to core-concrete interaction, but remaining more than half
steam throughout the transient period simulated. The outer containment steam concen-
tration begins rising slowly when the SRVs are locked open and later increases rapidly
to almost 507c steam after the SRVs begin cycling in the relief mode. The containment
is open to the auxiliary building in the second and fourth Boors. The atmosphere in the
dead-end first Boor of the auxiliary building remains near ambient with small fractions of
steam and noncondensables added from the upper Boors; higher in the auxiliary building
the atmosphere composition closely resembles that in the outer containment (because the
containment equipment hatch and both of the containment personnellocks are open), but i

with more steam and core-concrete interaction noncondensables higher in the auxiliary
building late in time and correspondingly less nitrogen and oxygen.

Figure 4.3.3.10 ' illustrate the time-dependent release of radionuclides from the fuel
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debris both within the vessel and in the cavity. The vertical dotted lines within the plots
mark the time of vessel failure, indicating that most of the in-vessel release occurs prior
to vessel failure, from the bot debris bed in the active fuel region while most of the
ex vessel release occurs within a short time period after vessel failure and debris ejection
to the cavity, while the core debris is still bot, before enough concrete has been ablated
for the debris bed configuration to cool and invert; this behavior is seen in most of our
MELCOR analyses. Table 4.3.3.2 summarizes the in vessel, ex vessel and total amounts
of each radionuclide class released, all normalized to the initialinventories of each class.

(Note that these amounts generally consider only the release of radioactive forms of these
classes, and not additional releases of nonradioactive aerosols from structural materials.)

The release behavior predicted by MELCOR can be grouped into several subdivisions.
Almost all (~100%) of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te)
and Class 16 (Cs!) radionuclide species are released, primarily in-vessel, as are most (50-
90%) of the Class 3 (Ba) and Class 12 (Sn) inventories. The next major release fraction.
dropping rapidly with lower decay beat levels and cooler debris is for uranium. Around
0.1-2(7< of the total inventories of Ru and Mo, Ce and La. are released. Finally, a total
<0.01% of the initialinventory of Class 11 (Cd)is predicted to be released. Note that the
CORSOR-M fission product release model option used in these analyses has identically

zero release in-vessel of Class 7 (Mo). Class 9 (La) and Class 11 (Cd).

Figure 4.3.3.11 gives the total radioactive release to the environment in these two
cases. The release fractions of individual classes to the environment are shown in Fig-
ure 4.3.3.12. The release to the environment begins before vessel failure in this sequence.
Fission products released during the in-vessel core beatup and degradation process are
transported to the containment through the cycling SRVs and the open RPV vent line;
they then move from the containment to the auxiliary building through the open con-
tainment equipment batch and personnel locks, and can escape to the environment as
soon as the auxiliary building fails (at about 56,000 s or 15-16 hr).

These environmental releases do not correspond to immediate release of all radionu-
clides released from the fuel; there is considerable retention of most radionuclide species
within the containment and auxiliary building (as discussed below). The noble gases have
the greatest releases (>90%) to the environment by the end of the transient period simu-
lated, because gaseous forms are not scrubbed, filtered, deposited or otherwise retained;
in addition, there is some release to the environment of the other volatile species (i.c.,
CsOH, Csl and Te) also, although these are found mostly in aerosol form and are largely
retained in the containment. (Note that most of the retention was in the auxiliary build-
ing in the station blackout sequences with failure to isolate SDC because that was where
the outlet of the SDC break was located; most of the retention is in the containment in
this station blackout scenario with firewater addition followed by a high pressure boiloff
because in this case the outflow is primarily through the SRVs, the open RPV bead vent
and the vessel lower head penetration failures, which all go to the containment.)

Table 4.3.3.3 summarizes the distribution of the initial radionuclide inventory at the
end of the two calculations initiated at different times after shutdown; they provide an
overview of how much of the radionuclides remain bound up in fuel debris in either the
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Table 4.3.3.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 - Station- |
Blackout with Firewater Addition Followed by High Pressure Boiloff.

Initiated 7 hr After Shutdown !

!

Fission Products Released frorn Fuel
Class (M Initial Inventorv)

In-Vessel Ex-Vessel Total ,

?

Xe 99.99 0.0122 ~100
CsOli ~100 0.0120 ~100 :

Ba 74.53 4. , ,9.60

1 ~0 ~0 ~0
'

Te 99.95 0.0055 99.99

Ru 0.594 0.000003 0.594

.\lo 0 1.35 1.35

Ce 0.534 0.0009 0.534

La 0 0.192 0.192 ,

U 22.19 0.00126 22.19 |

Cd 0 0.014 0.014

'Sn SS.55 0.049 SS.90

Csl 99.99 0.0124 ~100
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core or the cavity, and of how much of the released radionuclides are retained in the
primary system r3 how much of the released radionuclides are released to. or released in.
either the containment or the auxiliary building and the environment. all normalized to
the initial inventories of each class. Table 4.3.3.4 presents a different breakdown of the
released radionuclide final distribution, giving the fractions of released inventory for each
class in control volume atmospherce (including the environment). in pools, or deposited
or settled onto heat structures at the end of the calculations. (As in Table 4.3.3.2. these
amounts consider only the release of radioactive forms of these classes. and not additional
releases of nonradioactive aerosols from structural materials.)

These tables show fission product distributions somewhat different than those found
for any of the other sequences analyzed for the radionuclides with significant (>S0% of
initialinventory) release from fuel. As in all the accident scenarios analyzed, most of the
noble gases released are in the environment in the atmosphere. Significant fractions of
the volatile species (CsOH. Csl and Te) released are retained everywhere. in the primary
system (15-35%). containment (40 50%), and auxiliary building (20-25%); about 5%
of the total initial inventories of these volatiles is released to the environment in this
case, an environmental release similar to that for the other station blackout sequence
analyzed, with failure to isolate SDC and no firewater addition (discussed in the previous
section). The two classe, of radionuclides forming aeroots which had substantialin-vessel
releases (Ba and Sn) also were predict ed to have subst antial fractions retained everywhere.
slightly more in the primary system (35-459). about the same in containment (40%).
and significantly less in the auxiliary building (2 2.5%).

4.3.4 Low Pressure Bolloff with Flooded Containment, Initiated hr and
24 hr After Shutdown

At the initiation of the accident, the reactor vessel is depressurized. Following the
initiating event. two SRVs are opened. For this scenario, the vessel and containment
are flooded. i.e., the vessel water level is at the steam lines,16.46 m or 64S in and I

the containment (suppression pool, pedestal cavity and drywell) is flooded up to the
lower personnel lock, 9.65 m or 31.67 ft above the suppression pool floor. The vessel
water inventory is at 300.5 K (S0'F), as is the suppression and containment water; the
containtnent is at 305.4 K (90 F). Since the lower personnel lock is open, the auxiliary
building is flooded which results in the loss of all core cooling. The reactor pressure
vessel head vent is closed at the beginning of the transient. Since both the drywell
and the containment batches are open, the drywell is open to the containment and the
containment is open to the auxiliary building (i.e., "open containment").

This sequence is almost identical to the low pressure bolloff scenario discussed in
Section 4.2.2, except that in those Level 1 analyses the containment was dry while in
these Level 2 analyses the containment was assumed to be flooded.

The sequence of events predeted by MELCOR for this accident with different initia.
tion times is given in Table 4.3.4.1.
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Table 4.3.3.3. Final Radionuclide Distribution for Grand Gulf POS 5 - Station '.
Blackout with Firewater Addition Followed by High Pressure Boiloff. !

Initiated at 7 hr After Shutdown j

Fission Product Distribution
Class (W Initial Inventory)

Fuel Debris ! Primary System Containment Auxiliary Building | Environment
'

Xe ~0 0.007 2.49 5.00 92.5

r>OH ~0 33.6 42.6 19.65 4.11 '[
'

Ba 20.4 33.1 43.9 2.34 0.294

Te 0.009 34.1 42.1 19.0S 4.70

Ru 99.1 0.307 0.57 0.0125 0.00305

Mo 95.6 0.095 1.04 0.19 0.01 $

Ce 99.2 0.252 0.54 0.0121 0.0029

La 99.5 0.02 0.144 0.022 0.0063 ,

C 79.6 T.13 12.95 0.303 0.0654
-

-

i
Cd ~100 0.0095 0.062 0.003 O E oi .

Sn 11.1 45.0 41.02 2.67 0.303

Csl ~0 16.3 53.42 24.72 5.54 |,

. -,

k

!|
,
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!
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Table 4.3.3.4. Final Radionuclide State for Grand Gulf POS 5 - Station Blackout ;

with Firewater Addition Followed by High Pressure Boiloff. Initiated
7 br After Shutdown '

Fission Products Released from Fuel
Class (W Released Inventory)

Atmosphere Pool Deposited

X e' ~100 0 0 '

CsOH 13.26 42.9 43.9 ;

Ba 0.37 24.S 74.8 !

I ~100 0 0
Te 17.04 39.6 43.3
Ru 0.34 2 3. , 44.1

.W l.35 46.4 52.3 '

Ce 0.36 2 3. , 43.9
La 0.33 49.7 47.0 !
U 0.32 25.5 74.2 :

Cd 15.66 37.8 46.5 -

Sn 0.35 22.1 77.6
'

Csl 21.76 48.9 29.3 |
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Table 4.3.4.1. Sequence of Events Predicted by MELCOR for Low-Pressure Boiloff :
with Flooded Containment, Initiated 7 hr and 24 hr After Shutdown i

Tirne After Shutdown
Event 7 hr 24 hr

Accident initiation 0.0 0.0
Core uncovery (TAF) begins 10,262 s (2.85 hr) 14,339 s (3.98 hr)
Core heatup begins 22.000 s (6.11 br) 28,500 s (7.92 hr)
Clad failure / Gap release

(Ring 1) 27,154 s (7.54 br) 36.361 s (10.10 hr) ,

(Ring 2) 27.055 s (7.52 hr) 36.200 s (10.07 hr)
(Ring 3) 27.167 s (7.55 hr) 36.353 s (10.11 hr)
(Ring 4) 27.723 s (7.70 hr) 36.963 s (10.27 hr)
(Ring 5) 29.374 s (8.16 hr) 35.565 s (10.71 br)
(Ring 6) 32.139 s (9.45 hr) 42.663 s (11.91 hr)

Core plate failed
(Ring 1) 89.990 s (25.00 br) 112,516 s (31.25 br) |

(Ring 2) 59.164 s (24.77 hr) 111,475 s (30.97 hr)
(Ring 3) es.949 s (24.71 hr) 112.350 s (31.21 br)
(Ring 4) SS,000 s (24.44 hr) 112,785 s (31.33 hr)
(Ring 5) 83,548 s (23.21 hr) 110,645 s (30.73 hr)
(Ring 6) 82.305 s (22.56 br) 109,936 s (30.54 br)

Yessel LH penetration failed
(Ring 1) 82,534 s (22.93 br) 110,09S s (30.5S hr)

,'(Ring 2) 82,446 s (22.90 hr) 110,065 s (30.57 hr)
(Ring 3) 62,421 s (22.59 hr) 110,047 s (30.57 br) !
(Ring 4) 82,400 s (22.59 hr) 110,034 s (30.57 br) i

(Ring 5) 82,397 s (22.89 hr) 110.025 s (30.56 br) .j
(Ring 6) 82,410 s (22.89 hr) 110,302 s (30.64 br) ;

Commence debris ejection 82,397 s (22.89 hr) 110,025 s (30.56 br) ;

Auxiliary building failed 99,000 s (27 50 hr) 120,000 s (33.33 br)
Cavity rupture i

End of calculation 400,000 s (111.1 hr) 400,000 s (111.1 br)

215

i

-.



.

Figure 4.3.4.1 gives the vessel pressures calculated starting this accident scenario at
two different times after scram. In both cases, the system begins pressurizing as all core
cooling is lost but only pressurizes slightly before the steam Bow out the two open SRW
is sufficient to remove all the decay heat; the higher the decay beat (i.c.. the sooner
after shutdown). the higher the early-time pressure peak before the flow out the open
SRVs can fully remove the decay beat. The steam Bow out the two open SRW in turn -

pressurizes the containment and through the open equipment batch and personnel locks.
pressurizes the auxiliary building, as shown in Figure 4.3.4.2. The longer after shutdown
and scram that this accident sequence begins, the lower the decay beat and the longer it
takes to fail the auxiliary building.

<

The coolant inventoryin the vessel drops as the decay heat boils water to steam which

is lost out the open SRVs, faster for the higher decay heat level than for the lower decay '

heat, as presented in Figure 4.3.4.3.

Figure 4.3.4.4 presents the upper plenum. core and lower plenum swollen and collapsed
liquid levels for this accident sequence initiated at two different times after scram. The
upper plenum collapsed level initially falls but the two-phase level rises as the primary
system pressurizes. There is considerable pool frothing and swelling in both the upper *

plenum and core volumes and the vessel inventory is boiled away. Both the initial. '

more rapid level drop in the core and upper plenum and the later, gradual lower plenum
uncovery due to continued bolloff is faster for higher decay beat levels than for lower decay
beat levels. The lower plenum levels still show substantial amounts of liquid remaining '

at vessel failure. when that water is eitber Basbed to steam by the falling core debris or
drains into the cavity through the failed lower head penetrations.

The beatup of the intact fuel and clad is illustrated in Figures 4.3.4.5 and 4.3.4.6. as
calculated for scenarios initiated at 7 hr and 24 br after shutdown. respectively. Core
uncovery and heatup begins sooner and proceeds more rapidly at the higher decay heat :

level resulting from beginning this accident 7 hr after scram than for a lower decay beat
in the same accident initiated 24 hr after scram, as would be expected. The fuel / clad
component temperatures in MEtrOR are set to zero in a cell when that component

,
'

fails. so these figures show both the overall heatup rate and the time that the intact
fuel / clad component fails through melting of the clad. The intact fuel / clad component
temperatures reach a peak of 22000 K (23140 F) since the component generally fails at
the zircaloy clad melt temperature, taken as 2095 K (3317aF) in MELCOR.

Figures 4.3.4.7 and 4.3.4.8 present corresponding core debris temperatures in the
active fuel region calcula*ed for scenarios initiated at 7 hr and 24 br after shutdown,
respectively; these are tl mperatures of the debris bed formed by the failure of the

i

intact fuel / clad componen MELCOR in a core cell, whose (intact) temperatures were I
given in Figures 4.3.4.5 and 4.3.4.6. The debris bed in the active fuel region reaches |

peak temperatures 23500 K (5S40*F), significantly above the UO melt temperature of2

3113 K (5144'F), in the middle and upper active fuel regions; in the lower active fuel-
levels the debris bed temperatures remain below the UO melt temperature. The debris2

'. bed temperatur-s reached in the active fuel region are visibly higher for the accident
initiated at a bigher decay heat level than at the lower decay beat level.
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The temperatures of the active fuel region debris bed drop to zero when the core plate !
fails and the debris relocates to the lower plenum. The predicted temperatures in the
debris bed in the lower plenum and core plate are ghen in Figures 4.3.4.9 and 4.3.4.10.
for scenarios initiated at 7 br and 24 hr after shutdown, respectisely. In both cases. prior
to core plate failure there is some cold, refrozen debris both on the core support plate and
on the lower core structural material just above the core support plate; the cooling and
refreezing of this debris is the cause of the continued gradual drop in lower plenurn liquid
level due to steaming seen in Figure 4.3.4.4. The debris temperature rises gradually to
the core support plate failure temperature of 1273 K (18320F). After core plate failure
hot, high temperature debris begins appearing the the lower plenum as debris falls from
the active fuel region into the lower plenum. With the new debris radial relocation model *

added in MELCOR 1.8.2, the core plate needs to failin only one ring before debris from
cells in the active fuel region in all radial rings can flow sideways and down, fall through
the failed plate, and then spread sideways into cells in the lower plenum in all radial
rings. (Thus a lower head penetration can now failin a ring before the core plate in that
ring fails.) The lower head penetrations begin failing a!most immediately, and the lower
plenum debris temperatures begin dropping to zero as debris is ejected from the vessel
to the cavity. Some cool. quenched debris can remain present in the lower plenum for a
significant period of time. however. as indicated by the 1000-1250 K debris temperatures
in the lowest level after vessel failure in the low pressure boiloff scenario initiated 24 hr
after shutdown.

Figures 4.3.4.11 and 4.3.4.12 indicate what fraction of each materialin the active fuel 4

region has collapsed into a debris rubble bed held up by the core support plate prior ,

to core plate failure debris relocation. lower head failure and debris ejecuon, for this
low pressure boiloff with flooded containment initiated at 7 hr and 24 hr after shutdown,
respectively. The fractions of each material and tbe overall fraction of total materialin tbe
active fuel region degraded into particulate debris and are similar in the two calculations
The majority of the debris bed is formed within about I hr. and the fractions of matEal"
collapsed from the intact geometry to a debris bed then remain very nearly constant for
many hours. until vessel failure.

Figure 4.3.4.13 shows the total masses of core materials (CO , Zircaloy and ZrO .2 2

stainless steel and steel oxide, and control rod poison) remaining in the ' vessel. This
includes both material in the active fuel region and in the lower plenum. Debris ejection |

began very soon after lower head failure. This figure illustrates that most of the core
material was lost from the vessel to the cavity quickly,in step-like stages. In all cases,
all of the UO was transferred to the cavity within ~1 hr after vessel failure, as was the2 ,

unoxidized zircaloy, the associated zire oxide and the control rod poison. A small fraction
(150/c) of the structural steel in the lower plenum, and some associated steel oxide, was
predicted to remain unmelted and in place in the low pressure boiloff scenario initiated
24 hr after shutdown.

Figure 4.3.4.14 presents the amounts of core debris, concrete ablated and the total
debris mass (i.e., core debris combined with concrete ablation products) in the cavity. ]
There is a timing shift due to the slower core degradation and later vessel failure at the !
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lower decay heat. Also since almost all the material in the core active fuel region and
lower plenum is ejected in this sequence initiated 7 hr after shutdown while some fraction

<

of the lower plenum structural steel remains unmelted and in place in the same scenario l
initiated 24 hr after shutdown, the core debris ma<s in the cavity is slightly greater in
the calculation initiated 7 hr after scram. Ilowever. the mass of concrete ablated and the
total cavity debris mass are generally similar for this sequence initiated at two difTerent
times after scram. As in all our A1ELCOR analyses, concrete ablation is quite rapid soon
after debris ejection (while the core debris is hot, >2000 K, and consists of a layer of '

metallic debris above a heavy oxide layer), and concrete ablation slows significantly after
a short time (after enough concrete has been ablated for the debris bed configuration to
invert to a light oxide layer above a layer of metallic debris, mixed to a lower average
temperature of ~1500 K).

The calculated production of steam and noncondensable gases (11, CO, CO and2 2

H O) is summarized in Figure 4.3.4.15. The hydrogen production shown includes both2

in-vessel production (the initial step increase) and ex-vessel production in the cavity (the
later-time increase). The in-vessel hydrogen generation corresponds to the oxidation of
about 10'7c of the zircaloy and about 1% of the steel in the core and lower plenum. prior
to vessel failure and debris ejection. As soon as the core debris enters the cavity. core-
concrete interaction begins. resulting in the production of carbon dioxide and hydrogen:
reduction of these gases by the molten metal in the core debris also gives rise to carbon
monoxide and hydrogen. The production rate of noncondensables from core concrete
interaction resembles the concrete ablation rate: quite rapid soon after debris ejection.
later slowing after a CORCON -layer flip" has occurred. On a molar basis, much less

;

CO and steam are produced than H and CO. Afore CO and steam are calculated to
,

2 2 2

be produced in this sequence initiated 24 hr after scram than initiated 7 br after scram:

this is a re< ult of the reduced metal content in the core debris in the case initiated 24 hr
after shutdown, due to the retention of some structural steel in the lower plenum.

The resulting mole fractions in the drywell. containment dome and auxiliary building
(first and second Boors) are presented in Figures 4.3.4.16 and 4.3.4.17 for this sequence
initiated at two different times after shutdown, including vertical dotted lines at TAF
uncovery and at vessel failure for reference. The mole fractions in the cavity resemble
the behavior shown for the drywell; the mole fractions in the containment equipment
hatch are very similar to those shown for the containment dome; and the mole fractions
in the upper Boors of the auxiliary building generally resemble the behavior shown for
the second Boor of the auxiliary building. The inner containment atmosphere consists
mostly of steam, building up from accident initiation since the SRVs are locked open,
decreasing somewhat after vessel failure and noncondensable gas generation due to core-
concrete interaction, then increasing again throughout the remainder of the transient
period simulated. The outer containment steam concentration remains generally low as
steam condenses in the Booded containment until after vessel failure, when the core debris
fallen into the cavity begins boiling the water dooding the containment in this scenario.
The containment is open to the auxiliary building in the second and fourth Boors. The
atmosphere in the dead-end first Boor of the auxiliary building remains near ambient with
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small fractions of steam and noncondensables from the upper floors: higher in the auxil-
iery building the atmosphere composition closely resembles that in the outer containment
(because the containment equipment batch and both of the containment personnellocks
are open). The behavior is very similar in the calculations for this sequence initiated at
two different times after shutdown, just shifted in time.

Figures 4.3.4.18 and 4.3.4.19 illu3trate the time-dependent release of radionuclides
from the fuel debris both within the vessel and in the cavity, for cases initiated 7 hr
and 24 hr after scram, respectively. The vertical dotted lines within the plots mark the
time of vessel failure, indicating that most of the in-vessel release occurs prior to vessel
failure, from the bot debris bed in the active fuel region, while most of the ex-vessel
release occurs within a short time period after vessel failure and debris ejection to the
cavity, while the core debris is still hot, >2000 K, and consists of a layer of metallic
debris above a heavy oxide layer, before enough concrete has been ablated for the debris
bed configuration to invert to a light oxide layer above a layer of metallic debris. mixed
to a lower average temperature of ~1500 K. Table 4.3.4.2 summarizes the in-vessel. ex-
vessel and total amounts of each radionuclide class released, all normalized to the initial
inventories of each class.

Note that these amounts generally consider only the release of rtdioactive forms
of these classes. and not additional releases of nonradioactive aerosols from structural
materials. Also note that the CORSOR-Al fission product release model option used in
these analyses has identically zero releasein-vessel of Class 7 ( Alo). Class 9 (La) and Class
11 (Cd). Finally. note that the AIELCOR model for this low-pressure boiloff sequence
included the formation of Csl from Cs and 1 released from the fuel, and its subsequent2

transport, deposition and release. The initial radionuclide inventories are such that all
the 1 released reacts to form Csl while most of the Cs remains unreacted and forms2

CsOH, which is the default Cs form in SIELCOR.

Figure 4.3.4.20 gives the total radioactive release to the environment in these two
'

cases; the release fractions of individual classes to the environment are shown in Fig-
ures 4.3.4.21 and 4.3.4.22. The releases to the environment begin when the auxiliary
building fails. The total releases and time history of the release for this accident initi-
ated at two different decay beat levels are quite similar, except for a timing shift due to
the slower core degradation and later vessel and auxiliary building failures at the lower
decay beat. These environmental releases do not correspond to immediate release of all
radionuclides released from the fuel; there is considerable retention of most radionuclide

species within the containment and auxiliary building (as discussed below). Only the
noble gases have substantial releases to the environment by the end of the transient pe-;

riods simulated, because gaseous forms are not scrubbed, filtered, deposited or otherwise
retained. There is a total of 484.63 kg of noble gases and halogens released from the

,

fuel; the release to the environment is >9004 of this by the end of these low-pressure !
j boiloff simulations. The temperatures are low enough in these shutdown sequences with i

L flooded containments that the other volatile species released from the fuel (i.c., CsOH.
!

Csl and Te) are found mostly in aerosol form and are retained in the primary system,
containment and auxiliary building.

1
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Table 4.3.4.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 - Low
Pressure Boiloff with Flooded Containment, Initiated at Various
Times After Shutdown i

|

Fission Products Released from Fuel
Class (97 Initial Inventory)

,

7 hr 24 hr
In-Vessel Ex-Vessel Tot al In. Vessel Ex-Vessel Total

Xe 99.18 0.79 99.97 95.56 1.11 99.97
CsOll 99.16 0.77 99.93 95.55 1.09 99.94

Ba 75.03 2.64 77.67 74.29 5.153 79.44 '

I ~0 ~0 ~0 ~0 ~0 ~0
Te 99.09 0.175 99.27 95.77 0.24S 99.02
Ru 12.09 0.00005 12.09 1.S9 0.0000005 1.59
Mo 0 1.06 1.06 0 1.258 1.25S

)Ce 19.42 0.0007 19.42 1.79 0.0006 1.79
La 0 1.93 1.93 0 0.11 0.11
U 43.13 0.005 43.14 31.45 0.0009 31.45

Cd 0 0.010 0.010 0 0.0064 0.0064
Sn 65.56 0.185 89.05 89.6S 0.04 89.72
Cs1 99.15 0.50 99.95 95.64 1.12 99.96

f

I i
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Tables 4.3.4.3 and 4.3.4.4 summarize the distribution of the initial radicalide in-
ventory at the end of the two calculations initiated at different times after shutdown;
they provide an overview of how much of the radionuclides remain bound up in fuel

!debris in either the core or the cavity, and of how much of the released radionuclides are
retained in the primary system t 3 bow much of the released radionuclides are released i

to, or raased in either the containment or the auxiliary building and the environment. .

ch normalized to the initial inventories of each class. Table 4.3.4.5 presents a slightly
different breakdown of the released radionuclide final distribution, giving the fractions of
released inventory for each class in control volume atmospheres (including the environ-
ment),in pools, or deposited or settled onto beat structures at the end of the calculations. i

( As in Table 4.3.4.2, these amounts consider only the release of radioactive forms of tbese
classes, and not additional releases of nonradioactive aerosols from structural materials.)

t

These tables show fission product distributions generallv similar to those found for
the large break LOCA sequence with flooded containment (discussed in Section ??) |

for the radionuclides with significant (>S0% of initial inventory) release from fuel. In
both accident scenarios, most of the noble p > released are in the environment,in the
atmosphere. Most of the volatile species (Ceult. Csl and Te) releases occurred in-vessel
in both scenarios, but most of those releases are retained in the containment. in water
pools. The calculated releases of these volatiles to the environment are much lower
for this low pressure boiloff sequence and for the large break LOCA scenario, both of :

which included fooded containments, than for the other accidents simulated. The two i

classes of radionuclides forming aerosols which had substantial releases (Ba and Sn. also
occurring mostly in-vessel) were pred cted to have about half those releases retained in
the vessel, primarily deposited on structures. in both accident scenarios; the other half of

'

those acrosol releases are retained in the containment, mostly in water pools and a small
fraction deposited on structure surfaces.

4.3.5 High Pressure Boiloff with Open RPV Head Vent and Closed Con-
tainment, Initiated 24 hr After Shutdown

At the initiation of the accident. the reactor vessel is depressurized, the coolant is at
the normal level and the SRYs are closed. Following the initiating event, all core cooling

~

and makeup is lost and cannot be recovered. The operator fails to open the SRVs and .

steam the core at low pressure, i.e., the SRVs remain closed during the accident and
only open to relieve pressure at the safety setpoint. The vessel water inventory is at
366.5 K (200*F), which corresponds to the maximum temperature allowed by the Grand )

Gulf technical specifications for operation in POS 5. The reactor pressure vessel head t

vent is open at the beginning of the transient. The suppression pool level is 3.86 m
(12.67 ft) above the suppression pool Boor, la this scenario the operators successfully
close the containment equipment batch and both personnellocks 5 br after the initiating ,

event; however, the drywell persontael lock is still open. Containment is assumed to fail i

at 489 kPa (71 psia), with a 0.0929 m opening above the auxiliary building roof (i.e.. )2

" closed containment").
,.
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Table 4.3.4.3. Final Radionuclide Distribution for Grand Gulf POS 5 - Station '

Blackout with Flooded Containment, Initiated at 7 br After Shutdown

Fission Product Distribution
Class (9( Initial Inventory)

Fuel Debris ! Primary System Cont air. ment Auxiliary Building Environment
;

Xe ~0 0.033 0.003 3.59 96.4
CsOH ~0 3.35 S5.35 10.9 0.350

'

Ba 22.1 35.6 36.57 2.33 0.0154
Te 0.72 4.2 55.93 S.92 0.151
Ru 57.5 2.64 9.24 0.201 0.0057
Mo 95.9 0.002 0.99 0.063 0.0070

.

'
Ce 60.0 3.13 15.98 0.304 0.0095
La 95.1 0.005 1.S S 0.037 0.0004
U 60.3 20.2 15.60 0.SS3 0.0051 >

Cd ~100 0.00002 0.01 0.0003 0.00009
Sn 11.0 43.5 42.39 3.06 0.004S
Csl ~0 3.36 85.37 10.95 0.349

,
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Table 4.3.4.4. Final Radionuclide Distribution for Grand Gulf POS 5- Low Pressure
Boiloff with Flooded Containment, Initiated at 24 hr After Shutdown

Fission Product Distribution
'

Class (M Initial Inventory)
Fuel Debris Primary System Containment Auxiliary Building I Environment -

'

Xe 0.0012 0.0214 1.470 6.24 92.3

Cs011 0.0012 3.02 55.90 10.71 0.335 -i
!

Ba 20.5 41.4 35.39 2.60 0.002

Te 0.934 3.92 55.43 9.54 0.229

Ru 95.1 1.18 0.07 0.043 0.0014 ;

Mo 95.7 0.003 1.44 0.059 0.0079 ;

Ce 95.2 1.04 0.718 0.04 0.0019

La 99.S 0.0000S 0.11 0.0025 0.0003 ,

U 71.1 19.4 8.54 0.65 0.0094

Cd 99.9 0.00001 0.006 0.0003 0.00007

Sri 10.3 43.5 42.76 3.41 0.0106

Csl ~0 3.07 85.59 10.62 0.325

;

t
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Table 4.3.4.5. Final Radionuclide State for Grand Gulf POS 5 - Low Pressure
Boiloff with Flooded Containment, Initiated at Various Times After
Shutdown

- Fission Products Released from Fuel
Class (9I Released Inventory)|

7 hr 24 br
At mosphere Pool Deposited At mosphere Pool Deposited

Xe ~100 0 0 ~100 0 0

Cs0li 0.35 96.30 3.36 0.34 96.07 3.03
Pa '0.02 50.23 49.75 0.05 47.71 52.25 'I

f ~100 0 0 ~ 100 0 0

Te 0.15 95.60 4.23 0.23 95.79 3.97
Ru 0.06 77.3S 22.57 0.075 37.34 62.5S
Mo 0.66 95.65 3.47 0.62 96.23 3.14
Ce 0.05 83.02 16.95 0.11 41.35 SS.54

La 0.02 95.73 1.23 0.29 98.99 0.71
U 0.02 4S.69 51.29 0.033 32.63 67.32

Cd 1.12 97.46 1.43 1.79 95.81 2.07
Sn 0.006 51.03 45.97 - 0.012 51.46 48.53
Csl 0.35 96.26 3.39 0.33 96.56 3.08

l'

)
i

i
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This sequence is almost identical to the high pressure boiloff scenario with open RPV
bead vent discussed in Section 4.2.4. except that in those Level 1 analyses the containment |
was open while in these Level 2 analyses the containment was assumed to be closed after

!5 br. !

The sequence of events predicted by MELCOR for this accident with different initia- |
tion times is given in Table 4.3.5.1.

The vessel pressure response is very similar to that presented in Figures 4.2.5.1 in ,

Section 4.2.5 for this sequence initiated 24 hr after shutdown. The vessel begins pressur- (
!izing as all core cooling is lost and continues pressurizing until reaching the SRY setpoint.

The SRVs then cycle around the valve setpoints, inter nittently opening. However, the !

system does not remain at the SR\' cycling setpoints until vessel failure, but instead j
iremains at the SRY cycling setpoints for only a few valve cycles before dropping due

to continual inventory loss out the open RPV vent line. The vessel inventory response
is also almost identical to the results discussed for the corresponding Lesel 1 analysis !

1presented in Section 4.2.5 (shown in Figure 4.2.4.3).
1

The steam flow out both the SRVs and the RPV vent initially pressurizes both the
containment and the au>,iliary building. as shown in Figure 4.3.5.1. Closing the contain- i

ment at 5 hr isolates the auxiliary building before it reaches its 5 psig overpressure failure
setpoint. The cir sed containment continues to pressurize due to steam flow out both the
SRVs and the RPV vent and later from the failed sessellower head penetrations. There
is a pressure spike in the containment at the time of vessel failure caused by flashing
of the remaining lower plenum water by falling core debris. That pressure spike almost
reached the containment failure pressure of 459 kPa (il psia) locally in the cavity but
did not challenge the containment global integrity. After that stepped increase in con-
tainment pressure at vessel failure, the containment continued to pressurize due to the
generation of noncondensable gases from core-concrete interaction, until the containment
failure pressure is reached.

Figure 4.3 5.2 prernts the upper plenum, core and lower plenum swollen and collapsed
liquid levels for this accident sequence. The levelinitially rises as the vessel pressurizes
and then drop < as inventory continues to be lost out the RPY vent and the SRY. The
vessel liquid level drops smoothly through the upper plenum into the core and continue
dropping smoothly partway into the lower plenum, followed by a more gradual loss of the
remaining inventory due to boiling and steam outflow. There is very little pool frothing
or swelling in any of the vessel volumes in this sequence. The lower plenum liquid level
drops quickly to zero when the vessel lower head penetrations fail and any remaining
water is dropped into the cavity together with falling core debris.

The heatup of the intact fuel and clad is i!!ustrated in Figure 4.3.5.3. Because the
fuel / clad component temperatures in MELCOR are set to zero in a cell when that com-
ponent fails, this figure shows both the overall heatup rate and the time that the intact
fuel / clad component fails through melting of the clad at 2100 K (3320*F). Figure 4.3.5.4
presents corresponding core debris temperatures in the active fuel region; these are the
temperatures of the debris bed formed by the failure of the intact fuel / clad component in
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Table 4.3.5.1. Sequence of Events Predicted by .\1ELCOR for High Pressure Boiloff
with Open RPV Head Vent and Closed Containment, Initiated 24 hr
After Shutdown

Time After Shutdown
Event 24 hr

Accident initiation 0.0

Containment closed 18,000 s (5 br)
Core uncovery (TAF) begins 42.S75 s (11.91 hr) -

'

Core heatup begins 43.500 s (12.05 br)
Clad failure / Gap release

(Ring 1) 49.945 s (13.57 hr)
(Ring 2) 49.557 s (13.S5 hr)
(Ring 3) 49.931 s (13.57 hr)
(Ring 4) 50.362 s (13.99 br)
(Ring 5) 51,959 s (14.16 hr)
(Ring 6) 70.650 s (19.03 hr)

Core plate failed
(Ring 1) 73,667 s (20.46 br)
(Ring 2) 73,625 s (20.45 hr)
(Ring 3) 76,631 s (21.29 br)
(Ring 4) 78,958 s (21.94 hr)
(Ring 5) 80,344 s (22.32 hr).
(Ring 6) 55.320 s (23.70 br)

Vessel LH penetration failed
(Ring 1) 73,712 s (20.4S hr)
(Ring 2) 73.712 s (20.4S br)
(Ring 3) 73,712 s (20.48 b-1
(Ring 4) 73,714 s (20.48 :
(Ring 5) 73,718 s (20.48 )
(Ring 6) 73,720 s (20.48 )

Commence debris ejection 73,712 s (20.48 L -)

Containment failed 308,264 s (85.63 br)
Cavity rupture 343,883 s (95.52 hr)
End of calculation 343,883 s (95.52 br)
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:

SlELCOR in a core cell, whose (intact) temperatures were giten in Figure 4.3.5.3. The
debris bed in the active fuel region reaches peak temperatures about equal to the CO 2

'

melt temperature of 3113 K (5144rF).

The temperatures of the actise fuel region debris bed drop to zero when the core
plate fails and the debris relocates to the lower plenum. The predicted temperatures in
the debris bed in the lower plenum and core plate are given in Figure 4.3.5.5. Prior to .

!
core plate failure there is some cold. refrozen debris both on the core support plate and
on the lower core structural material just above the core support plate; the cooling and
refreezing of this debris is the cause of the continued gradual drop in lower plenum liquid ,

level due to steaming seen in Figure 4.3.5.2. The debris temperature rises gradually to ';

the core support plate failure temperature of 1273 K (IS32'F). After core plate failure
hot, high temperature debris begins appearing the the lower plenum as debris falls from
the active fuel region into the lower plenum. With the new debris radial relocation model
added in MELCOR 1.S.2, the core plate needs to failin only one ring before debris from
cells in the active fuel region in all radial rings can potentially flow sideways and down,
fall through the failed plate, and then spread sideways into cells in the lower plenum in
all radial rings. The lower head penetrations begin failing almost immediately, and the
lower plenum debris temperatures begin dropping to zero as debris is ejected from the

'

vessel to the cavity. Some cool quenched debris remains present in the lower plenum for a-

significant period of time. however, as indicated by the 1000-1250 K debris temperatures
in the lowest level after vessel failure.

Figure 4.316 illustrates what fraction of each material in the active fuel region has ;

collapsed into a debris rubble bed held up by the core support plate, prior to core plate
failure, debris relocation, lower head failure and debris ejection, for this high pressure
boiloff scenario.

Figure 4.3.5.7 shows both the total and the individual masses of core materials (CO , !2

Zircaloy ar'd ZrO , stainless steel and steel oxide. and control rod poison) remaining in2

the vessel. This includes both material in the active fuel region and in the lower plenum.
Debris ejection began very soon after lower head failure. This figure illustrates that most -
of the core material was lost from the vessel to the cavity quickly,in step like stages. In
all cases, all of the CO was transferred to the cavity within a short time after the initial2

vessellower head penetration failure, as was the unoxidized zircaloy, the associated zirc -
oxide and the control rod poison. A substantial fraction (759() of the structural steelin
the lower plenum, and some associated steel oxide, was predicted to remain unmelted
and in place, more than in any of the other scenarios analyzed with MELCOR.

The debris material lost from the vessel is ejected to the drywell pedestal cavity.
Figure 4.3.5.8 presents the amounts of ejected core debris, concrete ablated and the total
cavity debris mass (i.e., core debris combined with concrete ablation products). As in ,

!

the other sequences analyzed, concrete ablation is quite rapid soon after debris ejection-
while the core debris is hot (>2000 K) and consists of a layer of metallic debris above
a heavy oxide layer, and then slows noticably after enough concrete has been ablated |

I

for the debris bed configuration to invert to a light oxide layer above a layer of metallic
debris, mixed to a lower average temperature of ~1500 K.

1
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Table 4.3.5.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 -liigh ;

Pressure Boiloff with Open RPV Head Vent and Closed Containment.
Initiated 24 hr After Shutdown '

Fission Products Released from Fuel
Class (M Initial Inventory)

In. Vessel Ex-Vessel Total

Xe 99.46 0.50 99.96

Csoll 99.45 0.49 99.97 i

Ila 57.14 10,73 67.87

1 ~0 ~0 ~0
Te 99.44 0.44 99.85

Ru 0.129 0.00026 0.129

.\lo 0 2.19 2.19

Ce 0.076 0.0027 0.079 i

La 0 S.76 8.76

U 4.72 0.017 4.74
'

Cd 0 0.341 0.341

Sn 80.49 1.56 82.05

Csl 99.47 0.50 99.97

,

b
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Figure 4.3.5.12 gives the total radioactive release to the environment, while the re-
lease fractions of individual classes to the environment are shown in Figure 4.3.5.13. The .

release to the environment does not begin at vessel failure in this sequence, but only
after containment failure. These environmental releases do not correspond to immedi-

ate release of all radionuclides released from the fueh there is considerable retention of
most radionuclide species within the containment (but not within the isolated auxiliary
building). Almost all the noble gases (~1009[] are released to the environment soon
after containment fails; in addition, there is some release to the environment of the other
volatile species (i.e., CsOH, Csl and Te) also. 1

Table 4.3.5.3 summarizes the distribution of the initialiadionuclide inventory at the
end of the calculation, and provides an overview of how much of the radionuclides remain ,

bound up in fuel debris in either the core or the cavity, and of how much of the released
radionuclides are retained in the primary system vs how much of the released radionu-
clides are released to. or released in, either the containment or the auxiliary building
and the environment, all normalized to the initialinventories of each class. Tab!e 4.3.5.4
presents a different breakdown of the released radionuclide final distribution. giving the
fractions of released inventory for each class in control volume atmospheres (including
the environment),in pools, or deposited or settled onto heat structures at the end of the
calculations. (As in Table 4.3.5.2 these amounts consider only the release of radioac-
tive forms of these classes. and not additional releases of nonradioactive aerosols from
structural materials.) ,

These tables show fission product distributions somewhat similar to those found for |
the large break LOCA sequences (discussed in Section ??) for the radionuclides with
significant (>$0% of initial inventory) release from fuel. In all the accident scenarios
simulated, most of the noble gases released are in the environment, in the atmosphere.
Most of the volatile species (CsOH, Csl and Te) releases occurred in-vesselin both the
large break LOCA and in this high pressure boiloff, with most of those releases retained
in the containment. More of the volatiles are released to the environment in this high
pressure boiloff with closed containment than in the large break LOCA or station blackout
scenario 3 'lnb is the only accident sequence analyzed with the calculated environmental
release fraction increasing with the volatility (i.e., Csl being the most volatile has the
highest environmental release fraction, while CsOH being the least volatile has the lowest
environmental release fraction), probably due to the fact that most of the releases to the
environment occur with the containment at relatively high pressure compared to ambient.
The two classes of radionuclides forming aerosols which had substantial releases (Ba and
So, also occurring mostly in-vessel) were predicted to have about. half those releases
retained in the vessel and primarily deposited on structures in both accident scenarios,
and the other half retained in the containment mostly in water pools but some deposited

on structure surfaces.

.
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Table 4.3.5.3. Final Radionuclide Distribution for Grand Gulf POS 5 - High
Pressure Boiloff with Open RPV Head Vent and Closed Containment.
Initiated 24 hr After Shutdown

i

Fission Product Distribution
Class (W Initial Inventory)

Fuel Debris | Primary System Containment Auxiliary Building | Environment

Xe 0.04 0.025 0.431 0 99.5
Cs0H 0.04 45.S 47.54 0 3.60

Ba 32.14 35.S 34.07 0 0.003
Te 0.12 11.3 64.65 0 16.5
Ru 99.S 0.069 0.060 0 0.0000007
Mo 97.S 0.217 1.9S 0 0.0018
Ce 99.9 0.04 0.03S 0 0.00006
La 91.2 0.933 s .S0 0 0.00005 i

U 95.6 2.35 2.02 0 0.00007
Cd 99.6 0.011 0.266 0 0.0643
Sn 17.9 48.4 33.32 0 0 291
Csl ~0 3.49 7S.52 0 18.0

.
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Table 4.3.5.4. Final Radionuclide State for Grand Gulf POS 5 - High Pressure
Boiloff with Open RPV Head Vent and Closed Containment. Initiated
24 hr After Shutdown

Fission Products Released from Fuel
Class (M Released Inventory)

Atmosphere Pool Deposited

Xe ~100 0 0

Csoli 4.69 3f 9 M.4 !

Ba 0.006 22.0 76.0 ,

I ~100 0 0 -|

Te 24.40 36.6 39.0
Ru ~0 18.5 S1.5

Mo 0.056 36.9 63.0
Ce 0.11 19.6 S0.3

La 0.001 55.7 44.3

0 0.003 16.4 81.6 i
'

Cd 49.5 22.4 25.0

Sn 0.95 16.2 82.8

Csl 22.8 51.0 26.2
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4.3.6 Open MSWs with Closed Containment, Initiated 24 hr After Shut-
down

The accident is initiated 24 hr after shutdown. The MS!Vs are open: the reactor head

vent is closed. The water lesel in the vessel is at the steam lines. and the water in the
vessel is at 366.5 K (200'F), which corresponds to the maximum temperature allowed
by the Grand Gulf technical specifications for operation in POS 5. The suppression pool
levelis at the ECCS suction strainers,3.05 m (10 ft) from the suppression pool floor. The
containment is at 305.4 K (90'F) and the suppression poolis at 305.2 K (95'F). Following
the initiating event, the operators close the containment 5 hr after the initiating event.
but the drywell personnel lock remains open. Injection is not restored to the core during
the accident.

This sequence is virtually identical to the open-MSIV scenario discussed in Sec-
tion 4.2.1: in those Level 1 analyses the containment was open while in these Level 2
analyses the containment was assumed to be closed after 5 hr but, because of the open
MSlY line providing a path to the auxiliary building. that difference in scenario is not
significant.

The sequence of esents predicted by MELCOR for this accident with different initia-
tion times is given in Table 4.3.6.1.

Figure 4.3.6.1 gives the vessel. containment and auxiliary building presmros predicted
by M ELCOH. The pressure responses for the venel and for the auxiliary building are very
similar to that presented in Figures 4.2.1.1 and 4.2.1.2 in Section 4.2.1 for this sequence
initiated 24 hr after shutdown. The system begins pressurizing as all core cooling is lost
but only pressurizes to ~160kPa before the steam flow out the open MSIVs is sufficient to
remove all the decay heat. The steam flow out the MSIVs in turn pressurizes the auxiliary
building and, through the open equipment hatch and personnel locks, pressurizes the
cont ainment . The auxiliary building fails on a 0.345 kPa (5 psig) overpressure. The
closing of the containment at 5 hr allows a pressure differential of ~2 psig to build up
between the reactor pressure vessel and the containment, but the open MSIV line keeps
the vessel equilibrated and venting to the auxiliary building, which fails soon after 5 hr

when the containment is closed.

The vessel inventory response is also almost identical to the results discussed for
the corresponding Level 1 analysis presented in Section 4.2.1 (shown in Figure 4.2.1.3).
Figure 4.3.6.2 presents the upper plenum, core and lower plenum swollen and collapsed
liquid levels for this accident sequence. The level drops as inventory continues to be lost
out the open MSIV line. The vessel liquid level drops through the upper plenum into
the core and continue dropping smoothly partway into the lower plenum, followed by a
more gradual loss of the remaining inventory due to boiling and steam outflow. There is
substantial pool frothing and swelling in both the upper plenum and upper core regions |

!
during this boiloff. vessel volumes in this sequence. The lower plenum liquid level drops
quickly to zero when the vessel lower head penetrations fail and any remaining water is
dropped into the cavity together with falling core debris.

i265 I
.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ -



, - - __ _ - _ _ _ - - - - _ .

I Table 4.3.6.1. Sequence of Events Predicted by SIELCOR for Open 5151Vs with
Closed Containment, Initiated 24 br After Shutdown

f Time After Shutdown
Event 24 br

Accident initiation 0.0
Core uncovery (TAF) begins 15,714 s (2.72 hr)
Containment closed 18,000 s (5 hr)

| Auxiliary building failed 20,000 s (5.56 hr) 1

Core heatup begins 30.000 s (8.33 hr)
Clad failure / Gap release 1

(Ring 1) 35.373 s (17.53 hr)
(Hing 2) 35.290 s (17.51 hr)

,

(Ring 3) 35.377 s (17.52 hr)
(Ring 4) 35.535 s (17.62 hr)

'

(Ring 5) 37,452 s (15.02 hr)
(Ring 6) 41,997 s (22.00 br)

'

Core plate failed
(Ring 1) 115.554 s (25.14 hr) )
(Ring 2) 113.565 s (26.43 br)

,

(Ring 3) 115,141 s (26.26 hr) |
(Ring 4) 116,470 s (26.25 hr)
(Ring 5) 115.063 s (2S.50 hr)
(Ring 6) 122,243 s (31.21 hr)

\'essel LH penetration failed
(Ring 1) 113.652 s (25.16 hr)
(Ring 2) 113.666 s (25.124 hr)
(Ring 3) 113,565 s (25.124 hr)
(Ring 4) 113,642 s (25.18 hr)
(Ring 5) 113,647 s (28.54 hr)
(Ring 6) 113,653 s (31.36 hr)

Commence debris ejection 113,565 s (25.16 hr)
Cavity rupture
End of calculation 250,000 s (55.32 hr) '

.
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The beatup of the intact fuel and clad is illustrated in Figure 4.3.6.3. Because the
fuel / clad component temperatures in MELCOR are set to zero in a cell when that com-
ponent fails, this figure shows both the overall beatup rate and the time that the intact
fuel / clad component fails through melting of the clad at 2100 K (3320 F). Figure 4.3.6.4
presents corresponding core debris temperatures in the active fuel region: these are the
temperatures of the debris bed formed by the failure of the intact fuel / clad component
in MELCOR in a core cell, whose (intact) temperatures were given in Figure 4.3.6.3.
The debris bed in the active fuel region reaches peak temperatures >3500 K (5S40$F).

.

significantly above the CO melt temperature of 3113 K (5144'F), except in the lowest2

active fuel level where the temperature never reaches the UO melt temperature. The2

temperatures of the active fuel region debris bed drop to zero when the core plate fails
,

and the debris relocates to the lower plenum. '

The predicted temperat ures in the debris bed in the lower plenum and core plate are
.

given in Figure 4.3.6.5. Prior to core plate failure there is some cold, refrozen debris i

both on the core support plate and on the lower core structural material just above the
core support plate: the cooling and refreezing of this debris is the cause of the continued
gradual drop in lower plenum liquid level due to steaming seen in Figure 4.3.6.2. The i

lower core debris bed temperatures during this time period are substantially lower than
,

,

predicted in the other transients analyzed. due to enhanced steam flow and cooling in
the core region. and it takes a relatively long time for the debris temperature to rise to j
the core support plate failure temperature of 1273 K (IS32*F). After core plate failure

i
bot. high-temperature debris begins appearing the the lower plenum as debris falls from '

the active fuel region into the lower plenum. The lower bead penetrations begin failing
almost immediately. and the lower plenum debris temperatures begin dropping to zero
as debris is ejected from the vessel to the cavity.

Figure 4.3.6.6 illustrates what fraction of each material in the active fuel region bas
ccllapsed into a debris rubble bed held up by the core support plate, prior to core plate
failure, debris relocation. lower bead failure and debris ejection. for this high pressure
boiloff scenario. The debris bed forms as material (in particular, the zircaloy clad and

,

the CO fuel) reaches melting. The debris bed forms relatively slowly in this scenario,2

taking 10.000 20.000 s to reach its final configuration. The fraction of material in the
I

,

debris bed later remains nearly constant as the debris material continues to beat up. j
Figure 4.3.6.7 shows both the total and the individual masses of core materials (UO ,2

Zircaloy and ZrO , stainless steel and steel oxide, and control rod poison) remaining in2

the vessel. This includes both material in the active fuel region and in the lower plenum.
Debris ejection began very soon after lower head failure. This figure illustrates that most
of the core material was lost from the vessel to the cavity quickly,in step-like stages. In
all cases, all of the UO was transferred to the cavity within a short time after the initial2

vessel lower head penetration failure, as was the unoxidized zircaloy, the associated zirc
oxide and the control rod poison. A substantial fraction (45-50"/c) of the structural steel
in the lower plenum. and some associated steel oxide, was predicted to remain unmelted
and in place, more than in any of the other scenarios analyzed with MELCOR except
the high pressure boiloff discussed in the previous section.

'
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The debris material lost from the vessel is ejected to the drywell pedestal cavity.
Figure 4.3.6.S presents the amounts of ejected core debris. concrete ablated and the total I

cavity debris mass (i.e., core debris combined with concrete ablation products). As in I

the other sequences analyzed, concrete ablation is quite rapid soon after debris ejection
while the core debris is bot (>2000 K) and consists of a layer of metallic debris above
a.beavy oxide layer, and then slows noticably after enough concrete has been ablated
for the debris bed configurat;on to invert to a light oxide layer above a layer of metallic
debris, mixed to a lower average temperature of ~1500 K.

The calculated production of steam and noncondensable gases (H , CO, CO and2 2

H O) is depicted in Figure 4.3.6.9. The hydrogen production shown includes both in-2

vessel production (the initial step mcrease) and ex-vessel production in the cavity (the
later-time increase). The in-vessel bydrogen generation corresponds to the oxidation of
about 10-209i of the zircaloy and about 1% of the steelin the core and lower plenum. prior
to vessel failure and debris ejection. As soon as the core debris enters the cavity, core-
concrete interaction begins. resulting in the production of carbon dioxide and hydrogen:
reduction of these gases by the molten metal in the core debris also gives rise to carbon
monoxide and by drogen.

The mole fractions in Ge containment dome and in the auxiliary building (first, second
and fourth Boors) are shown in Figure 4.3.6.10. including vertical dotted lines at TAF
uncovery and at vessel failure for reference. The mole frntions in the drywell, cavity and
containment equipment hatch resemble the behavior shown for the containment dome,
while the behavior in the third Boor of the auxiliary building resembles the results shown
for the second Boor. Before vessel failure, the containment atmosphere consists of air with !

some steam vented out the open 51SlV line to the auxiliary building and back into the
containment; after vessel failure and debris ejection, the containment atmosphere consists ;

of nearly early parts of steam, air and the noncondensable gases generated by core- i
concrete interaction. The open 51SIV line vents to the third Boor of the auxiliary building.
causing a high concentration of steam to build up on the second and third Boors after
the containment is closed and before the vessel fails; after vessel failure, noncondensable
gases generated by core-concrete interaction are added to the atmosphere, transported
from the cavity into the vessel through the failed lower head, up through the vessel and
out the open h!SIV line to the auxiliary building. With the containment equipment hatch
and upper personnel lock closed, the fourth Boor is a dead end volume resembling the
first Boor.

Figure 4.3.6.11 illustrate the time dependent release of radionuclides from the fuel
debris both within the vessel and in the cavity. The vertical dotted lines within the plots j
mark the time of vessel failure, indicating that most of the in-vessel release occurs prior i

to vessel failure, from the bot debris bed in the active fuel region, while .most of the
ex vessel release occurs within a short time period after vessel failure and debris ejection .

to the cavity, while the core debris is still hot, before enough concrete has been ablated 1
for the debris bed configuration to cool and invert; this behavior is seen in most of our
h!ELCOR analyses. Table 4.3.6.2 summarizes the in-vessel, ex-vessel and total amounts
of each radionuclide class released, all normalized to the initial inventories of each class.
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(Note that t1- amounts generally consider only the release of radioactive forms of thew

classes. and not additional releases of uonradioactise aerosols from struttural materiah.|

The release behavior predicted by MELCOR is somewhat different for this scenario
that for the others analyzed. In all cases, almost all (~100% ) of the volatile Class 1
(noble gases), Class 2 (CsOll). Class 5 (Te) and Class 16 (Cs!) radionuclide species are
released. primarily in-vessel, as are most (50 90%) of the Class 3 (Ba) and Class 12 (Sn)
inventories. The next major release fraction is for uranium. Around 2 5% of the total
inventories of Ru and Mo. Ce and La, are released. Finally, a total 50.05% of the initial
inventory of Class 11 (Cd) is predicted to be released. Note that the CORSOR M fission
product release model option used in these analyses has identically zero release in-vessel
of Class 7 (Mo), Class 9 (La) and Class 11 (Cd).

Figure 4.3.6.12 gives the tot al radioactive release to the environment, while the release
fractions of individual classes to the environment are shown in Figure 4.3.6.13. T he -

release to the environment does not begin at vessel failure in this sequence, but earlier
after auxiliary building failure. Closing containment is an ineffective measure in this
scenario unten the MSlYs are also closed.

..The<e environmental releases do not correspond to immediate release of all radionu-
clides released from the fud: there is considerable retention of most radionuclide species
within the containment (but not within the isolated auxiliary bui! ding). Almost all the
noble gases (~100%) are released to the environment soon after containment fails: in ad-
dition. there is some release to the environment of the other volatile species (i.c., CsOH.

Csl and Te| also.
Table 4.3 6.3 summarizes the distribution of the initial radionuclide inventory at the

end of the calculation, and provides an overview of how much of the radionuclides remain
bound up in fuel debris in either the core or the cavity, and of how much of the released
radionuclides are retained in the primary system es how much of the relea;cd radionu-
clides are released to. or released in, either the containment or the auxiliary building

and the environment. all normalized to the initial imentories of each class. Table 4.3.6.4
presents a different breakdown of the released radionuclide final distribution, giving the
fractions of released inventory for each class in control volume atmospheres (including
the environment),in pools, or deposited or settled onto heat structures at the end of the
calculations. (As in Table 4.3.6.2, these amounts consider only the release of radioac-
tive forms of these classes. and not additional releases of nonradioactive aerosols from
structural materials.)

These tables show fission product distributions generally similar to those found for the
station blackout sequence with failure to isolate SDC (discussed in Section 4.3.2) for the
radionuclides with significant (>SOM of initialinventory) release from fuel. Most of the
fission product release occurs in-vessel prior to vessel failure in all cases, and both these
sequences vent from the vessel directly to the auxiliary building, either through the SDC
break or through the open MSiv line, before vessel failure. In all the accident scenarios
analyzed, most of the noble gases released are in the environment, in the atmosphere.
In both scenarios venting directly to the auxiliary building most of the volatile species

2S2
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Table 4.3.6.2. Final Radionuclide Release Fractions for Grand Gulf POS 5 - Open
MSIVs with Closed Containment. Initiated 24 hr After Shutdown

Fission Products Released from Fuel
| Class (9i Initial Inventory)

In Vessel Ex-Vessel Total

Xe 99.61 0.32 99.96
CsOli 99.65 0.31 99.96

Ha Ts 23 4.33 82.56
1 ~0 ~0 ~0

Te 99.60 0.095 99.61
Ru 3.299 0.00011 3.30
Mo 0 1.95 1.9s
Ce 3.444 0.0011 3.45
La 0 4.425 4.43
U 47.60 6,0026 47.60

Cd 0 0.045 0.045
Sn 85.99 0.204 66.20 !
Csl 99.67 0.32 99.99
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Table 4.3.6.3. Final Radionuclide Distribution for Grand Gulf POS 5 - Open 31SIVs

with Closed Containment. initiated 24 hr After Shutdown i

Fission Product Distribution

Class (91 Initial Inventory)
Fuel Debris I Primary System Cont ainment Auxiliary Building | Enviror. ment

Xe ~0 0.0001 0.03 9.74 90.23

CsOH ~0 2.41 0.54 75.17 18.e s

Ba 17.46 34.4 5.12 34.75 5.25

Te 0.237 2.73 0.36 9.21 17.43

Ru 96.7 1.52 0.453 0.775 0.252

51o 95.0 0.112 1.14 0.519 0.212

Ce 96.6 1.89 0.532 0.753 0.275 ,

La 95.6 0.292 1.21 1,18 1,74
'!

l' 56.1 24.66 4.62 11.96 2.62

Cd 99.9 0.0002 0.036 0.013 0.0016

Sn 13.5 32.S 7.67 40.36 6.19

Csl ~0 2.534 0.43 76.51 18.53

.
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Table 4.3.6.4. Final Radionuclide State for Grand Gulf POS 5 - Open 51SlVs and

Closed Containment. Initiated 24 hr After Shutdown

Fission Products Released from Fuel
Class (% Released Inventory)

At mosphere Pool Deposited

Xe ~100 0 0

CsOli 19.00 44.34 36.53

Ba 6.39 21.53 71.63

1 ~100 0 0

Te 17.45 43.05 39.34

Ru 7.64 9.63 82.67

51o 10.75 35.15 51.05

Ce 7.99 9.16 82.80

La 39.20 12.9 47.SS

U 5.97 11.56 82.40

Cd 37.87 14.47 47.63

Sn 7.18 24.57 67.82

Csl 18.44 44.36 36.80

:
.

.
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(CsOll. Csl and Te) released in vessel are retained in the auxiliary buildir;g: the two
classes of radionuclides forming acrosols which had substantial releases (Ba and Sn) were
predicted to have about half those releases retained in the vessel, primarily deposited on
structures, and the other half of the releases retained in both the containment and in the
auxiliary building (with a slightly higher percentage retained in the auxiliary building
compared to the containment).

4.3.7 Large Break LOCA with Flooded Containment and with Hydrogen
Igniters, Initiated 7 hr After Shutdown

The analysis of the large break LOCA scenario with Booded containment initiated |
7 hr after shutdown described in Section ?? was repeated with the hydrogen ignition j

system assumed functional. Igniters were modelled in every control volume in both the
inner and outer containments.-

The amounts of hydrogen and carbon monoxide burned in each control volume in
the containment are shown in Figures 4.3.7.1 and 4.3.7.2. While combustion occurs
throughout the containment, most of the hydrogen and carbon monoxide combustion
occurs in the containment dome. In the first portion of the transient only hydrogen is
produced, through metal-water reaction in the vessel. so only hydrogen is burned: later.
after vessel failure at 92.500 s (25.7 hr). carbon monoxide generated by core concrete
interaction is burned also. Comparison to the total hydrogen and < *rbon monoxide
production given in Figure 4.3.120 shows just over 50% of the hydrogen produced and
just over 25% of the carbon monoxide generated is burned.

The combustion can be seen to occur in stepped stages. Each such set of burns gener-
ates large pressure and temperature excursions in the containment and, through the open
equipment hatch, personnel locks and the recirculation pipe break generates large pres-
sure and temperature excursions in the auxiliary building and vessel also. Figure 4.3.7 3 >

illustrates one impact of hydrogen ignition: the auxiliary building fails much earlier than
in the same sequence with no bydro5en combustion, at 38,334 s (10.65 hr) on a sharp
pressure spike due to combustion in the containment instead of about 7 br after vessel
failure, at 117,500 s (32.6 hr), due to pressurization by noncondensable gases generated
during core concrete interaction in the cavity.

Figures 4.3.7.4 and 4.3.7.5 depict the magnitude of the temperature excursions gen-
erated by combustion in the containment dome and auxiliary building, respectively.

The combustion has the general effect of reducing the mole fractions of hydrogen and
carbon monoxide present. Figures 4.3.7.6 and 4.3.7.7 present the mole fractions in the -

containment dome and in the second Boor of the auxiliary building, respectively, com-
paring the results obtained with working igniters with the results assuming no hydrogen
combustion. The behavior predicted in the containment equipment hatch is almost iden- |

tical to that shown for the containment dome. The behavior predicted in the top two
Boors of the auxiliary building is very similar to that shown for the second Boor: the , ,

Ifirst Boor is a dead-end volume and remains more near ambient. Figure 4.3.7.6 shows 'l
i
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personnel locks and the contaimnent equipment batch are closed). This calcula.
tion did not include the auxiliary building model. but would vent directly to the
environment after containment failure would occur.

3. The accident is initiated 4 days after reactor scram. The hydrogen ignition system
is unavailable during the accident. Both the containment personnel locks are open:
the containment equipment batch is also open. The open auxiliary building model
(which assumes some of the interior doors are open) is included in this calculation.
with failure on a 5 psi overpressure.

4. The accident is initiated 4 days after reactor scram. The hydrogen ignition system
is unavailable during the accident. Both the containment personnellocks are open:
the containment equipment hatch is also open. The closed auxiliary building model
(which assumes some of the interior doors are closed)is included in this calculation,
with failure on a 5 psi overpressure.

5. The accident is initiated 4 days after reactor scram. The hydrogen ignition system
is unavailable during the accident. The open auxiliary building model is included
in this calculation. with failure on a 5 psi oserpressure. The containment equipment
hatch is open: bowever, both of the containment personnel locks are closed.

6. The accident is initiated 4 days after reactor scram. The hydrogen ignition system
is unavailable during the accident. The closed auxiliary building model is included
in this calculation. with failure on a 5 psi overpressure. The containment equipment
hatch is open: howeser, both of the containment personnel locks are closed.

T. The accident is initiated 15 days after reactor scram. The hydrogen ignition system
is unavailable during the accident. Both of the containment personnel locks are
open: the containment equipment batch is also open. This calculation did not
include the auxiliary building model, but vented directly to the environment.

8. The accident is initiated 4 days after reactor scram. The hydrogen ignition system is
operational during the accident. The containment is isolated (i.e., the containment
personnellocks and the containment equipment hatch are closed). This calculation
did not include the auxiliary building model,' but was assumed to vent directly to
the environment after containment failure would occur.

In addition, a few sensitivity studies were done on various code options and/or param-
eters. In one calculation, the CORSOR fission product release model was used instead
of the (MELCOR default) CORSOR-M fission product release model. Because it was
sometimes necessary to back up and reduce the user specified maximum time step in
order to avoid a code abort and complete the analysis, a calculation was done in which
that was the only change made, to determine bow big an effect reducing the time step
would have on the results,

Two calculations were done to address concerns (58, 59] raised about the lack of
air oxidation modelling in MELCOR, and the associated lack of extensive release of
ruthenium demonstrated to occur when irradiated reactor fuel is beated in air.
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Table 5.2.1. Key Event Times for Grand Gulf POS 6 - Reference Calculation j
|

Ewnt Timt )

Level belc,w TAF 13.01 br
Clad failure / Gap release !

(Ring 1) 18.S0 hr !
(Ring 2) 18.76 br
(Ring 3) 18.51 br ;

(Ring 4) 19.04 br
(Ring 5) 19.93 br I
(Ring 6) 23.22 hr

Auxiliary building failure 20 br
Vessel LH penetration failure

(Ring 1) 24.52 br
(Ring 2) 24.74 hr
(Ring 3i 25.49 hr l

(Ring 4) 26.50 br I

(Ring 5) 27.87 br |
(Ring 6) 30.22 hr i

'lCavity rupture 91.41 hr

5.2 Reference Analysis .

.)
|

The calculation selected as the POS 6 reference, base case, analysis has the accident j
initiated 4 days after reactor scram. The hydrogen ignition system is unavailable during ; ;

' -|the accident. Both the containment personnel locks are open; the containment equip-
ment batch is also open. The closed auxiliary building model (which assumes sonie of
the interior doors are closed) is included in this calculation, with failure on a 5 psi oser-
pressure. The timing of key events as predicted in this :eference analysis is presented in

|iTable 5.2.1. l

At the start of the accident, the primary system (i.e., reactor vessel), containment )
and auxiliary building are all assumed to be at atmospheric pressure. The vesselis filled
with water at 333 K (140 *F) to an elevation of 16.13 m, corresponding to the bottom
of the main steam lines. The only assumption in the accident is no intervention, either
manual or automatic.

Figure 5.2.1 presents the pressures calculated in various regions of the reactor vessel.
A pressure gradient develops immediately, representing simply the head of the liquid
water; thus, the lower plenum exhibits the highest pressure, the core and bypass the
next highest, and the downcomer and upper plenum pressures nearest atmospheric. The
vessel water mass predicted to remain at any given time is given in Figure 5.2.2. As the
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water inventory is steamed away by the core decay beat, the pressure gradiem in the
vessel diminishes due to the decreasing pressure head.

The vessel pressure does not drop to atmospheric as the liquid water inventory de-
creases but instead equilibrates to the containment pressure, shown in Figure 5.2.3. The
containment (and the auxiliary building, whose pressure is virtually identical to the con-
tainment pressure) pressurizes rapidly as steam generated in the core rises in the vessel
and Bows out into containment through the removed upper head region. Figure 5.2A
depicts that steam flow from the vessel out to containment through the removed upper
head opening (as well as the breach Bow when the vessel first fails at about 25 br, when
Figure 5.2.2 indicates most of the remaining vessel liquid inventory is lost very quickly).

The containment and auxiliary building are kept in pressure equilibrium by three
large, open flow paths - the containment equipment batch and the upper and lower per-
sonnel locks. The flows through these paths are illustrated in Figure 5.2.5. Throughout
most of the transient. there is a substantial outflow from containment into the auxil-
iary building through the equipment hatch and a corresponding inflow into containment
from the auxiliary budding through the lower personnellock; the flow through the upper i

personnel lock is more erratic, switching between periods of inflow and outflow. The
auxiliary building reaches its specified 5 psi overpre>sure failure criterion at just over
20 hr. when the stairwell door to the environment is assumed blown open. After that,
the primary system, containment and auxiliary building all remain at essentially atmo-
spheric pressure. equilibrated with the environment. There are no substantive differences
in the containment equipment hatch and the upper and lower personnellock flows after
the auxiliary building fails.

The temperatures calculated in the various reactor vessel control volume atmospheres
are shown in Figure 5.2A The temperature remains low, at saturation, until after the
top of the active fuel (TAF) is uncosered at about 13 hr; soon afterward, the tempera-
tures rise rapidly as the core degrades. The temperature oscillations die down after vessel
breach at just before 25 hr. but remain elevated throughout the transient. The temper-
atures calculated in the various containment control volume atmospheres are shown in
Figure 5.2.L The temperatures remain low until after more than 35 br, when the cavity
temperature rapidly rises to ~1500 K. and the drywell and weirwall temperatures also
rise. Figure 5.2 S presents the atmosphere temperatures in the auxiliary building. The
elevated temperatures in the drywell/ cavity do not propagate through the outer contain-
ment and into the auxiliary building; the auxiliary building temperature rise remains
limited on all Doors. |

IThe reactor vessel water inventory is steamed away by the core decay heat, as indi-'

cated by the vessel water mass remaining at any time given in Figure 5.2.2, and also by
the primary system control volume liquid levels given in Figure 5.2.9. The top of the
active fuel is uncovered at about 13 hr and the core is essentially dry at 20 hr. Most of
the lower plenum inventory is lost at vessel breach at 25 br, after which the last of the
water, that trapped in the downcomer below the jet pump inlet, slowly boils away.

As the reactor vessel water is boiled away, the clad and fuel uncovered begin heating i

up. The clad temperature histories in the core leveljust below the active fuel midplane
,

I
1
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in the six core rings are depicted in Figure 5.210. as representative of the osera!! core I

response The clad is assumed to rupture at 1173 K. at t:mes ranging from 19 hr to 23 hr ;

in the various core rings with consequent release of the gap radionuclides and beginning j
release of radionuclides from the fuel. Substantial clad oxidation occurs. generating '

hydrogen. The clad melte and relocates at about 2100 K (the zircaloy melt temperature).
as does the still. solid fuel, forming debris continually moving downward. (The drop of-
clad temperatures to zero, as seen in Figure 5.2.10, indicates the disappearance of intact
clad from the location being plotted.) The debris can be supported for a short time on
the lower core support plate. but the core support plate also fails eventually. and drops
the debris into the lower plenum where it attacks and eventually melts through the lower
head. The entire process takes just under 12 hr from ccte uncovery to lower head failure,
and about 6 hr from start of clad heatup and oxidation to lower head failure.

The hydrogen generated in the reactor vessel through oxidation of the zircaloy clad
and canister, and steel other structure. is shown in Figure 5.2.11: the 1144 kg of hydrogen
produced in the vessel corresponds to oxidation of about 20% of the zircaloy and around
5% of the steel. Hydrogen production stops in the vessel as core debris is ejected from
the lower plenum in the reactor vessel to the cavity in the inner containment: the core
debris in the cavity then continues to generate hydrogen through continued oxidation of
zirconium and steel, and through coriumoncrete interaction. The amount of hydrogen
generated in the cacity by the end of tLe transient (in this case, by the time the cavity
ruptures) is about equal to the amount of hydrogen generated in the vessel earlier in the j
accident. The hydrogen generated in the cavity in the latter stages of the transient is
quite small when compared to the generation rates of other gases, such as CO, CO and2

water, as illust rated in Figure 5.2.12.

The cavity layer masses and temperatures are given in Figure 5.2.13. Mass first ap-
pears in the cavity when the vessel first fails. through a lower head penetration melting.
just before 29 hr. Initially. the material consists of mostly heavy oxides and some metals,
but changes to a layer of light oxides on top of metals at about35 hr. The melt tem-
perature drops slightly after this lay er inversion, corresponding to the time that elevated
cavity atmosphere temperatures in near-equilibrium with the light oxide layer are first
seen in Figure 5.2.7.

The MELCOR calculation was stopped when the cavity was ruptured, i.e., when
the concrete side and/or bottom walls were completely ablated at at least one point.
Figure 5.2.14 shows that. in this calculation,it was the bottom, initially 2 m thick, that
was broached first (although when the cavity is predicted to rupture in this calculation
there is a minimum side wall thickness of only 0.2 m out of an initial side wall thickness
of 1.752 m).

The total radionuclide releases predicted by MELCOR (given in terms of fraction of
initial inventory) are presented in Table 5.2.2 at two specific times considered of interest:
when a lower head penetration first fails (at about 25 hr in this analysis) and at the end
of the calculation (i.c, at 91.4 hr when the cavity is predicted to rupture). At the first
time, radionuclides have been released within the reactor vessel as the core degrades; at
the latter time, most of the additional release has come from core debris in the cavity

.
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Table 5.2.2. Total Fission Product Radioactive Masses Released from Fuel for Grand
Gulf POS 6 - Reference Calcu!ation

W of luitial Inventory Released
Class Before Vessel Failure Before Cavity Rupture to Environment

1 (Xe) 46.4 100.0 93.0
2 (Cs; < 6.9 100.0 7.35

3 (Ba) 4.22 47.4 0.0615
4(I) 76.1 93.2 86.5

5 (Te) 62.8 93.0 5.84

6 (Ru) 0.0023 0.050S 0.00056
7 (Mo) 0 0.0125 0.0102
8(Ce) 0.00076 0.0264 0.00034
9 (La) 0 0.2509 0.00659
10 (U) 0.1145 2.16 0.0233
11(Cd! 0 0 0196 0.0018

12 (Sn) 13.53 37.7 0.6603

(although some re'ea<e continues in the vsvl until all the core material is ejected to the
cavity). Tab e 5.2.2 also gives the amounts released to the environment by the end of the
calculation.

A large percentage of volatile materials (the noble gases. cesium. iodine and tellurium)

are released early and in. vessel. and all or almost all of thegitial inventories of these
cla<ses are released by the end of the transient considered. Class 3 (the alkaline earths.
such a< Ba or Sr) and Class 12 (the less volatile main group elements like Sn) show
significant releases. with almost half the initial inventories released by the end of the
transient. The more refractory trivalents (La) and uranium show about a percent release
by the time of cavity rupture while the most refractory classes (Ru Mo, Ce and Cd)
release only 0.01-0.05 % of their initial inventories by the end of the calculation.

Most of the release to the environment is in the form of the noble gases and iodine.
This is expected because the volatiles (the noble gases, Cs and 1) show the most relea.se
from fuel and debris, and most of that released inventory is released to the environment
for those classes of volatiles which are assumed to be in the form of fission product vapors
(the noble gases and 1). This result could change if MELCOR considered iodine chemistry
in detail.

The only other significant releases to the environment are for Cs and Te,in percentage
terms, and for U in abso! ate mass terms. Most of the classes either exhibit little release
from fuel and/or debris, or substantial retention in the reactor vessel. containment and
auxiliary building.
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The releases in Table 5.2.2 gives a view at two distinct. different times in the transient.
Additional information can be obtained by considering the time-dependent releases. in
both the vessel and in the cavity, and aho by considering the distribution of the radionu-
clides released.

Figure 5.2.15 presents release and distribution histories for Class 1 (Xe), with both the
amounts released and the amounts in any given location at a particular time normalized
by the initial mass of the class. (The results for Class 4. iodine and the other halogens,
are virtually identical.) As was evident from the values given in Table 5.2.2, most of the
noble gas inventory is released early in the in-vessel phase (>90%) with the remainder
all released with in the cavity. Because it is in the form of a fission product vapor, it
is quickly transported through the pimary system and containment, to the auxiliary
building and out to the environment. By the end of the transient considered, over 90%
of the initial intentory of noble gases and S5% of the initial inventory of halogens base
been released to the environment.

The release and subsequent distribution histories of the alkali metals (Class 2. charac-
terized by Cs) and the cha'cogens (Class 5. represented by Te) are similar to each other,
with the results for cesium given in Figure 5.2.16. As with the noble gases and iodine.
most of the initialintentories (>90W for Cs and >55% for Te) are released while stillin
the primary system. and almost all the remaining intentory is released in containment. ;

Very litt}e of the released inventory (less than 10%) finds its way to the environment,
and these materiah appear to settle into a stable distribution pattern with little trans-
port after about 40 hr: the abrupt shift from the drywell to the sumps at around 35 hr
appears te be due to the abrupt ride in dryw-ll temperature (Figure 5.2.7). There is no
one predominant location for these classes, with about 30 35% retained in the auxiliary
building and less than 20% each in the primary system. drywell, outer containment and
sump pools.

Another set of similar release and distribution behavior is found in the platinoids 1

(Class 6) and the tettavalents (Class 5): the results for both these classes closely resemble
,

the behavior predicted for uranium (Class 10), shown in Figure 5.2.17, even though !

their release fractions are much lower. Most of the release occurs in-vessel. at the high !

temperatures characteristics of the degraded core, with little or no release predicted at
the slightly lower temperatures predicted in the debris bed in the cavity. Of the material

i

released, about 35% remains in the reactor vessel, with another 20-25% in the sump
pools and 15-20% found in the auxiliary building. As with the Cs and Te classes, very
little of the released inventory (around 17c) finds its way to the environment (or to the
drywell or outer containment, either), and these materials also appear to settle into a !
stable distribution pattern with little transport after about 40 hr; the abrupt shift from
the dryweli and outer containment to the sumps at about 35 hr appears to be due to the
abrupt rise in drywell temperature (Figure 5.2.7).

The remaining classes (such as Ba and Sn) do not appear to fallinto such convenient
groupings in terms of their release / distribution behavior. The results for the alkaline
carths class (Class 3, characterized by barium) are illustrated in Figure 5.2.15. This
i3 the only class showing about equal amounts released in the vessel and in the cavity.
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About 25% of the mau released accumulates in the sump pools. where it is relatively !

irrmobilized. a second and third quarter of the mass released either remains in the reactor !

vessel or settles in the auxiliary building. Of the final 25%. most is in the drywell and |

outer containment, and little (around 22 ) is released to the environment. I

Figure 5.2.19 gives the corresponding results for Class 12 (Sn). Est c4 the release
occurs at the higher in-vessel temperatures, with very little release at the lower, cavity-
debris temperatures. Of the material released, the distribution somewhat resembles that i

just described for the barium class. The largest fraction (25-30%) is retained in the
auxiliary building, with another 20-25% each in the vessel and sump pools. Of the
remaining mass released most is in the outer containment, and little is found in the
drywell or released to the environment.

The behavior calculated for the early transition elements such as W (Class 7. in
Figure 5.2.20). the trivalents represented by La (Class 9, in Figure 5.2.21). and the
more volatile main group elements such as Cd (Class 11 in Figure 5.2.22). all share the
commoa trait that the release occurs in the cavity after debris ejection; no release is
seen in the primary system. As with all the classes discussed so far, the distribution
of the trivalents does not change much after about 40 br. i.e. after the abrupt rise in
dr> we!! temperature (Figure 5.2.7). The distnbution of the Class 7 radionuclides also
stope changing but later in time, after about 50 hr. because there is still some release of
this class occurring between 40 and 50 hr. In contrast. Class 11 shows continued release
at a nontrivial. nearly lim ar rate for the remainder of the transient after the initial step
release at ~35 hr. All three of these class have the largest fractions of their released
inventories in the sump pool, auxiliary building. drywell and primary system. with little
appearing in the environment (although the amount of Cd in the environment is still
increasing at the end of the transient).

5.3 Plant Configuration Studies

The calculations don- for POS 6 included variations on the plant configuration. as
summarized in Section 5.1. The results of these sensitivity studies are described in this
section. These analyses evaluated the effect of including the auxiliary building in the
calculations, with various free volumes and deposition surface areas assumed to represent
doors being open or closed. The effects of the containment personnel locks being open
or closed were investigated also, as was the impact of the drywell head being open or
closed. The influence of the time between scram and accident initiation was considered,
as well as the effect of hydrogen igniters being active.

5.3.1 Auxiliary Building j

IAs discussed in Section 3, a model for the auxiliary building (shown in Figure 3.4).
was developed specifically for these analyses, primarily from the limited information in
the FSAR [57). Because of the uncertainties in the descriptions of the auxiliary building j

l
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geometry, especially the flow paths. two variations of the auxiliary building model were
developed.

In both, the auxiliary building model consisted of the same number of control volumes,
flow paths and beat structures, but the volumes and surface areas were changed: the
opened (or " big') auxiliary building model represented open interior doors, resulting
in larger open volumes and beat structure surface areas for Bow.through and potential
retention and/or deposition of aerosols before the stairwell door to the environment is
blown open; the closed (or "small-) auxiliary building model represented closed interior
doors while the stairwell door to tha e** is blown open. Both auxiliary building
models assumed failure on a 5 psi overpressure.

The reference calculation with results described in detailin Section 5.2 used the closed
auxiliary building model. To evaluate the impact of the uncertainties in the description of
the auxiliary building geometry, calculations were done with the open auxiliary building
model as well as with no auxiliary building model (i.e., the containment open directly to

the environment).
Table 5.3.1.1 compares the timings of various key events predicted in the calculations

with no, opened and closed auxiliary buildings modelled. The start of core uncosery
varies by at most about 22 min, while the first gap release varies by at most about
25 min, in the calculations with either auxiliary building t s no auxiliary building: the
timing difference for these early events is much smaller (15 min) for the calculations
with the two different auxiliary building models.

The timing differences shown in Table 5.3.1.1 grow larger at later times, with the
- first lower head penetration failure occurring 4 hr later in the open auxiliary building

,

analysis (compared to less than I hr difference in lower head failure time in the other two
calculations); however, this 4 hr difference is to some extent a numerical effect. It was'

necessary ir this particular calculation (as in a few others) to back up and reduce the user-
specified maximum time step in order to continue through and past numerical difficulties
in modelling the core degradation process in order to be able to complete the analysis.

~

That time-step reduction affected the results calculated to some degree, in addition to
any effects of the different auxiliary building model(as shown in Section 5.4.2, presenting
the results of a calculation in which a tirne. step cut during the core degradation process
was the only change made, to determine how big an effect reducing the time step would

have on the results).
The early-time differences found in timing of core uncovery and gap release are due

to differences in the pressure response of the primary system and containment in the
calculations using different auxiliary building models. Figure 5.3.1.1 presents the lower
p'enum pressures from these three calculations, as representative of the primary system
response. With an auxiliary building modelled, the primary pressures slowly equilibrate
to the (rising) containment pressure as water inventory is boiled away, until the auxil-
iary building fails, after which time the pressures drop rapidly to atmospheric; with no
auxiliary building and the containtnent open directly to the environment, the primary
pressures equilibrate directly to atmospheric pressure instead of to rising containment
pressures, resulting in lower reactor vessel pressures during the first 20 to 30 br.
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Table 5.3.1.1. Key Event Times for Grand Gulf POS 6 - Auxiliary Building Model
Sensitivity Study

Event No Aux Bldg Open Aux Bldg Closed Aux Bldg

Lesel below TAF 12.65 hr 12.95 br 13.04 hr

Clad failure / Gap release
(Ring 1) 16.37 hr 18.79 hr 16.50 hr

(Ring 2) 15.34 hr 18.75 br 18.76 hr

(Ring 3) 16.35 hr 18.S0 hr 18.91 hr

(Ring 4) 15.61 hr 19.04 hr 19.04 hr

(Ring 5) 20.46 br 20.93 hr 19.93 hr <

((Ring 6) 21.50 hr 21.99 hr 23.22 hr

Auxiliary building failure - 25.55 hr 21.50 hr

Vessel Lil penetration failure
(Ring 1) 25.45 hr 28,54 hr 24.52 br

(Ring 2) 25.39 hr 2S.S3 hr 24.74 hr

(Ring 3) 26.10 hr 29.20 hr 25.49 hr

(Ring 4) 34.49 hr 29.26 hr 26.50 hr

(Ring 5) 30.24 hr 29.71 br 27.87 hr

(Ring 6) 32.63 br 32.52 hr 30.22 br

Cavity Rupture 85.61 br 73.32 hr 91.41 hr

1
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|
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The pressures in the outer containment dome for these three cases are giwn in Fic
ute 5.3.1.2: the pressures in other containment volumes are virtually identical in each
calculation. With no auxiliary building and the containment open directly to the envi-
Tonment, the containment pressure remains constant at atmospheric pressure. With an
auxiliary building in the model and assuming a 5 psi oserpressure failure criterion. the
containment (and auxiliary building) pressures rise as steam is generated in the vessel
core as water inventory is boiled away, until the auxiliary building fails (at 21.5 hr with
the smaller volume assumed and at 28.5 hr with the larger volume) after which time all
the pressures drop rapidly to atmospheric.

The presence or absence of the auxiliary building in the MELCGI model affects the
circulation flow found in the reference calculation. A substantial outflow from contain-
ment into the auxiliary building develops through the equipment batch and a correspond-
ing inBow into containment from the auxiliary building goes through the lower personnel
lock, as illustrated in Figure 5.3.1.3. With no auxiliary building modelled, the flows go
directly between the containment and the environment.primarily out through the upper
personnel lock and back through the lower personnel lock, and are significantly greater
in magnitude. Using either model of the auxiliary building model does not significantly
affect this circulation flow.

Clad temperature histories in seseral core cells. in various axiallevels and radial rings.
are given in Figure 5.3.1.4. as representative of the overall core response in these three
calculations. There is no dominant effect of tbese three different auxiliary building models
on the core temperature response - some cells experience similar heatup and clad / fuel
failure behavior. other celh experience faster heatup and earlier clad / fuel failure and yet
others later failure. .

Table 5.3.1.2 summarires the radioactive masses released from the fuel and debris
for each class, together with the amount released to the environment by the time of
cavity rupture, normalized by the initialinventory of each class given in Table 3.1. The
varying amounts released with no or different auxiliary building models primarily reflect
the differences in core temperature bistories and lower head failure times (c.p., the later
vessel failure time in the open auxiliary building analysis is a major factor in the higher
fission product release fractions in the vessel prior to breach), and to a lesser degree
differences in the cavity response. By the end of the transient, all or most of the volatiles
(the noble gases, cesium, iodine and tellurium) are released by the end of the transient
considered, in all three calculations. Class 3 (the alkaline earths, such as Ba or Sr)
and Class 12 (the less volatile main group elements like Sn) show similar and significant
releases, with almost half the initialinventories released by the end of the transient. The
more refractory trivalents (La), the transition elements (Mo) and uranium show about a
percent release by the time of cavity rupture, while the most refractory classes (Ru, Ce
and Cd) release only 0.004-0.05c/c of their initialinventories by the time of cavity rupture.
With an auxiliary building modelled, most of the release to the environment is in the
form of the noble gases and iodine; with no auxiliary building modelled, a large fraction
of the initialinventories of Ba, Te and Sn are also released to the environment.

Figure 5.3.1.5 presents release and distribution histories for Class 4 (1), with both the
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Total Fission Product Radioactive h! ass Releases for Grand Gulf '

j

Table 5.3.1.2.
POS 6 - Auxiliary Building $1odel Sensitivity Study

I

% of InitialInventory Released

Class from Fuel to Environment

None Open Closed None Open Closed

1 (Xe) 100.0 100.0 100.0 100.0 S4.3 93.0

2 (Cs) 100.0 100.0 100.0 67.6 2.54 7.35 ,

3 (Ba) 42.0 44.5 47.4 21.3 1.011 0.0615 |
'

4(1) 95.5 97.3 93.2 95.5 82.5 56.S

5 (Te) 95.2 97.1 93.0 62.3 2.77 5.S4

(-6 (Ru) 0.0070 0.0456 0.050 0.0045 0.00103 0.00056 |

7 (.\lo) 1.61 1.57 0.012 0.642 0.0240 0.0102 |'

S (Ce) 0.0037 0.0237 0.026 0.00215 0.00056 0.00034

9 (l.a) 0.2170 2.94 . 0.250 0.1024 0.1562- 0.006S9

10 (U) 1.62 1.99 2.16 0.212 0.0447 0.0233

11 (Cd) . 0.0355 0.0555 0.039 0.0159 0.0023 0.001S

12 (Sn) 22.5 55.6 37.7 15.5 1.163 0.6603
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amounts released and the amounts in the environment at a particular time normalized by
the initial mass of the class. (The results for Class 1, the noble gases. are very similar.)
By the end of the transient considered.100% of the initia! inventory of noble gases and
over 90% of the initialinventory of halogens bare been released to the environment. with
or without an auxiliary building modelled; the effcct of the auxiliary building is seen |

primarily as a timing delay and a slower rate of release to the environment.

The release and subsequent distribution histories of the alkali metals (Class 2, Cs) and
the chalcogens (Class 5) are similar, with the results for tellurium given in Figure 5.3.1.6.
Interestingly, although only about 30-35% of these class masses released are retained
in the auxiliary building (if modelled). the release to the environment increases much
more (to over 60%) if the auxiliary building is neglected. The behavior predicted for the
alkaline eart.._ (Class 3) and the less volatile main group elements (Class 12, Sn) also
shows the release to the environment increasing much more (from about 1% to less than
20%) if no auxiliary building is modelled.

The changes in release and distribution of the other classes present much less coherent
a pattern for these three ditTerent calculations. To a large degree this is because the
amounts released are very low, and the behavior extremely sensitive to minor changes in
temperature histories and flow patterns predicted. It is not clear whether the differences
observed are significant. since for these other classes the releases to environment by the
time of cavity rupture are under l'7( in all three analyses.

These three calculations all ended on cavity rupture. at various times. The 6 br
' difference between the no and closed auxiliary building models probably represents a

more reasonable timing difference than the 18 br difference between the opened and
closed model calculations. because of the probable long-term impact of the perturbing~

time-step effects. Figure 5.3.1.7 shows that these three calculations all predict that the
cavity concrete will first be ablated in depth, with various minimum side wall thicknesses
of concrete remaining.

5.3.2 Personnel Locks

POS 6 begins when the vessel head is detached and ends when the upper reactor
cavity has been filled with water. The steam dryers are removed, vessel water level is
lowered to the bottom of the steam lines and the steam lines are plugged, water level
is raised and the steam separators are removed, and vessel water levelis raised to flood
the upper reactor cavity. Prior to this mode of operation, the containment equipment
batch and personnel locks have been opened, the drywell head has been removed and the
drywell equipment batch and personnel locks have been opened.

A circulation Bow was found in the reference calculation (Figure 5.2.5), consisting of a
substantial outBow from containment into the auxiliary building through the equipment
batch and a corresponding inBow into containment from the auxiliary building through
the lower personnel lock. Some of that strong recirculation Bow may be physical, while
some may be only numerical; the fraction of each contributing is hard to judge. To
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Table 5.3.3.1. Key Event Times for Grand Gulf POS 6 - Containment isolation
Sensitivity Study

Event Containment Open Containment Isolated

Level below TAF 12.65 br 13.57 hr
Clad failure / Gap release

(Ring 1) 18.37 hr 19.40 hr
(Ring 2) 18.34 br 19.37 hr

'

(Ring 3) 18.3S hr 19.42 hr i

(Ring 4) 18.61 hr 19.6S br I

(Ring 5) 20.46 hr 20.45 hr
(Ring 6) 21.50 hr 21.36 hr

Vessel LH penetration failure
(Ring 1) 25.45 hr 25.95 hr
(Ring 2) 25.39 hr 25.96 hr ;

(Ring 31 26.10 hr 28.56 hr
(Ring 4) 31.49 hr 25.55 hr
(Ring 5) 30.24 hr 29.75 br :

(Ring 6i 32.63 br 62.22 hr
Cavity Rupture 55.61 hr 75.53 hr

5.3.3 Closed Containment

The sensitivity study just discussed studied the effects of open t 3 closed containment
personnel locks. with the containment equipment batch open in both cases. Another

,

calculation was done in which the containment equipment batch was assumed closed. in
'

addition to closed personnel locks, so that the containment remains isolated until the ,

assumed 71 psi containment failure pressure is reached. (This calculation was done with
no auxiliary building model.)

The timings of various key events predicted assuming either an open or an isolated
containment are presented in Table 5.3.3.1. With the containment isolated, most events
takc place progressively later, with the exception of cavity rupture terminating the anal-
ysis earlier.

Some primary system component and the outer containment dome pressures calcu-
,

lated assuming either an open or an isolated containment are given in Figures 5.3.3.1
'

~ and 5.3.3.2, respectively. With the containment open, the containment pressure remains
atmospheric and the primary pressure quickly equilibrates to atmospheric a.s the vessel
water inventory is boiled away by the core decay heat. With an isolated containment, ,

the steam generated in the core pressurizes the containment, with the primary system
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and containment equilibrating at about 175 kPa when the vessel water has fully uncm
cred the core; afterward 3. the reactor vessel. drywell and outer containment pressures
are virtually identical. There is a wide pressure spike beginning when the vessel fust
fails and rising rapidly until all the condensate water drained into the casity has been
evaporated by the hot debris falling from the vessel: the pressure tben drops as most of ,

the steam condenses onto walls and pool surfaces. followed by a gradual pressurization
|later in the transient as the bot cavity atmosphere diffuses through and heats the rest

of the containment. The containment failure pressure has not been reached by the time
cavity rupture is predicted to occur.

The total amount of hydrogen produced by the time the cavity is breached is quite
similar regardless of whether the containment is open or isolated. as demonstrated in
Figure 5.3.3.3. With the containment open.1001 kg of hydrogen is calculated to be
produced in the vessel before the core debris falls into the cavity and 1250 kg of hydrogen
is generated in the cavity before the cavity is ruptured. for a total of 2251 kg: in the
sensitivity study analysis with the containment isolated. more hydrogen is produced
through oxidation in the vessel before all the core debris falls into the cavity (1207 kc)
but less hydrogen 0095 kg)is generated attacking concrete in the cavity by the time the
cavity is ruptured. for a total of 2305 kg. or a 1% difference.

Figure 5.31.4 illustrates the clad temperature histories in a core level below the top
of the actise fuel region in the six core rings. predicted assuming either an open or a
closed containment. The beatup rate appears slightly slower in the isolated. containment
case than in the open-containment analysis. probably due to the higher system pres-
sures calculated in the closed-containment scenario and resulting in the later lower head

,

penetration failure times.

Table 5.3.3.2 compares the tota! radioactive masses of radionuclides released in this
pair of MELCOR calculations, by the time when a lower head penetration first fails and
at the end of the calculation (i.e.. when the cavity is predicted to rupture). normalized
to the initial masses of each class. The later vessel breach time calculated with the
containment isolated (25.5 r3 25.4 hr) results in significantly higher release fractions of
all of the radionuclide classes (with nonzero releases) by the time of vessel breach. The
most volatile classes (Xe Cs. I and Te) all yield almost 100% release by the end of the
transient in both analyses. For all of tbe less volatile classes, a larger fraction of the initial
inventories is released by the time of cavity rupture. For several of the more refractory
elements (e.g.. Ru and Ce) the amounts released by the end of the transient differ simply
by the different amounts released prior to vessel breach; for the others (those with less
than 1% release), the increase is not as great because the response is more nonlinear.
Of the species with no in vessel release, a difference is seen only in the trivalents (La).
but not for the early transition elements such as Mo and the more volatile main group
elements such as Cd. (Because the calculation with the containment isolated did not J

reach the containment failure pressure prior to transient termination on cavity rupture,
there is no release to the environment in this sensitivity study.)

Both calculations ended on cavity rupture, at slightly different times, ~6J hr differ,
ent. Figure 5.3.3.5 shows that both calculations predict that the cavity concrete will first
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Table 5.3.3.2. Total Fission Product Radioactive msses Released from Fuel for
Grand Gulf POS 6 - Containment isolation Sensitivity Study

4

,

W of initial Inventory Released
,

Class Before Vessel Breach Before Cavity Rupture
Open Isolat ed Open Isolated |

1 (Xe) 81.3 95.6 100.0 100.0 ;

!

2 (Cs) 51.7 95.7 100.0 100.0

3 iBa) 2.35 42.0 42.0 59.5 i

4(1) 81.0 95.5 95.5 97.1

5 (Tej i 2.5 93.5 9:3. 2 97.0 :

6 (Ru) 0.00002 0.07P 7 0.0070 0.0547 |
3

7(E) 0.0 0.0 1.61 1.61 ;

8 (Ce) 0.000003 0.0376 0.0037 0.0430 ,

9 (La) 0.0 0.0 0.2170 1.201 ;

10 (l') 0.00156. 3.26 1.62 3.62

'11 (Cd) 0.0 _ 0.0 0.03S5 0.0361

12 (Sn) 2.566 61.9 22.5 64.7

:
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be ablated in depth.

5.3.4 Initiation Time

Timinginformation for the initiation of the accident in POS_6is based on Grand Gulf
,

refueling outage (RFO) data. Based on this data. the fastest the plaat will enter POS 6
from full power is approximately four days after shutdown and the longest the plant has ;
been in POS 6 (in the going-down phase) is approximately 12 days (i.e.,16 days from
shutdown). In the Level 1 analysis the time window from the initiating event to core

,

damage was based on the decay beat at four days; tHs assumption is carried through *

the Level 2/3 analyses. Our MELCOR analyses were therefore initiated at 4 days after
shutdown, with the exception of a single sensitivity study which assumed the accident

,

;

sequence to begin 15 days after shutdown. This initiation-time sensitivity study was run
with the containment personnel iocks and equipment batch open and venting directly to <

the environment (i.c.. with no auxiliary building modelled).
.

The decay heat assuming the accident to begin 15 days after scram is about 707
of the decay heat level driving an accident beginning 4 days after scram. as shown in

;

Figure 5.3.4.1. The main effect of the later accident initiation assumed is to delay the r

timing of all esents. as illustrated by comparing the decay power in the primary system
(also in Figure 5.3.4.1). The delay in timing is also clearly seen in the vessel water masses ;
in Figure 5.3.4.2. and in the clad temperature histories just below the active fuel midphne
presented in Figure 5.3.4.3. and is quantified by comparing the timings of various key
events as done in Table 5.3.4.1.

Figure 5.3.4.4 shows that the total amount of hydrogen produced by the time the
cavity is breached is quite similar regardless of whether the accident was ir.itiated 4 or i

15 days after scram. In the calculation begun 4 days after scram.1001 kg of hydrogen I

is produced in the vessel before the core debris falls into the cavity and 1250 kg of '

bydrogen is generated in the cavity before the cavity is ruptured. for a total of 2251 kg: !
in the sensitivity study analysis initiated 15 days after scram. more hydrogen is produced :

through oxidation in_ the vessel before the cora debris falls into the cavity (1315 kg) but !

less hydrogen (1035 kg) is generated attacking concrete in the cavity before the cavity is
f

ruptured, for a total of 2353 kg or a 3'7c difference.
-|

Table 5.3.4.2 compares the total radioactive masses of radionuclides released in this
pair of MELCOR calculations, by the time when a lower head penetration first fails and '

at the end of the calculation (i.e., when the cavity is predicted to rupture), normalized
to the initial masses of each class. Before vessel breach, the longer time period that core
temperatures are elevated for an accident started 15 days after scram cause significantly ,

higher releases; at the time of cavity rupture, the final releases to environment are some
lower and some higher for accidents started 4 days vs 15 days after scram, but are

,

generally similar for these two accident scenario calculations.
.
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Table 5.3.4.1. Key Event Times for Grand Gulf POS 6 - Accident Initiation Time
'

Sensitivity Study

Time after scram

Event 4 days 15 days

Level below TAF 12.65 hr 19.71 hr
4

Ciad failure / Gap release
(Ring 1) 15.37 br 25.35 hr ;

(Ring 21 15.34 hr 25.31 br
(Ring 3) 15.35 hr 25.37 hr
(R:ng 41 15.61 br 25.62 hr
(Ring 5) 20.46 br 30.2s br
(Ring 6) 21.50 hr 34.57 br

Vessel LH penetration failure
(Ring 1) 25.45 br 39.79 hr
(Ring 2) 25.39 hr 40.29 hr
(Ring 3) 26.10 hr 41.22 hr
(Ring 4) 34.49 hr 42.95 hr
(Ring 5) 30.24 hr 43.74 hr
(Ring 6) 32.63 hr 45.65 hr

Cavity rupture 85.61 br 95.65 hr

i

i
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Table 5.3.4.2. Total Fission Product Radioactive Masses Released from Fuel for
Grand Gulf POS 6 - Accident Initiation Time Sensitivity Study

<

51 of Initial insentory Released

Class Before Venel Breach Before Cavity Rupture
4 days 15 days 4 days 15 days

1(Xe) 76 9 93.5 100.0 100.0

2 (Cs) 76.9 93.9 100.0 100.0

3 (Ba) 4.22 21.6 47.4 41.6

4(I) 76.1 93.7 93.2 95.2

5 (Te) 62.5 91.6 93.0 95.9

6 (Ru) 0.0023 0.0326 0.0505 0.0403

7(Mo) 0.0 0.0 0.0126 1.50

8(Ce) 0.00076 0.0154 0.0264 0.0195

9 (La) 0.0 0.0 0.2509 0.7516

10 (U) 0.1145 1.43 2.16 1.77

11 (Cd) 0.0 0.0 0.0396 0.0331

12 (Sn) 13.53 36.15 37.7 44.4

4
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5.3.5 Igniters

In most of our POS 6 calculations, the hydrogen igniters were assumed to be inactive.
A calculation was done. assuming an iso!ated containment (and no auxiliary building
model), in which the igniters were used. The isolated. containment case was chosen to
evaluate the effect of the igniters on the calculated pressure rise.

Figure 5.3.5.1 compares tbe pressures in the outer containment dome, with and with-
out the igniters active. Instead of a large and broad pressure peak around the time of
ve.,sel breach, a series of sharp pressure spikes indicating bydrogen burns are calculated
prior to vessel breach; these bydrogen burns change the steam /noncondensable mixture
surliciently to . The magnitude of the burn-generated pressure spikes is not much less
than the peak pressure predicted in the absence of igniters. After vessel breach there is
no indication of hydrogen burns even with active igniters (because the containment is
then steam-inert) and the pressure rises more rapidly, nearing the containment failure
pressure at the end of the transient.

The gas temperatures in the containment are presented in Figure 5.3.5.2. in the
drywell cavity and in the outer containment dome. for the calculations with and without
active igniters. Temperature spikes indicating hydrogen burns are seen during the 20 to
30 br period with active igniters. After vessel breach, the calculation with no igniters has (
a very hot cavity.a cold outer containment dome and an intermediate temperaturein the i
drywell. for a very pronounced iemperature gradient: the calculation witb bydrogen burns I

earlier shows very little temperature gradient among the containment control volumes.
with all temperatures remaining relatively low.

J

Table 5.3.5.1 compares the timings of various key events predicted in these closed- 't

containment calculations with and without active igniters. Before the first bydrogen burn
(just before 19 br). the timing of events is identical. Afterwards, there are a few minor
differences in first gap release in a few of the rings. and the failure of the lower bead
penetrations in most of the rings varies by only about 30 min. And, even with the large
differences in later-time containment pressure and temperature histories. the end times
for these two calculations, when the cavity is predicted to rupture, differ only by about
1 br.

Table 5.3.5.2 compares the total radioactive masses of radionuclides released in this
pair of MELCOR calculations by the time when a lower head penetration first fails and
at the end of the calculation (i.e., when the cavity is predicted to rupture), normalized '

to the initial masses of each class. In this study, despite the later vessel breach time
calculated with active igniters (29 rs 28.5 br), slightly lower release fractions of all of the
radionuclide classes (with nonzero releases) are predicted by the time of vessel breach. l

The most volatile classes (Xe, Cs, I and Te) all have almost 100% release by the end of the
transient in both analyses. For all of tbe less volatile classes, except Mo, a smaller fraction
of the initial inventories also is released by the time of cavity rupture in the calculation
with igniters active, as much as 50(7c less than in the no-igniter analysis. (Because these
calculations did not reach the containment failure pressure prior to transient terrnination
on cavity rupture, there is no release to the environment in this sensitivity study.)
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Table 5.3.5.2. Total Fission Product Radioactive .\1 asses Released from Fuel for
Grand Gulf POS 6 -Igniter Sensitivity Study

M of Initial Insentory Heleared ,

Clar Before Venel Breach Before Cavity Rupture
Inactive Active Inactive Active

1 (Xe) 95.6 94.3 -100.0 99.5

2 (CH 95 7 94.4 100.0 99.S

3 (Ba) 42.6 37 5 59.5 55.2

4(1) 95.5 94.2 97.1 95.6

5 (Te) 93.5 92.0 97.0 96.5

6 (Ru) 0.0757 0.0597- 0.0547. 0.0667

7'Wi 0.0 0.0 1.61 2.11

8(Ce) 0.0376 0.0295 0.0436 0.0340 |

9 (La) 0.0 0.0 1.20 0.95 ,

10 (U) 3.26 2.55 3.62 2.87 |:
11 (Cd) 0.0 0.0 0.0361 0.0624

12 (Sn) 61.9 59.0 64.7 61.S ||
!!

>;
'i

h

.

b

.
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5.4 Code Option Studies

in addition to the plant configuration sensitivity studies discussed in the previous
section, a few sensitivity studies were done on various code options and/or parameters.
In one calculation, the CORSOR fission product release model was used instead of the
(MELCOR default) CORSOR.M fissiou product release model. Because it was sometimes
necessary to back up and reduce the user-specified maximum time step in order to to
complete the analysis, a calculation was done in which that was the only changt made,
to determine how big an effect reducing the time step would have on the results.' Two
calculations were done to address concerns [55,59] raised about the lack of air oxidation
modelling in MELCOR, and the anociated lack of the extensive release of ruthenium
demonstrated to occur when irradiated reactor fuel is beated in air.

5.4.1 Source Term

The POS 6 analysis has been run with a different release model option enabled in
MELCOR, as a sensitivity study on fission product source term. The options available
include the CORSOR and CORSOR-M models. (The new CORSOR Booth model was
not available in the code version used for these POS 6 analyses.) This source term
sensitivity study was run with the containment personnel locks and equipment batch
open and venting directly to the environmer.t !i.e.. with no auxiliary building modelled).

The CORSOR model is a simple correlational relationship based on data from early
experiments (63). Release of volatiles is assumed to be limited by diffusion. and all
volatiles share the same release parameters. obtained by averaging experimental results:
release of nonvolatiles is assumed to be limited by vaporization, and vapor pressures are
sca!ed for consistency with experimental observations. The fractional release coefficients
in CORSOR are simph cxponentials, with constants selected for each species in specific
temperature ranges based upon fitting experimental data. The fractional release coeffi-
cients used in CORSOR-M (the MELCOR default) utilize an Arrhenius-type equation
with constants representing empirical fits to experimental data.

Table 5.4.1.1 compares the radioactive masses of radionuclides calculated to be re-
leased using the CORSOR and CORSOR-M model options, when a lower head pene-
tration first fails and at the end of the calculation (i.e., when the cavity is predicted to
rupture), and the amounts that have been released to the environment, all normalized

! to the initid masses of each class (given in Table 3.1).

In both calculations, most of the noble gases (Xe), alkali metals (Cs) and halogens
(1) have been released by the time of first lower head penetration failure, and most or

;

L all of these three classes have bwn released by the end of the transient, with half or
more released to the environment. The CORSOR correlations predict more release of
the alkaline earths (Ba), the platinoids (Ru), the tetravalents (Ce) and the less volatile 1

| main group elements (Sn); the CORSOR correlations also predict non zero releases of |
'

the early transition elements (Mo). the trivalents (La) and the more volatile main group
elements (Cd) prior to vessel breach. The CORSOR-M relations give a higber release for '

!
!
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Table 5.4.1.1. Total Fission Product Radioactive .\ lasses Released frorn Fuel for
Grand Gulf POS 6 - CORSOR Option Sensitivity Study

51 of initial loventory Released
Class Before Verel Breach Before Cavity Rupture to Environment

CORSOR CORSOR41 CORSOR CORSOR41 CORSOR CORSORal

1(Xe) 76.9 S1.3 100.0 100.0 100.0 100.0

2 (Cs) 76.9 51.7 100.0 100.0 52.6 67.6

3 (Ba) 17.6 2.35 52.7 42.0 22.0 21.3

4(1) 76.5 61.0 91.2 95.5 91.2 95.5

5 (Te) 17.1 72.5 60.1 95.2 29.3 62.3

6 (Ru) 0.743 0.00002 1.366 0.0070 0.574 0.0045

7 (Mo) 10.03 0.0 16.7 1.61 6.70 0.642

S (Ce) 0.0165 0.000003 0.0305 0.0037 0.0125 0.00215

9 (La) 0.077 0.0 0.6i44 0.2170 0.325 - 0.00056

10 (U) 0.077 0.00156 0.176 1.62 0.076 0.1562

11 (Cd) 35.2 0.0 57.0 0.0355 22.6 0.0023

12 (Sn) 35.2 2.666 57.7 22.5 23.0 15.5

|
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the chalcogens (Te). as well as for the volatiles (i.n. the noble gases alkali met ah and
balogens). The total releases up to the time of cavity rupture (the end of th. calculatio:a i
and the releases to the environment follow the qualitative trends seen comparing the
in. vessel releases prior to lower head breach. (These trends are the same as seen in
several recent MELCOR assessment calculations [64,17].) Houerer. the releases to the
environment calculated for the two release options are not simply equal fractions of the
amounts released from the fuel and debris; the fission product transport is apparently
dependent to some extent on the amounts and relative amounts of the fission products
present.

5.4.2 Time Step

Several of the grand Gulf POS 6 MELCOR calculations aborted with various error
messages at assorted during the core degradation process. In all cases, it was possible to
back up. reduce the user-specified maximum time step to below that used by the code ;

just prior to developing prob! ems. and complete the ana!ysis. There has been a lot of
Acussion in the past few years |63: on numeric effeca seen in various MELCOR calcula.
tions. producing either differences in results for the same input on different machines or
differences in resuhs when the time step used is varied. To determine bow big an effect
reducing the time step would base on the results. a calculation was done in wbich that
was the only change made.

In most of our calculations. the maximum allowed time step was set through user
input to be 99 s. so that the code used its internal logic to select a time step. In this !

sensitivity study. the time step was reduced to 0.5 s from 70.000 s (19.444 br) to 100.000 s

(27.775 br). )

The change in time step affects some of the event timings. as illustrated in Ta- I

ble 5.3 2.1. There is. of course. no difference iri the timing of events before the time !

step reduction. The changes in timing of key events after the time step reduction are |
generally small. ;

;

There are no major differences observable in primary and containment systems pres-
sure histories, or core inventory boiloff. Figure 5.4.2.1 compares clad temperature histo-
ries in a core level above the active fuel midplane in the six core rings as representative
of the overall core response. Small offsets are visible in the temperatures predicted with ,

|the reduced time step. resulting in the slightly later lower head penetration failure times.
IThe total amount of hydrogen produced by the time the cavity is breached is greater

in the calculation with the temporarily-reduced time step (2450 kg. ~7.4c4 bigh compared
!to 22S1 kg). Figure 5.4.2.2 indicates that the major difference is in significantly more

bydrogen generated during in-vessel core degradation (1299 kg ts 1001 kg of hydrogenp
D' produced in the vessel in the basecase); less is generated later in the cavity (~1151 kg

compared to 1280 kg in the basecase) before the cavity is ruptured.

Table 5.4.2.2 compares the total radioactive masses of radionuclides released in this
pair of MELCOR calculations. by the time when a lower head penetration first fails and
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Table 5.4.2.1. Key Event Times for Grand Gulf POS 6 - Time Step Sensitivity
St udy

Event Base at Reduced at

Level below TAF 12.65 br 12.65 hr
Clad failure / Gap release

(Ring 1) ~ 15.37 hr 18.37 br

(Ring 2) 15.34 hr 15.34 hr

(Ring 3) 15.35 hr 15.35 hr

(Ring 4) 15.61 br 18.57 hr

(Ring S) 20.46 hr 20.55 br
(Ring 6; 21.50 hr 21.69 hr

Vessel LH penetration failure
(Ring 1) 25.45 hr 26.00 hr

(Ring 2) 25.39 br 26.01 br ;
'

(Ring 3) 26.10 hr 26.15 hr
(Ring 4) 34.49 br 31.05 hr

(Ring 5) _30.24 hi 33.13 br

(Ring 6) 32.63 hr 33.69 br
,

Cavity rupture 85.61 br 82.22 hr

i

t

e

i
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Total Fission Product Radioactive 31 asses Released from Fuel forTable 5.4.2.2. !
Grand Gulf POS 6 - Time Step Sensitivity Study

|% of Initial Inventory Released

Class Before Vessel Breach Before Cavity Rupture to Environment

Base At Cut at Base At Cut at Base at Cut at

1 (Xe) SI.3 92.5 100.0 100.0 100.0 100.0 ,

2 (Cs) S1.7 92.9 100.0 100.0 67.6 52.0

3 (Ba) 2.35 6.95 42.0 41.9 21.3 20.3

4(1) 81.0 92.7 95.5 95.7 95.5 95.7 j

5 (Te) 72.5 80.2 95.2 95.3 62.3 5S.2

6 (Ru) 0.00002 0.0048 0.0070 0.0065 0.0045 0.0030

7 (Mo) 0.0 0.0 1.61 1.76 0.642 0.739

S (Ce) 0.000003 0.0019 0.0037 0.0035 0.00215 0.00156

9 (La) 0.0 0.0 0.2170 0.4974 0.00056 0.260
|

10 (IJ) 0.00150 0 220 1.62 0.332 0.156 0.151

11 (Cd) 0.0 0.0 0.03 9 0.0757 0.0023 0.039

12 (Sn) 2.S66 20.5 22.5 34.8 15.5 17.4

at the end of the calculation (i.e., when the cavity is predicted to rupture). together
with the release to the environment by the end of tbc transient. normalized to the initial
masses of each class. The increased in vessel hydrogen generation in the calculation with
the time-step reduction is associated with increased release of all radionuclide classes
prior to vessel breach. (The same trend. increased release fractions with reductions in
time step. were found in $1ELCOR assessment analyses of the ACRR ST-1/ST-2 source
term experiments [64).) These increased releases early in the transient do not significantly
change the total amounts of most classes released by the end of the calculations, but larger
amounts of the trivalents (La) and both the more and less volatile main group elements ,

(Cd and Sn) are released by the time of cavity rupture; however,less uranium is released
by the time of cavity rupture, even though more uranium is released in-vessel during
the (relatively brief) reduced-dt period. The amounts released to the environment also
vary somewhat for most of the classes, but not proportionally to the differences in either
early-time or end-time releases. These variations are not very significant because the
differences in amounts released to the environment are smallest for those classes with the

-

greatest release from the fuel; the differences increa.se as the fractional amounts released
;

to the environment decrease and only the release to the environment of the trivalents ,

(La) and the more volatile main group elements (Cd) differ by more than an order of
|
r

magnitude.
The calculation with the time step reduction at the time of vessel breach predicts

;

cavity rupture about 3 hr earlier; the comparison of cavity maximum radii and minimum
,

!

;
;
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altitudes in Figure 5.4.2.3 demonstrates that the axial ablation is very similar in both
cases, but that there is much less radial ablation during the time the time step is cut.
resultingin a constant offset in maximum radii throughout the remainder of the transient.

,

even after the time step is increased back to its original value.

5.4.3 Air Oxidation
.

!

Two calculations were done to address concerns [58,59] raised about the lack of air
oxidation modelling in MELCOR 1.8.1. and the associated lack of extensive release of
ruthenium demonstrated to occur when irradiated reactor fuel is heated in air. In both. ;

the efkct of oxidation with free oxygen in addition to the oxygen in steam was included in !

the code;in one calculation a constant release rate coefficient was used for Class 6 (Ru).
while the other used a variable coefFcient dependent on the partial pressure of oxygen in

'

the core. These air-oxidation sensitivity studies were run with the containment personnel *

'

locks and equipment hatch open and venting directly to the environment (i.e. with no
auxiliary building modelled). j

The POS 6 calculations done all indicate that the lack of an air-oxidation model in
MELCOR. and the associated lack of extensive release of rutbenium. is not an issue i

because no oxygen is predicted to be drawn into the core until late in the transient.
after the core rnaterial has fallen into the casity; this is visible in both the oxygen mole-
fractions in the core and the oxygen mass flow rates in the core inlet and outlet junctions.
shown for the reference calculation in Figures 5.4.3.1 and 5.4.3.2, respectively.

To investigate the impact of air oxidation and enhanced ruthenium release. we had
to artificially introduce air directly into the core control volume. A total of 28.60S kg of i

0 (the amount that would be required to oxidize the clad in the core), at a uniform rate2

starting when the core liquid level drops below the top of the active fuel until a lower i

bead penetration first fails (i.e., from 13.04 br to 18.76 hr). The free oxygen sourced into
the core control volume during the core beatup period in these sensitivity study analyses !

is visible in both the oxygen mole fractions in the core and the oxygen mass flow rates
'in the core inlet and outlet junctions. in Figures 5.4.3.3 and 5.4.3.4, respectively.

Table 5.4.3.1 compares the timings of various key events predicted in the two air- ;

oxidation calculations with a corresponding basecase analysis. There is no difference in
7

timing on any events before the extra oxygen is first sourced in. The gap release and the
failure of the lower head penetrations in the various rings are predicted to occur somewhat
earlier, because of the slightly accelerated core beatup due to more clad oxidation.

There are no major differences observable in primary and containment systems pres-
sure histories, or core inventory boiloff. Clad temperature histories in the core level just
below the active fuel midplane in one of the six core rings are presented in Figure 5.4.3.5,
as representative of tbe overall core response. The two air-oxidation sensitivity study cal- !
culations both show more rapid clad beatup due to the increased degree of (exothermic)
clad oxidation, resulting in earlier melt, relocation and lower head failure.
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Figure 5.4.3.4. Core Oxygen Inlet and Outlet Mass Flows for Grand Gulf POS 6 -
Air Oxidation Sensitivity Study
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Table 5.4.3.1. Key Event Times for Grand Gulf POS 6 - Air Oxidation Sensitivity
Study

P(0 ) Coeff.Event No Air-Ox Constant Coeff. 2
.i

Level below TAF 12.65 br 12.65 hr 12.65 hr >

Clad failure / Gap release
(Ring 1) 15.37 br 15.34 hr 15.34 hr

(Ring 2) 15.34 hr 15.34 br 18.34 br

(Ring 3) 15.39 hr 15.34 hr 15.34 hr
(Ring 4) 15.61 br 19.25 hr 19.24 hr ;

(Ring 5) 20.46 hr 20.04 hr 19.96 hr
(Ring 6) 21.50 hr 20.51 hr 20.02 hr

Vessel LH penetration failure
(Ring 1) 25.45 hr 24.81 hr 25.7s hr
(Ring 2) 25.39 hr 24.81 hr 26.00 hr
(Ring 3) 26.10 hr 25.15 hr 24.61 hr .

(Ring 4) 34.49 br 24.53 hr 23.63 hr ,

'
(Ring 5) 30.24 hr 24.S5 hr 24.21 br

(Ring 6) 32.63 hr - 54.85 br ,

Cavity rupture 65.61 hr 68.79 hr 120.44 hr

i
!

i
1
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Table 5.4.3.2. Oxidatic,n Masses for Grand Gulf POS 6 - Air Oxidation Sensitivity
Study

Material Total Masses at End of Transient (kg)
No Air-Ox Constant Coeff. P(0 ) Coeft2

in COR Package
Zircaloy 12356 24531 654S

Zirc Oxide 7211 7890 8754

Stainless Steel 35299 35575- 33650
Steel Oxide 1809 16SS 365S

Steam Consumed S750 3078 5735
Oxygen Consumed - 4562 6291

In CAV Package
Metal Layer S 39~;9 7746 67965

'

(Light) Oxide Layer 591150 413250 615710

'

Hydrogen
Produced in Vessel 1001 344 642
Produced in Cavity 1250 1019 1159

Total Produced 2251 1363 1501

i

The masses of zircaloy and zirc oxide. stainless steel and steel oxide, steam and
oxygen consumed and hydrogen generated by the end of these transient calculations are
presented for these air-oxidation sensitivity studies in Table 5.4.3.2. With the free oxygen -
source,10-20'X more zircaloy and 100% more steel is oxidized in vessel. Because 30-607c
less steam is consumed. 30-607c less hydrogen in generated in-vessel; with 10 207c less
hydrogen generated in the cavity. the total amount of hydrogen generated is 20-407c less
in the two air oxidation sensitivity studies. (Most of the oxygen sourced into the core
control volume therefore escapes out through the upper head and vessel breach, to the
containment and then the environment, without being consumed in oxidation processes.)

Figure 5.4.3.6 shows the hydrogen generation rates, both in-vessel and in the cavity.
The lower amounts of hydrogen produced in the air oxidation sensitivity studies are seen
to be prirnarily a result of sharp differences during the time period the free oxygen is
being added, not gradual divergences throughout the remainder of the transient.

Table 5.4.3.3 compares the radioactive masses of radionuclides released in this set
of MELCOR calculations, when a lower head penetration first fails and at the end of

,
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Table 5.4.3.3. Fission Product Radioacthe A! asses for Grand Gulf POS 6 - Air
Oxidation Sensitivity Study

i

% of Initial Inventory Released

Class Before Vessel Breach Before Cavity Rupture ,

P(0 ) Coeff. No Air-Ox Constant Coeff. P(O; CoetSo Air-Ox Constant Coeff. 2
i

1 (Xe) 81.3 93.2 79.5 100.0 97.7 100.0 |
'

2 (Cs) 81.7 93.3 79.9 100.0 97.9 100.0

3 (Ba) 2.35 S.65 22.1 42.0 42 7 47.1 ;

4(1) 61.0 93.1 79.2 95.5 93.4 69.0 |

5 (Te) 72.5 92.6 76.3 95.2 95.S 92.5

6 (Ru) 0.00002 99.9 100.0 0.0070 100.0 100.0 .

'

7 (Mo) 0.0 ' O.0 0.0 1.61 3.23 1.405

6 (Ce) 0.000003 0.0074 0.1156 0.0037 0.0052 0.1276

9 (La) 0.0 0.0 0.0 0.2170 0.666 0.3555

10 (l') 0.00156 0.520 4.59 1.62 0.522 5.10 j

11 (Cd) 0.0 0.0 0.0 0.0355 0.0505 0.0763 i

12 (Sn) 2.560 19.3 25.0 22.5 20.7 34.5 i- |

the calculation U.c. when the cavity is predicted to rupture), normalized to the initial
masses of each class (given in Table 3.1). The primary difference is the (as expected)
~1003 release of ruthenium in vesselin the two air-oxidation sensitivity study analyses.
both using a constant release rate coefficient and using a variable coefficient dependent
on the partial pressure of oxygen in the core. But there are other differences. More of the

-

more cefractory classes (Ba. Ce, l' and Sn) are released prior to vessel breach in the two
ait-oxidation sensitivity study calculations; unexpectedly, while more of the more volatile ,

!

classes (Xe, Cs, I and Te) are released using a constant Ru release rate coefficient, slightly
less are released using a variable Ru release coefficient dependent on the partial pressure
of oxygen in the core than predicted with no air oxidation at all.

The comparison of released by the time of cavity rupture is more confused. The three
classes with identically-zero in vessel releases all show the greatest release fraction for the
air-oxidation sensitivity study using a constant release coefficient for Class 6; the other
more refractory classes (Ba, Ce, U and Sn) show higher release in the calculation with a
variable Ru release coefficient dependent on the partial pressure of oxygen; the volatiles

(Xe, Cs, I and Te) all show 90100% releases with no clear pattern of variation.

The total radioactive masses released from the fuel and debris for each class, and
!

the amount released to the environment by the time of cavity rupture (given in terms
I

of the initialinventory) are summarized in Table 5.4.3 4. Almost all of the ruthenium is

!

|350



E
-

Table 5.4.3.4. Total Fission Product Radioactive 5f ass Re! eased from Fuel for Grand
Gulf POS 6 - Air Oxidation Sensitivity Study |

!

% of InitialInventory

Class Released Before Cav-Rupture Released to Envitcc mer.t '

P O: t CoetP(0 ) Coeff. No Air-Ox Constant CoeftNo Air-Ox Constant Coeff. t
2

1 (Xe) 100.0 97.7 100.0 100.0 . 97.5 100.0 .

2 (Cs) 100.0 97.9 100.0 67.6 62.6 60.7 . |

3 (Ba) 42.0 42.7 47.1 21.3 21.8 16.9
'

4(1) 95.5 93.4 59.0 95.5 93.4_ M.9

5 (Te) 95.2 95.5 92.5 62.3 60.6 47.0

6 (Ru) 0.0070 100.0 100.0 0.0045 62.2 54.6

7 (510) 1.61 3.23 1.405 0.642 1.26 0.457

8 (Ce) 0.0037 0.0052 0.1276 0.00215 0.00467 0.0259

9 (La) 0.2170 0.666 0.3555 0.1024 0.365 0.165

10 (U ) 1.62 0.522 5.10 0.212 0.305 1.20

11 (Cd) 0.0355 0.0!05 0.07t;3 0.0159 0.0355 0.040

12 (Sn) 22.5 20.7 34.5 15.5 12.5 14.3

1

l

released from the fuelin these two ait-oxidation sensitivity study analyses. and over half
of that is released to the environment (in the absence of any additional retention in the
auxiliary building. not included in these calculations).

Both air-oxidation calculations ended on cavity rupture, at very different times. Fig-

ute 5.4.3.7 shows that the calculations with no air-oxidation and with air oxidation and
a constant Ru release coefficient predict that the cavity concrete will first be ablated in
depth, with the calculation using a variable coefficient dependent on the partial pressure
of oxygen predicts that the cavity concrete will first be ablated radially, but with less '

than 3.5 cm depth remaining axially at that time.

,
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The 2/3 of the core under water was cooled by heat transfer to the pool
within the fuel assemblies. This pool remained subcooled due to heat
transfer through the channel boxes to the bypass pool. Thus, the only
steam generated within the fuel assemblies was from pool surface
evaporation. The core water temperatures are shown in Figure 8 siong with
the atmospheric saturation temperature and the LPCI injection temperature.
The channel pools remained subcooled by about 17,16,17, 21, 33, and 48 K
for. core rings 1 through 6, respectively. The injected water was heated
by about 5.5 K before flowing out of the vessel.

A code error affecting the pool temperatures as seen in Figure 8 became
apparent at the onset of hydrogen generation et about 9000 seconds. The
cooling of these pools at this time was unrealistic and the cause of the
problem is unknown at this time. However, since the objective of the
calculation was to determine whether or not fuel damage could occur and
this error cooled the convective fluid and fuel damage was predicted
anyway, this problem should not affect any of the study conclusions.

The core hosting is shown in the next five figures. Figure 9 shows the
cladding temperatures of ring 2 which had the highest power density and
therefore the highest temperatures of all the rings. The cladding
temperature for the cells at axial level 20 for each ring are shown in
Figure 10. The cell component temperatures for cells 220, 218, and 214
are shown in Figures ll, 12, and 13, respectively.

The upper most core cells which did not have any fuel and therefore did
not have any decay power heated only by convection heat transfer from the
rising het gases within the channels. The localized channel fluid
temperatures (DTDZ model) closely followed the cladding temperatures as
the gases rose within the core. The cladding temperature of cell 222
reached as high as 496 K.

The highest cladding temperature in the esiculation was for cell 220 near
the top of the core. Its final temperature was 1217 K. The cladding of
this cell was predicted to reach 1173 K and f ail at 9570 seconds (2.66
hours) which would have rolessed the first cledding gap fission products
at this time. There was sharp increase in this temperature at about 9000
seconds due to the energy rolessed from cladding oxidation.

Cell 219, 220, and 221 in ring 2 continue to increase throughout the
calculation and would continue to increase further, perhaps melting, if
the calculation was continued. These cells were above the core water
levels in both the core channels and the bypass. The component
temperatures for cell 220 in Figure 11 show that all components heat
together with even the control rod approaching structural f ailure (at
roughly 1273 K). j

I

Cells 215 through 218 were uncovered inside the f uel assemblies but the
outside of the canisters were cooled by the cold bypass water. The
component temperatures for cell 218 in Figure 12 illustrate the heat
transfer associated with these cells. The exposed fuel rods temperatures ,

peaked at about 722 and 717 K for the fuel and cladding. At these j

i

i

|

|
|
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code [6). The first core cell cladding to reach this temperature was cell
211 (upper second ring) at 18.9 hours. Once oxidation bogen, the heating
and damage to the core fuel progressed rapidly.

In conclusion, the more complex WELCOR calculation verified the hand
calculation results for core uncovery and in addition provided en estimate
of when initial fuel demage occurred. While the collapsed water reached
the top of the active fuel at about 13.1 hours, the fuel did not begin to
host until about 16.5 hours with the onset of oxidation occurring at 18.8

'

|hours.
J

Recirculation Pipe LOCA w'+8 One LPCI Pump
A low decay power shutdown LOCA was run involving the double-ended rupture
of a pump suction pipe in a recirculation loop with ECCS provided by only
one LPCI pump. The LPCI pumps water from the containment suppression pool.

,

t

into the core bypass region. The broken recirculation pipe ellowed all |
the reactor vessel water above the jet pump throat to drain f rom the '

vessel leaving the upper 1/3 core exposed, without significant cooling,
|and subject to damage.
'

This calculation was run with 6 control volumes representing the core
channels, i.e., one for each core ring. The upper head was removed,_the
recirculation loop flow paths simulating a LOCA were active, and the six
ring fine node core model was used. The calculation was initialized at 4
days after the reactor was tripped with the water level initialized at the-
normal water level (569.7 inch), the vessel water temperatures at 333.15 K
(140 F), and the LPCI ester temperature at 305.37 K (90 F). The LPCI flow
rate to the core bypass oss 7620 gpm.

The reactor vessel water _ quickly (fess than 3 minutes) drained from the
vessel unt the downcomer level dropped below the jet pump throats. The
water levels. which are shown in Figure 7, then remained relatively stable
for the remainder of the calculation. The average channel and the bypass
levels remained about .1 m and .7 m, respectively, above the top of the
jet pump throats. The core channel. water levels did very slightly from
channel to channel due to their veristion in water density but the maximum ,

difference was not more then a few centimeters. Af ter the initial
transient was complete, none of the LPCI water over flowed the core from
the bypass into the core channel. After the initial phase of the- |
transient, the downcomer water level remained below the jet pumps and so'

had no effect on the core water levels.

Basically, the LPCI water entered the core bypass, flowed downward to the |
lower plenum, upwards through the jet pump diffusers into the downcomer -

'

*

and then out of the vessel. -Only a small amount of water entered.the core
channels to replace water lost to steeming within the channels. .The
steeming rates were quite small (less than .04' kg/see for the tots! core)
and were due to pool surface evaporation which was enhanced by radiative
heat transfer f rom the exposed core.

I
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subcooled pool temperatures, the vessel water levels, and the second ring
cladding temperatures during the fuel heating, j

1

The first portion of the calculation involved heating the subcooled pools !

until boiling occurred. Natural circulation, with the heated core water
rising and the colder downcomer water falling, tended to equilibrate the
water temperatures. The first boiling occurred at 2.0 hours in the dome
volume due to its lower pressure and saturation temperature. Before
boiling occurred, 340 kg of water were evaporated from the pool surface.
This initial boiling was at a relatively slow rate until the upper plenum
volume saturated at 2.1 hours and then the boiling rate increased to the
rats austained throughout most of the boiloff.

The time for boiling to occur calculated with the level I snelysis [5] was
1.8 hours. There were two significant differences between the two
calculations. First, the level I calculation used a decay power that oss
about 22% greater than that used in the WELCOR calculation (the two decay
power correlations esme f rom dif ferent sources) . Second, the level I
calculation assumed that the initial water level was at the fienge,
whereas, in the WELCOR calculation, it was set to just below the steem
lines. Thus, the level I calculation was initialized with about 13% more
water than was done in the WELCOR calculation. When 1.8 hours is
multiplied by 1.22 and divided by 1.13, the result is 1.g4 hours which is
in excellent agreement with the WELCOR result.

'

The virst. voiding within the core occurred at 10.5 hours. The initial
voiding was small and unstable as steam was formed and then replaced by
water from above. The collapsed water level, as measured in the downcomer
volume, reached the top of the core and the top of the active fuel at 12.6
and 13.1 hours, respectively.

The level I calculation predicted that the time to boil the water to the
top of the fuel was 13.8 hours. The major difference between the level I -

hand boiloff calculation and the WELCOR calculation was that the level I
caiculation boiled away 26% more water to reach t.he top of active fuel
than did WELCOR, This was primarily due to the water level being
initialized at the flange.

Convective cooling of the core continued after exposure. The downcomer
water level reached the jet pump throats at 16 hours, after which the core
water levels dropped f aster because the water flow from the downcomer ,

through the jet pumps ceased. A water pool continued to exist in the i
upper plenum until 16.1 hours, held in place by steam flows exiting the i

core.

The first fuel hosting began in cell 212 (top fuel in second ring) at
about 16.5 hours as the convective cooling decreased. The cladding
oxidation began at about 18.8 hours as indicated when 0.0001 kg of j

hydrogen had been produced. About 2 minutes later, the hydrogen i
'

production had reached 1 kg. Cladding was modeled to fail and rolesse
radioactive fission products from the fuel when it reached 1173 K. The

cladding f ailure criteria of 1173 K (900 C) was adapted from the CORSOR

.l
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nodalization. The channel inlet included the lower tie plate (which has
an inlet orifice) and half of the seven grid spacers. The channel exits

|included the upper tie plate and the other half of the spacers. The
channel loss coefficients are dominated by the lower tie plate orifice. ,

<

The resulting coefficients are listed in Table 7 and despite their i
uncertainty, they should be adequate for these calculations. |

Flow paths were included to simulate the recirculation pump suction lines,
and the recirculation inlet nozzles during a double-ended break LOCA in a
recirculation loop. The svetion line flow path modeled two 24 inch OD
lines of 10 m length which were always fully open. The inlet nozzles
modeled twelve 10 inch OD lines and the header and pumps and were
initially open but closed when the water level dropped below the nozzle
entrance. A flow path with an area equal to reactor vessel cross
sectional area was included to simulate the vessel with its upper head
removed.

Emeroency Core Coolino Systems During the low pressure LOCA calculations,
ECCS was supplied to the core bypass control volume simulating LPCI. The
FSAR (Table 5.4-2d) gives the flow rate per pump at 7620 gpm. These
calculations involved either 1 or 2 pumps and the 2 pump flow was just
double the 1 pump flow. The temperature of the injected water was go F
which was the estimated suppression pool temperature. ECCS was not
applicable to the boiloff es!culation.

Vessel Heat Structures The cesetor vessel heat structures in the LaSalle
model were inserted unchanged into the Grand Gulf model. These heat-
structures were relatively unimportant to the objective of determining
whether or_ not fuel damage would occur during these low decay power
calculations.

Containment The containment was not modeled for these calculations. A
large control volume was included to provide a dump for steam and water
flows leaving the reactor vessel and to maintain a constant system
pressure initialized at one atmosphere.

CALCULATION DESCRIPTIONS AND RESULTS

~

Bolloff Calculation
A simple boiloff calculation was run for Crand Culf. This particular
calculation used just one volume to model the core channels and the six
ring course axial node core model. The upper head was removed, all piping
remained intact, but all sourecs of cooling water to the core failed. The
calculation was initialized at 4 days after the reactor was tripped with
the water level just below the steam lines at an elevation of 635 inches
and the vessel water temperatures were all initialized at 333,15 K (140
F) . The initial water mass was 444,g10 kg.

|

| The boil-off results are illustrated by Table 8 shich lists the timing of
events during the calculation and in Figures 4 through 6 showing the

|

|

|
!
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resulted in the draining of the downeomer so that a loop model was not
needed.

Vessel Flow Paths The primary system was modeled with eight internal flow f
'

The entrance end exit elevations,
paths and three external flow paths.the forward and reverse loss coefficients, and the flow ares for each path|

The internal flow paths include the core channelare listed in Table 5.
and bypass inlets and exits, steam separators and separator returns, dryerThe external flow paths include adrains, and the jet pump diffusers.
path to simulate the vessel with its upper head removed, the recirculation

|

;

pump suction lines, and the recirculation inlet nozzles. J

Again the LaSalle input was used as a framework for the Crand Culf models.
The flow paths which are critical to these low power calculations were the

Significant errors in the input of
jet pump diffusers and the core plate.the other flow paths should not significantly impset the results of these
calculations, therefore the LaSalle input was adopted for these paths.

,

1

The ;

Input dets was developed specifieslly for the Grand Gulf jet pumps.
jet pump diffusers consist of three sections; the throst section, the
diffuser section, and the extension section. Diameters and elevationsThe jet pump fle=were obtained or estimated from the FSAR and drawings.
path data which are listed in Table 6 were developed for the throat flow

Most of this date are more than adequate for these calculations.
The one parameter which has en uncertainty potentially important to the
ares.

conclusions from these calculations is the throat exit loss coefficient
This coefficient dominates the total reverse loss

judged at 1.coef ficient for the water flow through the jet pumps during the LOCAThis uncertainty is
calculations which was in the reverse direction.
discussed further in the uncertainty section.

The most sensitivity parameter for the LOCA calculations was th2 reverse
core plate loss coef ficient for water flow from the core bypass to the

This determined the water head in the bypass and whether orlower plenum. Due to thenot the water overflowed the bypass into the fuel assemblies.
lack of applicable Crand Culf data, the core loss coefficients developed

The uncertainty of this parameter on the finalfor LaSalle were used.
conclusions was investigated and is discussed in the uncertainty section.

The LaSalle core loss coefficients were developed from the RETRAN input
and since this input was developed by engineers with access to CE
proprietary information, the LaSalle coefficients were the best available

The RETRAN coefficients used in developing thefor these calculations.
LaSalle coefficients included the coefficients for forward and reverse
flow through the fuel essemblies. The bypass loss coefficients were then
calculated to establish the ratio of channel to bypass flow st 10 (4) for
steady state operation (reverse flow assumed the same ratio es the forward

The WELCOR core flows' wore all based on the channel or bypass flowflow). The RETRAN coef ficientsareas in en unrestricted portion of the core.
were then modified by the ratio of squared areas (MELCOR/RETRAN) to get
coefficients applicable to WELCOR and since the RETRAN nodalization was
much more detailed, coefficients were summed for the more course WELCOR
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distribution outside of the fueled region (i .e., the handles, the lower
tie plate, the fuel support pieces, control rod velocity.timiters, etc.)

.were estimated from the available data and schematic drawings.

Other Input Other core model input were computed in a similar manner as
were the messes. These include the component surface eress, the flow
areas, cross sectional areas, and the equivalent diameters. Inputs for
the vessel lower head and penetrations still refleet the LaSalle date.
However, because the Crend Culf calculations do not include core meltdown,
the results will not be particularly sensitive to this input and, j

therefore, it is felt that the LaSalle numbers are adequate. |

Hydrodynamic Models
Vessel Control Volumes The reactor vessel control volumes were edepted
from the LaSalle input model with modifications. The sveitable Crand Cuff
data included a few basic dimensions end. volumes from the FSAR and plant
drawings. FSAR Figure 5.1-2 lists six primary system volumes which total
to 21745 ft . The LaSalle model, which was developed from RETRAN input,-.3

totals 21444 ft (with the volume of the steam lines deleted). These two3

totals differ by 1.45 and it is-likely that the primary system design:, are
very similar. There are however differences when compering the LaSalle
model and the Grand Gulf date. The Grand Culf core shroud has e larger
diameter then LaSalle to acconenodate the larger core. .Crand Culf has 24
jet pumps compared to 20 for Lessile end have different jet pump designs.

Since the LaSalle input was derived from a more detailed RETRAN input
model, the LaSalle model is a good framework for developing en adequateTheGrand Gulf primary system model for these low power calculations.
LaSalle input was adopted and modified to include the larger Grand Gulf
core shroud and the Crand Culf jet pump designs. A few other numbers such,

'

as elevations were changed to coincide with data from the plant drawings.

The volumes and elevations for the Crand Cuff models are listed in Table
The basic model consists of 6 volumes with a total volume of 2218248 This volume includes the steem line volume of 1454 ft and excludes

s
ft
the recirculation loop volume of 1020 ft and agrees closely with thea

Crand Culf FSAR date. However, the WELCOR volume.nodelization is not the
some es.the FSAR nodelization. The core volume nodelirstion-(chennels and
bypass) go f rom the core plate to the top of the f uel assembly canisters.
The volume within the jet pumps is contained in the lower plenum control
volume.

A more sophisticated core volume model which has 6 control volumes
representing the fuel assembly channels end 1 volume for the bypass region

The core channels were-was developed for the LOCA calculations.
subdivided secording to the core model ring volume fractions.

In-The recirculation loop piping was not modeled for these calcuistions.
the boiloff calculation, it was assumed that circulation within the-

L recirculation piping would not significantly effect the boiloff results.
i. In the LOCA calculations, the recirculation loop double-ended rupture.
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The core decay power distribution was developed from FSAR EOC data. The
i

radial power factors are listed in FSAR Figure 4.3-21 for each fuel
assembly. These power factors were used to determine the power factors
for the six ring core model illustrated in Figure 1. Since the power
distribution dips at the core center, the inner portion of the core was
subdivided to focus on the region with the highest power density (second
ring). It is important to remember that some fuel assemblies have higher
power factors than their associated ring averages (the highest is 1.232).
The number of assemblies in each ring, the volume fractions, the outer
radii, the power fractions, and power factors are listed in Table 1.

The axial power factor distribution shown in FSAR Figure 4.3-22 was used
to develop the axial power factors for WELCOR. The resulting exial power
factors are listed in Tables 2a and 2b for a course and fine axial
nodalization and these power factors were adjusted to include the non- |

fueled portions of the core. -For the course axial nodefixation, the lentire active fuel region of the core was subdivided into 6 cells of equal
height (25 inches) but in the fine nodalization, the upper half of the |
active fuel region was further subdivided into cells with a height of 6.25
inches. The core water level for the LOCA accidents involving a
recirculation line break remained above the jet pump throats which is
about 2/3 the way up the active fuel.

The core nodalization is shown in Figures 2 and 3 for the course and fine :

nodalization schemes, respectively. In the cell numbering system, each |
cell has a 3 digit identifying number. The first digit is the ring |

number, with the rings numbered from the core center outward, and the i

second and third digits indicate the axial level, beginning with level 1
at the bottom of the lower plenum. Level 5 represents the core plate, and
levels 13 and 22 represent the top cells for'the course and fine
nodalization schemes, respectively. For example, cell 212 (course

Thenodalization) is top cell containing fuel located in the second ring.
top cells did not contain fuel.

Component Wasses The 800 assembly Grand Gulf core contains a total of
179,760 lbm of Zr. There is 98.7 lbm in each assembly canister and 126-
Ibm in the fuel rods. In addition, t;he FSAR lists the total fuel mass as
458 lbm/ assembly for a total U02 mass of 366,400 lbm. The totat fuel
assembly and control masses are given as 699 and 218 lbe, respectively.
There are 193 control rods in the core.

The Crand Culf fuel rods appear to be identical to the LaSalle rods and
both have en 8 by 8 matrix. Grand Gulf, however, has a thicker eenister
than LaSalle, in addition to 36 more fuel assemblies and 8 more control
rods than LaSalle.

The fuel assembly and control rod masses are listed in Table 3. LaSalle
dets was used for the top guide, core plate, fuel supports, control rod =
tubes and housings masses. These masses were subdivided into radial and
axial cells corresponding to the cells for the power distribution. The
subdivided masses are reasonably accurate for the active fueled core
region and the correct total masses were maintained. The mass

- _, . - .-
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WELCOR has a structured, modular architecture that accesses only those
modules called 'peckages' required for a particular calculation and that |

facilitates tho incorporation of additional or alternative !

phenomenological models. WELCOR has en input preprocessor called WELCEN j
|which generates the initial restart and a plot processor called WELPLT,

Separate input is required for each; WELCEN, WELCOR, and WELPLT,

Five major WELCOR packspes were employed to model the thermal / hydraulic
behavior for these calculations. The Control Volume Hydrodynamics Package
(CVH) models the behavior of water and non-condensible gases in a control
volume. The Flow Path Package (FP) models the movement of water and non- )

condensible gases between the control volumes. The Control Volume |

Thermodynemics packepe (CVT) handles thermodynamic calculatier:s for the i

control volumes and together with the CVH and FP packages advance the
thermal / hydraulic state in the control volumes from one time level to the
next. The Host Structures packsgo (HS) calculates one-dimensional heat
conduction within en intact solid structure and energy transfer across its
boundary surfaces into control volumes. The core package (COR) treats the
processes associated with chemical and mechanical degradation of the core
and associated structures brought about as the core heats and degrades.

WELCOR WODEL DESCRIPTION

The following describes the WELCOR model development for the Grand Gulf
low power / shutdown study. Previous Grand Culf calculations (2) used a
modified LaSalle core and reactor cooling system. These models,
particularly the core model, have been improved to ensure that these
calculations represent Grand Gulf. These models still contain LaSalle
specific data [3] but the parameters of importance have been converted to
or verified as Crand Gulf data to the extent possible given the limited
availabla plant dets. For instance, the core model has the proper fuel
essembly and control rod masses, the primary system volumes are in
reasonable agreement with the volumes stated in the FSAR [4] but certain
flow loss coefficients which were critical to determining whether or not
the bypass water overflowed the top of the core into the fuel assemblies
were not known specifically for Crand Culf.

.

Core Input Wodel
Core input was developed specifically for the Grand Culf 800 assembly core
as previous Grand Gulf calculations used a modified version of the LaSalle
input.

Decay Power The time dependent decay power is calculated using the
normalized time dependent power distribation developed.for the Lo$elle
plant (this is the same power curve used in the previous _ Crand Culf
calculations). The operating power level was 3833 W when the reactor was
tripped and these low decay power calculations begin 4 days after the
reactor was tripped. The initial power level at.4 days is .309% of
operating power (11.86 Ww) .

,

9
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se re:t Crand Culf Low Power / Shutdown WELCOR Calculations

INTRODUCTION

Severe accident calculations with WELCOR were run to support the Grand i
'

Culf Low Power / Shutdown PRA. The Grand Culf. Nuclear Station located in
southwestern Wississippi is a BWR-6 boiling water reactor with an 900 fuel
assembly core contained inside a Werk III containment. The calculations
all assume that the reactor vessel upper head was removed when the
accidents were initiated four days af ter the reactor tripped (PRA plant
state 6),

Three calculations were done. First, a low decay power boiloff without
any ECCS and all piping intact, then two LOCA accidents with a
recirculation loop double-ended pipe rupture. The first LOCA calculation
assumed only one Low Pressure Coolant Injection (LPCI) pump was operated
and the other LOCA calculation assumed two pumps were available. The LPCI
pumped water from the containment suppression pool into the core bypass
region. The broken recirculation pipe allowed all the reactor vessel
water above the jet pump throats to drain from the vessel which left the
reactor core about 2/3 covered with water and allowed the upper 1/3 of the
core to heat and possibly become damaged. The LPCI may or may not over
fill the core bypass allowing water to flow into the core channels.

BRIEF WELCOR DESCRIPTION

MELCOR [1] is a fully integrated, relatively fast-running code that was
developed at SNL to model the progression of severe accidents'in light
water reactor nuclear power plants. Characteristics of severe accident
progression that can be treated with MELCOR include the thermal-hydraulic
response in the reactor coolant system, reactor cavity, and containment;
ccre heatup and degradation; core-concrete attack; combustible gas
generation, transport, and combustion; plant-structure thermal response;
radionuclide rolesse and transport; and the impact of. engineered safety
features on thermal-hydraulic and radionuclide behavior. WELCOR has been
designed to facilitate sensitivity and uncertainty analyses through the

!use of sensitivity coefficients. Wany parameters in the correlations are
coded as sensitivity coefficients changeable through user input.

i
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A Additional Level 1 Supporting Calculations

Copy of Memo to T. D. Brown, SNL,
from C. J. Shaffer, SEA *

* Science and Engineering Associates, Inc.
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to the vessel during the accident. and suppression pool makeup is not dumped into the
suppression pool. The MELCOft POS 6 calculations done included a number of variations
on the exact plant configuration assumed. In addition, a few sensitivity studies were done
on various code options and/or parameters.
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Table 6.1. MELCOR Level 2 Support Calculations - Sequences and Relative
Contribution of Plant Damage States to Core Damage Frequency

Plant Damage Time After Fraction Sequence
State Shutdown Contributed Description

PDS 31 40 day 0.335 LBLOCA with Booded containment
PDS 2-2 24 hr 0.242 SB0 w/o firewater. break in SDC
PDS 21 24 hr 0.170 LBLOCA with Booded containment
PDS 2-4 24 hr 0.104 Low-P Boiloff with Booded containtnent
PDS 1-3 7 hr 0.032 5B0 w/10 br-firewater, High P Boiloff
PDS 1-1 7 hr 0.019 LBLOCA with Booded containment
PDS 1-2 7 hr 0.015 SB0 w/o firewater, break in SDC
PDS 15 7 hr 0.005 Low P Boiloff with Booded containment
PDS 2-5 24 hr 0.007 High-P Boiloff with closed containment
PDS 2-6 24 hr 0.006 Open MSIVs with closed containment

PDS 2-3 24 hr 0.054' Same as PDS 2-2, but with potential
to recover AC power

PDS 1-4 7 hr 0.005 Same as PDS 1-2, but with potential
to recover AC power
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7. station blackout with firewater addition.

8. station blackout with 10 hr firewater addition followed by high pressure boiloff. and

9. station blackout with 10 hr firewater addition fo!! owed by failure to isolate SDC. ')

In all these Level I cases, the drywell peisonnel lock is open; the containment equipment
batch and both of the containment personnellocks are open.

Calculations were performed for several different times from shutdown for each of
these accident scenarios: 7 br,24 hr,59 hr.12 days, and 40 days. The first two times
correspond to the times used to determine the decay beats for the first and second time
windows; the third time corresponds to the midpoint of the second time window; the
last time corresponds to the time corresponding to the decay beat levelin the third time
window. Because the primary interest was in time to core damage. these level I support
calculations were run until any of the following: vessel failure, code abort or 24 hr of ;

transient if any sequence produced no significant core damage within 24 hr for a given
decay heat level. no further calculations were done with longer shutdown time s (i.e.

,

lower decay heat lesels).

Based partly on the results of the $1ELCOR calculations done in support of the POS 5
Level 1 analysis, a number of accident sequences were eliminated from consideration as
not resulting in core damage within the first 24 hr from the start of the accident. The

'

remaining sequences. those leading to core damage within 1 day and with a frequency
greater than the Level 1 truncation frequency. were grouped into plant damage states or
PDSs. The plant damage states are ranked by their relative contribution to core damage ;

frequency as:

Complete 51ELCOR accident analyses have been done for these sequences in support of
*

the Level 2 PRA. with results described in detail. (The last two sequences in the table
are identical to other sequences in the table with regard to 51ELCOR calculations. but
with different recovery assumptions in the Level 2 PR A.)

An abridged risk analysis was performed on the early portion of the refueling mode
'

of operation. In the Level I coarse screening analysis this mode of operation is referred
to as plant operating state 6 (POS 6). During a refueling outage, the plant will enter
POS 6 prior to loading fresh fuel (i.e., going down) and then following fuel transfer on the ,

way back up to power conditions (i.c.. going up). In this POS 6 study, only the going-
down phase is analyzed. POS 6 begins when the vessel head is detached and ends when
the upper reactor cavity has been filled with water. Prior to this mode of operation,
the containment equipment hatch and personnel locks have been opened, the drywell
head has been removed and the drywell equipment batch and personnel locks have been
opened. Thus the suppression pool is effectively bypassed both from the vessel and from ,

'

the drywell (i.e., steam lines are plugged and the dry,well is open).

All the 51ELCOR POS 6 calculations were done assuming that, at the start of the
accident, shutdown cooling. suppression pool cooling and containment sprays are all
unavailable and remain unavailable during the accident; coolant injection is not provided
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is used. what the capabilities and features of MELCOR are. and how the code has been
used by others in the past. Brief descriptions of the Grand Gulf plant and its config-
uration during LPkS operation. and of the MELCOR input model developed for the
Grand Gulf plant in its LPkS configuration are given. The results of MELCOR analyses ,

of various accident sequences for the POS 5 plant configuration are presented, for acci. j

dents initiated at several different times after scram and shutdown. including shortened ;

:
thermal / hydraulic and core damage calculations done in support of the Level 1 analysis
and full plant analyses. including containment response and source terms. supporting
the Level 2 analysis. MELCOR calculations of various accident scenarios for POS 6
also are given; these include a reference calculation and sensitivity studies on both plant
configuration assumed and on code input options used. brief summary of this work.

MELCOR [6] is a fully integrated, relatively fast running, engineering-level computer
code that models the progression of severe accidents in light water reactor nuclear power
plants, being developed at Sandia National Laboratories for the NRC and the U. S. ,

!
Department of Energy (USDOE). An entire spectrum of severe accident phenomena
is modelled in MELCOR in a unified framework for both boiling water reactors and
pressurized water reactors. Characteristics of severe accident progression that can be
treated with MELCOR include the thermal / hydraulic response in the reactor coolant
system. reactor cavity. containment, and confinement buildin5s: core heatup. degradation
and relocation: fission product release and transport: hydrogen production. transport and
combustion: core concrete attack: heat structure response; and the impact of engineefed j

safety features on thermal / hydraulic and radionuclide behavior. The MELCOR computer
code has been developed to the point that it is now being successfully applied in both
experiment analyses, intended for code validation. and in plant analyses. in support of
PRAs and accident management studies.

A series of MELCOR calculations were done to support the quantification of the ,

Level 1 PRA models for POS 5. POS 5 is rigorously defined as: " Cold Shutdown (Op-
erating Condition 4) and Refueling (Operating Condition 5) only to the point where the i .

vessel head is off." For these calculations. the parameters of interest include the times
to reach various pressure and/or level setpoints. the time to top-of-active fuel (TAF) ,

uncovery. the times to core heatup and clad failure and the time to vessel failure. Several
general scenarios when the plant is in POS 5 have been considered:

1. open E IVs,

2. Iow pressure boiloff,

3. high pressure boiloff with closed RPV bead vent,
4

4. high pressure boiloff with open RPV bead vent,

'5. large break LOCA,

6. station blackout with failure to isolate SDC.

3S4 !,

I
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!6 Summary
i

|

The safety of commercial nuclear plants during full power operation has been previ- |
ously assessed in many probabilistic safety assessment studies. Recent esents at several j
nuclear power generating stations. recent safety studies, and operational experience.how- |
ever, have all highlighted the need to assess the safety of plants during low power and

,

shutdown modes of operation. In contrast to full power operation, there is very little
'

information on the safety of plants during low power and shutdown modes of operation.
In the past, the assumption has been that power operation is the risk dominant mode of
operation because the decay energy is greatest at the time of shutdown and then decays
as a function of time. Thus, the rationale was that during shutdown modes of operation
the decay heat would be sufficiently low that there would be plenty of time to respond to

.

!

any abnormal event that may threaten the core cooling function. Furthermore. given the
unlikely event that a release did occur, radioactive decay would lessen the radiological
potential of the release. This argument's Achilles' heel is that the technical specifications i

allow for more equipment to be inoperable in off power conditions. Thus. while there
may be more time to respond to an accident during shutdown, many of the systems that ,

are relied on to mitigate an accident during power operation may not be available during
shutdown.

To gain a better understanding of the risk significance of low power and shutdown
modes of operation. the Ofhce of Nuclear Regulatory Research at the NRC established
programs to investigate the likelibood and severity of postulated accidents that could oc-
cur during low power and shutdown (LP&S) modes of operation at commercial nuclear
power plants. To investigate the likelihood of severe core damage accidents during off
power cccditions. probabilistic risk assessments (PR As) me performed for two nuclear '

plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR.6 Mark Ill boiling
water reactor (BWR) and Unit 1 of the Surry Power Static,n which is three loop. subat-
mospheric. pressurized water reactor (PWR). These studies consist of the following five
analysis components: accident frequency analysis, accident progression analysis, analysis
of the release and transport of radioactive material (i.e., source term analysis), conse-
quence analysis, and a risk integration analysis. A principle product of such a Level 3
PR A is an expression for risk.

The analysis of the BWR was conducted at Sandia National Laboratories while the
analysis of the PWR was performed at Brookhaven National Laboratory. This multi-
volume report presents and discusses the results of the BWR analysis. Volumes 2-5
present the accident frequency analysis (i.e., Level 1). Volume 6 presents the Level
2/3 analysis performed under FIN L1679. Part 1 of Volume 6 presents the accident
progression, radionuclide release and transport, consequence and risk analyses. The
subject of this part,i.e., Part 2 of Volume 6, presents the deterministic code calculations,
performed with the MELCOR code [6]. that were used to support the development and
quantification of the PR A models.

In this report. the background for the work documented in this report is first sum-
'

marized, including how deterministic codes are used in PRAs, why the MELCOR code

353
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temperatures, the heat transfer from the fuel rods to the colder canister I

became sufficient to prevent the rods from heating further. The cooling
of these rods after the onset of oxidation was associated with increased
convection heat transfer coefficients due to the addition of hydrogen to
the control volumes. This increased the heat transfer rates to the colder
canisters. The canister and control rods for cell 218 were cooled by the
bypass water pool.

Cell 214 was partially covered by ester within the fuel assemblies. Cells ;
206 through 214 were all kept cooled. The component temperatures for cell |

214 in Figure 13 show that the fuel rods peaked at about 362 K and the
canisters at about 334 K. The heat generated within the fuel rods was
transferred to the water within the fuel assemblies and then conducted
through the canisters to the colder bypass water. The heat transfer
through the canisters was sufficient to keep the water within the
assemblies subcooled. These cells cooled after the onset of cladding
oxidation because the pool temperatures were decreasing unrealistically
due to the unknown code error discussed above.

Cladding oxidation is illustrated by the production of hydrogen as shown
in Figure 14. The oxidation began at about 9010 seconds (2.50 hours).
The convection heat transfer coefficient for a section of the core shroud ;

is shown in Figure 15 along with bypass hydrogen mole fraction. '

Recirculation Pipe LOCA with Two LPCI Pumps ,

A low decay power shutdown LOCA was run involving the double-ended rupture ]of a pump suction pipe in a recirculation loop with ECCS provided by two
LPCI pumps. The LPCI pumps water from the containment suppression pool
into the core bypass region. The broken recirculation pipe allowed all

,

the reactor vessel water above the jet pump throat to drain from the '

vessel leaving the upper 1/3 core exposed, without significant cooling,
and subject to damage. The initialization of this calculation was
identical to the one pump calculation except that the LPCI flow rate to
the core bypass was 15240 gpm. i

l
'

The water levels for the two pump calculation are shown in Figure 16. The
bypass volume completely filled and over flowed into core channel with the
average channel level remaining about .24 m above the top of the jet pump
throats. After the initial transient was complete, about 24% of the LPCI

i

water over flowed the core from the bypass into the core channel. The |

downcomer water level remained below the jet pumps and so had no effect on
the core water levels. The water that over flowed the core into the
channels flowed downwards through the fuel assemblies and into the lower
plenum. Core channel evaporation was very minor.

The 2/3 of the core under water was cooled by heat transfer to the pool
within the fuel assemblies. This pool remained subcooled due to the
bypass over flow and to heat transfer through the channel boxes to the
bypass pool. The channel pools remained subcooled by about 57, 57, 57,
58, 61, and 64 K for core rings 1 through 6, respectively. The injected
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water was heated by only 1.0 K within the bypass and by about 3.0 K before p

flowing out of the vessel.

The~ core hosting is shown in the next four figures. Figure 17 shows the
cladding temperatures of ring 2 which had the highest power density and
therefore the highest temperatures of all the rings. The cladding
temperature for the cells at axial level 17 for occh ring are shown in
Figure 18. The cell component temperatures for cells 217, and 214 are
shown in Figures Ig, and 20, respectively.

The highest temperatures in this calculation were 6g1 and 685 K for the
fuel and cladding of cell 217 as shown in Figure 19. Since the bypass >

over flowed the core in this calculation, all of the fuel assembly ,

canisters were cooled which limited the. fuel rod heating even for the
uncovered cells.

Cell 214 was covered by wcter within the fuel assemblies. Cells 206
through 215'were all kept cooled. The component temperatures for cell 214
in Figure 20 show that the fuel rods peaked at about 319 K and the
canisters at about 311 K. These cells were cooled by both the water over
flowing the top of the core and by conduction through the canisters to the <

colder bypass water.

The temperatures of this calculation were over predicted because WELCOR
lacks the fuel rod film model needed for calculating the host transfer to
the water running down the fuel rods from the bypass core over flow.
Therefore, the actual fuel rod cooling would have been much greater than
calculated. However, the temperatures predicted in this calculation did
not even approach either the cladding failure temperature or the ;

'

temperature needed to initiate oxidation. No hydrogen was produced and
fuel damage was not predicted.

t

UNCERTAINTY DISCUSSION

Flow Loss Coefficients
The reverse bypass inlet and the reverse jet pump loss coef ficients were ,

major uncertainties in determining whether or not the core bypass water ;

level over flowed the top of the core into the fuel assemblies. Coro
damage will generally be prevented if water over flows the top of the core
into the fuel assemblies. The coefficients used in these calculations .

*

represent a reasonably good estimate considering the lack of dets required
to compute accurate numbers but uncertainty still exists. Therefore, a -

parameter study was performed to determine the sensitivity of the bypass -

water level to these coefficients.
|

The bypass ester level is shown in Figure 21 as a function of the reverse
bypass inlet coefficients et three dif ferent jet pump coefficients and at
LPCI flow rates corresponding to 1 and 2 operating pumps. The bypass
inlet coefficient ranges from zero to a number sufficient to cause the
bypass to over flow the core. The jet pump coefficient values are 0, 1,
and 5 for the unknown throat exit number plus 0.0531 calculated for flow

<
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into and through the diffuser. Also marked in the figure are levels for
the jet pump throat exit, the top of the active fuel, and the top of the
fuel assembly canisters. The bypass water level for the base case
coef ficients used in these calculations was .7 m above the jet pumps.

The bypass inlet coefficient would need to be more than a factor of two
higher to force the flow from just one pump over the top of the core and
it would have to be reduced by 40% or more to prevent the flow from two
pumps from going over the top. The FSAR shows nine dis'forent paths for
water to flow from the lower plenum to the core bypass. If one attempts
to estimate the flow area of the lower tio plate holes and leakage between
parts and treet this area as an orifice in a channel with the bypass flow
area, a range of coefficients can be calculated which includes the base
case coefficient. While it is not possible to prove with the limited
available Grand Culf data, it unlikely that one operating LPCI pump will

f prevent fuel damage and it is very likely that two pumps will. 6

Fuel Bundle Center Peskino
IdELCOR calculates cell average temperatures which is appropriate to
calculating the heating of a fully uncovered core. But for conditions !

encountered during these calculations where the dominate heat transfer was
to a cooled canister, center bundle temperature peaking is a concern.

When a core cell was uncovered within the fuel assembly but the bypass was
water filled, the heat transfer from the fuel rods to the canister has a
radiative heat transfer component. The center bundle fuel rods are
shielded from the canister by the outer rods and their temperatures would
be higher than the outer rods. The input fuel-to-canister radiative
exchange factor could also be considered an uncertainty factor. The
question is how much higher is the peak temperatures than the bundle
average temperature. ;

1

When a core cell was completely covered by water both inside and outside
the canister, the fuel rods were cooled by a subcooled pool. Water near
the inner rods would have been hotter than the pool average and possibly
boiling could have occurred locally where it was not predicted by the
volume average temperature. This would have enhanced the convective
cooling of the upper exposed fuel.

]

Decay Power
The normalized time dependent decay power distribution used in these
calculations was developed for the LaSalle plant and is another
uncertainty in the results. Using a higher powered decay heat curve or
initiating the calculation earlier would increase the predicted
temperatures.

Some fuel assemblies had higher power factors than their associated ring i

averages (the highest was 1 232). Therefore, some fuel assemblies will i
Iheat to higher temperatures than predicted in these calculations.

I

;
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Further, certain fuel rods within a particular fuel assembly have higher
power densities than the assembly averages,

l

Nodallration
Higher temperatures may have been predicted with finer nodalization. For
instance, finer control volume nodalization within the exposed core would ,

have created cella with higher power densities resulting in higher
temperature predictions. Finer control volume nodalization within the
subcooled pool would have predicted portions of the pool with less
subcooling and localized boiling would then have been more probable.

r

CONCLUSIONS

The more complex WELCOR boiloff calculation verified the results of the
level I hand calculation for the time of core uncovery and in addition
provided an estimate of the onset of fuel damage. While the collapsed ,

water level reached the top of the active fuel at about 13.1 hours, the
fuel did not begin to heat until about 16.5 hours with the onset of
oxidation at 18.8 hours.

The WELCOR low decay power LOCA (recirculation loop pipe break)
calculations predicted severe fuel damage with cladding oxidation .

beginning at about 2.5 hours if only one LPCI pump operated and no fuel
damage if two pumps operated. Although uncertainties exist in these
calculations, core damage will generally be prevented if water over flows
the top of the core into the fuel assemblies. The loss coefficient
sensitivity study generally showed that it is unlikely that one operating.
LPCI pump will over flow the top of the core but that it is likely that
two pumps will.
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Table 1: Six Rino Core Wedel Dets >

Rin9 Number of Outer Volume Power Po er
Number Assemblies Redius Fraction Fraction Factor

(ft)
1 112 3. .340 .1608 1.149 ,

2 204 5. .255 .2996 1.175
3 132 6. .165 .1908 -1.156
4 168 7. .210 .2194 1.045 '

5 100 7.5 .125 .0923 .738
'

6 84 8. .105 .0371 .353
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Table 2s: CourseAxialPowerDistributionWodd
Cell Cell Volume Power Power
Number Height Freetion Fraction Factor

(m)
13 .3591 .08170 0. . 0.
12 .6350 .14446 .3069 .7400
11 .6350 .14446 .1648 1.1409
10 .6350 .14446 .1828 1.2655 !

9 .6350 .14446 .1936 1.3403
8 .6350 .24446 .2000 1.3846
7 .6350 .14446 .1519 1.0516 '

6 .2268 .05160 0. O. ,

!

Table 2b: Fine Axial Power Distribution Wedel
.

,

CeII Cell Volume Power Power ,

Number Heicht Fraction Fraction Factor >

(m)
22 .3591 .08169 0. O. -

21 .15875 .03611 .0152 .4209
20 .15875 .03611 .0244 .6757
19 .15875 .03611 .0316 .8751
18 .15875 .03611 .0357 .9886 !

17 .25875 .03611 .0385 1.0662
'

16 .15875 .03611 .0401 1.1105
15 .15875 .03611 .0425 1.1770

.|14 .25875 .03611 .0437 1.2102
13 .15875 .03611 .0445 1.2323
12 .15875 .03611 .0453 1.2545

1

11 .15875 .03611 .0461 1.2767 )

10 .25875 .03611 .0469 1.2988 '.
9 .6350 .14446 .1936 1.3402
8 .6350 .14446 .2000 1.3845. ;

7 .6350 .14446 .1519 1.0515
6 .2268 .05161 0. O.

!
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Table 3: Fuel Assembly and Control Rod Wusses

:

Fuel Assembly Control Rod ]
Waterial Each Total Each Total <

,

U0 458.0 366400 0 02

Zr 224.7 179760 0 0

Steel 16.3 13040 203.7 39314

BC 0 0 14.3 2760
4

Total 699.0 559200 218.0 42074

Table 4: Reactor Vessel Control Volumes

Elevation
Volume Description Volume Lower Upper

8(f t") (m ) (m) (m)
Lower Plenum 3814.6 108.03 0, 8.0936
Downcomer 6935.6 196.42 3.5462 15.4304
Core - Channels 1304.7 36.95 5.2672 9.6630
Core - Bypass 1086.8 30.78 5.2672 9.6630 ,

Upper Plenum & Separators 2280.4 64.58 9.6630 15.4304
Dryers & Steam Dome 6759.9 191.44 15.4304 22.2493

Total 22182.0 628.20

|

t

I
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T_able 5: Reactor Vessel Flow Paths

Elevations Loss Coefficients Flow
Description From To Forward Reverse Area

(m) (mf (m')
Core Channel Inlet 5.267 5.267 21.81 29.64 7.861
Core Bypass Inlet 5.267 5.267_ 1338. 1637. 5.528
Core Channel Outlet 9.663 9.663 9.13 9.37 7.861
Core Bypass Outlet 9.663 9.663 446. 546. 5.528
Separators 15.43 15.43 9.1 2.8 3.318
Dome to Downcomer 15.43 15.43 1. 1. 13.9
Separator Drains 13.1 13.1 3. 3. 3.2
Jet Pump Diffusers 8.064 3.459 .178 1.0531 .4981*
Upper Head 19.4 19.4 1. 1. 31.9
Recir Pump Suction 4.377 -5.7 2. 2. 4576*
Recir Inlet Nozzle 8.750 -5.7 350. 350. .4995*

a - throat area
b - two 24 inch nominal 0.D. pipes
c - twelve 10 inch nominal 0.D. pipes

Table 6: Jet Pump Flow Data

Throat Diffuser Extension
Parameter Unit Segment Segment Seament Totals

2 bIndividual Ares * m .0208 .0564 .310
2Total Area m .498 1.35 2.63

Lower Elevation * m 6.18 4.23 3.49
Length m 1.86 1.95 .740 4.54
Hydraulic Diameter m .163 .268 .373

m 7.6E-7 7.6E-7- 7.6E-7Surface Roughness
dLoss Coefficients

fForward .05" .092 .0368 .278
Reverse .018 .035 1. ) 1.053h i

a - 24 Individuel Pumps
b - based on average diameter
c - top throat elevation estimated at 8.03 m

d /d ')d - Ref. Crane and adjusted to throat area (i .e., d2 2
e - rounded protruding entrance j

f - expansion (Crane, page A-26, formula 3) i

g - pipe exit to reservoir (nominal 1.) |

h - right angle entrance flush with wall (nominal .5) j

i - cont * action (Crane, page A-26, formula 1) (
j - exit 'nto empty reservoir with an obstruction (judgement) ;

i

I

l

!
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Table 7: Core Loss Coefficients

Forward Reverse

Channel Inlet 21.8 29.6
Channel Outlet 9.1 9.4
Bypass Inlet 1340 1640
Bypass Outlet 450 550 ;

,

Table B: Boil-Off Calculation Event Times .

Event Times
Event Seconds Winutes Hours

On-Set of Boiling 7050 119 2.0
Rapid Boiling 7510 125 2.1
Core Cavitation 37920 632 10.5 .

Core Uncovery (Collapsed) 45392 757 12.6
TAF Uncovery (Collapsed) 47014 784 13.1
Jet Pump Throat Uncovered 57600 960 16.0
Upper Plenum Water Exhausted 57800 963 16.1
On-Set of Fuel Heating 59410 990 16.5
On-Set of Oxidation 67730 1129 18.8
1 kg of Hydrogen 67872 1131 18.9
First Fission Product Release 68034 1134 18.9

i

i

!'
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Axiol
Cell Rodial Ring Number
Number

1 2 3 456'
,

I3
.TAF i

12 112 212

,

11 111 211

10 see ,

Note 1

9

8
,

7

BAF |

6 |

?
*

Core Rodius
|

Note 1: Cell Number = XYY .

Where X = Ring Number
and YY = Axial Cell Number

|

Figure 2

Six Ring Course Node Core Model
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ABSTRACT

|

|

Traditionally, probabilistic risk assessments (PRA) of severe accidents in nuclear power plants have considered
initiating events potentially occurring only during full power operation. Some previous screening analysis that were

performed for other modes of operation suggested that risks during those modes were small relative to full power
operation. However, more recent studies and operational experience have implied that accidents during low power
and shutdown could be significant contributors to risk.

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine the
potential risks during low power and shutdown operations. The program includes two parallel projects being
performed by Brookhaven National laboratory (BNL) and Sandia National Laboratories (SNL). Two plants, Surry
(pressurized water reactor) and Grand Gulf (boiling water reactor), were selected as the plants to be studied.

The objectives of the program are to assess the risks of severe accidents initiated during plant operational states
other than full power operation and to compare the estimated core damage frequencies, important accident sequences

and other qualitative and quantitative results with those accidents initiated during full power operation as assessed

in NUREG-1150. The scope of the program includes that of a level-3 PRA.

A phased approach was used in the level-1 program. In phase 1 which was completed in Fall 1991, a coarse
screening analysis including internal fire and flood was performed for all plant operational states (POSs). The
objective of the phase I study was to identify potential vulnerable plant configurations, to characterize (on a high,
medium, or low basis) the potential core damage accident scenarios, and to provide a foundation for a detailed phase

2 analysis.

In phase 2, mid-loop operation was selected as the plant configuration to be analyzed based on the results of the
phase 1 study. The objective of the phase 2 study is to perform a detailed analysis of the potential accident
scenarios that may occur during mid-loop operation, and compare the results with those of NUREG-1150. Volume

1 summarizes the results of the study. The scope of the level-1 study includes plant damage state analyses, and

uncenainty analysis. The internal event analysis is documented in Volume 2. The intemal fire and internal flood
analysis are documented in Volumes 3 and 4 respectively. A separate study on seismic analysis, documented in
Volume 5, was performed for the NRC by Future Resources Associated, Inc.

A phased approach was also used in the level 2/3 program however both phases addressed the risk from only mid-

operation. The first phase of the level 2/3 PRA was initiated in late 1991 and consisted of an Abridged Risk Study.

This study was completed in May 1992 and was focused on accident progression and consequences, conditional on

core damage. Phase 2 is a more detailed study in which an integrated evaluation of risk during mid-loop operation

was performed. The results of the phase 2 level 2/3 study are the subject of this volume of NUREG/CR-6144,
i

Volume 6. |
|

The off-site risk estimates for latent health effects of accidents during mid-loop operation were similar to the risk

estimates for full power operation. The early health consequences are much lower than the full power results
primarily due to the long time after scram when the accidents occur in mid-loop operation (i.e., because of the
natural decay of the short-lived isotopes of iodine and tellurium, which are primarily associated with early health
effects). The uncertainties in risk for accidents during mid-loop operating are largely due to uncertainties associated

with isolating the containment and achieving a pressure retaining capability,

i NUREG/CR-6144
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FOREWORD i
.

(NUREG/CR-6143 and 6144)
Low Power and Shutdown Probabilistic Risk Assessment Program

i

Traditionally,probabilistic risk assessments (PRA) of severe accidents in nuclear power plants have considered
initiating events potentially occurring only during full power operation. Some previous screening analysis that
were performed for other modes of operation suggested that risks during those modes were small relative to
full power operation. However, more recent studies and operational experience have implied that accidents
during low power and shutdown could be significant contributors to risk.

:-

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine
the potential risks during low power and shutdown operations. The program includes two parallel projects
performed by Brookhaven National Laboratory (BNL) and Sandia National Laboratories (SNL), with the
seismic analysis performed by Future Resources Associates. Two plants, Surry (pressurized water reactor) and ;

Grand Gulf (boiling water reactor), were selected as the plants to be studied. ,

He objectives of the program are to assess the risks of severe accidents due to internal events, internal fires,
'

internal floods, and seismic events initiated during plant operational states other than full power operation
and to compare the estimated core damage frequencies,important accident sequences and other qualitative -
and quantitativeresults with those accidentsinitiated during full power operation as assessedin NUREG 115,0.
De scope of the program includes that of a level-3 PRA. ;

He results of the program are documented in two reports, NUREG/CR-6143 and 6144. The reports are ;

organized as follows:
.

.

For Grand Gulf: ,

NUREG/CR-6143 - Evaluation of Potential Severe Accidents during low Power and Shutdown |
Operations at Grand Gulf, Unit 1

Volume 1: Summary of Results
!Volume 2: Analysis of Core Damage Frequency from Internal Events for

OperationalState 5 During a Refueling Outage
*

Part 1: Main Report
'

Part 1A: Sections 1 - 9
Part IB: Section 10 -

Part 1C: Sections 11 14 :

Part 2: Internal Events Appendices A to 11 r
Part 3: Internal Events Appendices I and J
Part 4: Internal Events Appendices K to M

Volume 3: Analysis of Core Damage Frequency from Internal Fire Events for
Plant Operational State 5 During a Refueling Outage '

Volume 4: Analysis of Core Damage Frequency from Internal Flooding Events
,

for Plant Operational State 5 During a Refueling Outage - '

Volume 5: Analysis of Core Damage Frequency from Seismic Events for Plant ;

OperationalState 5 During a Refueling Outage
'

i
'

i

xli NUREG/CR-6144

|
|

:

. _ - . - -. - -. . . . .
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.

Foreword (continued) ,

Volume 6: Evaluation of Severe Accident Risks for Plant OperationalState 5
During a RefuelingOutage !

'

Part 1: Main Report .

Part 2: Supporting MELCOR Calculations .

For Surry: -I

NUREG/CR-6144- Evaluation of PotentialSevere Accidents during L,w Power and Shutdown
Operations at Surry Unit 1 ;

' Volume 1: Summaryof Results

!

Volume 2: Analysis of Core Damage Frequency from Internal Events during
Mid-loop Operations
Part 1: Main Report -

, Part 1A: Chapters 1 - 6 :
Part 1B: Chapters 7 - 12

Part 2: Internal Events Appendices A to D
Part 3: Internal Events Appendix E ,

Part 3A: Sections E.1 - E.8 '. I

Part 3B: Sections E.9 - E.16
'Part 4: Internal Events Appendices F to II

Part 5: Internal Events Appendix I
,

Volume 3: Analysis of Core Dame;;c Frequency from Internal Fires during t. ,

Mid-loop Operations* -

Part 1: Main Report
Part 2: Appendices

Volume 4: Analysis of Core Damage Frequency from Internal Floods during
Mid-loop Operations

.

i

Volume 5: Analysis of Core Damage Frequency from Seismic Events during
Mid loop Operations

Volume 6: Evaluation of Severe Accident Risks during Mid-loop Operations *

Part 1: Main Report ,

Part 2: Appendices '

1

,

,

'

1

!
.

;

e

'!

')
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i EXECUTIVE SUMMARY
2

3

4 S.1 Background
5

6 A systematic and integrated evaluation of risk has been performed for mid-loop operation at the Surry Unit
7 1 plant. Surry is a pressurized water reactor (PWR) with a subatmospheric containment building. The study
8 was performed by Brookhaven National Laboratory (BNL) for the Nuclear Regulatory Commission (NRC)
9 Office of Nuclear Regulatory Research (RES). A sister study of the Grand Gulf nuclear power plant, a

10 boiling water reactor (BWR), is being performed by Sandia National Laboratories.
11

12 Probabilistic Risk Assessments (PRAs) for low power and shutdown operations were initiated in support of
13 the NRC's response to the Chernobyl accident, which was an accident initiated at low power conditions, the
14 Diablo Canyon event of April 10,1987 which led to the issuance of a Generic Letter 88-171 and later modified
15 by the staffs follow-up actions to the incident at the Vogtle plant on March 20,1990. An analysis of the core
16 damage frequency (Level 1 PRA) for low power shutdown operation at Surry was initiated in late 1990 and
17 carried out in two phases. Phase 1 undertook a coarse qualitative screening analysis of the accident sequences 4

18 - leading to core damage for all plant operational states during low power and shutdown, while in Phase 2 a
19 detailed quantitative analysis of the core damage frequency was performed for mid-loop operation only.
20

21 He accident progression and consequence assessment (Level 2 and 3 PRA) was initiated in late 1991 and was
22 also carried out in two phases. An Abridged Risk study was performed from January to May 1992. It was
23 focused on accident progression and consequences, conditional on core damage. Phase 2 is a more detailed
24 stuJy in which the accident frequency analysis was combined with the accident progression and consequence
25 . analysis to calculate risk. His Phase 2 study is the subject of this volume of the report. He analysis of core
26 damage frequency for accidents initiated by internal events, internal fire, internal flood, and scismic events
27 are reported in separate volumes.
20

29 He objective of the Phase 2 study is to develop methods to compute the risk of the Surry plant during mid-
30 loop operation and to perform the study. The approach used in the risk assessment was to utilize to the extent t

31 possible the component analyses developed as part of the NUREG-1150 program. The assessment also I
32 identified those factors that have the most impact on the risk estimates and highlights unique features of the
33 risk analysis performed. He results of the study were also compared against the risk of full power operation
34 as evaluated in the NUREG-1150 study of Surry and the NRC safety goals. 1
35 I

36 Mid-loop operation occurs when the reactor coolant system (RCS) level is lowered to the mid-plane of the |
37 hot leg. This allows the steam generators to be drained so that they can be tested. Mid. loop operation can

,

38 occur during different types of outage and when the plant is in several different operational states. At Surry, |
39 mid-kiop operation has occurred in four types of outages: refueling, drained maintenance, non-drained |
40 maintenance with the use of the residual heat removal (RIIR) system, and non-drained maintenance without
41 the use of the RIIR system. Each outage type is characterized by several operating states with each state
42 representing a unique set of operating conditions (temperature, pressure, configuration). Three mid-loop
43 operating states were identified from Surry outage records, two during refueling outages and one in drained
44 maintenance. Each of these operating states is characterized by different decay heat levels and plant
45 configurations, such as number of RCS loops that are isolated and whether the safety / relief valves on the
46 pressurizer have been pulled for maintenance.
47
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Executive Summary

1 ne scope of this study was to perform an integrated risk analysis for mid-loop operation during three plant
2 operating states. Risk estimates were made for accidents initiated by internal events due to equipment failure
3 and human error. Risk estimates were however not made for accidents initiated by internal fires, internal
4 floods or seismic events. In addition, as this study is limited to accidents at mid-loop operation it is not a
5 complete risk estimate for accidents that could occur during low-power and shutdown. In fact, mid. loop
6 operation was selected for more detailed study because in the Phase I study this was found to be one of the
7 more vulnerable plant configurations. He current risk estimates for mid loop operation are therefore likely
8 to be higher than for other plant configurations during low-power and shutdown. Another related point deals
9 with the impact of this study on plant operations during mid-loop conditions at Surry. De study has identified

10 potential vulnerabilities over the last few years and the plant staff have responded (if tNy found that a
11 response was warranted) by making improvements. While these responses are encouraging and lead to
12 improved plant safety it has meant that we have been trying to analyze a moving target. In order to complete
13 the study we therefore had to use procedures and other plant information available as of April 1993.
14

15

16 . S.2 Method
17

18 He approach used in the risk assessment was to utilize to the extent possible the component analyses that
19 were developed for the full power study. Ilowever, due to the long time periods over which an accident can
20 occur and due to differences in plant configuration during mid-loop operation, the interface between the core
21 damage frequency analysis and the accident progression analysis was sufficiently different that additional
22 factors had to be incorporated in combining the accident sequences into appropriate plant damage states for
23 entry into the accident progression event tree (APE'O. It was also possible to simplify (i.e., reduce the

*

24 nutnber of top events) the full power APET for use in the mid-loop study. In addition to reducing the size
25 of the tree it was necessary to introduce a number of new top events related to containment isolation in order
26 to appropriately describe the accident progression and plant configuration during mid-loop operation.
27

28 ne source term model used in the full power study was considered suitable for use in the mid-loop study with
29 only minor modifications. His suitability was based on comparisons with point calculations from a
30 deterministic code, MELCOR, and the views expressed by an expert review panel drawn from staff at Sandia
31 and Brookhaven National Laboratories, llowever the partitioning method used in the full power study to
32 combine the source terms into a smaller number of representative source terms for input to the consequence
33 model had to be modified. This was necessary in order to account for changing radionuclide inventories for
34 the vario'is accidents because they can occur during a long time period after shutdown. The latest version of
35 the MACCS code was used to evaluate the offsite consequence measures. In addition, simple, scoping
36 estimates of onsite doses in the open area of the plant adjacent to the containment (so-called parking lot dose)
37 were also made. He method used to integrate risk was the same as that used in the full power study.
38

39

40 S.3 Results
41

42 Figure S.1 presents four statistical measures of the distributions of the major contributors (plant damage
43 states) to the core damage frequency for accidents during mid-loop operation obtained from this study.
44 Similar statistical measures for full power operation obtained from the NUREG-1150 study of Surry are also
45 included in the figure. Figures S.2 and S.3 presented similar information for early cancer fatality risk and the
46 population dose. Population dose is included in the figures rather than latent cancer fatalities to facilitate

NUREG/CR-6144 S-2 DRAFT
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Executive Summary

1 comparison with the NUREG-1150 results. The mid-loop study used the latest version of the MACCS code,
2 which incorporates the BEIR V update to the latent cancer versus dose relationship, whereas NUREG-1150
3 used an older version of MACCS. De latest BEIR V update gives approximately a factor of three higher
4 latent cancers for the same value of population dose.
5

6 From an inspection of Figure S.1 it is apparent that the mean core damage frequency of accidents initiated
7 by internal events during mid-loop operation was calculated to be about an order of magnitude lower than
8 the mean frequency of accidents during full power operation. In addition the mean and median frequencies
9 of the two distributions were within a factor of approximately two which indicates that the means were not

10 strongly influenced by the tails of the distribution. Ilowever the tails of the distributions do overlap and
11 therefore for some cases the mid-loop core damage frequency could be higher than the full power frequency.
12

13 Figure S.2 indicates that the mean risk of offsite early health effects is over two orders of magnitude lower
14 for accidents during mid-loop operation than for full power. This is due to the natural decay of the
15 radionuclide inventory (because the accidents occur a long time after shutdown) particularly the short-lived
16 isotopes of iodine and tellurium, which are primarily associated with early health effects. The distributions
17 ~ obtained for long-term health effects (measured by population dose in Figure S3) for mid-loop and full power
18 operation appear to be very similar. The reason why the population dose distributions are similar but the core
19 damage frequency distributions are an order of magnitude lower for mid-loop operation is explored in the ;

20 following paragraphs. t-

21
'

22 Accident sequences in which the operators did not correctly diagnose the situation or take proper actions
23 (plant damage state 2 in Figure S.1) were the largest contributor to the total core damage frequency
24 distribution for mid-loop operation. Accident sequences that lead to station blackout during mid-loop
25 operation (plant damages states 1 and 4 in Figure S.1) contribute about 10 percent to the mean CDF Other
26 accidents (plant damage state 3 in Figure S.1) were identified that resulted in loss of core cooling after
27 depletion of the refueling water storage tank and failure of recirculation. The leading cause of recirculation i

I28 failure was found to be plugging of the suction from the sump. Rese accidents contribute about 20 percent
29 to the mean core damage frequency.
30

31 From an inspection of Figure S.3 it is clear that plant damage state 2 is almost equivalent to the total risk '

32 distribution for the population dose. De distributions for PDS3 and PDS4 are almost entirely below the
*

33 distribution for PDS2. He distributions for PDS3 and PDS4 consist of very low consequence estimates and
'

34 do not impact the total risk distribution. This is becauseit was determined in the accident progression analysis
35 for PDS2 that if operator error due to failure to diagnose the accident led to core damage then it was unlikely
36 that the operators would have taken measures to isolate containment.' De probability of the containment
37 being open therefore, was very high for accident sequences in plant damage state 2. The probability of the
38 containment not being isolated was found to be lower for the other plant damage states and thus their relative
39 contribution to the offsite health effects was smaller. For example, while plant damage state 4 (recirculation
40 failure due mainly to sump plugging) contributed almost 20% to the mean core damage frequency its
41 contribution to the mean population dose was much smaller. This is because due to the recognition of the .

42 problem by the operators and the long times involved, the operators were assumed to have a high probability '
43 of being able to isolate the containment and the probability of a large source term from this type of accident j
44 was calculated to be small. '

45

46 In summary, accident sequences involving human error were the largest contributors to the core damage
47 frequency during mid-loop operation and even larger contributors to the offsite risk estimates because it was
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Executive Summary
|

1 determined that during these sequences the operators would be unlikely to achieve containment isolation.
2 Derefore, during mid-loop operation the probability of loss of containment integrity conditional on core
3 damage was assessed to be high.
4 |.

5 In comparison, in the full power study accident sequences that lead to station blackout were the largest
6 contributors to core damage frequency but not to the offsite risk estimates. This is because containment
7 performance at Surry was found to be very good for this class of accidents even if the molten core penetrates
8 the lower head of the reactor vessel. Therefore accidents with lower frequencies but higher source terms
9 which bypassed the containment, such as interfacing system loss of coolant accidents (ISLOCAs) and steam f

10 generator tube ruptures (SGTRs) were found to be the largest contributors to mean risk estimates in the full |
I

11 power study. Thus the loss of containment integrity conditional on core dunage was determined to be small
12 for severe accidents at full power.
13

14 Finally, the scoping estimates of onsite doses indicate that the parking lot dose rates for accidents involving I

15 unisolated containment were high. His would limit the ability to take corrective actions, which cannot be
16 performed from the control room, for this class of accidents.
17 ,

18

19 S.4 Conclusions
'

20

21 The main finding of the study is that during mid-loop operation the risk of consequence measures related to
22 fong-term health effects, latent cancer fatalities and population dose, are high, comparable to those at full
23 power, despite the much lower level of the decay heat and the radionuclide inventory. The reason for this

'

24 is that containment is likely to be unisolated for a significant fraction of the accidents initiated during mid-loop
25 operation so the releases to the environment are potentially large and the radionuclide species which mostly
26 contribute to long-term health effects (such as cesium) have long half-lives. Accident sequences involving

'

27 failure to correctly diagnose the situation or take proper actions are the largest contributors to the integrated
28 risk. Another finding of the study is that the risk of early fatalities is low despite the unisolated containment
29 due to the decay of the short-lived radionuclide species such as iodine and tellurium which contribute to early
30 fatality risk. He integrated risk estimates have a range of uncertainty extending over approximately two
31 orders of magnitude from the 5th to the 95th percentile of the distribution.
32

33

34 Containment Status1

35

36 De major factor driving the risk is the status of containment during mid-loop operation. It was determined
37 that there is a high probability that the containment is either unisolated or that it would not have full pressure
38 retaining capability during mid-loop operation. This is particularly the case if the operators fail to diagnose
39 the accident as it wasjudged unlikely that they would take action to isolate containment or could succeed in
40 doing so within the available time frame, his factor played a significant role in influencing the risk estimates 'j
41 of mid-loop operation. During the course of the study, Surry plant personnel made available new procedures
42 for containment closure during mid-loop operation. Ilowever,it was difficult to assess the adequacy of these
43 procedures in ensuring the pressure retainingcapabilityof the containment within the time frame encompassed
44 by this study. His feature contributed significantly to the uncertainty in containment status and the estimate
45 of risk.
46 )

|
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1 Availability of Containment Sprays
2

3 There is no requirement at Surry for the containment sprays to be available during shutdown. Plant records
4 show that the spray systems could be inoperable because of maintenance. Spray availabilitywas modeled as
5 an uncertainty parameter in the integrated risk analysis. Since the sprays perform an important safety function
6 in mitigating the effects of releases, spray unavailability contributed both to the risk and its uncertainty.
7

8

9 Possibility of Core Darnage Arrest
to
11 He inclusion of the possibility of arresting the core degradation process before vessel failure is an important
12 feature of this analysis as it was for the full power study. Termination of the accident in-vessel can
13 significantly reduce some of the fission product releases and thus the risk. He potential for core recovery
14 depends on the nature of the accident progression and is different for the various PDS Groups. Overall, the
15 conditional probability of core damage arrest ranged from 0.23 (5th percentile) to 0.44 (95th percentile) with
16 a mean of 0.35.
17

18

19 Comparison with Full Power Study
,

20

21 The mean core damage frequency for accidents during mid loop operation is about an order of magnitude
22 lower than the mean frequency of accidents caused by internal events at full power. llowever, the risk
23 distributions obtained for comparable long term health consequences (measured by the population dose at 50

*

24 miles) are very similar in the two studies. What this finding implies is that the lower decay heat and lower
25 radionuclide inventory of the mid-loop operating state, compared with full power, is offset by the likelihood
26 of containment being unisolated. Finally, the mean risk of early health effects is over two orders of magnitude
27 lower for accidents during mid-loop operation than for accidents during full power operation. This is due to
28 the natural decay of those radionuclide species which have the greatest impact on early fatality risk because
29 accidents during mid-loop operation occur a long time after shutdown.
30

31
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1 1 INTRODUCTION -

2

3

4 1.1 Background
5

6 This report presents the results of a Level 2 (accident progression) and Level 3 (consequence) analysis of the
7 Surry nuclear power plant for possible accidents initiated while the plant is in mid. loop operation. The
8 analysis was performed by Brookhaven National Laboratory (BNL) for the Nuclear Regulatory Commission
9 (NRC) Office of Nuclear Regulatory Research (RES). This Level 2/3 analysis was combined with an analysis'

10 of the core damage frequency (Level 1) for accidents initiated by internal events to produce an integrated risk
11 assessment. A sister study of the Grand Gulf nuclear power plant, a boiling water reactor (BWR),is being
12 performed by Sandia National laboratories.
13

14 Probabilistic Risk Assessments (PRAs) for low power and shutdown operations were initiated in support of
15 the NRC's response to the Chernobyl accident, which was an accident initiated at low power conditions, and
16 later modified by the staff's follow up actions to the incident at the Vogtle plant on March 20,1990. The
17 Level 1 PRA of Surry during low power and shutdown operation was initiated in late 1990 and carried out
18 in two phases. Phase 1 undertook a coarse qualitative screening analysis of the accident sequences leading
19 to core damage for all plant operational states during low power and shutdown, while in Phase 2 a detailed
20 quantitative analysis of the core damage frequency was performed for mid-loop operation only. The Level
21 2 and 3 PRA was initiated in late 1991 and has also been carried out in two phases. In Phase 1 an Abridged
22 Risk study was performed from January to May 1992. It was focused on accident progression and
23 consequences, conditional on cere damage. A summary of the Abridged study is contained in Chapter 2 of
24 this report. Phase 2 is a more detailed study in which the accident frequency analysis was combined with the
25 accident progression, source term and consequence analysis to calculate risk. This Phase 2 study is the subject
26 of this volume of the report. The analysis of core damage frequency for accidents initiated by internal events,
27 internal fires, internal floods, and scismic events are reported in separate volumes.
28

29

30 1.2 Study Objectives
31

32 The objective of this study is to develop methods to compute the risk of the Surry plant during mid-loop
33 operation and to perform the study. The approach used in the risk assessment was to utilize to the extent
34 possible the component analyses developed as part of the NUREG-1150 program.2 The assessment also
35 identified those factors that have the most impact on the risk estimates and highlights unique features of the
36 risk analysis performed. Finally the results of the study were compared against the risk of full power operation
37 as evaluated in the NUREG 1150 study of Surry and the NRC safety goals.
38

39

40 1.3 Scope of Study and Major Assumptions
41

42 'Ihe analysis reported in this volume is an integrated risk analysis of mid-k)op operation at the Surry Unit 1
43 power plant, when the reactor coolant system level is lowered to the mid-plane of the hot leg. Mid-loop
44 operation can occur in several plant operational states (POSs) of different outage types. At Surry, four types
45 of outage: refueling, drained maintenance, non-drained maintenance with the use of the residual heat removal
46 (RllR) system, and non. drained maintenance without the use of the RllR system, were defined in the Level
47 1 analysis. Each outage type is characterized by several POSs with each POS representing a unique set of
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1 Introduction .

1 operating conditions (temperature, pressure, configuration). Three mid-loop POSs were identified from Surry
2 outage records in the Level 1 analysis, POS 6 and POS 10 in refueling outage, and POS 10 in drained
3 maintenance. Each of these POSs is characterized by different decay heat levels and plant configurations, such
4 as number of reactor coolant system (RCS) loops that are isolated and whether the safety / relief valves on the
5 pressurizer have been pulled for maintenance.
6 ,

7 He scope of the study is limited to an analysis of accidents initiated by internal events due to equipment
8 failure and human error during mid-loop operation. In addition the study reilects procedures and other plant
9 information available prior to April 1993. Risk estimates were not made for accidents initiated by internal

10 fires, internal floods, and seismic events. As this study is limited to accidents during mid-loop operation it
11 is not a complete risk estimate for accidents that could occur during low power and shut down operation.
12 Mid-loop operation was selected for detailed study because the screening analysis carried out in Phase 1
13 indicated that this was one of the more vulnerable plant configurations during low power and shutdown.
14 Herefore, the risk estimates for mid-loop operation are likely to be higher than for other plant configurations
15 at low power and shutdown.
16

17 The major assumptions of the analysis are as follows:
18

19 (1) Discretization of time windows and decay heat levels: Decay heat level is a key parameter in the
20 accident analysis due to the long time interval, depending on the POS and outage type, over which an
21 accident can potentially occur during mid-loop operation. Four time windows with corresponding decay
22 heat levels were constructed in the Level 1 analysis and it was assumed that the decay heat level (which
23 varies continuously) of each time window can be adequately represented by its value at the mid-point
24 of the time window.
25

26 (2) Containment Status: Several assumptions had to be made on the status of the containment during mid.
27 loop operation. These assumptions are documented in more detail in Chapter 4 and relate to the ,

28 pressure capability of the containment. The pressure capability ranges from no pressure retaining
29 capability (leakage at inception of release) to full design capability (as at full power operation). The
30 ability of containment to retain fission products released from damaged fuel is the dominant factor
31 affecting risk.
32

33 (3) Source Term: It was assumed that the source term code, SURSOR', which was developed for the full
34 power study would adequately apply to low power and shutdown conditions as well. This assumption
35 was checked through spot comparisons with calculations based on the mechanistic code MELCOR* and
36 by a review performed by a Source Term Advisory Group comprised of BNL and SNL staff.
37

38 (4) Accident Progression: Assumptions were made in various parts of the accident progression event tree
39 on branch point probabilitics, split fractions, etc. These are documented in Chapter 6.
40

41 (5) Consequences: The consequence calculation assumed the same emergency response for the offsite
42 population in the low population zone surrounding Surry and the same long-term protective actions as

,

43 the NUREG-1150 study. |

44 I
45 (6) Onsite Doses: The scoping calculation of onsite doses assumed that the releaseswere directly from the {46 containment to the environment through the equipment hatch and not through the personnel hatch so j
47 no in-building doses were calculated. i
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1 (7) Iluman Reliability: Several assumptions have been made regarding human errors, including failure to |
2 diagnose or failure to take action, which play a large role in both the Level 1 and Level 2 analyses.
3 nese assumptions are documented in Volume 2 report and in Chapters 5 and 6 of this volume.
4

5

6 1.4 Strengths and Limitations
7

8 The strengths of this study are:
9

10 (1) It is a systematic and integrated evaluation of risk during mid-loop operation at the Surry Unit 1 plant,
11 including accident frequency, accident progression, source term and consequence analysis with a
12 determination of uncertainty in each of the component analyses and in the final risk measures.
13

14 (2) De integrated analysis takes into account the long time after shutdown that the accidents can occur and
15 the impact of the consequent decay in power level and radionuclide inventory on the risk. In particular,
16 new latent cancer weights were derived for source term partitioning and used in the consequence
17 calculation.
18

19 (3) The newest version of the MELCOR code, version 1.8.2,was used to calculate the timing of key events
20 in the accident progression which were then used in the accident progression event tree.
21

22 (4) The accident progression event tree has sufficient detail to account for a significant portion of the likely
23 paths of evolution of the accident.
24

25 (5) The study includes a scoping calculation of onsite dose rates at locations in the vicinity of the plant
26 daring the accident.
27

28 The study has the following main limitations:
29

30 (1) Here was no formal expert clicitation process used, as in the NUREG-1150 study, to provide values
31 and distributions for key variables in the accident progression. Assignments for these variables had to
32 he made internally at BNL or derived from analogy with full power conditions. The selection of the
33 key variables themselves was also made internally at BNL Thus the uncertainty analysis is not as robust
34 as it could have been with input from an expert panel.
35

36 (2) The scope of the study is limited to accidents initiated by internal events (due to equipment failure or
37 human error) during mid-loop operation. Risk estimates were not made for accidents initiated by
38 internal fires, internal floods and seismic events. The final risk numbers should therefore not be
39 interpreted to reflect the risk of all plant operational states during low power and shutdown operation.
40

41

42 1.5 Organization of This Report
43

44 This report is published in six volumes as described briefly in the Foreword. The first volume of NUREG/CR-
45 6144 provides a summa'ry of the results of the full scope PRA (levels 1,2, and 3) that has been performed for
46 the Surry plant for severe accidents that might occur during mid-hop operation.
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1 Introduction .

I Volumes 2 through 6 present a detailed description of the results of the constituent analyses. Volume 2
2 describes the analysis of the core damage frequency (CDF) from internal events initiated during mid-loop
3 operation. An analysis of the CDF from internal fire and internal floods is presented in Volumes 3 and 4,
4 respectively. He CDF from seismic events is addressed in Volume 5.
5

6 This volume of NUREG/CR-6144, Volume 6, presents the risk results for accidents during mid-loop operation |
I

7 at Surry. Part 1 of this volume presents the analysis and the results in some detail; Part 2 consists of
8 appendices which contain further detail. Following a summary and introduction, Chapter 2 of this volume
9 presents the results of Phase 1 of this study which consisted of an abridged risk study.

10

11 The rest of the chapters describe the more detailed Phase 2 study. Chapter 3 briefly describes the methods
12 used in the study. A description of the plant is given in Chapter 4. The interface between the level 1 and
13 level 2 analyses is described in Chapter 5. Chapter 6 presents the results of the accidert progression analysis.
14 Chapter 7 presents the results of the source term analysis, and Chapter 8 gives the results of the consequence

15 analysis. Chapter 9 summarizes the risk results, including the contributors to uncertainty. He results for mid-
16 loop operation are compared with the fuli power results in Chapter 10. Remaining open issues are addressed
17 in Chapter 11, and finally Chapter 12 presents the conclusions drawn from the study.
18

19

20 1.6 References
21

23 1. Chu, T. L, et al.," Evaluation of Potential Severe Accidents During low Power and Shutdown Operations
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,

l

30 4. Summers, R. M., et. al.,"MELCOR 1.8.0: A Computer Code for Nuclear Reactor Severe Accident Source ]
31 Term and Risk Assessment Analyses," NUREG/CR-5531, Sandia National Laboratories, SANDA)-0364,
32 January 1991.
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1 2 SUMMARY OF ABRIDGED STUDY ON RISK
2 DURING MID-LOOP OPERATION )
3

4

5 2.1 Background and Objectives i

6 |
'

7 He abridged risk study was conducted from January through April 1992. The objective of the analysis was
8 to make a preliminary determination of risk of the accident progression and the consequences of accidents
9 during mid-loop operation at the Surry plant, Unit L The study was designed to obtain results for regulatory

10 decisions that were to be made in the early summer of 1992.
11 i

12 The abridged risk study was carried out to compute estimates of the conditional consequences (probability of
13 the various events during the accident progressions multiplied by the consequences), given the occurrence of
14 core damage. Traditional risk estimates, computed by multiplying the conditional consequences and the
15 frequency of the sequences leading up to core damage, could act be made because the frequencies had yet
16 to be determined in companion Level 1 and human reliability analysis (IIRA) studies. Uncertainty was taken
17 into account in a manner consistent with the detail of the abridged study.
18

19

20 2.2 Methodology
21

22 De methodology of the abridged study was an abbreviated version of the NUREG-1150' study. The
23 calculations began with the assumption that core damage had occurred, making the consequences conditional.
24 Given core damage, the possible accident progressions were delineated with a simple accident progression
25 event tree (APET) limited to nine top event questions. The timing of key events in the accident progression
26 was based on deterministic calculations with the MELCOR: code. The likelihood of the various accident
27 progressions is reflected by branch point probabilities in the APET. In large-scale risk studies, such as
28 NUREG 1150, the assignment of such probabilities is made by a formal expert clicitation process; in the
29 abridged study, because of resource limitations, these assignments were made by the BNL staff. Thus, the
30 probabilities are not as rigorous as they could be; this is one of severallimitations of the study. This lack of
31 rigor was partially offset by repeating the calculations with other reasonable input values; together, these
32 repeated calculations constitute an uncertainty analysis. ;

33

34 Through the uncertainty analysis, distributions, instead of point values, were assigned to the branch points.
35 ne distributions are subjective,but account for many possiblevalues of the branch points. Point values were
36 selected from the distributions with a form of Monte Carlo sampling known as Latin Ilypercube Sampling
37 (L11S).5 After making sets of inputs, each set is assigned to the branch points and multiplied through to the
38 ends of the APET. The calculations were repeated using the sets of inputs to build a probability distribution
39 at the end of each pathway.
40

41 IIaving delineated accident progressions with the APET, the source terms of the progressions were calculated
d42 with the parametric SURSOR code developed for the NUREG-1150 program. SURSOR determines source ;

43 terms from the characteristics of the pathways through the APET and other inputs. As in the APET
44 calculations, distributions are assigned to the variables and sampled with LIIS to form many sets of input !

45 values for repeated calculations. The result is a distribution of source terms for each accident progression
46 pathway.
47

DRAFT 2-1 NUREG/CR-6144

I



2 Summary of Abridged Study on Risk During Mid-loop Operation .

I 1\vo sets of consequence measures were determined; an onsite dose rate (within the site boundary and
2 designated as a parkine lot dose rate), ard offsite consequences, including early fatalities, population dose, and
3 latent cancers.
4

5 * ne parkine lot dose rate was computed using a recent model by Ramsdell' and a combination of the
6 older Wilson * and Regulatory Guide 1.145 models? (Dose rates inside the containment or the reactor
7 building were not calculated because the releases were assumed to take place through the equipment
8 hatch directly to the outside).
9

10 * Offsite consequenceswere computed using the MACCS code.' Uncertainty was not propagated through
11 the consequences as it was through the APET and the source term calculations.
12

13 Conditional risk was computed for each accident progression pathway by multiplying the consequences by their
14 associated probabilitics determined from the APET. The products of the pathways were summed. His
15 process was repeated for each Monte Carlo sample of the source terms. Then, high, medium, and low results
16 were reported. In the NUREG-1150 study,8 high, medium and low results are represented by the 95th
17 percentile, median and 5th percentile values of the distribution of the results. Ilowever, in this study, the
10 number of samples taken was not sufficient enough to define them statistically. Therefore, they were referred
19 to as high, medium and low results. They would approach the statistical 95th,50th or 5th percentiles,if
20 sufficient numbers of samples - ere taken.
21

22

23 2.3 Accident Progression Analysis
24

25 The abridged analysis was based on a preliminary screening analysis of the systems reliability and
26 characterization of the accident sequences leading to core damage for the internally initiated events at the
27 Surry Unit 1 plant? From this coarse screening analysis' mid-loop operation, which can occur during drained
28 maintenance or refueling outages, was determined to be one of the most vulnerable plant conditions, mainly
29 due to the reduced inventory in the RCS. The dominant causes of accidents during mid-k>op operation are
30 loss of residual heat removal (RI1R) and loss of offsite power. Imss of RIIR accident sequences occur largely
31 due to operator errors, such as failure to diagnose an accident or failure to take proper action. Operating
32 experience at nuclear power plants indicate a relatively high incidence of loss of RilR. For this category of
33 accidents, the recovery probability is largely determined by the human reliability analysis (IIRA). Since the
34 IIRA results have a large band of uncertainty,it also was included as an encertainty parameter. For accidents
35 initiated by a loss of offsite power, the probability of recovering offsite power during the accident progression
36 determines the probability of recovering core cooling capability, and terminating the accident.
37

33 For the abridged analysis, it was assumed that all the reactor loops were isolated and the safety / relief valves
39 were removed for maintenance,which provides a vent path from the RCS to the containment.
40

41 ne time to enter mid-loop after shutdown and the duration of mid-loop operation vary widely; from one day
42 to more than one month. Dese times were selected as an uncertainty parameter to be varied in the sampling
43 process. Imnger times after shutdown are characterized by a lower decay heat level which potentially increases
44 the time available to take actions to recover core cooling capability before the core is uncovered, and also
45 reduces the inventory of fission products available for release.
46
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2 Summary of Abridged Study on Risk During Mid-loop Operation

1 To determine the extent of detail needed for the APET, extensive use was made of the accident progression
2 analysis for the Surry plant carried out for the NUREG-1150 program,8 which was a PRA of the plant at full l

3 power. That study showed that the major cause of release at Surry was containment bypass, followed by
4 basemat melt-through. He probability of early failure of the containment caused by various mechanisms such
5 as a hydrogen or steam explosion and late failure resulting from gradual pressurization was either very small
6 or negligible. Bus, once the containment boundary is closed, the containment retains the fission products
7 most of the time (except by very late basemat melt-through). In other words, phenomena such as direct )
8 containment heating or steam explosions were not important contributors to the estimated probability of
9 containment failure and the eventual release of fission products. For accidents during low power and

10 shutdown operation where the decay heat is significantly less and the reactor pressure is generally low, there
11 are no particular reasons to believe that the performance of a closed containment would be any worse than ;

12 for accidents occurring at full power. Two importart factors for determining the containment's response
;

13 during an accident in mid-loop operation are the status of its integrity and the availability of containment
14 sprays.

15

16 From several discussions with the Surry personnel, it was learned that while the containment is considered
17 " closed" during mid-loop operation at Surry, closure does not ensure that the containment can contain the
18 pressure which could be generated during a severe accident and prevent release of fission products." This r

19 is due primarily to the presence of a temporary restraining plug, that has no overpressure capability,in place
20 of the escape tunnel in the containment equipment hatch. Therefore, in the abridged study, no credit was
21 given to the containment barrier;it was assumed that the fission products would leak to the environment once
22 they were released to the containment. His aspect simplified the abridged APET. Because the integrity of
23 the containment is already lost at accident initiation, many questions normally needed to assess the potential
24 for containment failure are no longer relevant.
25

26 Sprays are important because they are the major containment cooling system during severe accidents, and can
27 reduce the source terms by scrubbing. There is no requirement under the existing technical specifications to
28 have any of the containment sprays available once the plant enters the RilR entry condition at Surry."
29 Consequently, all of the containment sprays could be out of service during mid-loop operation. Spray
30 availabilitywas used as one of the uncertainty parameters in this study.
31 *

32 Figure 2.1 shows the APET used in the abridged study. The first three questions refer to the status of
33 containment. In the abridged study, the containment was assumed to be Icaking from the start of the accident.
34 Once the status of the containment is identified, the fourth question asked is the timing of core-cooling
35 recovery,which determines the extent of core damage. Arrest of core degradation before failure of the vessel
36 during a severe accident could significantly decrease the magnitude of release of fission products. Therefore,
37 the timing of recovery of core-cooling capability was divided into five periods; Very early, Early, Intermediate,
38 Late, and Never. The timing of Very early extends to the point where core cooling is recovered without any
39 core damage. Early is recovery of cooling during the relatively short period after the cladding rupture of the
40 fuel rods, but before significant core melting. Intermediate is the period in which the recovery of core cooling
41 will arrest the progress of core melt without breaching the vessel. From consultation with the Source Term
42 Advisory Group, this intermediate period was assumed to extend until 45% core melting occurred. If core
43 cooling is recovered during the Late period (which, here,is defined to be more than 45% of the core melted),
44 the vessel is assumed to be breached by the core debris. Never indicates no core cooling recovery.
45

46 The time of accident initiation varies widely. Therefore, the BNL staff determined the time of im t
47 initiation by sampling from the joint distributions of the time to enter the mid-loop operation and the duration
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2 Summary of Abridged Study on Pisk During Mid-loop Operation -

1 of mid-loop operation for each observation. Data from the Surry plant, which were collected for the screening
2. level 1 analysis,' were used to determine the distribution of the time of accident initiation; the MELCOR-
3 calculated timing of the core-melt progression was adjusted by the decay heat to determine the time available
4 for recovery of core cooling for the accident sequences whose times of accident initiation were different from
5 those selected for the MELCOR calculations. The recovery probability was based on the IIRA recovery curve
6 for human error," the offsite power recovery curve,' and hardware availability for each of the time periods
7 (the latter from data used in the screening level 1 study).
8

9 De next three questions in the APET address spray availability and whether the cavity is dry or wet, which
10 determines the extent of core-concrete interaction. Spray availability was included as an uncertainty
11 parameter. Because the containment during mid-loop operation at Surry was assumed to have no pressure-
12 holding capability, the branches related to Closed and Open containment were not developed further in this
13 study. This APET was applied to each of the major cutsets leading to core damage sequences identified in
14 the preliminary screening level 1 study in which core damage was defined to have occurred when the coolant
15 level dropped to the top of active fuel.
16

17 The outcomes of the accident sequences in the APET were classified into eight bins (including a No Releasc
18 bin) depending on the extent of core damage, vessel breach and spray availability (Fig. 2.1). In estimating the
19 final risks conditional on core damage, only accident sequences which were actually predicted to result in core
20 damage were included; accident sequences which were terminated in the Very early period were not included
21 in the calculations of conditional risk. The conditional probability of arrest of core damage before vessel
22 breach for the abridged analysis was estimated to vary from a high of about 0.75 to a low of about 0.4 with
23 both the mean and median being approximately 0.55. The corresponding conditional probability at full power
24 estimated in the NUREG-1150 study of Surry ranged from a high (95th percentile) of 0.7 to a low (5th
25 percentile) of about 0.2 with a mean of 0.5 and a median of 0.45.
26

27

28 2A Source Term Analysis
29

30 He parametric code, SURSOR,* that was developed in NUREG-1150 for Surry, was used to define source
31 terms in the abridged study. Two measures were taken to assure the adequacy of the source terms: He first
32 involved comparing the calculations from MELCOR with the data used in and results from SURSOR.
33 Second, a Source Term Advisory Group was established to provide guidance, and any additional information
34 on modifying the SURSOR code for the present study.
35

36 Considering the differences between full power and shutdown operations, the Source Term Advisory Group
37 identified two parameters in SURSOR as important and possibly different than the values used in NUREG-
38 1150. The first parameter is the fraction of the fission products in the core that are released to the vessel
39 before vessel breach. The second parameter is the fraction of the fission products released to the vessel that
40 are subsequently released to the containment. The distributions of these two parameters as defined in
41 NUREG-1150 were compared with MELCOR calculations to establish the values to be used.
42

43 SURSOR was used to predict the fission product release fractions for the five accident progression bins
44 (APBs), APB-4 through APB.8, presented in Figure 2.1. Source terms for APB-1 through APB-3 were not
45 considered because they were not expected to lead to any significant offsite consequences. (Due to early
46 recovery, there is no core damage for APB-1 and only clad damage for APB-2 and APD-3). Two hundred '

NUREG/CR-6144 2-4 DRAFT

._ -_ _-.._- ---



2 Summary of Abridged Study on Risk During Mid-loop Operation

I sets (or observations) of release fractions were produced for each of the five bins to address source term
2 uncertainty.
3

4 To limit the number of offsite consequence calculations, but still provide a range of uncertainty,19 source
5 term samples were randomly selected (from the 200 source term samples, using the LIIS sampling method)
6 for each of the five APBs for offsite consequence calculations.' When combined with the two time -
7 parameters, associated with the duratian of mid-loop operation during the drained maintenance and the
8 refueling outages respectively, this gave 38 source term samples for each APB.
9

10 In addition to release fractions, a complete description of a source term requires specification of the timing,
11 energy, and height of the release. He timing of the release affects both the radioactive decay of the inventory
12 and the warning time for offsite emergency response (e.g., evacuation). He release times and durations were
13 obtained from MELCOR calculations. Since the release time is measured from accident initiation (which in
14 the case of mid-loop operation may be many days after shutdown of the reactor)it is not meant for calculating
15 radioactive decay after reactor shutdown, but can be used to determine the timing for emergency response.
16 He warning time for offsite emergency response is the time at which notification is provided to the public
17 to begin emergency response procedures as measured from the time of accident initiation. In the abridged
18 study, the warning time was assumed to be 60 minutes after accident initiation.
19

20 An important parameter in the source term definition for accidents initiated during mid-loop operation, which
21 is not considered in a full power analysis, is the time of accident initiation measured from reactor shutdown.
22 His parameter determines the inventory available for release at accident initiation. He extended time period
23 between accident initiation and reactor shutdown for an accident during mid-loop operation will result in
24 significant radioactive decay, and consequently, a much reduced fission product inventory available for release.-

25 Because of its importance to consequences,it was treated as one of the uncertainty parametersin the abridged
26 tiudy. A randomly selected value of the time of accident initiation over the duration of mid-loop operation
27 was assigned to each source term defined in this study.
28

29

30 2.5 Consequence Analysis
31

32 2.5.1 Onsite Consequences
33

34 He total onsite dose rate is a sum of the inhalation and cloud exposure dose rates based on the radionuclide
35 concentration in the wake region of a building. A scoping value of onsite dose rate was estimated using the
36 following wake centerline concentration models: Ramsdell,5 Wilson,' and Reg. Guide 1.145.7
37

38 He scoping calculations were performed for three source terms referred to as high, medium, and low (Gap
39 release). He Wilson / Reg. Guide 1.145 labelled box in Figure 2.2 is based on the Reg. Guide 1.145 prediction,
40 limited from above by the values predicted by the Wilson model. He results in Figure 2.3 for the onsite dose
41 rate (Rem /h) indicate a variation of about two orders of magnitude as a function of the source term. The

42 This is the minimum number of source term samples needed to provide a 5% to 95% range for the
43 consequence measures. Ilowever, because of the low confidence level associated with such a small
44 sample, they are simply referred to as the upper and lower limits of the calculations, with no percentiles
45 associated with them.
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2 Summary of Abridged Study on Risk During Mid4oop Operation -

1 onsite dose rates are high, and are likely to lead to early fatalities for exposed workers. In view of the
2 relatively large number of onsite personnel during shutdown operations, these dose rates outside the
3 containment suggest that a careful examination should be made of onsite evacuation schemes to limit the
4 consequences in the event of an accident.
5

6 2.5.2 Offsite Consequences
7

8 MACCS' calculations of the offsite consequences were made for all the source terms generated by LilS
9 sampling' of the SURSOR results. There were nineteen sample groups (one for Drained Maintenance and

10 one for Refueling outages), each containing four distinct sets of release fractions for the nine radionuclide
11 groups represented in the MACCS calculations. The time of release for each group was determined using the
12 LilS technique. He radionuclide core inventories for Surry at various times after shutdown were taken from
13 Reference 12. Hen, the initialinventory for each source term was calculated using a logarithmic interpolation
14 between the two closest data points.
15

16 The following additional assumptions were used:
17

18 * Release power: 1.0 MW (sensitivity calculations with 0.0 MW).
19 e Release elevation: 28'(8.54 m), the height of the equipment hatch above ground.
20

21 Figure 2.3 shows the results for the early and latent fatalities predicted by MACCS. APB-5 through APB-8
22 contain thirty eight data points each. The median value of early fatalities is shown only for APB-7; zero values
23 were predicted for the remaining bins. The calculations predict the highest number of early fatalities and
24 latent fatalities for APB-7. Ilowever, the number of early fatalities, as expected, is very small (a high of less
25 than 1.0 and a mean and median of less than 0.1) even for the most severe accidents (APB 7) involving failure
26 of the vessel's bottom head.
27

28

29 2.6 Conditional Probabilities of Consequences
30

31 Once the consequences are calculated for each of the release bins, conditional risks can be evaluated by
32 combining the accident progression analysis, source term analysis, and consequences. If the core damage
33 frequencies of the PDS had been available from the level 1 analysis, absolute integrated risks could have been
34 calculated for this particular POS. Ilowever, since they were unavailable, the risks were calculated as
35 conditional on core damage;i.e., the results presented are averaged over various accident progressions, given
36 core damage.
37

38 Figure 2.5 shows ranges of four risk measures (conditional on core damage), the early fatalities, late cancer
39 fatalities, the population dose at 50 miles, and the population dose at 1000 miles, calculated for the accidents
40 initiated by internal events during mid-loop operation at Surry. De upper and lower bounds shown in the
41 figures do not repmsent any particular statistical measures because the number of samples was too small to
42 attach any statistical significance to them. Ilowever, if sufficient samples are used, these bounds are expected
43 to asymptotically approach the 5th and 95th percentiles. For comparison, the figure show the same risk
44 measures for full power operation at Surry from the NUREG-1150 study; to make this comparison, the
45 integrated risk results of NUREG 1150 were converted in an approximate fashion to conditional probabilities
46 of the various consequence measures; conditional on core damage and on containment failure. The
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2 Summary of Abridged Study on Risk During Mid-Loop Operation
.

comparison shows that the conditional probability of early fatalities during mid-loop operation is considerably |I
2 less than the conditional probability of early fatalities at full power either given core damage or given )
3 containment failure. This result is expected since the fission products will have had a longer time to decay
4 and the species which have the greatest influence on the early fatalities generally have short half lives.

5

6 Figure 2.:i also shows that the latent cancer fatalities and population doses are higher than those predicted
7 for the full power accidents conditional on core damage, llowever, these long-term health effects are
8 comparable for accidents conditional on containment failure because these risk measures are more affected

9 by slow-decaying species and the longer decay time has less impact on these species. Therefore, the risks are

10 similar once containment is failed. Since the containment is assumed to be essentially open during mid-loop

11 operation in the abridged study, the offsite risk of latent health effects averaged over core damage sequences
12 is higher for mid-loop operation than for full power operation.
13

14 These comparisons of the conditional probabilities of consequences for mid-loop and full power operation are

15 conditional on the occurrence of core damage or containment failure,i.e., assuming the same frequency of

16 core damage or the same probability of containment failure. Ilowever, the ri ls profile is determined by thel

17 product of these conditional risks with the frequencies of occurrence of the conditions giving rise to the risk.
18 If the frequencies of core damage or containment failure accidents are significantly different during mid-loop

19 operation from those at full power, the integrated risk profiles will be dominated by those accident
20 frequencies.

21

22
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1 3 METHODOLOGY -

2

3

4 ne approach used in the current risk assessment was to utilize to the extent possible the component analyses
5 developed as part of the NUREG-1150 program.8 The components of the analyses process used to compute
6 risk are displayed schematically in Figure 3.1. His figure is very similar to a figure presented in reference 2
7 which describes the risk assessment performed for full power operation at Surry. Both approaches have the
8 same four elements (accident frequency, accident progression, source term, and consequence analysis) but
9 some of the components of the analysis had to be modified to reflect differences between the plant conditions

10 at full power and during mid-loop operation.
11

12
.

13 3.1 Overview of NUREG-1150 Methodology
14

15 Figure 3.1 displays schematically the components of the analysis process which consists of four elements:
'

16

17 1) Systems analysis and models of plant response to various initiating events, quantification of accident
18 sequences leading to core damage;
19

20 2) Analysis of the accident progression to determine various possible ways the accident could evolve given
21 core damage;

'

22

23 3) Source term analysis, the releases to the environment for the various outcomes of the accident
24 progression;
25

'

26 4) Consequence analysis, the health and economic impacts of each of the source terms.
,

27 !

28 -

29 Integrated risk is obtained by combining the frequency of core damage, the conditional probability of the ,

30 release paths, and the value of the consequences of each source term conditional on the release into a single
31 risk measure. By repeating the calculation several times with different input values (over specified ranges)
32 of key parameters, a distribution of risk estimates is obtained from which the uncertainty in the risk can be
33 determined.
34

35

36 3.1.1 Accident Frequency Analysis
37

'
38 De accident frequency analysis consists of the fault trees and event trees delineating the sequences leading
39 to core damage. In four out of the five NUREG 1150 studies, the SETS code'was used to perform the initial
40 accident frequency analysis. The ultimate outcome of the initial accident frequency analysis is the group of
41 minimal cut sets leading to core damage. The minimal cutsets are then grouped into plant damage states,

42 (PDSs), based on similarity of plant conditions, to define the entry points for the subsequent accident ,

43 progression analysis.
44

45

,
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3 Methodology .

1 3.1.2 Accident Progression Analysis ,

2 |

3 in NUREG-ll50, accident progression was analyzed using a eingle accident progression event tree (APET) 1

4 developed for each plant which was evaluated with tbc IIVNTRE codef The specification of each PDS )
5 defines the entry conditions to the APET. The APF F developed for Surry in NUREG ll50 had 71 event ]
6 questions and many of the questions had several outc>mes; there were thus far too many paths through the
7 tree to allow consideration of each individual path in terms of the subsequent source term and consequence
8 analysis. The outcomes of the paths were grouped into accident progression bins (APBs) which have similar
9 characteristics and define the entry conditions for the source term analysis. Mechanistic and deterministic

10 code calculations, experimental observations, and a formal expert clicitation process were employed in
11 NUREG-1150 to determine values of key parameters and their ranges in quantifying the model of accident
12 progression.
13

14

15 3.1.3 Source Term Analysis
16

17 For each accident progression bin (APB), the source term in NUREG-ll50 was calculated by a parametric
la code, SURSOR.' This code is based on a mass-balance approach which considers the fractions of the
19 radionuclide inventory released to the vessel, from the vessel to the containment, and from the containment
20 to the environment. SURSOR integrates the results of detailed mechanistic codes such as MELCOR,6
21 MAAP,' and the Source Term Code Package as well as distributions provided by expert judgement into a8

22 fast-running code which can be executed repeatedly with different values of input parameters to provide
23 distributions of source terms for each APB. The number of APBs is large enough so that evaluating the
24 consequenws of each source term in each bin (there are potentially tens of thousands of source terms) is not
25 practical. In NUREG-1150, the source terms were classified into source term groups by the PARTITION
26 program? Partitioning is a procedure for grouping of the source terms based on the similarity of their
27 consequences, that is, the early and late health effects arising from the magnitude and timing of the release
28 of the radionuclide core inventory specified in each source term. Each source term is assigned an early fatality
29 effect weight (which may be zero) and a chronic fatality effect weight and the source terms are divided into
30 groups which have similar values of the weights. A further subdivision of the groups is made on the basis of
31 the release timing relative to the warning and emergency evacuation times. In each source term group, an
32 average (mean) source term is defined and then used for the detailed consequence calculation.
33

34

35 3.1.4 Consequence Analysis
36

37 'lhe consequence measures, early fatalities, population dose (person-rem), and latent fatalities, are calculated
38 for each source term group by the MACCS* code. The output of MACCS for each source term group is
39 a distribution of the consequences, conditional on occurrence of the source term, which incorporates the
40 uncertainty (variability) due to weather. Ilowever, in the NUREG-il50 process, the consequence analysis
41 differs from the three earlier components, accident frequency / plant damage state analysis, accident progression,
42 and source term analysis,in that uncertainties due to important variables and phenomena in the consequence
43 analysis were not propagated through the integrated risk analysis via the Latin llypercube sampling process"
44 as they were for the other three constituent analyses.
45 -

46
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3 Methodology

1 3.1.5 Risk Integmtion !
2

3 Integrated risk is obtained by combining the output from each of the component analyses as shown in
4 Figure 3.1. The uncertainty and sensitivity analysis of the integrated risk is carried out by using a stratified
5 form of Monte Carlo analysis called Latin Ilypercube Sampling." This approach is based on assigning
6 distributions to important variables (through a formal expert clicitation process, for example), creating samples
7 by randomly pickingvalues from the distributions and propagating them through the integrated analysis. The
8 result is a distribution of risk for each of the consequence measures.
9

10

11 3.2 Methodology of Current Study
12

13 The methodological approach adopted in the current study is mostly based on the NUREG-1150 approach,
14 which is described in detail in references 1 and 2. The sections below therefore describe only those elements
15 of the methodology which are different from the NUREG-1150 approach.
16

17 3.2.1 Accident Frequency Analysis
18

19 The Level 1 analysis, including fault trees, event trees, recovery actions, etc., of the significant accident
20 sequences leading to core damage and their frequencies, was carried out by the IRRAS code." This analysis
21 is documented in Volume 2 of this report. A summary of the level 1 analysis results is presented in Chapter
22 5 of this volume. A newly added feature of IRRAS which became available recently was used to group the
23 minimalcut sets into the plant damage states. Seven characteristics were used to construct the plant damage
24 states.

25

26 The first characteristic identifies the time frame in which the accident occurs. A major difference between
27 a PRA at full power and at mid-loop operation is the extended time period following shutdown during which
28 an accident can occur. This time period allows for a significant decay of the power level, extends the time
29 available for various phenomena and for recovery actions and leads to a lower value of the radionuclide
30 inventory which can potentially be released. This feature of the shutdown PRA was modeled in the Level 1,
31 accident frequency analysis through the construction of four " time windows" for various time periods following
32 shutdown. Each time window has its own decay heat level and success criteria for accomplishing various
33 recovery actions prior to core damage. The first PDS characteristic therefore identifies the time window in
34 which the accident occurs.
35

36 The second characteristic provides the status of ac power. Of particular interest is whether or not ac power
37 is available and if it is not available whether it can be recovered. Iluman error is an important contributor
38 to the core damage accident frequency for mid-loop operation. The third characteristic therefore identifies
39 if human error contributed to the accident and if it did what was the type of error. The status of the reactor
40 coolant system can significantly impact accident progression and this is therefore addressed in the fourth PDS
41 characteristic. For some plant damage states recovering coolant injection after the start of core damage can
42 prevent further core damage and terminate the accident prior to the core melting through the reactor vessel.
43 The fifth characteristic deals with the issue of restoring coolant injection. If core damage occurs and
44 ccmtainment integrity is lost then operation of the containment sprays can reduce the airborne fission product |
45 aerosol concentration and reduce the amount of radionuclides released to the environment. The sixth I

46 characteristic gives the status of the spray system. Finally the status (injected or not injected) of the refueling I
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3 Methodology I.

1

1 water storage tank is given in the seventh characteristic. The construction of the plant damage states is
2 described in more detail in Chapter 5. )
3 l

#

5 3.2.2 Accident Progression Analysis
6

7 ne accident progression event tree developed for mid-loop operation has been developed largely based on
8 the APET developed for full power operation in the NUREG-1150 study. Some questions were removed and j

9 other questions pertinent to mid-loop operation (such as time windows and containment closure)were added.
10 The APET for mid-loop operation consists of 40 questions compared to 71 questions in the full power APET.
11 Due to resource limitations, a formal expert clicitation procedure could not be implemented to construct
12 ranges of values and distributions for key variables. Assignments of these values and ranges were therefore
13 made internally at BNL The timing of key events in the accident progression is based on calculations carried
14 out with the MELCOR code.' A very important issue which has a major impact on the result is the status
15 of the containment at accident initiation. Assignments of the possible values of this status were made based
16 on discussions and exchange of written communications with the Surry plant personnel. The APET developed
17 for mid. loop operation is described in detail in Chapter 6. The APET was quantified using the EVNTRE'
18 code as in the full power study. It was again necessary to combine the numerous outcomes of the APETinto
19 accident progression bins for input to the source term analysis. A similar approach to that used in the full
20 power study was also used in the current analysis. The only additional information needed for the current
21 study was the time window in which the accident occurred, nus information identifying the time window was
22 carried throughout all of the constituent analyses.
23

24 3.2.3 Source Term Analysis
25

26 De source term analysis used for mid. loop operation was similar to the approach used for full-power
27 operation. He SURSOR* code was reviewed for its applicability to shutdown conditior.s by an expert group
28 consisting of staff from BNL and SNL ne source term ranges in SURSOR were also compared against
29 predictions with the MELCOR code. In general SURSOR was considered appropriate for use in the current
30 study. The APBs were therefore processed through the SURSOR code in a similar manner to the full power i

31 study. The output from SURSOR is a larger number of source terms which need to be grouped into ;

32 representative source terms. The process was done in the full power study using PARTITION. j
33

34 Methodologically, the important difference between NUREG-1150 and the present study is a reworking of the
35 partition approach to reflect the long time interval and consequent decay of the inventory in the current study.
36 In effect, accident progression bins and source term groups are defined for each time window. The
37 partitioning of the source terms and the assignment of health effect weights is carried out through a partition
38 procedure designated PARTrrlON-LPS, which is described in Chapter 7. |
39 i

40 l

41 3.2.4 Consequence Analysis !
42 j
43 The consequence measures for the average source term in each source term group were calculated by the )
44 M ACCS code.2' The latest release of M ACCS," version 1.5.11.1, which incorporates the important UEIR V

'

45 update to the latent cancer - dose relationship," was used to compute conscquences. In contrast, the
46 NUREG-1150 study used an earlier version of MACCS, Version 1.5.11, to compute consequences. De more
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3 Methodology-

1- recent version of MACCS gives a higher (by approximately a factor of 3) number of latent cancers, than the
2 carlier MACCS version for the same value of population dose.
3

4

5 3.2.5 Risk integration and Uncertainty
6

7 The integrated risk was obtained by combining the individual results of each of the constituent analyses as
8 shown in Fig. 3.1. The approach was similar to the NUREG-1150 approach. Distributions were assigned to
9 important variables (some distributions were identical to those used in NUREG-1150, others were developed ;

10 specifically for mid-loop operation) and samples were then created by randomly picking values from the
11 distributions using Latin Ilypercube Sampling." For each sample the values assigned to each variable were
12 propagated through the integrated analysis to determine risk estimates for each consequence measure. By
13 repeating the calculation for 100 samples (or observations) distributions of risk estimates were obtained from
14 which the uncertainty in risk was determined.
15

16

17 3.3 Scoping Calculation of Onsite Doses
'

18

19 A scoping calculation of onsite doses, outside of the main risk calculation,was carried out at the request of
20 NRC to gain some insight into plant conditions at the time of the release which could possibly have an effect
21 on various recovery actions in different locations of the plant. This calculation is based on taking ranges of
22 high and low source terms in various time windows and interfacing them with deterministically estimated
23 weather conditions. Two different correlations, one of which includes recent work on building wake
24 correlations, were used to compute the " parking lot" dose as described in Chapter 8.
25

26
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1 4 PLANT DESCRIPTION -

2

3

4 4.1 General Description
5

6 Surry Unit 1 is a 2441 MWth pressurized water reactor (PWR) designed and constructed by Westinghouse.
7 It is operated by the Virginia Electric Power Company. Surry is a three-loop plant; the reactor coolant system
8 has three U-tube steam generators and three reactor coolant pumps. The containment and balance of plant
9 were designed and constructed by Stone and Webster. Commercial operation of Unit 1 began in 1972.|

} 10

11 Emergency ac power at the site is supplied by three diesel generators (DGs). One DG is aligned to Unit 1,
12 the other to Unit 2, and the third DG functions as a swing diesel which can be aligned to either unit.
13 Emergency de power is supplied by separate battery banks at each unit. He DGs have their own separate
14 set of batteries for starting power. The auxiliary feedwater (AFW) system has three trains. Two trains have

| 15 electric pumps, the third train has a steam turbine driven pump. The condensate storage tank provides suction
16 for the AFW system. The chemical volume and control system has three charging pumps which also serve as
17 the high-pressure injection (IIPI) pumps. There are two low pressure injection (LPI) pumps. Both the IIPI
18 and the LPI systems can function in the injection or recirculation mode. In the injection mode, they take
19 suction from the refueling water storage tank (RWST) whik in the recirculation mode they take suction from
20 the sump. A more detailed description of the safety injection / recirculation systems is provided in sections
21 4.2.2.1 and 4.2.2.2 below. Surry also has three accumulators which provide a source of immediate, low-
22 pressure, high flow injection.
23

24 Overpressure protection for the reactor coolant system is provided by three code safety / relief valves (SRV)
25 and two power operated relief valves (PORV). Surry has an unique service water system which is supplied
26 by gravity flow frorn an elevated canal. The canalis continuously supplied by river water from the Jamestown
27 river through electric pumps. If ac power is lost, the service water canal will drain in about 30 minutes unless
28 a large number of valves are closed manually.
29

30 He Surry containment is a reinforced concrete cylinder with a hemispherical dome. He free volume of the
31 containment is 1.8 million cubic feet and the design pressure is 45 psig. A welded steelliner covers the inner
32 surface of the containment and forms the pressure boundary. A section of the Surry containment is shown
33 in Figure 4.1. Due to design conservatisms, realistic estimates of the loads needed to fail the containment are
34 between two and three times the design pressure. The mean of the distribution for the failure pressure of the
35 Surry containment provided by the expert panelin the NUREG-1150 study was 126 psig. During full-power )
36 operation, the Surry containment is maintained at a sub-atmospheric pressure of about 10 psia, i.e., about 5 1

37 psia below ambient atmospheric pressure. This feature and the Technical Specifications prevent plant
38 operation much in excess of this pressure therefore the probability of pre-existing Icaks and isolation failure
39 during normal operation is extremely low.
40

41 Cooling of the containment is normally provided by fan coolers which are not safety grade and will be partially
|

42 submerged if the sump is filled with water. Emergency cooling of the containment is provided by the
43 containment spray systems (CSS). The CSS is described in more detail in section 4.2.4 below. Another
44 feature of the Surry containment at a low elevation is that there is no connection between the sump and the
45 reactor cavity. If a pipe break occurs, the water will flow to the sump. De cavity remains dry unless the

| 46 containment sprays operate.
! 47

I
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4 Plant Description

1 He general description given above indicates the main plant systems available during full power operation
2 at Surry. Ilowever, during shutdown the plant is configured differently than during full power operation and
3 some of the systems described above will not be available.
4

5

6 4.2 Plant and System Configuration During Mid-loop Operation
7

8 nree mid-loop operating states were identified and analyzed in the level 1 analysis (refer to volume 2 of this
9 report); two mid-loop operating states during refueling outages (one early in the outage during cooldown using

10 the residual heat removal (RIIR) system and the other later after completion of refueling), and another mid-
11 loop operating state during the cooldown period of a drained maintenance outage. A detailed analysis of plant
12 systems, their response to various accident initiators and their status in accident sequences leading to core
13 damage are contained in Volume 2 of this report.' In this volume, the focus is on those plant systems and
14 features which are important to the progression of the accident and to the possible releases to the containment
15 and the environmer.t following core damage. Accident progression can be influenced by the status of the
16 , reactor coolant system, recovery of coolant injection systems, containment integrity, containment spray systems
17 and cavity flooding. These systems and plant features during mid-loc,p operation are described in the following
18 sections.

19
*

20

21 4.2.1 Status of the Reactor Coolant System
22

23 he reactor coolant system (RCS) is at low pressure during mid-loop operation as soon as the plant is placed
24 * in 'the RIIR entry level condition. His implies that potential accidents during mid-loop operation will not
25 involve any high pressure sequences such as those modeled in the full power PRA. Also during mid-loop
26 operation the relief valves in the pressurizer are open connecting the pressurizer to the pressurizer relief tank
27 which is vented to the process vent system. The vessel head vent is connected to the discharge side of the
20 through piping that consists of a section of tygon tube which can withstand about 40 psia of pressure.
29 Additionally, the safety valves could be removed for maintenance during mid-loop and a temporary partition
30 placed on the opening. This creates the possibility of a direct vent path into containment for any released
31 fission products in the event of any accident. Dese features of the RCS during mid-loop operation have been
32 incorporated in the accident progression event tree described in Chapter 6.
33

34

35 4.2.2 Emergency Core Cooling Systems (ECCS)
36

37 The ECCS at Surry consists of the fligh Pressure Injection / Recirculation (IIPI/IIPR) system and the Low
38 Pressure injection / Recirculation (LPI/LPR) system. ECCS is important to the accident progressiou because
39 for some plant damage states it could be restored after the start of conc damnge. If the ECCS is restored
40 while the damaged core is stillin the reactor vesselit may be possible to terminate the accident prior to vessel
41 meltthrough. A relatively high probability of terminating the accidents invessel was estimated in the accident
42 progression analysis for three out of the four plant damage states. If the core debris has melted through the
43 vessel and is attacking the reactor cavity restoration of the ECCS will supply water to the cavity and flood the
44 core debris. A flooded cavity could terminate the core-concrete interaction and considerably mitigate the
45 associated source term. If core-concrete interactions continue, flooding of the cavity would lead to a scrubbing
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4 Plant Description

1 of the fission product release. He possibility of flooding the cavity is also incorporated in the accident
2 progression analysis described in Chapter 6.
3

4

5 4.2.2.1 Iligh Pressure Injection / Recirculation System
6

7 The Surry high pressure injection / recirculation (IIPl/lIPR) system consists of three centrifugal charging pumps
8 and associated piping and valves. Following an accident, the charging pumps are used to provide primary
9 coolant injection and recirculation as well as maintain flow to the RCP seals. He charging pumps are one

10 of the three major components of the Safety Injection (SI) System. The other two components are
11 accumulators and low pressure injection pumps. He primary purposes of the SI system are: (i) to inject
12 borated water into the RCS to flood and cool the core following a LOCA; and (ii) to remove heat from the
13 core for extended periods of time following a LOCA. The IIPI system also functions to deliver boric acid to
14 the RCS from the boric acid transfer system if emergency boration is required. He IIPl/IIPR system provides
15 coolant makeup, early and late core heat removal or emergency boration for reactor shutdown.-

16

17 ^ The suction source of the charging pumps in the high pressure injection mode is the RWST. Before the
18 contents of the RWST are exhausted, the Engineered Safety Features (ESP) system automatically initiates a
19 recirculation mode transfer (RMT) signal. The operator can also terminate the injection mode and initiate
20 the recirculation mode by manually repositioning the required valves. In the recirculation mode of operation,
21 the llPR is used to provide core heat removallate in an accident sequence. % charging pumps draw suction
22 from the discharge of the low pressure safety injection pumps in the low pressure recirculation (LPR) system.
23

24 To minimize the possibility of accidentally overpressurizing the RCS, technical specifications require that
25 whenever the average temperature of the core is less than 350*F, the following charging pump conditions must
26 be maintained: (i) a maximum of one charging pump operable; and (ii) two charging pumps must be
27 demonstrated inoperable at least every 12 hours by verifying that their circuit breakers are racked out or that
20 their control switches are in the pull-to-lock position. The surveillance requirements specify that a complete
29 systems test be performed during refueling shutdown to demonstrate correct response to an activation of the
30 safety injection signal. De 11PI/IIPR system configuration at shutdown, including mid-loop operation, is
31 discussed at length in Volume 2 of this report.'
32

33

34 4.2.2.2 Low Pressure Injection / Recirculation System
35

36 The low pressure injection / recirculation (LPI/LPR) system provides emergency coolant injection and
37 recirculation following a loss of coolant accident (LOCA) when the reactor coolant system (RCS)
38 depressurizes below 180 psig. In the injection mode, the LPI system takes suction from the RWST. In the
39 recirculation mode, the LPR system is aligned to take suction from the containment sump. During the
40 recirculation mode following drainage of the RWST to a low-low level, the LPR discharge also provides the |
41 net positive suction head (NPSil) for the high pressure recirculation system. i

42

43 The LPI/LPR system consists of two 100% capacity pump trains. During normal plant operations, the low
44 pressure injection pumps are in standby, lined up to pump borated water from the RWST to the RCS cold
45 legs. Each LPI pump has a capacity of 3250 gpm at a temperature of 300'F and a pressure of 300 psig with |
46 a design head of 225 ft. Actual pump capacity, however, depends on pump discharge pressure. j
47 i
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4 Plant Description

1 Technical specifications require that the pumps, piping, valves, etc. of the LPI/LPR system be operable at all
2 times. A detailed description of the LPI/LPR system configuration in the shutdown POSs, including mid-loop
3 operation, is contained in Volume 2 of this report.
4

5

6 4.23 Containment Configuration During Mid-Loop Operation
7

8 At the inception of the Abridged Study, the status of containment isolation during mid-loop operation was
9 raised with VEPCO staff during a visit to Surry. At that time it was determined that while containment was

10 considered " closed" during mid-loop operation, what closure meant was that all penetrations were isolated
11 from the outside, some with temporary barriers, so that there is no air / vapor exchange with the environment.
12 Ilowever," closure" in the above sense did not mean that the containment was capable of withholding the
13 pressure that could be generated during the course of a severe accident and prevent the release of fission
14 products to the environment. He operating procedure checklist 1-OP-1G (Surry Power Station Unit i
15 Refueling Containment Integrity and RCS Mid Loop Containment Closure Checklist), which was acquired
16 from Surry staff on this visit, had as its objective the achievement of containment integrity in the above.
17 mentioned sense of an air / vapor barrier not the design pressure capability. The containment closure procedure
18 and closure time mentioned in the January 6,1989 letter of VEPCO to NRC in their response to Generic
19 Letter GL87-12 were also the procedures and times required to achieve containment isolation in the sense of
20 no air / vapor exchange with the environment. -

21

22 He difference in containment configuration between normal operation and POS 6, mid-loop operation, of
23 the refueling outage appears to be that during the refueling outage there is a temporary plug in place where
24 - the emergency escape trunk is usually installed during normal operation. This is shown schematicallyin Figure
25 4.2. The temporary plug was estimated to have only a 3 psi overpressure capability. In normal operation, the
26 escape trunk is installed with the O-rings in place in the interface with the equipment hatch to achieve the
27 design pressure capability.
28

29 Based on these considerations,it was assumed in the Abridged Study (refer to Chapter 2 of this report) that
30 for accidents initiated during mid-loop operation which progressed to core damage the containment would leak
31 to the environment from the start of a release into containment. De leak was assumed to take place through
32 the temporary plug in the equipment hatch.
33

34 Recognizing perhaps the potential problems regarding containment status during low power and shutdown
35 operation, the Surry staff have developed additional procedures to address the concerns about the closure of
36 the containment during POS 6 or shortly after the initiation of an accident during shutdown operation.
37 According to the most recent Surry procedures, one of the minimum equipment requirements for forced feed
38 and bleed (feed and spill) cooling is containment isolation (Surry Procedure 1-OSP-ZZ-004). The procedure
39 for containment isolation is provided by Surry Operations Surveillance Procedure 1-OSP-CT 214, Containment
40 (CIMI) Closure for Reduced or Potentially Reduced RCS Inventory Conditions. The procedure provides
41 instructions for the preparation, implementation, and documentation of containment closure activities and
42 indicates that it should be carried out before commencing to drain the RCS to a reduced or potentially
43 reduced inventory condition with fuel in the reactor vessel. The procedure lists all the containment
44 penetrations that need to be closed. A single barrier containment isolation is required. Ilowever, some
45 penetrations that are required for normal operation of the plant may not he isolated during containment
46 closure. He procedure states that valves associated with these penetrations that are in the open position for
47 normal plant operation should be noted as such, but should not be considered as a CIMTclosure discrepancy.
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4 Plant Description

1 Discrepancies that would prevent the achievement of a containment pressure capability of 45 psig are treated
2 as CRIT Closure Concerns. One action that may be taken to resolve a CTMT Closure Concern is to
3 implement the use of an acceptable barrier to meet Pressurized CTMTIsolation: i.e., metal flanges are sealed
4 with red rubber gaskets, bolting material, and torqued to specifications capable of retaining a pressure of 45
5 psig. There is no discussion in these procedures about what kind of leak tightness is required (or expected)
6 or how it can be assured (e.g. through a leak test) if such a capability exists.
7

8 Because only a single barrier is specified, and there exists the possibility that temporary barriers are used for
9 some penetrations, it is likely that the leak tightness and the pressure capability of the containment during

10 POS 6 will not be as good as during normal power operation. On the other hand, if the above procedure
11 succeeds in isolating the containment during POS 6, leaks from the containment atmosphere in accident
12 conditions, and thus the fission product release, to the outside environment may be significantly reduced.
13

14 In addition to the questions about the leak tightness and the pressure capability of the containment, the
15 probability of achieving containment isolation * within the time frame of interest in the presence of degraded
16 containment conditions is another issue which is not addressed by the above procedure.
17

IG Since containment status during shutdown is, perhaps, the single most important feature of the plant which
19 affects risk, additional questions on the procedure 1-OSP-CT-214 were addressed to the Surry staff to clarify
20 its scope and intent. The first question was whether implementation of the " single barrier pressurized CBiT
21 Isolation" procedure 1-OSP-CT-214 implies that "the containment is completely isolated during all phases of
22 reduced inventory condition?" Surry staff were also asked a second question related to the pressure capability
23 of the containment under the " single barrier containment isolation condition" specified in the procedure and
24 . asked if this capability, for both the design and the ultimate capability, was similar to that established for Surry
25 by the NUREG-1150 study (during normal full power operation).
26

27 Surry's response to the first question was that the 1/2-OSP-CT-214 procedure "does p_ot ensure that the
28 containment is completely isolated during all phases of reduced imentory conditions." It was pointed out
29 that, under the proposed procedure, the isolation barrier requiring the bulk of the closure time and the
30 resources, the equipment hatch and the escape trunk, would be installed prior to entering reduced inventory
31 and that the procedure " ensures that the majority of the remainingpenetrations are closed or capable of being
32 closed by a single isolation barrier (i.e. containment isolation valves) from the main control room". It was also
33 mentioned that " penetrations, which are not or cannot be isolated from the main control room, are listed as
34 discrepancies". Ilowever, the statement that the discrepancies would be isolated (by a containment closure
35 team established prior to entering reduced inventoiy) "in case of an event" coupled with the inability to
36 provide an estimate of the time required to resolve discrepancies and reestablish containment closure leads
37 to some uncertainty about the level of assurance provided by the Surry response, despite the assertion that
38 "any required reestablishment of containment closure should be performed well within the time to core I

39 uncovery recommended by Technical Report 865." Regarding the second question, Surry noted that "As an
40 alternative to the escape hatch, a preliminary design for a new barrier is being considered" which would be !

41 capable of withstanding 45 psig. It is not clear why a new barrier design is needed (to address the |
42 closure / isolation concerns) if the existing arriers can isolate containment "well within" the time frame of
43 relevance to the accident.

44 * 'Rere will be open penetrations that need to be closed after accident initiation. These penetrations include
45 those that are required for normal plant operation during containment closure.
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4 Plant Description
|

1 Given this uncertainty, particularly the fact the new procedures may still be evolving, it seems prudent to i

2 model the probability of pre-existing leakage (as assumed in the Abridged Study) and the containment failure j
3 pressure as an uncertainty parameter and perform sensitivity analysis to evaluate the impact of different i

4 assumptions regarding containment status. The assumptions made in this regard are described in more detail |
5 below in Chapter 6 where the accident progression event tree is developed. I

6

7
!8 4.2.4 Containtnent Spray System

9

10 4.2.4.1 Containment Spray Injection System
11

12 Containment heat removal in an emergency at Surry is by means of the containment spray system (CSS) in
13 the injection mode. The containment spray injection system provides initial cooling of the containment
14 atmosphere following an accident which can pressurize the containment, for example a LOCA. He CSS
15 pumps take suction from the refueling water storage tank (RWS'I), which is filled with chilled (45'F) borated
16 water, and spray it inside the containment to condense the steam. Containment sprays also provide a
17 mechanism for scrubbing fission products from the released inventory. The Technical Specifications require
18 that the RWST contains between 387,100 and 398,000 gallons of 2300-2500 ppm borated water chilled to at
19 least 45'F.
20 *

21 The containment spray system consists of two 100% capacity trains. Each train is connected to a separate
22 spray ring, and there is an additional ring shared by both trains. The spray pattern from the sings covers about
23 73% of the containment atmosphere.
24 - .

25

26 4.2.4.2 CSS Configuration During Mid leop Operation
27

28 The requirements on the availability of the CSS apply when the RCS temperature and pressure is in excess
29 of 350'F and 450 psig, respectively. There are no requirements below these limits. When the reactor is
30 operating at power, both CSS trains must be operable.
31

32 Considering the operating parameters of mid. loop operation, there are no Technical Specifications which
33 require CSS to be available during this plant operational state. Discussions with Surry personnel indicated,
34 informally, that the probability of at least one train of CSS being available was likely to be fairly high, on the
35 order of 70 percent. Accordingly, spray availability was treated as an uncertainty parameter in the
36 development of the Surry APETin Chapter 6. If CSS is available during POS 6,it would have to be manually
37 actuated since automatic actuation is not available at RCS temperature below 350'F.
38

39

40 4.2.4.3 Recirculation Spray System
41

42 The Inside Spray Recirculation (ISR) and the Outside Spray Recirculation (OSR) systems provide the long
43 term containment cooling and pressure reduction following an accident. At Surry, these systems also provide
44 long term core cooling after the accident. Each of the recirculation spray systems, ISR and OSR, contains
45 two independent pump trains. Each train takes suction from the containment sump and discharges through
46 a separate heat exchanger. Here are four heat exchangers, one for each train. The heat exchangers are !
47 cooled by service water. Each ISR or OSR train has a separate 180 degree spray ring so there are a total of 1

i
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4 Plant Description
.

1 four spray rings for the recirculation sprays. Two recirculation spray trains,in any combination, are sufficient ;

2 to provide long term cooling following a loss of coolant accident (LOCA). i

3

4 The ISR pumps are located inside the containment and are qualified for the harsh post-accident environment.
5 Dey provide about 3500 gpm of flow. De OSR pumps are located outside the containment and also provide
6 about 3500 gpm of flow each. The recirculation spray systems depend on either the CSS or the ECCS
7 injection system to provide sufficient inventory of water in the sump for their operation and on the service
8 water system for the ultimate heat sink. De requirements on the ISR and OSR systems are for RCS

- 9 temperatures and pressures in excess of 350*F and 450 psig, respectively. Above these limits, all four trains
10 must be available. There are no requirements below these limits.
11

,

-12

13 4.2.4.4 Reeirrubtion Spray System Configuration During Mid-Loop Operation
14

15 There are no Technical Specifications for ISR and OSR systems below the above limits of 350'F and 450 psig, !

16 which are the operational parameters in POSs 3-13. Thus it is possible that neither of the recirculation spray ;

17 systems, ISR or OSR, would be available during mid-loop operation. In discussions with Surry plant personnel |

18 it was indicated, informally, that the likelihood of availabilityof at least one train of either ISR or OSR is high
19 ( about 70%) during shutdown.
20 -

21

22 4.2.5 Reactor Cavity
,

23
*

24 The reactor cavity at Surry is normally dry as all water in the containment drains to the sump and there is no*

25 connection between the sump and the cavity. This feature of the Surry cavity has important implications for
26 the progression of severe accidents and the source terms where the vessel is breached and core-concrete
27 interactions occur. De only way for the cavity to have water is either if the containment sprays operate or
28 if core injection is recovered after vessel breach. This feature has been incorporated in the accident
29 progression event tree described in Chapter 6.
30

31

32 43 References ,

33 |

38 1. Chu, T. L., et al.," Evaluation of Potential Severe Accidents During low Power and Shutdown Operations
36 at Surry Unit-1: Analysis of Core Damage Frequency from Internal Events During Mid-loop Operations,"
37 Brookhaven National Laboratory, NUREG/CR-6144, Volume 2, December 1993,
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4 Plant Description .

Figure 4.2 Equipment Hatch Configuration During Mid-loop and Full Power Operation
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1 5 ACCIDENT FREQUENCY ANALYSIS INTERFACE
2

3

4 He analysis' of the core damage frequency (level 1 PRA) for accidents during mid-loop operation is
5 presented in Volume 2 of this report. Volume 2 contains a detailed description of the characteristics of the
6 operational states of the plant during mid-loop operation and describes the initiating events considered. An
7 analysis of the plant's response to the initiating events (including human actions) and the calculation of the
8 frequency of the sequences leading to core damage is also presented. A summary of the core damage
9 frequency analysis is given in Section 5.1 below. The way in which the different accident sequences that can

10 lead to core damage are interfaced with the accident progression analysis is discussed in the remainder of this

11. Chapter. The accident sequences are binned into plant damage states which have the characteristic that all ;

12 sequences in a given plant damage state behave in a similar manner during the subsequent accident
13 progression. The starting point for the accident progression analysis is therefore defining the plant damage
14 states and calculating their frequency. He characteristics of the plant damage states are described in section

15 5.2. De calculation of their frequency is presented in section 53.
16

17

18 - 5.1 Summary of Level 1 Core Damage Accidents
19

20 5.1.1 Definition of Plant Outage Types and Operational States
21 .

22 %c initiating events and systems analysis performed for Surry Unit 1 in the Level 1 analysis included all j.

23 operational modes at less than 15% power defined in the Updated Surry Final Safety Analysis Report. Seven
24 operational modes are defined in the Surry Technical Specifications in terms of reactor criticality, reactor

power, temperature, and pressure; five of these, refueling shutdown, cold shutdown condition, intermediate '
25 -

26 shutdown condition, het shutdown condition, and refueling operation refer to low power and shutdown
27 conditions.
28

29 Four different types of outage were considered in the Level 1 analysis: refueling, drained maintenance, non-
30 drained maintenance with the use of the residual heat removal (RIIR) system, and non-drained maintenance

31 without the use of the R11R system. Each outage type is further subdivided into phases defined by the
32 following parameters: Frequency, Plant Configuration, System Availability, Shutdown Activities, Time to Core
33 Uncovery, Maintenance Unavailability, Reactor Coolant System (RCS) Integrity, Containment Integrity,

*

34 Reactivity, Reactor Coolant Temperature, Reactor Coolant Pressure, Reactor Vessel Level, Time after
35 Shutdown and Duration. The phases are described as plant operating states (POSs). Each outage type is
36 characterized by a number of POSs, the time spent in each POS (a variable determined from plant operating I

37 records), and the activities carried out in that POS. He refueling outage, for example,is characterized by
38 15 POSs as follows: ;

39

40 POS 1: Initiation of low power operation (10-15% power level) proceeding to hot shutdown (Average Core
41 Temperature = 547'F, RCS pressure = 2235 psig).

42 POS 2: Cooldown with Steam Generators (SGs) to 345'F. .

43 POS 3: Cooldown with RilR system to 200'F.

44 POS 4: Cooldown to ambient temperatures using RIIR system. ;

'
45 POS 5: Draining the RCS to Mid-loop.

46 POS 6: Mid. loop Operation.
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5 Accident Frequency Analysis Interface

1 POS 7: Fill for Refueling.

2 POS 8: Refueling.

3 POS 9: Draining RCS to Mid-loop after Refueling.

4 POS 10: Mid-loop Operation after Refueling.

5 POS 11: Refill RCS completely after Mid-loop Operation.

6 POS 12: RCS Ileatup Solid and draw Bubble.

7 POS 13: RCS IIcatup to 350*F.

8 POS 14: Startup with SGs.

9 POS 15: Reactor startup and low Power Operation.
10

11 For a drained maintenance outage, POSs 7 through 10 given above would not be applicable. To provide a
12 perspective on the amount of time spent in each of the above POSs, Table 5.1 shows the average duration of
13 each POS for the four outage types based on 1985-1989 plant data.
14 -
15

16 5.1.2 Mid-Loop Operation POSs
17 .

18 Mid-loop operation occurs when the reactor coolant level i drained to the mid-plane of the hot leg. Brees

19 mid-loop operation POSs were considered in the accident ircquency analysis (refer to Volume 2 of this
20 report). Ecse are POS 6 and POS 10 of a refueling outage, and POS 6 of a drained maintenance outage.
21 . In,POS 6 of a refueling outage, mid-loop operation is used to perform eddy current testing of the SG tubes,
22 while in POS 6 of drained maintenance it is used to carry out needed maintenance.
23

24 In mid-loop the pressurizer power-operated relief valves (PORVs) are open connecting the pressurizer to the
25 pressurizer relief tank (PRT) which is vented to the process vent system through a 3/4 inch line. The vessel
26 head vent is connected to the discharge side of the PORVs through piping that consists of a section of tygon
27 tube which can withstand a pressure of about 40 psia.
28

29 During mid-loop operation, based on past practice, there is a possibility that one or more of the reactor loops
30 would be isolated. A review of past data showed that during refueling outages, the loops were isolated prior
31 to reaching POS 6 in one case, and during POS 6 in the other cases. The loops remained isolated until POS
32 12 was entered, so that all three loops were isolated completely in POS 10. In drained maintenance, on the
33 other hand, one loop is typically isolated. Loop isolation has a very important impact on the ability to use
34 the steam generators to remove decay heat (reflux cooling) in the case of loss of the residual heat removal
35 (RIIR) system during mid-loop operation. If the loops are isolated, reflux cooling is not available as a means
36 of controlling the accident.
37

30 One important difference between the various mid-loop POSs (in different outage types) is the time after
39 shutdown that the POS occurs and the duration of the POS. These times determine the decay heat level j
40 which,in the event of an accident, strongly influences the time of the subsequent accident progression. The
41 time after shutdown at which the accident occurs also strongly influences the fission product inventory
42 potentially available for release if the fuelis damaged. These times, therefore, play a key role in all aspects
43 of the integrated risk analysis. Past outage data at Surry were analyzed to determine distributions of the time
44 to reach mid-loop and the duration of mid-loop operation. Details of the statistical analysis performed are
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I given in Appendix D of Volume 2 of this report. Four statistical measures (i.e., mean,5th,50th, and 95th
2 percentile) of these distributions are given in Tables 5.2 (time to reach mid-loop) and 53 (duration of mid-
3 loop). These times vary over a wide range; the duration of POS 10, for example, ranges from less than 6

,

4 hours to over 2500 hours with a mean of 444 hours. This range greatly affects the evolution of the accident |

5 and the likelihood of recovery. The duration times given in Tables 5.1 and 53 are different because in Table
6 5.1 the times are simple averages of the data whereas the mean times in Table 53 were obtained by fitting
7 distributions to the data.
8

9 A review of past data also showed that during mid-loop operation in a refueling outage the safety valves on
10 the pressurizer were removed for maintenance (sometimes for extended periods). This removal opens a large
11 vent in the RCS. In the event of an accident this vent would allow relief of system pressure and makeup from
12 the refueling water storage tank (RWST). Ilowever,it would make reflux cooling impossible due to loss of
13 inventory through the opening. In the accident progression following core damage, the removal of the safety
14 valves also implies the RCS would be at low pressure during the various accident scenarios and that a direct
15 path would exist from the vessel to the containment for the release of fission products. Safety valves are not
16 removed during POS 6 in a drained maintenance outage.
17

18 He practice of using mid-loop operation during outages appears to be changing at Surry. In the most recent
19 refueling outage Unit I avoided mid-loop operation. The core damage frequency analysis in Volume 2 of the
20 report is based on past practice and does not reflect the most recent outage. It is not clear to what extent tht:
21 plant can completely avoid going to mid-loop in future outages.
22

23

5.1.3 Description of Time Windows24 -

25

26 The time to enter mid-loop and the average duration of mid-loop operation are important parameters,which
27 have a large impact on the probability of recovering from the accident. He criteria used for success of the
28 safety systems to prevent core damage differ depending on the decay heat level,which is a function of the time
29 that the accident occa.s after shutdown. These times also have a significant impact on the progression of the
30 accident and on possible releases and the consequences. In order to incorporate these times formally into the
31 analysis, a " time window" approach was developed. This approach is based on dividing the distribution of
32 times shown in Tables 5.2 and 53 into sub-periods called " windows". A total of four time windows after
33 shutdown were defined in the accident frequency analysis. Table 5.4 shows the definition of the time windows.
34 He information in Table 5.4 was reproduced from a more detailed description of the time windows given in
35 Volume 2 of this report. For POS 6, in both refueling and drained maintenance outages, all four windows
36 were applicable; for POS 10 only windows 3 and 4 were applicable.
37

38 Each window is characterized by a time interval (measured from the time of reactor shutdown), and a
39 representative level of decay heat, which corresponds to the mid-point of the time interval. The decay heat
40 then determines subsequent parameters such as the time to boiling if the RilR system is lost, the time to
41 reach various pressures which will challenge sub-systems such as the (temporary) tygon tubing, and the
42 pressurizer relief tank (PRT), time to core uncovery and eventually core damage. These times are displayed
43 for each time window in Tabic 5.4 ne definition of time windows used in the accident progression analysis
44 was also used in the definition of the plant damage states, and the accident progression event tree.
45

46

,
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1 5.1.4 Summary of Initiating Events !

2

3 Initiating events were identified in the Level 1 analysis by reviewing relevant studies and Surry operating
4 procedures and searching licensee event reports. Initiating events that are specifically applicable to mid loop
5 operation include: loss of RIIR, loss of offsite power, loss of 4 kV bus, loss of vital bus, loss of outside
6 instrument air, loss of component cooling water, loss of emergency switchgear room cooling, inadvertent safety
7 feature actuation, and boron dilution events. He most important initiator both in terms of frequency and its
8 impact on the accident analysis is the loss of R!lR, followed by loss of offsite power and loss of a 4 kV
9 emergency bus.

10

11

12 5.1.5 IIuman Reliability Analysis
13

14 Iluman error events modeled in the Level 1 analysis included pre-accident errors and post-accident errors.
215 De former were partly adopted from the full power study performed for Surry, while the latter were

16 specifically developed in the Level 1 analysis through a detailed definition of the event scenario, required
17 actions and the factors which affect operator action. He success likelihood index methodology' (SLIM) was
18 used to derive human error probabilities based on a qualitative evaluation of the actions and parameters
19 affecting operator performance, the performance shaping factors (PSFs). Iluman errors modeled included

*
20 failure to diagnose and failure to take action.
21

22 ,

23 5.1.6 Accident Sequence Quantification and Results
24 ' *

25 He accident frequency analysis for mid-loop operation is presented in Volume 2 of this report. The results
26 are summarized here to give a perspective on the subsequent accident progression analysis. A more detailed
27 discussion including consideration of uncertainties is given in Volume 2. Accidents initiated in POS 6 in both
28 drained maintenance and in refueling outages are the most important contributors to the mean core damage
29 frequency. Accidents initiated in POS 10 were estimated to have an order of magnitude lower mean core
30 damage frequency than accidents in POS 6. His result is expected because POS 6 occurs much earlier in an
31 outage than POS 10 se .aat less time would be available for recovery actions and thus the core damage
32 frequency should be higher in POS 6. He Level 1 analysis generated a total of 2186 core damage cutsets with
33 frequencies greater than the truncation limit of 10* per year. All cutsets with frequencies above 10* per year
34 were incorporated into the plant damage state analysis.
35

36

37 5.2 Plant Damage State (PDS) Characteristics
38

39 Information about the many different accidents that lead to core damage is passed from the core damage
40 frequency analysis to the accident progression analysis by means of PDSs. Because the accident progression
41 analysis is similar for many of the cutsets identified in the core damage frequency analysis the 2186 cutsets
42 were grouped together into a smaller number of plant damage states. The prime consideration when assigning
43 a core damage accident cutset to a PDS is similarity in the progression of the accident in the vessel and in
44 containment, and in ways to terminate the accident. Derefore all of the sequences binned into a PDS should
45 have similar behavior following the uncovering of the core.
46
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1 The plant damage states were identified by a seven. letter indicator that defines seven characteristics that
2 largely determine the progression of the accident. For each characteristic possible attributes are discussed
3 below:
4

5 1. Time Window - The time window in which the accident occurs can be casily determined by the basic
6 event names used. Attributes 1,2,3, or 4 are assigned ocpending on the time window in which the
7 accidents occur.
8

9 2. AC Power - This question determines whether or not recove y of offsite power after core damage can
10 prevent further degradation of the condition. If core damage is caused by loss of offsite power, then
11 it may be possible to re-establish injection after offsite power is recovered.
12

13 Y: If AC power is available in the cutset, then recovery of offsite power is not relevant.
14

15 U: His attribute is used when the initiating event is a loss of emergency switchgear room cooling
16 and cooling is not recovered. For such cutsets, the loss of power is not recoverable and vessel
17 ~ breach is unavoidable.
18

19 B: If the cutset represents a station blackout, then recovery of offsite power should restore power
20 to the equipment that can be used to prevent vessel breach. Recovery of offsite power is
21 characterized by the recovery curve given in Volume 2 of this report.
22

23 F: If the cutset involves a loss of the 4 kV 13us, then restoring power to the bus should restore
24 . power to the equipment needed to prevent vessel breach. The recovery of 4 kV bus is,

25 characterized by a different recovery curve than that of offsite power.
26

27 3. Iluman Error - If the core damage is the result of human error, then with more time available after
28 core damage and additional alarms as a result of core damage,it is possible that the operators could
29 recover from the error and initiate safety injection to prevent vessel breach. The type of human error
30 can be easily identified by the names of the human error events used.- If the error is diagnostic then
31 the attribute is "D". . If it is an action error is involved then the attribute is "A". If no human error or
32 an unrecoverable human error is involved then the attribute is "N".
33

34 4. RCS Status at Onset of Core Damage - Based on the thermal hydraulic analysis described in Volume
35 2 of this report, the RCS pressure could reach 600 psiif core damage occurs in time window I with only
36 1 PORV open to relieve system pressure. This is a condition where the potential exists for direct :

37 containment heating (DCil)if the core debris melts through the reactor pressure vessel. For those
38 window I cutsets in which the pressurizer safety valves are not removed, a letter "G" is assigned. For
39 these cutsets, only two or less 2 PORVs are potentially available to relieve the pressure. For all other
40 configurations the RCS is expected to be at low pressure, which is designated by letter #1".
41

,

42 5. ECCS Status - This question determines the cause of failure of the emergency core cooling system
43 (ECCS), which in turn influences the possibility for restoring safety injection to prevent vessel breach.
44

45 U: His identifies hardware failure as the reason why ECCS is not available. Under these
46 circumstances it is not possible to establish safety injection.
47
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1 R: If the cause of ECCS failure is due to either human error, loss of offsite power, or loss of the
2 4 kV bus, recovery from these events would allow coolant injection to prevent vessel breach. i

3

4 C: His indicates that ECCS fails during recirculation. The main cause of recirculation failure
5 is plugging of the sump suction. Recovery of ECCS was considered unlikely under these
6 circumstances.

,

7

8 6. Recirculation Spray Status - De operation of the recirculation spray system can reduce the airborne
,

9 fission product aerosol concentration in containment after core damage. The unavailability of the ;

10 recirculation spray was determined by a set of basic events that were identified by reviewing the cutsets !

11 involving loss of recirculation spray, if the recirculation spray is recoverable then the attribute is "R" |
12 if the spray is unrecoverable then "U" is assigned.

,

13

14 7. RWST Status - De RWSTinventory is needed if the ECCS is recovered after loss of power or human
15 error. The RWST would not be available for those sequences in which failure occurs in recirculation,
16 gravity feed is successful, or use of the Unit 2 charging pump is successful.

'

17

18

19 5.3 Plant Damage State (PDS) Results
,

*
20 |

-21 In this section the allocation of the cutsets to the plant damage states is described. Additional details on how
22 individual cutsets were assigned to particular PDSs is given in Appendix A. Initially an algorithm was
23 developed for assigning the cutsets to the various plant damage states using the characteristics discussed in
24 ' Section 5.2. Designators within the cutsets were identified and matched with the alphanumeric descriptors -

25 of the PDS. A total of 48 PDSs were obtained when the algorithm was applied to the 2186 core damage '

26 cutsets. The Level 1 analysis generated 10,000 LIIS observations using the IRRAS code.d Each sample i

27 calculated a frequency for each of the 48 PDSs. The uncertainty ranges included in Appendix A for the 48 -!
23 PDSs are therefore based on 10,000 LIIS observations.

29

30 He 48 PDSs generated by the Level 1 analysis were regrouped into four PDS groups to be processed by the
31 accident progression event tree analysis. He main consideration in regrouping was again the similarity of {
32 accident progression after core damage and for the convenience of the event tree logic. Appendix A indicates

'

33 how the 48 PDSs were placed into four more general PDS groups.
'

34
i

35 It was noted above that the distributions for the 48 PDSs were obtained using 10,000 LIIS observations. It |

36 would be impractical however to use 10,000 observations for processing through the accident progression
,

37 analysis and it was therefore decided to use 100 LilS observations. It was therefore necessary to regenerate
38 the uncertainty ranges based on 100 LilS observations for the four PDS groups for input to the accident
39 progression analysis, ne uncertainty ranges for the four PDS groups obtained from the smaller number of
40 observations are given in Table 5.5. He uncertainty ranges for the various time windows within each PDS

;

41 group are also given in Table 5.5. .i

42 !

43 The distributions obtained using 10,000 LilS observations differed slightly from the distributions based on only |
44 100 LilS observations. Four statistical measures for the core damage frequency obtained from both sets of

.

45 - observations are given below:
'46
47

.

,

^
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1 Core Damage Frequency Based Core Damage Frequency Based
on 10,000 LIIS Observations on 100 LHS Observations

2 95th Percentile 1.5 E-5 1.94E-5

3 Mean 4.9E-6 4.2E-6

4 50th Percentile 2.1E-6 2.0E-6

5 5th Percentile 4.8E-7 3.2E-7
6

7 <

8 One can see that the median values of the two distributions are close but that the mean values are further
9 apart. This is to be expected because the means are more influenced by the tails of the distribution. However,

10 the distributions are close and risk numbers obtained using the smaller number of observations should be
11 valid.
12

'

13 From an inspection of the information in Table 5.5 it is apparent that accident sequences in which the
14 operators did not correctly diagnose the situation or take proper actions (plant damage state 2) were the
15 largest contributor (approximately two. thirds of the total) to the mean core damage frequency for mid-loop
16 operation. Table 5.5 also indicates that most of the accidents are predicted to occur in the earlier time
17 windows. This is expected because less time is available for recovery actions in the earlier time windows.
10

19 Each of the four plant damage state groups are briefly described below:
20

,

21 PDS Group 1 consists of five blackout PDSs. He PDSs in this group contribute approximately 10% to the
22 mean core damage frequency. De accidents belonging to this group are initiated by a loss of offsite power.
23 He diesel generators fail to respond, causing a station blackout condition. Attempts are unsuccessful in
24 restoring power in time to provide cooling before core damage. In some of the accidents, gravity feed and
25 bleed delays the onset of core damage until the water in the RWST runs out. The recirculation and
26 containment systems are not available due to the loss of power. In this PDS group, the dominant factor in
27 the accident progression is the recovery of offsite AC power.
28

29 PDS Group 2 consists of accidents attributab!c to human error. This PDS group contains 20 PDSs and is the
30 !argest contributor to the mean core damage frequency for accidents initiated by internal events during mid-
31 loop operation at Surry. About two-thirds of all core damage accidents belong to this group. In this group
32 operators either fail to diagnose the accidents or to take correct actions, following loss of core cooling due
33 to some initiator. The progression of accidents is somewhat different depending on whether the human error
34 is diagnostic or action. For example,if it is a diagnostic error,it is assumed that the same error results in
35 failure to recognize the need for isolating the containment. Ilowever, if the error is in action, it was assumed
36 that the containment would most likely be closed before core damage. In most cases, electric power and some
37 core cooling systems are available. In this PDS group, the dominating factor in the accident progression is
38 recovery from human errors.
39

40 PDS Group 3 consists of accident sequences where core cooling is lost during recirculation. This group
41 contains 17 PDSs and accidents in this group contribute about 18% to the mean CDF for Surry. The accidents
42 in this group occur only in Time Windows 1 and 2. In Windows 3 and 4 core cooling does not require
43 recirculation within 24 hours which is the mission time for the Level 1 analysis. In this group, core cooling
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I was successfully initiated and continued until the RWST was emptied; but the recirculation failed and the
2 accident progressed to core damage. The leading cause of recirculation failure was found to be plugged
3 suction from the sump.
4

5 PDS Group 4 consists of accidents where core cooling is lost because of loss of the 4 kV bus. His PDS group
6 contains six PDSs and contributes about 5% to the mean CDP. There are no occurrences of this PDS in
7 Windows 3 and 4. He accidents in this group are similar to those of PDS group 1 (SBOs) except that
8 accidents are initiated by loss of the 4 kV bus. This group is separated from Group 1 since the recovery
9 probabilities are different. The progression of accidents in this group are similar to those in Group 1.

10

11
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13
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Table 5.1 Estimated Average Durations (Ilours) of Plant Operational States
Thased on data from 1985-1989)

.

Plant itefue:Ing Drained Non-Drained Non-Drained
Operational Maintenance Maintenance Maintenance

State (with R11RS) (w/o RilRS)
--,

1 0.6 0.7 0.1 0.6

2 223 15.1 123 15.0 ;

3 10.7 13.6 16.8 -

|
4 154.4 1963 127.9 -

5 45 3 202 - -

- 6 183.0 202.0 - -

7 374.0 - - -

'

8 810.8 - - -
,

9 206.0 - - -

10 107.0 - - -

11 118.0 44.1 - -
*

12 1840.0 175.0 - -

13 34.4 103 - -

14 69.0 40.4 21.0 -

15 56.1 12.7 18.6 9.9
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Table 5.2 Time to Mid-loop (hours)

POS Mean 5th 50th 95th
Percentile Percentile Percentile

POS6 191 72 168 389
Refueling

POS 10 2619 833 968 4828
Refueling

POS6 190 27 105 618
Drained

Maintenance

.

.

Table 5.3 Duration of Mid-loop (hours)

-
.

POS Mean 5th 50th 95th
Percentile Percentile Percentile

POS6 238 14 112 876
Refueling

POS 10 444 6 151 2586
Refueling

POS6 255 12 109 958
Drained

Maintenance

|

NUREG/CR-6144 5-10 DRAFT |

--

- - _ _ _ _ _ _ _ . - - . _ - _ _ . _ _ _ _ _ _ . _ _ - - _ _ _ _



.

E
'

$
%
m

Table 5.4 Definition and Characterization of Time Windows *

MINDOWI WINDOW 2 %1NDOW 3 %3NDOW 4

Definition s 75 hours > 75 hours and s 240 hours > 240 hours and s 32 days > 32 days

Representative Decay lieat 13 MW (2 days) 10 MW (5 days) 7 MW (12 days) 5 MW (32 days)

Time to Boiling 15 min. 20 min. 27 min. 37 min

Time to Tygon Tube 23 min. 31 min. 43 min. 59 min.
Rupture
(40 psia)

Time to PRT Rupture 51 min. 63 min. 78 min. 96 min.

$ (100 psig)
-

Time to 165 psia 41 min.with 2 PORV 63 min.with 2 PORV 227 min.with 2 PORV 352 min.with 2 PORV
43 min.with 1 PORV 60 min.with 1 PORV 89 min.with 1 PORV 147 min. with 1 PORV

Time to 615 psig 145 min.with 1 PORV - - - u

Time to RWST Depletion 10 brs 13.5 hrs 18.7 hrs 38.6 hrs R
2

Time to AFW Initiation 743 min. 669 min. 925 min. 628 min, ft
E(with 25% SG inventory

'

[remaining)
.c

Time to Core Uncovery 120 min. 157 min. 209 min. 273 min. |
4

Time to Core Damage 219 min. 297 min. 411 min. 557 min. p7
C ;;
% q
m v.
9 1
O * Reproduced from Table 5.4-2 in Volume 2 of this report. y
& &
E 8.
u
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Table 5.5 Distribution of Core Damage Frequencies for Each Time Window and PDS Group
(per reactor year)

PDSGenup TIME 5th 50th 95th MEAN
WINDOW Percentile Percentile Percentile

1 1 332E-9 4.67E-8 939E-7 1.98E-7

2 3.11E-9 335E-8 - 7.81E-7 133E-7(Station
Blackout) 3 1.60E-9 136E-8 2.00E-7 4.05E-8

4 8.56E-10 1.07E-8 8.87E-8 238E-8 ' i

Total 1.87E-8 1.20E-7 1.65 E-6 3.95E-7
i

2 1 8.19E-9 1.27E-7 232E-6 4.90E-7

2 6.07E-8 3.55E-7 6.07E-6 1.24E-6(IIuman,

Error) 3 4.80E-8 2.83 E-7 4.12E-6 9.14E-7

4 7.49E-9 6.51E 8 7.43E-7 1.85E-7 '

*

Total 2.07E-7 1.03E-6 1.28E-5 2.83E-6 <

,

3 1 3.06E-8 334E-7 3.20E-6 6.69E-7

2 737E-9 4.64 E-8 3.94E-7 1.08E-7, (Recirculation ,,

Failure) 3 0 0 0 0 i

:
4 0 0 0 0

Total 534E-8 4.08E-7 3.26E-6 7.77E-7

4 1 2.13E-9 3.86E-8 5.45E-7 133E-7
,
I

2 2.22E-9 2.82E-8 4.21E-7 8.82E-8(Loss of
4 kV Bus) 3 0 0 0 0-

'

'
4 0 0 0 0

Total 8.87E-9 8.88E-8 132E-6 2.21E-7

Total 3.18E-7 1.99E-6 1.94E-5 4.22E-6

.

r

|
,

!
>
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1 6 ANALYSIS OF THE ACCIDENT PROGRESSION
2
3

4 The accident progression analysis starts with information received from the accident frequency analysis:
5 frequencies and definitions of the plant damage states (PDSs). The results of the accident progression analysis
6 are passed to the source term analysis and the risk analysis. The methods used in this accident progression
7 analysis are similar to those used in the NUREG-1150' study. Details of the methodology and the results
8 of the PRA performed for accidents during full power operation at Surry are presented in NUREG/CR-4551,
9 Vol. 3.2

10

11 The main tool for performing the accident progression analysis is an event tree. The Accident Progression
12 Event Tree (APET) treats the progression of an accident from the onset of core damage to the release of
13 fission products, if any, or a successful termination of the accident. The APET involves modlling of the
14 physical processes occurring in the vessel and containment during the various accident sequences (such as
15 hydrogen burning and direct containment heating), and the availability and status of various safety equipment
16 which could be used to mitigate the severity of the accident (such as safety injection systems and containment
17 sprays). He APETalso evaluates the capabilityof the containment to retain the fission products under severe
18 accident loads. A series of questions are asked which represent these events and phenomena. Each path
19 through the APET defines a unique accident progression path that potentially could give rise to the release

,

20 of fission products. The number of questions in a APET can vary, depending on the details desired, and the
21 number of relevant,important phenomena to be modelled. .

22 ,

23 ne APLT is not meant to be a substitute for detailed, mechanistic codes, rather it forms a high-level model
24 of the accident progression. De APETis an integrating framework for synthesizing the results of these codes

25 , together with expert judgment on the strengths and weaknesses of the codes. In this way, the full diversity
26 of*possible accident progressions can be considered and the uncertainty in the many phenomena involved can
27 be included. The APET was evaluated by the computer code EVNTRE.2
28

29 He following section contains an overview of the APET used for this study. Details, including a complete -

30 listing of the APET and a discussion of the possible outcomes to each question, may be found in Appendix ;

31 D of this report. Section 6.2 summarizes how the APETis quantified. It explains how the many numerical ;
32 values for branching ratios and parameters were obtained. Section 6.2 also lists the variables that were

~

33 sampled in the accident progression analysis for Surry shutdown study. A brief summary of supporting
34 deterministic calculations is provided in section 6.3. Section 6.4 describes the binning process and the binning
35 characteristics. The results of the accident progression analysis for each PDS and " Time Window" are

I36 presented in Section 6.5. Section 6.6 discusses the sensitivity of conditional containment failure probability
37 due to the containment failure pressure.
38

39

40 6.1 Description of the Accident Progression Event Tree
41

!
42 In constructing the APET for Surry during mid-loop operation, extensive use was made of the results of the

243 accident progression analysis for the Surry plant carried out for the NUREG-1150 program,which was a PRA |
44 of the plant at full power. The NUREG 1150 study showed that the major cause of fission product release '

45 was from accidents in which the containment was bypassed, followed by basemat melt-through (BMT) by the
46 molten core debris. The study indicated that phenomena such as direct containment heating (DCII) or steam !

47 explosions were not important contributors to the estimated probability of containment failure and the
48 eventual release of fission products. Nor did hydrogen burning or gradual pressurization of the containment
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6 Analysis of the Accident Progression

1 significantly contribute to the containment failure. Thus, an important finding of the full power study was that
2 once the Surry containment boundary is closed, the containment retains the fission products most of the time
3 (except for very late basemat melt-through) even when excessive core damage occurs. For accidents during
4 low power and shutdown operation the decay heat is significantly less, the reactor pressure is generally low
5 and the pressure generated in the containment is lower than for accidents occurring at full power. Therefore,
6 carly containment failure modes such as DCll and hydrogen burning could be excluded in the low power and
7 shutdown risk study if the capability of the containment to hold pressure is the same as that of full power.
8

9 110 wever, containment failure pressure was assumed to be 45 psig in this study while the results of full power
10 risk analysis were based on a containment failure pressure of 126 psig as discussed in section 4.2.3. Therefore,
11 containment failure caused by such phenomena as DCll and hydrogen burning could not be dismissed based
12 on the full power analysis results and thus is included in this study. A sensitivity study with an assumed failure
13 pressure of 126 psig was also performed as discussed in Section 6.6.
14

15 De APET for this study contains 40 questions while the full power study has 71 questions. Table 6.1 lists the
16 40 questions used in the Surry APET for accidents during mid-loop operation. The complete listing of the
17 APET and a discussion of each question is found in Appendix B. He APET for mid-loop operation is largely
18 based on the APET of the NUREG-1150 full power study, it was modified to reflect the conditions during
19 mid-loop operation by removing some questions and adding several questions pertinent to the shutdown
20 conditions. *

21

22 Some of the modifications made to the NUREG-1150 APET to reflect the conditions during mid-loop
23 operation are listed below:
24 - .

25 1) Questions on fan coolers were removed. Hey were not relevant even in the full power study.
26

27 2) Questions on accumulators were removed; accumulators are blocked out during mid-loop operation.
28

29 3) Questions on Interfacing Systems LOCAs were removed; the level 1 analysis' does not have these
30 sequences.

31

32 4) A qt.cstion on scram was removed since the reactor has already been successfully shutdown.
33

34 5) Questions concerning steam generator tube ruptures and heat removal by the steam generators were
35 removed. Level 1 results do not include steam generator tube rupture sequences. Failure of heat
36 removal by steam generators is already considered in the level I analysis.
37

38 6) Several questions on temperature-induced reactor coolant pump seal failure and other breaks were
39 removed. This phenomenon contributes to reducing the high pressure vessel failure probability. Since
40 the majority of accidents initiated during the shutdown period are with the reactor vessel at low pressure
41 (only a very small fraction of the accidents during Window I are at intermediate pressure) as discussed
42 in the previous chapter (Section 5.2), these questions were considered not pertinent.
43

44 7) Containment failure by the " rocket mode" were removed; this failure mode requires a high vessel
45 pressure (2500 psi) which is not possible for accidents during mid-loop operation.
46
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6 Analysis of the Accident Progression
i

1 8)' Containment failure by BMT was not included in the tree because MELCOR calculations showed that |
5

2 the rate of erosion of the basemat is very slow compared to the thickness of the basemat (refer to ;

3 section 63). j
4

5 9) Containment failure by gradual overpressurization was not considered to be feasible based on MELCOR
6 calculations which indicated very slow pressurization rates (refer to section 63).
7

8 10) A question on the " Time Window" was added.
9

10 11) Questions on the status of containment closure and containment pressure capability were added.
11

12 12) Questions on human error and recovery from human error were added; human error is the largest cause
13 of accidents during mid-loop operation in the level 1 analysis (Section 5.2).
14

15 13) Questions on recirculation failure were added; failure of recirculation due to sump plugging is a

17 ,
significant cause of accidents during mid-loop operation in the level 1 analysis (Section 5.2).16

18 14) Questions on loss of a 4 kV bus and its recovery were added; loss of the 4 kV bus and the resultant loss
19 of the injection pumps was found to be a significant cause of accidents during mid-loop operation in the
20 level 1 analysis (Section 5.2). -

21

22 15) Since the results of the NUREG-1150 study indicated that the pressure generated by hydrogen burning
23 could be substantially above 45 psig,it was assumed that a large hydrogen burn would fail containment
24 if it occurred (i.e., detail calculations on the magnitude of the pressure generated during a hydrogen.

25 burn were not performed specifically for this study). The APET still includes questions on whether
26 conditions exist for hydrogen ignition in the containment.
27

23

29 The APET is broken into five time periods. The time periods are:
30

31 Initiah Questions 1 through 11 determine the conditions at the beginning of the accident.
32

33 Early: Questions 12 through 20 cover the in vessel accident progression period up to the time of
34 vessel breach (VB).
35

36 Intermediate: Questions 21 through 25 determine the progression of the accident at and immediately after
37 vessel breach (VB), including the possibility of containment failure at VB.
38

39 Late: Questions 25 through 37 determine the progression of the accident during core-concrete
40 interaction (CCI).
41

43 Very Late: Questions 38 through 40 determine the accident progression in the period following CCI, |
43 including the possibility of containment failure due to hydrogen combustion.
44

45
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6 Analysis of the Accident Progression

1 The clock time for each period varies depending on the time window when the accident is initiated. He table
2 below shows these time periods for each time window based on the results of MELCOR calculations. Details
3 of the MELCOR calculations are provided in Appendix F.
4

5 \
I

6 Accident Timing Used in the Surry APET for L.ch Time Window
7 (Minutes Measured from the Start of the Accident) l

8 |
!i

9 Window I Window 2 Window 3 Window 4 Remarks :

10 End of Early Period 90 125 170 240 Core damage

11 Intermediate Period 216 300 364 530 Vessel breach
|

12 End of Late Period 400 480 550 710 Prompt CCI

13 Veiy Late 1440 1440 1440 1440 24 hrs

14 -
15

16 6.2 Overview of the APET Quantification
17 *

18 nis section discusses the types of questions used in the APET and summarizes the quantification method.
19

20 in addition to the number and name of the question Table 6.1 shows how the questions were evaluated or
21 - quantified. If the question is sampled, the table also indicates how it is sampled, i.e.,if the distribution is
22 based on the distribution of frequencies of core damage accidents and PDSs provided by the level 1 analysis,
23 assigned internally by HNL staff, from the electric power recovery distribution,2 from recovery distribution for
24 human errors,* or from a distribution provided by one of the expert pancis of the NUREG-1150 study. The
25 item sampled may be either the branching ratio or the parameters defined at that question. For questions
26 which are sampled and which were quantified internally, the entry ZO in the sampling column indicates that
27 the question was sampled zero-one, and the entry SF means the questions was sampled with split fractions.
28 If the sampling column is blank, the branching ratios for that question, and the parameter values defined in
29 that question,if any, are fixed. The branching ratios of the PDS questions change to indicate which PDS is
30 being considered. Some of the branching ratios depend on the relative frequency of the PDSs which make
31 up the PDS group being considered. These branching ratios can change for every sample observation, and
32 may change for some PDS groups but not for others. If the branching ratios change from observation to
33 observation for any one of the four PDS groups, SF is placed in the sampling column for the PDS questions.
34 The abbreviations in the quantification and sampling columns of Table 6.1 are explained at the end of the
35 tabic.
36

37. Twenty-one variables, listed in Table 6.2, are sampled for the accident progression analysis. That is, every time
38 the APET was evaluated by EVNTRE, the original values of these 21 variables were replaced with values
39 selected for the particular observation under consideration. These values were either based on the distribution
40 of accidents provided by the level 1 analysis or selected by the LilS program' from distributions that were
41 defined before the APET was evaluated. As explained earlier, these distributions were determined internally
42 or information provided by expert panels in the NUREG-1150 analysis. Some are branch fractions, others
43 are parameter values used in the calculations such as pressure generated by DCll. Several variable listed are

| 44 used to select the probability that off. site power will be recovered in a specified time interval given that it was
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6 Analysis of the Accident Progression

1 not recovered in a previous time interval, each with different start and end times, for each time window.
2 There are similar questions regarding recovery from loss of 4 kV bus or human errors. Additionalinformation
3 on the ranges of distribution of these variables can be found in Appendix B of this volume. t

'

4

5 I

6 6.3 Supporting Deterministic Calculations
7

8 Several calculations were performed with the MELCOR code' to support the determination of the various
9 time windows and associated success criteria and also to help quantification of the APET. Predictions of the

10 MELCOR code were also used to compare against the source term distributions calculated by the SURSOR
11 code (refer to Chapter 7). The MELCOR calculations are described in Appendix F, which also includes
12 detailed results for several possible accident scenarios during mid-loop operation.
13-

14 The major impact of the MELCOR calculations on the APET quantification relates to two potential
15 containment failure mechanisms, namely basemat melt-through by the molten core debris and
16 overpressurization of the containment by steam and noncondensible gases.
17

18

19 6.3.1 Basemat Melt through
20

21 As noted above this failure mechanism was found to be a significant cause of fission product releases for
22 accident during full power operation although the core debris was determined to penetrate the basemat very
23 late in an accident sequence. Ilowever, the MELCOR calculations presented in Appendix F indicate much
24 slower concrete crosion rates for accidents during mid-loop operation. This lower concrete crosion is caused -
25 by the relatively low decay heat for accidents during mid-loop operation. The crosion depth was calculated
26 to be about 0.75 m (compared with a basemat thickness of 3 m) 30 hours after the start of an accident in time
27 window 1 (recall that the representative decay heat is highest in this time window). Even in the full power !

28 analysis,it was calculated to take several days to breach the basemat. Since the probability of not recovering
29 some safety injection system in this time period is extremely small, it was determined that basemat melt-
30 through is not a credible failure mode for accidents during mid-loop operation.
31

32

33 6.3.2 Containment Overpressurization
34

35 Overpressurization of the containment by steam and noncondensible gases was found to be not a credible
36 failure mode for accidents during mid-loop operation also based on MELCOR calculations. This is true even
37 if the containment is assumed to leak at pressures above 45 psig. Again the low decay heat levels associated
38 with accidents during mid-k>op operation means that the driving force for containment pressurization is also

,

39 low and the rate of pressurization is veiy slow. Detailed results are presented in Appendix F. !

40

41

42 6.4 Description of the Accident Progression Bins !

43

44 As each path through ,the APET is evaluated, th'e result of that evaluation is stored by assigning it to an
45 - Accident Progression Bin (APB). The accident progression bins are the means by which information is passed
46 from the accident progression analysis to the source term analysis. A bin is defined by specifying the attribute
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6 Analysis of the Accident Progression -

1 or value for each of 12 characteristics or quantities which define a certain feature of the evaluation of the
2 APET. The definition of APBs and the method of their assignment in this study is similar to those of the
3 NUREG-1150 study except for one very important difference; an additional attribute was added to
4 characterize the " Time Window". The " Time Window" information is passed to the consequence calculation
5 to account for the different fission product decay times. Table 6.3 lists the 12 characteristics of the APBs:
6 the detailed listing of the attributes of these characteristics may be found in Appendix B. The binner,which
7 follows directly after the APET is the data file which forms the input to EVNTRE,is also listed in Appendix
8 B. Some of the bin characteristics such as SGTR and RCS-hole size are not relevant or significant for the
9 mid-loop risk analysis, but were still included to match the requirement of the SURSOR code.' He " Time

10 Window" characteristic is not required by the SURSOR code but is passed to the consequence analysis.
11

12 Characteristic 1 primarily concerns the time of containment failure. There are seven attributes. Four of these
13 attributes concern the time of containment failure, two concern Event V, and one is for no containment
14 failure. Interfacing systems LOCAs (Event V) were not applicable to mid-loop operation and therefore
15 attributes A and B were not used. BMT and eventual overpressure failure due to the inability to restore
16 containment heat removalin the days following the accident were the failures that occurred in the Final period
17 in the full power study. These failure modes were determined to be not credible for accidents during mid-loop
18 operation and therefore attribute F was not used.
19

20 Characteristic 2 concerns the periods in which the sprays operate. The division into the nine attributes is a
21 straightforward sorting out of the various combinations of time periods. The final time period is of little
22 consequence for the fission product release, but it must be included because there are cases where the sprays
23 operate only in this period and, for each characteristic, the binner must have a location in which to place every
24 outcome.
25

26 Characteristic 3 concerns the CCIs. Here are six possibilities which cover the meaningful combinations of
27 prompt CCI, delayed CCI, and no CCI, with the amount of water in the cavity.
28

29 Characteristic 4 concerns the pressure in the reactor vessel before vessel breach; there are four levels. The
30 pressures shown in parentheses are approximate pressures just before VB. The RCS pressures during most
31 of the core degradation period for accidents in mid-loop were in the intermediate to low pressure range.
32 Attributes A and B were therefore not used.
33

34 Characteristic 5 concerns the mode of vessel breach; there are six possibilities, including no VB.
35

36 Characteristic 6 concerns SGTR. Steam generator tube ruptures were not identified in the Level 1 analysis
37 so that the attribute for this characteristic was always C.
38

39 Characteristic 7 concerns how much of the core not in IIPME that is available to participate in the CCI. The
40 fractions 030 and 0.70 divide the range into three portions. The fourth attribute is no CCI. As SURSOR
41 subtracts out the fraction of the core involved in IIPME,when !!PME occurs the fraction of the core available
42 for CCI is always set to Large.
43

44 Characteristic 8 concerns the amount of the core zirconium which is oxidized in-vessel before vessel breach.
45 There are two possible yalues for this characteristic: low and high. The demarcation point between the two
46 ranges is 401
47
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6 Analysis of the Accident Progression

1 Characteristic 9 concerns the amount of the core involved in IIPME; there are four attributes. He possible
2 range is divided into three portions by 20% and 40%. No IIPME is the fourth attribute.
3

4 Characteristic 10 concerns the size of the hole that results from containment failure or the type of containment
5 failure, nere are four possible attributes.
6

7 Characteristic 11 concerns the number of large holes in the RCS after breach. The experts on the Source
8 Term Expert Panel assembled for the NUREG-1150 study who provided distributions for revolatilization from
9 the RCS surfaces after VB gave different distributions depending on whether an effective natural circulation

10 flow would be set up within the vessel. A significant flow could be expected only if there were two large,
11 effective holes in the RCS.
12

13 Characteristic 12 concerns the time at which the accident occurs after the reactor has been shutdown. Four
14 time windows are possible as defined in the Level 1 analysis.
15

16 A set of " summary" bins was adopted for presentation purposes, as in NUREG-1150. Instead of the 12
17 characteristics and the hundreds of possible bins that describe the evaluation of the APET in detail, the
18 summary bins place the outcomes of the evaluation of the APET into a few, very general number of groups.
19 They are:

20 No VB, No CF
21 No VB, Open Containment
22 VB, No CF
23 VB, Open Containment
24 VD, CF (including steam explosions, DCII, & Ilydrogen burn)
25

26 In some cases the DCII and hydrogen burn failure are reported separately and in other cases the results are
27 presented without distinguishing between vessel breach and no vessel breach.
28

29 The "Open Containment" group includes leakage through the equipment hatch or other temporary barriers
30 (which can occur even after " successful" isolation of containment) as well as failure to isolate containment
31 before the onset of core damage.
32

33

34 6.5 Results of the Accident Progression Analysis
35

36 nis section presents the results of the APET evaluation. As evaluating the APET produces a large number
37 of accident progression bins (APBs), the discussion is primarily focused on events that result in core damage
38 arrest before vessel breach, and loss of containment integrity. Therefore Tables 6.4 and 6.5 were included to
39 provide information on the distributions of conditional probabilities Ier core damage arrest and loss of
40 containment integrity. The term " loss of containment integrity" is used for this usio ;mp study raAcr than
41 " containment failure" because of the importance of failure to isolate containment, which is not really"fa3ure"
42 of containment. He term " containment failure"is reserved for energetic events (such as steam explosiens,
43 DCll and Ilydrogen Combustion) that cause structural failure of the containment. Four statistical measures
44 of the conditional probability distributions are included in Tables 6.4 and 6.5.
45

'
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1 In order to assess the relative importance of tia various accident progression bin groups the mean conditional
2 probabilities are given for all four plant damage state groups in Tables 6.6 and 6.7. The APB groups in which
3 the status of the reactor pressure vessel (no vesselbreach or vessel breach) and the containment are identified
4 in Table 6.6. The APB groups in which only the containment status is given are included in Table 6.7. Similar
5 information is given for the various time windows in Table 6.8. Although information on the contribution of
6 the mean of the various distributions is helpful the results should also be displayed with more information on
7 the distribution. Therefore Table 6.9 and Figure 6.1 were included to provide additional statistical measures
8 for the distributions of the frequencies for various accident progression bin groups.
9

10 Generally, the containment failure probability is dominated by the probability of whether the containment is
11 successfully isolated prior to core damage. Containment failure due to energetic pressurization either because
12 of DCII or hydrogen burning is relatively small as in the full power study even if the containment is assumed
13 to leak at pressures above 45 psig. This is partly because the fraction of accidents with high or intermediate
14 vessel pressure is very small, and partly because the fraction of accidents where the containment was not
15 isolated is high. Very late containment failure due to basemat melt-through and gradual pressurization duc
16 to loss of containment cooling was assumed not to happen based on the results of MELCOR calculations as
17 discussed in section 63.
18

19

20 6.5.1 Results for Each PDS Group
21

22 6.5.1.1 Results for PDS Gruup 1: Station Blackout (SBO)
23

24 His PDS group contains five PDSs as discussed in Section 5.2. The PDSs in this group contribute
25 approximately 10% to the mean total core damage frequency. The accidents belonging to this group are
26 initiated by a loss of off-site power and coupled with other failures result in a station blackout. The
27 recirculation and containment systems are not available due to the loss of power. In this PDS, an important
28 factor in the accident p.ogression is the recovery of the off-site AC power.
29

30 De mean conditional probability of core damage arrest prior to vessel failure ranges from approximately 0.5
31 for Time Window I to 0.7 for Time Window 4 as shown in Table 6.4. The probability of arresting core
32 damage generally increases with each Time Window (as expected) because more time is available in the later
33 time windows to recover the power before vessel breach. The mean conditional probability averaged over all
34 four time windows is about 0.55.
35

36 The mean conditional probability of loss of containment integrity for this PDS group averaged over all time
37 windows is approximately 0.51 as shown in Table 6.5. This conditional probability slightly decreases as the
38 time window increases (0.54 for window 1 vs. 0.45 for Window 4). This is also expected as loss of containment
39 integrity is largely attributable to failure to isolate containment. Herefore as the time available to isolate
40 containment increases the conditional probability of loss of containment integrity should decrease. Energetic
41 containment failure is significant for this PDS group, with a conditional probability of about 0.15 (Table 6.7).
42 His mostly comes from hydrogen burning later in the accident. This mode of failure is prominent in this PDS
43 group, since hydrogen burning is more likely when the power is recovered after a substantial amount of
44 hydrogen has accumulated in the containment. If the containment failure pressure is assumed to be 125 psig
45 (as in full power), then this mode of failure becomes very unlikely as shown in the sensitivity calculation (refer
46 to section 6.6), because the pressure generated by hydrogen burning is substantially below 126 psig.
47
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6 Analysis of.the Accident Progression

1 6.5.1.2 Results for PDS Group 2: IIuman Errors (IlX)
2

3 'Ris PDS group contains a large number of PDSs and is the largest contributor to the internal event core
4 damage frequency for mid-loop operation at Surry. About two thirds of all core damage accidents belong to
5 this group. The accidents belonging to this group are attributable to human errors. Following loss of core
6 cooling due to some initiators, operators either fail to diagnose the accidents or to take correct actions. The
7 progression of accidents is somewhat different depending on whether the human error is in diagnosis or action.
8 For example,if it is a diagnostic error, then it is assumed that the same error results in failure to recognize
9 the need for containment isolation. If the error was a failure to take the correct action,it was more likely that

10 the containment was closed before core damage. In most cases, the electric power and some core cooling
11 system are available. In this PDS group, the dominating factor in the accident progression is the recovery
12 from human errors.
13

14 He mean conditional probability of core damage arrest without vessel failure is about 0.42 averaged over all
15 windows (Tabic 6.4). This probability is lower than that of PDS group 1 indicating that the recovery
16 probability from human error is less likely than recovery of electric power once the accident progresses to core
17 damage.

18

19 The mean conditional probability of loss of containment integrity for this PDS group is very high, about 0.9
20 (Table 6.5). This result reflects the assumption that the containment would most likely remain unisolated in
21 this PDS group. Energetic containment failure is insignificant for this PDS group (Table 6.7,. Since this PDS
22 group is the largest contributor to the core damage frequency, it significantly contributes to the overall
23 probability of loss of containment integrity.
24

25

26 6.5.1.3 Results for PDS Group 3: Recirculation Failure
27

28 The PDSs in this group contribute about 18% to the TCDF for Surry, although it contains a large number of
29 PDSs. The accidents in this group occur only in Windows 1 and 2. In this group, core cooling was successfully
30 initiated and was continued until the RWST is emptied; but the recirculation fails and the accident progresses
31 to core damage. The conditional probability of core damage arrest before vessel failure in this PDS group
32 is zero (Table 6.4) since it is assumed that core cooling is permanently lost once recirculation is lost.
33

34 ne mean conditional probability of loss of containment integrity for this PDS group is relatively low, about
35 0.13 (Table 6.5). The probability of isolating the containment in this PDS group is considered to be high
36 because core cooling is established and the reactor has been in a stable condition for a relatively long time.
37 Energetic containment failure is unimportant for this PDS group, contributing only about 3% to containment
33 failure (Table 6.7), mostly from DCll. Ilydrogen burning is not likeij to fail containment since power is
39 available and hydrogen combustion was determined to occur at relatively low concentrations.
40

41

42 6.5.1.4 Results for PDS Group 4: Loss of 4 kV Bus
43

44 This PDS group contributes about 5% to the mean core damage frequency for accident in mid-loop. There
45 are no occurrences of this PDS in Windows 3 and 4. The accidents in this group are similar to those of PDS
46 group 1 (SBOs) except that accidents are initiated by loss of 4 kV bus. This group is separated from Group 1

<
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6 Analysis of the Accident Progression .

1 since the recovery protabilities are different, however, the accident progression for this group is similar to that
2 of Group 1.
3

4 De mean conditional probability of core damage arrest without vessel failure was determined to be about 0.6

5 (Table 6.4) which is slightly higher than that of Group 1. The mean conditional probability of loss of
6 containment integrity for this PDS group is approximately 0.45 (Table 6.5), which is about same as Group 1.
7 Ilydrogen burning is a significant contributor to the conditional containment failure probability as in Group
8 1 (Table 6.7). l

9

10

11 6.5.2 Core Datnage Arrest and Avoidance of Vessel Breach
'

12

13 It is possible to arrest the core damage process and avoid vessel breach if injection is restored before the core
14 degradation process has gone too far. Recovery of injection depends on the PDS groups. For Groups I l

I
15 (SBO) and 4 (Ixss of 4 kV bus) the dominant factor is recovery of the off-site A/C power or the 4 kV bus.
16 For Group 2 (lluman Errors), recovery depends on the operators making correct diagnosis or taking proper
17 actions. For Group 3 (Failure of Recirculation),it is assumed that no recovery action is possible once core
18 damage occurs.

19 1

20 Table 6.4 shows four statistical measures for the distributions of the conditional probability of halting the
21 degradation of the core before the lower head of the vessel fails, for each PDS and Time Window. Overall
22 the mean conditional probability of core damage arrest without vessel failure is about 035 for all windows and
23 PDS groups. The core damage arrest for each PDS is discussed above. For each window the average ,

24 conditional probability of core damage arrest is roughly similar to the conditional probability of PDS Group .
25 2. His result reflects the fact that PDS Group 2 is the largest contributor to the total core damage frequency
26 (refer to Figure 5.1). De average conditional probability of core damage arrest for window 1 is lower than
27 for the other windows. This is mainly because PDS Group 3 is significant contributor in this window (Table
28 5.8) and the core damage arrest probability for PDS Group 3 is zero.
29

30 )

31 6.5.3 Loss of Containment Integrity
32 ,

33 Here are four possibilities for loss of containment integrity: |
'

34

35 1. Failure to isolate containment;

36 2. Containment leak due to failure of isolation barriers; <

|37 3. CF at VB due to the events at VB; and
38 - 4. CF due to hydrogen combustion before or after VB.
39 :

40 Veiy late containment failure due to gradual pressurization caused by the loss of containment cooling, or due
41 to basemat melt-through was assessed to be very unlikely based on the results of MELCOR calculations. )

5

42 i
'43 Table 6.5 shows the conditional probability of loss of containment integrity for each PDS and Time Window.

44 The overall mean conditional probability of loss of containment integrity is about 0.67 for all windows and
45 PDS groups. There are no apparent trends among the time windows for the overall probability, although some

,

46 trends were observed in each PDS as discussed above. He trend in overall probability is obscured by the j
47 different composition of the PDS groups for each window. For example,in Window 1, the probability of loss ]
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1 of containment integrity is relativelylow since the contribution of PDS group 3 to the window is high and this
2 PDS group has a low probability of containment failure. .

3 |
4 Table 6.7 shows the mean conditional probability of the APB groups in which only containment status is j

'

5 identified (isolation failure and early leak are combined into 'Open Containment'). The table shows that the
6 conditional probability of loss of containment integrity is dominated by the probability of whether the
7 containment is successfully isolated prior to core damage. Containment failure due to energetic pressurization

8 cither by DCII or hydrogen burning is relatively small as for accidents at full power even if the containment
9 failure pressure (45 psig) is much less than that of full power (126 psig). This is partly because the fraction

10 of accidents with high or intermediate vessel pressure is very small (i.e., minimizing the potential for DCII)
11 and partly because the conditional probability of the containment not being isolated at the start of the accident
12 was high.

13

14 The range of uncertainties associated with various containment failure frequency estimates are generally
15 narrower than the full power results. This is because of domination by the isolation failure and a relatively
16 small contribution by other early failure modes which usually have much wider range of uncertainties.
17

18

19 6.6 Sensitivity Analyses for Containment Failure Pressure
20

21 This section reports the results of a sensitivity analysis performed to determine the effect of higher
22 containment failure pressure (i.e., a failure pressure of 126 psig which was the mean failure pressure used in
23 the NUREG-1150 full power analysis) on the conditional probability of containment failure by hydrogen
24 combustion.
25

26 Table 6.10 shows the mean probability of the APB groups (in which the vessel and containment status is
27 identified) assuming a mean containment failure pressure of 126 psig. By comparing the results in Tables 6.6
28 and 6.10 the impact of the higher failure pressure becomes apparent. The conditional probabilities of
29 containment failure caused by such events as DCII and hydrogen combustion become very small when the
30 higher failure pressure is assumed (Table 6.10). This is particularly obvious for PDS groups 1 and 4 where
31 failure by hydrogen combustion was a significant contributor to the mean conditional probability of
32 containment failure when the lower failure pressure was assumed (Table 6.6). Ilowever, as PDS Group 2 is
33 the largest contributor to the risk estimates (refer to Chapter 9) and because containment failure by DCII and
34 hydrogen are such small contributors to this particular plant damage state assuming that the containment
35 failure pressure is higher has a smallimpact on the overall mean conditional probability of containment failure
36 as shown in Table 6.11. This would not have been the case if PDS groups 1 and 4 had been larger
37 contributors to the risk estimates.
38

39
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41
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Table 6.1 Questions in the APET

Question Question Quantification Sampling
Number

1 Which time window? PDS SF

2 Size of RCS break? PDS SF

3 RCS depressurization by the operators? SF

4 Status of ac power? PDS ZO

5 Core damage accident due to human error? PDS ZO

6 Status of ECCS? PDS SF

7 Status of sprays? PDS SF

8 RWST injected into containment? PDS SF

9 initial containment condition? Internal SF

10 Is containment isolated before core damage? Internal SF

11 Containment pressure capability Internal SF

12 gh ac power available early? ROSP DS

13 Recovered from human error before vessel breach? 11RAll DS

14 Is core damage arrested before vessel breach? Summary

15 Vessel pressure just before vessel breach? Internal P

16 Does an alpha event fail both vessel and containment? NUREG-1150 SF

17 Type of vessel breach? NUREG-1150 ZO

18 Etriy spray ? Summary

19 Is the reactor eavity wet at vessel breach? Summary

20 Baseline containment pressure before VB7 Internal P

21 Total pressure rise at vessel breach? NUREG-1150 P

22 Does a significant ex-vessel steam explosion occur? NUREG-1150 SF

23 Containment failure pressure? NUREG-1150 DS |
*-

|
24 Containment failure at Vil? NUREG-1150 ZO

25 Containment status at VD? Summary

26 Is ac power available late? ROSP DS

27 Recovered from human error late? 11RAll DS
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Table 6.1 (continued)

Question Question Quantification Sampling
Number

28 late sprays? Summary

29 Does late ignition occur? NUREG-1150 P

30 Containment failure due to hydrogen burning? Summary

31 Status of containment? Summary

32 is the debris bed in a coolable configuration? NUREG-1150 SF

33 Does prompt CCI occur? Summary

34 Is ac power available very late? ROSP DS

35 Recovered from human error very late? IIRAll DS

36 Very late sprays? Summary

37 Does delayed CCI occur? Summary

38 Does very late ignition occur? NUREG-1150 P

39 Containment failure due to hydrogen burning? Summary

40 Final containment condition? Summary

Key to Abbreviations in Table 6.1

DS The branch probabilities are taken from a distribution.
IIRAll Available from the Reliability Analysis llandbook (Ref. 6)
Internal The quzintification was performed at Brookhaven National Labcratory by the plant

analyst with the assistance of other members of the laboratory staff.
NUREG-1150 Information from NUREG-IISO analysis
P A parameter is determined from a distribution or deterministic calculations.

|PDS The quantification follows directly from the definition of the Plant Damage State.
ROSP This question was quantified by sampling from a distribution derived from the off-site

power recovery data for the plant.
SF Split Fraction sampling-the branch probabilities are real numbers between zero and

one.
Summary The quantification for this question follows directly from the branches taken at

preceding questions, or the values of parameters defined in preceding questions.
ZO Zero-one Sampling: the branch probabilities are either 0.0 or 1.0.

,

i
'

i
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6 Analysis of the Accident Progression -

:
I

:

!

Table 6.2 Variables Sampled in the Accident Progression Analysis

|

Question Description ;
No.

1 Frequencies of accident occurring at each time window for the given PDS group.,

2 Pressure rise at VB when RCS pressure is at intermediate pressure and reality cavity is ,

dry.
,

10 Probability that containment is successfully closed before core damage at each time
window.

11 Probability that containment is isolated but does not have pressure retaining capability.

12 Probability that off-site power is recovered before vessel breach for each time window. -

12 Probability that power is recovered to injection pumps from 4 kV loss for each time !

window.
,

13 Probability of recovery from human errors for each time window.

16 Probability that Alpha mode DF occurs given that RCS is at low pressure

17 Probability that VH mode is pressure melt ejection (IIPME) given that RCS is at 1

intermediate pressure. i

17 Probability that VH mode is bottom head failure

20 Baseline containment pressure just before VB.

21 Pressure rise at VB when VB mode is poor.

21- Pressure rise at VB when RCS pressure is at intermediate pressure and reactor cavity
is wet.

23 Containment failure pressure when mean containment capability pressure is 162 psig.

23 Containment failure pressure when mean containment capability pressure is 45 psig.

26 Probability that off-site power is recovered late for each time window. '

26 Probability that power is recovered late to injection pumps from loss of 4 kV bus for
each time window. 4

27 Probability of late recovery from human errors for each time window.

34 Probability that off-site power is recovered very late for each time window.
f

34 Probability that power is recovered very late to injection pumps from loss of 4 kV bus
for each time window.

35 Probability of very late recovery from human errors for each time window. !

,

.i
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6 Analysis of the Accident Progression .

Table 63 Description of APB Characteristics |

|

Characteristic Abbreviation Description

1 CF-Time Time of containment failure

2 Sprays Periods in which sprays operate

3 CCI Occurrence of CCis

4 RCS-Pres RCS pressure before vessel breach

5 VB-Mode Mode of VB

6 SGTR Steam generator tube rupture

7 Amt-CCI Amount of core available for CCI

8 Zr-Ox Fraction of zirconium oxidized in-vessel

9 IIPME Fraction of the core in the high pressure melt injection (IIPME)
'

10 CF-Size Size or type of containment failure

11 RCS-Ilole Number of large holes in the RCS after VB 2.53 'i

12 Window Time window when core damage accident is initiated

i

i

)
'

!
<

|
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6 Analysis of the Accident Progression -

|
.

Table 6.4 Conditional Probability of Core Damage Arrest ;

!

PDS Group PDS PDS PDS PDS All Statistical
Tlaw Wladow Group 1 Group 2 Group 3 Croup 4 Measures

!
0.40 0.42 0.0 0.00- 0.06 5th percentile

'

O.49 0.45 0.0 0.64 0.20 Mcdian '

Window I
0.49 0.44 0.0 0.58 0.22 Mean

0.59 0.46 0.0 0.86 0.41 95th percentile

0.48 038 0.0 0.05 0.28 Sth percentile -

0.56 0.41 0.0 0.67 0.40 Median
Window 2 -

0.57 0.41 0.0 0.61 039 Mean |
,

0.67 0.43 0.0 0.87 0.46 95th percentile ,

0.47 0.42 0.42 5th percentile

0.55 0.45 0.45 MedianNo No
Window 3

B. ins Bins 0.45 Mean - |0.55 0.44

0.64 0.46 0.48 95th percentile f

0.59 038 0.40 5th percentile

0.69 0.41 0.45 MedianNo NoWindow 4
0.70 0.41 Bins Bins

.

0.46 Mean

0.83 0.43 0.56 95th percentile

'0.45 039 0.0 0.03 0.23 5th percentile
,

0.54 0.43 0.0 0.65 037 Median
All |

0.55 0.42 0.0 0.59 035 Mean

0.71 0.45 0.0 0.86 0.44 95th percentile

1

!
!

'

i

|
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6 Analysis of the Accident Progression -

Table 6.5 Probability of less of Containment Integrity * for Each PDS

ros croup PDS PDS PDS PDS All Statistical
Time Mindow Group 1 Group 2 Gmup 3 Group 4 Measuns

0.18 1.00 0.02 0.12 0.18 Sth percentile

0.48 1.00 0.13 036 039 Median
Window I

0.54 1.00 0.13 0.46 0.44 Mean

0.97 1.00 0.23 0.97 0.81 95th percentile

0.15 0.65 0.01 0.11 0.41 Sth percentile

0.42 0.91 0.10 033 0.76 Median
Window 2

0.50 0.87 0.11 0.44 0.73 Mean

0.97 0.99 0.21 0.97 0.96 95th percentile

0.15 0.69 0.63 Sth percentile

0.43 0.93 0.90 MedianNo NoWindow 3
U."8 UI"80.51 0.90 0.87 Mean

0.97 0.998 0.997 95th percentile

0.14 0.24 0.24 5th percentile

033 0.71 0.65 MedianNo NoWindow 4
B.ms Bins0.45 0.66 0.63 Mean

0.97 0.998 0.91 95th percentile

0.17 0.67 0.02 0.11 039 Sth percentile ;

!
0.44 0.93 0.12 035 0.70 Median

All
0.51 0.89 0.13 0.45 0.67 Mean |

1
0.97 0.997 0.22 0.97 0.88 95th percentile j

' Loss of containment integrity includes failure to isolate containment and containment failure
caused by energetic events such as steam explosions, DCII and 11 combustion2

!

.
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:

i

Table 6.6 Mean Com'itional Probability of APB Gmups for Each PDS |
(Includinr, Vessel Status and Containment Status) !

i

Accident Progression Bin Groups PDS PDS PDS PDS All
Group 1 Group 2 Group 3 Gmup 4 |

Vessel Containment
Status Status

|
No VB No CF 0351 .4046 0.0 0383 0.079 '

|
CF, 0.200 0379 0.0 0.208 0.274 i

Open Containment ;

Total 0.551 0.425 0.0 0.592 0353 ;

VB No CF 0.138 0.066 0.870 0.164 0.248
-

CF, 0.159 0.509 0.103 0.150 0372 *

Open Containment
,

'CF, DClI 0.004 0.0005 0.027 0.005 0.005

CF, Ilydrogen burning 0.148 0.0 0.0 0.089 0.021

Total 0.449 0.575 1.00 0.409 0.646

+

i

Table 6.7 Mean Conditional Probability of APB Gmups for Each PDS j
(Containment Status Only)

Accident Progression PDS PDS PDS PDS All
Bin Gmups Group 1 Group 2 Group 3 Group 4

No CF 0.489 0.112 0.870 0.547 0327

Open Containment 0359 0.888 0.103 0358 0.646

CF DCII 0.004 0.0005 0.027 0.005 0.005

11ydrogen burning 0.148 0.0 0.00 0.089 0.021

,
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6 Analysis of the Accident Progression

Table 6.8 Mean Conditional Probability of APB Cn>ups for Each Time Window
(Including Vessel Status and Containment Status)

Accident Progression Bin Groups Window Wmdow Window Window All
1 2 3 4

Vessel Containment
Status Status

I VB CF 0.068 0.085 0.050 0.171 0.079

CF, 0.169 0306 0399 0.281 0.274
Open Containment

Total 0.237 0391 0.449 0.452 0353

. No VB No CF 0.465 0.163 0.046 0.179 0.248

CF, 0.253 0.426 0.496 0355 0372
Open Containment

CF, DCll 0.012 0.0003 0.000 0.000 0.005

CF, Ilydrogen burning 0.033 0.019 0.009 0.013 0.021

Total 0.763 0.597 0.551 0.547 0.647,
,

Table 6.9 Distribution of Frequencies of APB Groups

5th 50th Mean 95th
Percentile Percentile Percentile

No VB, No CF 6.25E-9 1.25E-7 2.91E-7 1.05 E-6

No VB, Open Containment 8.63E-8 4.66E-7 1.23E-6 5.48E-6 |
I

VB, No CF 6.58E-8 4.76E-7 8.90E-7 333E-6 l

VD, Open Containment 1.09E-7 6.49E-7 1.69E-6 7.48E-6

VB, DCll + II: Burning 2.06E-9 2.57E-8 1.08E.7 4.80E-7
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-

Table 6.10 Mean Conditional Probability of APH Gruups for Each PDS
With a Mean Containment Failure Pressure of 126 psig
(Including Vessel Status and Containment Status)

Accident Progression Bin Groups PDS PDS PDS PDS All |

Vessel Containment
Status Status

No VB No CF 0351 .4046 0.0 0383 0.079
,

!

CF, 0.200 0379 0.0 0.208 0.274
Open Containment

Total 0.551 0.425 0.0 0.592 0353

VB No CF 0.286 0.066 0.870 0.253 0.269

CF, 0.159 0.509 0.103 0.150 0372
Open Containment

CF, DCl1 0.004 0.0005 0.027 0.005 0.005

CF,1Iydrogen burning 0.0 0.0 0.0 0.0 0.0

Total 0.449 0.575 1.00 0.409 0.646 .

Table 6.11 Comparison of Conditional Containment Failure Probability for -

Base Case and the Sensitivity Case

CF Status Containment Failure Pressure .

Base Case Sensitive Case

45 psig 125 osig

No CF 0327 0348

Open Containment 0.646 0.646

CF DCil + 11 Burning 0.026 0.0052

Total 0.673 0.651

,
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1 7 SOURCE TERM ANALYSIS
2

3

4 The source term is the information required to calculate the offsite consequences for each group of accident
.Y progression bins (APBs). The source term for a given APB consists of the release fractions of the core
6 inventory for nine radionuclide groups, and additionalinformation about the timing of the releases, the energy
7 associated with the releases, and height of the releases. The nine radionuclide groups defined for the source
8 term analysis are: noble gases, iodine, cesium, tellurium, strontium, ruthenium, lanthanum, cerium, and
9 barium. A source term is calculated for each APB for each observation in the APET analysis.

10

11 Because of the large number of source terms and the similarity of many of the source terms,it is not practical
12 to perform consequence calculations for all of them. The source terms were therefore grouped through a
13 partitioning process based on their potential health effects into a much smaller number (25 in the present
14 analysis). Consequence calculations were performed only for these 25 source term groups.
15

16 The methods and computer codes used for the source term analysis of accidents during mid-loop operation
17 are based on those developed in the NUREG-1150 program. The applicability of these to mid-loop
18 operation is discussed below. Section 7.1 describes the computer code used for the source term calculations.
19 Section 7.2 discusses the quantification of the source terms. Section 7.3 describes the method used for source
20 term partitioning and presents the results of the partitioning process.
21 ,

22

23 7.1 Source Terni Analysis Model
24

225 . The source term analysis for Surry in NUREG-1150 was performed by a parametric computer code:
26 SURSOR.' The purpose of this code is not to calculate the behavior of the fission products from their
27 chemical and physical properties and the flow and temperature conditions in the reactor and the containment.
23 Instead, SURSOR provides a means of incorporating into the analysis the results of the more detailed codes
29 that do consider these quantities. For example, SURSOR has a parameter that identifies the fraction of
30 fission products in the core that are released to the vessel before vessel breach. Other parameters identify
31 the fraction of fission products released to the containment and the environment. In all 12 parameters are
32 used in SURSOR to define fission product behavior following a core damage accident. SURSOR also
33 provides a framework for synthesizing the results of experiments and mechanistic codes as interpreted by
34 experts in the field to develop uncertainty distributions of the release parameters. Volume 2, Part 4 of
35 NUREG/CR-4551 provides a detailed description of how the various distributions were developed for the 12
36 parameters in SURSOR. The application of these distributions for accidents during full power operation at
37 Surry is described in Reference 3.
38

39 A simple parametric approach is needed because the detailed codes require too many computer resources to
40 be able to compute the source terms for the numerous APBs that resulted from the quantification of the
41 APET. The use ul SURSOR for source term estimation for accidents during mid-loop operation at Surry was
42 first investigated in the abridged study (refer to Chapter 2). Two measures were taken in the abridged study
43 to assure the adequacy of the source terms:
44

45 1) The first involved comparing the calculations from the MELCOR' code using initial and boundary
46 conditions appropriate to mid-loop operation with the parameter data used in and the source term results
47 obtained from SURSOR.
48 |
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7 Source Term Analysis

1 2) Second, the Source Term Advisory Group was established to provide guidance, and any additionai
2 information on modifying the SURSOR code for the study of mid-loop operation.
3

4 Considering the differences between full power and shutdown operations, the Source Term Advisory Group
5 identified two parameters in SURSOR as important and possibly different than the values used in NUREG.
6 1150. The first parameter is the fraction of the fission products in the core that are released to the vessel
7 before vessel breach. The second parameter is the fraction of the fission products released to the vessel that
8 are subsequently released to the containment. He distributions of these two parameters as given in NUREG-
9 1150 were compared with MELCOR calculations to establish their values to be used in the study of mid-loop

10 operation. In addition to the above comparison, the environmental releases of fission products obtained from
11 SURSOR and MELCOR were compared. The comparisons show that generally, the MELCOR values fall
12 within the ranges of SURSOR predictions. Although, for some radionuclide categories, the MELCOR
13 calculated values are closer to the upper ranges of the SURSOR predictions, there are no apparent reasons
14 to modify the SURSOR distributions. Consequently, the Source Term Advisory Group did not recommend
15 any change to the SURSOR code for application to the study of mid-loop operation. Appendix C provides
16 a more detailed discussion of the source term comparison.
17

18 The distributions for the parameters used in SURSOR have very large ranges. The 5th and 95th percentile
19 values for some of distributions vary by several orders of magnitude. This signifies the uncertainty in source
20 term estimation and reficcts the large differences within the reactor safety community surrounding the source
21 terms for any given accident sequence, even if the initial and boundary conditions are well characterized.
22 Furthermore, the initial and boundary conditions are seldom well known, and this lack of knowledge adds
23 additional uncertainty.
24 .

25

26 7.2 Quantification of Source Terms
27

28 Most of the parameters in SURSOR are determined by sampling from distributions of the parameters during
29 Monte Carlo simulations. The distributions for the nine radionuclide groups are assumed to be correlated
30 as they were in NUREG-1150. That is, a single LIIS variable applies to each parameter in the release fraction
31 equation, and it applies to the distributions for all nine radionuclide groups. For example,if the random
32 number for the release fraction from the core is 0.8, the 80th percentile value is chosen from the iodine
33 distribution, the cesium distribution, the tellurium distribution and the other six distributions. liowever, there
34 are separate distributions for each fission product class.
35

36 Of the twelve parameters in SURSOR, the following ten parameters listed below were sampled for source
37 term analysis:
38
39 Fraction of the radionuclide in the core released to the vessel before or at vessel breach (VD)
40 Fraction of the radionuclide released from the vessel to the containment before or at VB

41 Fraction of the radionuclide in the containment from the RCS release that is released from the
42 ccmtainment in the absence of any mitigating effects

43 Fractional release of radionuclide from corium during core concrete interaction (CCI)

44 Containment transport fraction for ex-vessel release

45 Decontamination factor for containment sprays
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7 Source Term Analysis

1 Fraction of the iodine deposited in the containment which is revolatilized and released to the environment
2 late in the accident

3 Fractional release of material deposited in the RCS due to revaporization

4 Fraction of core radionuclide released to the containment due to direct containment heating (DCII) at VB

5 Decontamination factor for a pool of water overlying the core debris during CCI
6

7
I8 Source terms were computed for all the APBs for each of 100 observations. Here are about 150 APBs in

9 each observation. The total number of source terms obtained was 15,443. An approach used in the full power 1

10 analysis was to summarize the source terms as complementary cumulative distribution functions for the release
11 fractions of eight of the nine radionuclide groups. Four statistical measures of the distributions were used that
12 give the frequencies at which the release fractions are exceeded. Similar curves were generated in this study;
13 they are presented in Appendix C.
14

15 Besides the release fractions four other parameters are needed to specify the source term. These are: the
16 ' height of the release, the energy of the release, the release timing and the release duration. Since the reason
17 for unisolated containment during mid-loop operation was assumed to be the temporary plug in the escape
18 tunnel of the equipment hatch all releases were assumed to take place through this opening. The height of
19 the release was therefore the level of the equipment hatch,28 ft (8.4 m) atiove ground. The release energy
20 of a source term which is input to the consequence code is the average energy release rate over the duration
21 of the release (joules /sec or watts). Energetic releases (containing a large amount of sensible heat) can result
22 in a buoyant plume which can rise to heights much greater than the initial release height leading to greater

dilution and smaller consequences near the point of release. The MACCS code models a criterion for plume23 .

24 buoyancy based on atmospheric conditions, windspeed and the sensible heat release rate. The energy during
25 mid-loop operation is low,less than 1% of the energy at full power. Calculations were performed with a range
26 of possible energy release rates during mid-loop operation and compared with the plume lift-off criterion;it
27 was determined that there were no possible energy release rates which could result in a buoyant plume. Dus
28 the release energy was set equal to zero for all releases during mid-loop operation. The timing of the release
29 and the duration of the release were based on selected calculations performed by the MELCOR code. Details
30 of these calculations are provided in Appendix F. Most of the releases occur in window I and window 2 with
31 an unisolated containment. All releases were modeled as single-puff releases. Based on MELCOR results,
32 a release timing of I hour and a release duration of 6 hours was assumed for these releases. Somewhat
33 conservatively, these times were assumed for the other releases as well.
34

35

36 7.3 Partition of Source Terms
1

37

38 The accident progression and source term analyses resulted in a total of 15,443 source terms for internally
39 initiated accidents during mid-loop operation. It is computationally impractical to carry out a consequence
40 calculation for each source term to obtain the integrated risk for the selected consequence measures. To
41 create an interface between the source term analysis and the consequence calculation, the total number of
42 source terms are grouped into a much smaller number of source term groups. The groups are created such
43 that the source terms within each group have similar properties with respect to consequences, i.e their
44 potential for causing early fatalities and latent cancer fatalities is similar. A frequency weighted mean source
45 term is determined for each group and the consequence calculation is performed for the mean source term. |

46 )
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7 Source Term Analysis

1 He grouping of the source terms is designated as " partitioning". The process is described in detail in
2 NUREG/CR-4551, Volume I and in Reference S. It involves definition of an early health effect weight, Ell,
3 and a latent health effect weight, Lil, for each source term and a grouping of source terms based on these
4 weights. A further subdivision is made on the basis of the timing of the release relative to the time of the
5 cmcrgency evacuation. Den the frequency weighted mean source term is calculated for each group. In the
6 present study, the timing of the release was conservatively estimated to be the same for all releases. Hus no
7 grouping was necessary based on timing of the evacuation relative to the time of release. On the other hand,
8 the effect of radioactive decay as a function of time window was included in the calculation of the car'y heahh
9 effect weight. All source terms in Window 4, for example, were assigned an Ell =0 based on the equivalent

10 1-131 inventory of Window 4.
11

12 De early health effect weight was calculated by converting the radionuclide release associated with each
13 source into an equivalent I-131 release. Surry site-specific calculations of the number of early fatalities as a
14 function of equivalent I-131 release were performed in each time window. This estimated number of early
15 fatalities is the Ell for each source term. Details of the calculations including the relationship between the
16 number of early fatalities and the equivalent 1-131 release are provided in Appendix C.

*

17

18 The latent health effect, Lil, was calculated by assuming a linear relationship between the number of latent
19 cancer fatalities due to a particular radionuclide and the amount of release of that radionuclide. Surry site- 1

20 specific consequence calculations were carried out for each time window assuming a fixed release of each of |
21 the 6's radionuclides in the nine radionuclide groups contained in M ACCS. Based on these calculations and '

22 the linear relationship between latent cancer fatalities and the amount of radionuclides released, the amount
23 of latent cancer fatalities for each source term was estimated (a window adjustment factor to adjust the i

24 - radionuclide inventory in each time window was used to estimate the total release in curies associated with I
|25 each source term depending on the time window to which it belonged). This estimated number of latent

26 cancer fatalities is the latent health effect weight, Lil, associated with each source term. Details of the i

27 calculation and results are provided in Appendix C.
20

29 Ilased on the estimates of Eli and Lil, the source terms were divided initially into three categories: Ell >0
30 and Lil>0, Ell =0 and Lil>0, and Ell =0 and LII=0. The number of source terms and the percentage of
31 total frequency associated with each of these categories is as follows:
32

33
|

l
34 Category Number of Source Terms % Total Frequency l

!
35 Ell >0, Lil>0 213 2.8

36 Ell =0, Lil>0 15230 97.2

37 EII=0, LII=0 0 0

38
39

40 Each of the above categories was treated separately for partitioning.
41

42 For the Ell >0, Lil>0 category a grid was created by examining the ranges of the EII and Lil values, placing
43 the source terms within each cell on the grid and then pooling cells which either have a small frequency or
44 a small number of source terms. Four source term groups were created for this category through this process
45 which is described in more detail in Appendix C. For the Ell =0, Lil>0 category, the source terms were
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7 Source Term Analysis

I grouped along one dimension (the value of Lil) by creating cells based on the range of values of Lil. A total
2 of 21 groups for this category were obtained through this process which is discussed in Appendix C.
3

4 A total of 25 source term groups was thus obtained after partitioning. A frequency weighted mean source
5 term was then identified for each of the groups. The mean source terms were used for the consequence
6 calculations. They are displayed in Appendix C. !

7

8
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1 8 CONSEQUENCE ANALYSIS
2

3

4 Offsite consequences were calculated for the mean source term groups resulting from the partitioning process
5 described in Chapter 7. The calculations were performed using the latest version (Version 1.5.11.1) of the
6 MACCS code.' An approximate scoping calculation of onsite dose rates in the vicinity of the containment
7 (so-called parking lot dose) was also carried out for three selected mean source terms and selected weather
8 conditions based on dose models described in section 8.2 below.
9

10

11 8.1 Olisite Calculations
12

13 The offsite consequence calculations were performed by the latest version of the MACCS code,' Version
14 1.5.11.1, which incorporates the DEIR V recommended risk factors for the latent cancer - dose relationship.
15 MACCS tracks the dispersion of the radioactive materialin the atmosphere from the plant and computes its
16 domsition on the ground. MACCS then calculates the effects of this radioactivity on the population and the
17 environment. Doses and the ensuing health effects from 60 radionuclides are computed for the following
18 - pathways: immersion or cloudshine, inhalation from the plume, groundshine, deposition on the skin,
19 inhalation of resuspended ground contamination, ingestion of contaminated water and ingestion of
20 contaminated food.
21 .

22 MACCS treats atmospheric dispersion by the use of multiple, straight-line Gaussian plumes. Each plume can
23 have a different direction, duration, and initial radionuclide concentration. Dry and wet deposition are treated
24 as independent processes. The weather variability is treated by means of a stratified sampling process.
25 . ,

26 For early exposure, the following pathways are considered: immersion or cloudshine, inhalation from the
27 plume, groundshine, deposition on the skin, and inhalation of resuspended ground contamination. For the
28 long-term exposure, MACCS considers the following four pathways: groundshine, inhalation of resuspended
29 ground contamination, ingestion of contaminated water and ingestion of contaminated food. The direct
30 exposure pathways groundshine, and inhalation of resuspended ground contamination, produce doses in the
31 population livmg *n the area surrounding the plant. The indirect exposure pathways, ingestion of contaminated
32 water and food, produce doses in those who ingest food or water emanating from the contaminated area
33 around the accident site. The contamination of water bodies is estimated for the washoff of land-deposited
34 material as well as direct deposition. The food pathway model includes direct deposition onto crops and
35 uptake from the soil.
36

37 Both short term emergency response actions and long-term mitigative measures are modeled in MACCS.
38 Emergency resp (mse actions include evacuation, sheltering and emergency relocation out of the emergency
39 planning zone (EPZ). Long-term actions include later relocation and restrictions on land use and crop
40 disposition to reduce projected doses below a pre-determined level. Relocation and land decontamination,
41 interdiction, and condemnation are based on projected long-term doses from groundshine and inhalation of
42 resuspended radioactivity. The disposal of agricultural products is based on reducing the yearly doses induced
43 by consumption of these products below a preset criterion based on the Protective Action Guides of the Food
44 and Drug Administration. The removal of farmland from crop production is based on ground contamination
45 criteria.
46

47 The health effects models link the dose received by an organ to predicted morbidity or mortality. MACCS
48 calculates both early and latent (long-term) health effects. The model for latent cancers implemented in the
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1 latest version of MACCS is based on the recommendations of the BEIR V committee. Results for the
2 following consequence measures calculated by MACCS are given in this report: early fatalities, population
3 dose to 50 miles, and latent cancers to 50 miles.

4

5 Early fatalities are defined as those occurring within one year of the release. Population dose, expressed in
6 effective dose equivalents for whole body exposure (person-Sv or person-rem), due to both early exposure and '

7 chronic exposure is calculated within a 50 mile radius of the plant. He latent cancers due to both early
8 exposure and chronic exposure are calculated to 50 miles from the plant.
9

10

11 8.1.1 MACCS Input for Surry
12

13 The input parameters for the offsite consequence calculations were mainly based on Reference 2. Certain
14 modifications, based on conditions specific to mid-loop operation and its accident characteristics, are noted
15 below.
16

17 Site-specific data for Surry include: reactor power level, weather, population, exclusion zone distance,
18 cmergency response, shielding parameters, long-term mitigative actions, land and land use fractions, and
19 economic parameters for calculating offsite costs. Apart from reactor power level, discussed below, the other
20 site data were based on the values in Reference 2. For example, the emergency response assumes that 99.5%
21 of the population in the EPZ (within a 10 mile radius of the plant) evacuates at a speed of 1.8 m/s (4 mph)
22 after a 2 hour delay following the declaration of an emergency,i.e., a generalwarning by the local authorilies.
23 De remaining 0.5% of the population are assumed to follow normal activity. The long-term mitigative actions
24 include relocation of people from contaminated land which could lead to a dose to an individual of 4 rem or
25 more over 5 years (2 rem in the first year following the accident and 0.5 rem per year thereafter for 4 years).
26 One year of hourly meteorological data at Surry and the site population distribution as in Reference 2 were
27 used in the input.
28

29 The initial reactor power level (13.2 MW) used in the calculation was at the mid-point of Window I as defined
30 in Table 5.5. The core inventory of 60 radionuclides at this power Icvel for Surry was evaluated by
31 interpolation from the calculations of the core inventory at Surry as a function of time after reactor shutdown
32 reported in Reference 6. This inventory, displayed in Table 7.4 of Chapter 7 was used for calculating the
33 consequences of all 25 source term groups resulting from the partitioning process. A window adjustment
34 factor, WF,, defined in section 7.3 of Chapter 7 was used in calculating the consequences for Windows 2,3,
35 and 4 using the predictions for Window 1. .

36 I

37

38 8.1.2 Results of Offsite Consequence Calculations |
39

40 De results for the offsite consequence measures given in this section are conditional on the occurrence of a
i

41 release. The tables and figures in this section contain no information about the expected frequency of
42 occurrence of these consequences. Information about the frequency of the consequences of different
43 magnitudes is contained in the integrated risk results reported in Chapter 9.
44

45 De results of MACCS calculations for the twenty five mean source term groups are reported in two ways
46 below. In the first way, a complementary cumulative distribution function (CCDF) is calculated for each
47 consequence measure. Each CCDF is conditional on the occurrence of the source term and gives the
48 probability of exceedance of individual consequence values due to the variability of the weather at the time
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1 of the release. The CCDFs are displayed in Figure 8.1 fc'r early fatalities, Figure 8.2 for latent fatalities to
2 50 miles, and Figure 83 for population dose to 50 miles. Each of the 'above figures displays the CCDF for
3 a particular consequence measure for all 25 mean source term groups. (The source term group number,
4 ordered by increasing severity of consequences, increases from the plots located on the left to the plots located ,

5 on the right in each of the above Figures 8.1,8.2 and 83). I
I

6

7 In the second way, by averaging the CCDFs over all weather bins, a single mean result is reported for each
8 consequence measure. Given the 25 source term groups and the three consequence measures considered, this

9 produces a 25 x 3 matrix of mean consequence measures, shown in Table 8.1.
10

11 Figure 8.1 shows that only four source term groups have an exceedance probability greater than 0.01 for
12 causing one early fatality. Since there are only 17 CCDF curves shown in Figure 8.1, this means that 8 source
13 term groups have zero early fatalities for all values of the exceedance probability, i.e there were now weather
14 bins which gave rise to an early fatality for these 8 source term groups. For the case of latent cancer fatalities
15 to 50 miles shown in Figure 8.2, most of the source term groups have an exceedance probability greater than
16 0.1 for causing 100 or more latent cancers.
17

18 , The mean consequence values shown in Table 8.1 are a result of reducing one of the CCDFs for a particular
19 source term group to a single number by averaging over the weather.13 source term groups have a zero mean
20 value of early fatalities and only four source term groups have a mean value of early fatalities which exceeds
21 0.1. In contrast,16 source term groups have more than 100 mean latent cancer fatalities to 50 miles.

*

22

23

24 8.2 Onsite Consequences
25

'

26 The total onsite dose rate is modeled as a sum of the inhalation and cloud exposure dose rates in the wake
27 region of a building due to the release of the radionuclide inventory following an accident. For the scoping
28 calculation, an uniform release rate was assumed.

29

30 The dose rate is calculated as a sum of the cloud inhalation dose rate, D',*, and the cloudshine dose rate,IJ,'-d
31 (based on the 60 radionuclides in the MACCS dosimetry routine):

e.a

D=[ D "* + D,"
i ,

...

32 where,
Dj'* = (DFI),# G(t) 1 , rern/sec

G

D," - (DFC),,, G(t) f1 , ren /sec
[G

33

34 (DFI), - inhalation dose-conversion factor, rem /Ci for the radionuclide i;

35 (DFC) , - semi-infinite cloud dose-conversion factor for the radionuclide i "" ] "' ' ;

36 # - breathing rate, m'/s. In these calculations, the breathing rate # = 2.66 x 10d m'/s following the
37 MACCS code default value;

38 r,- fraction of nuclide'si inventony released over the release duration;

39 I, - total inventory of nuclide i, Ci;

40 r - release duration, sec.;
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1 G(t) - release rate, assumed to be uniform over the release duration = r,1,/r, Ci/sec;

2 x/G . dilution factor calculated, as explained below, by three different models, sec/m'.
3

4 The average concentration in the building wake was estimated using the following wake centerline
5 concentration models: Ramsdell,' Wilson,' and Reg Guide 1.145.5 Brief descriptions of each model are given

6 below.
7

8

9 8.2.1 Ramsdell Model
10

11 The Ramsdell model calculates the concentration in the far-region of the wake by including the effects of the$

12 lateral and vertical diffusion due to background turbulence:

1
x/G =

irU [a,2 + (KA/a U 2)F(T,))" x (a,' + (KA /a U 2S 2)F(T,,))"2 2

13

14 where K is a characteristic dispersion factor for large structures typical of reactor buildings and recommended

15 . to have a value of 0.5 in Reference 3.
16

17 in the correlation above,

F(T) = 1 -[1 +x/(UT)} cxp[-x/UT)] ,
,

$b where T = T, or T,,; T, = A''*/u*, sec;

20 T,, = T, for extremely unstable weather (Class A, Pasquill-Gifford), and T,, = T,/2.5 for extremely
21 stable conditions (class G);.

.

22 S = 1 for extremely unstable weather (Class A, Pasquill-Gifford), and S = 2.5 for extremely stable
23 conditions (class G);

24 u' = aU, friction velocity, m/s; a = 0.4//n(z/z );o

25 U is the average wind speed at : = 10 meters, m/s,
26 surface roughness length z = 0.1 m; based on this, a = 0.0869,o

227 A = building area,m ;

28 a, and a, = diffusion coefficients due to the background turbulence.

29 x = downwind distance from the source.
30

31

32 8.2.2 Wilson Model
33

34 "Ihe Wilson model suggests a correlation for calculating the lower limit on the dilution in the wake (which
35 corresponds to maximum concentration in the wake). This leads to the following expression for x/G:
36

x 1 1

'@ _" U.11 Ux 3
'

N where U = average windspeed
39 x = downwind distance from the source.
40
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1 As recommended in Ref. 3, a multiplier of 5.0 was used to calculate the ground level release (elevation lower
2 than 0.2 II, where II is the height of the building).
3

4

5 8.2.3 NRC Regulatory Guide 1.145 Model
6

7 NRC Regulatory Guide 1.145 contains guidance on the calculation of x/G values for releases through vents
8 that are effectively lower than two and one-half times the height of adjacent solid structures during neutral
9 or stable weather stability conditions. The recommended correlations allow for horizontal plume meander

10 when the windspeed at the 10-meter levelis less than 6 m/s. Equation (2) of the Reg.1.145 model was used
1I for calculating x/G:

'
xIQ =

U ,(3 x o, o,)i

12

13 a, and a, are the standard dispersion parameters

14 ,, is the average windspeed at 10 m height

15 o, = ad and a, = cx ,d

16 x is the distance from the source, m, and

17 the dispersion constants a = 0.0722, b = 0.9031, c = 0.2, and d = 0.602 for stable weather, Pasquill-Gifford
18 Class F.

19

20

21 8.2.4 Calculation Assumptions
'

22

23 He scoping values of dose rates were c:dculated with the following set of input parameters corresponding to
24 the Surry building and site;

25 e distance from source,x = 10 to 300 meters,
226 e building projected area, A = 1500 m , and, finally,

27 e wind speed at 10 m elevation, U = 1.2 m/s.
28

29 Wind speed was obtained by an aritt netic averaging of the wind speeds observed at the Surry site during the
30 most stable weather conditions (Class F stability).
31

32

33 8.2.5 Results
34

35 The bounding calculations were performed for three source terms referred to as high, medium, and low (Gap
36 release). The results are shown in Figure 8.4. He Wilson / Reg. Guide 1.145 result is based on the prediction
37 of the Reg. Guide 1.145 correlation, limited from above by the values predicted by the Wilson medel. The
38 results in Figure 8.4 for the dose rate (Rem /h) indicate a variation of about two orders of magnitude as a
39 function of the source term. The onsite dose rates are high, and are likely to lead to early fatalities or early
40 injuries for exposed workers depending on the exposure period. In view of the relatively large number of |

41 onsite personnel during shutdown operations, these dose rates outside the containment suggest that a careful
42 examination should be made of onsite evacuation schemes to limit the consequences.
43
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1 9 Risk Integration -

,

2 l

3 i

4 %is chapter provides the results of the integrated risk analysis of the Surry plant during mid-loop operation.
5 Risk is determined by bringing together the results of the four constituent analyses; accident frequency
6 (discussed in Volume 2 of this report and summarized in Chapter 5), accident progression (Chapter 6), source j

7 terms (Chapter 7) and consequence analyses (Chapter 8). The methods used to perform the risk integration !
'

8 have been broadly described in Chapter 3. Details of the calculations carried out for each of the risk results
9 are briefly reviewed below. The results are presented in the form of CCDFs, distributions of risk, and

j

10 fractional contributions to mean risk for the selected consequence measures, early fatalities, population dose
11 to 50 miles and latent cancer fatalities to 50 miles.
12

13

14 9.1 Risk Results
15

16 9.1.1 Exceedance Frequencies for Risk
17

18 %e integrated risk analysis was performed for a sample of 100 observations; each observation consists of a
19 frequency for each of the 25 mean source term groups, calculated by summing the frequencies of the accident
20 progression bins assigned to each source term group. For each consequence measure, these 100 observations
21 were combined with the CCDFs for each of the mean source term groups (shown in Figures 8.1,8.2, and 83
22 in Chapter 8) which contain the uncertainty due to weather variation. This calculational step produces 100
23 CCDFs for each consequence measure which display the relationship between the frequency of the
24 consequence and the magnitude of the consequence. Four statistical measureswere generated from these 100
25 CCDF curves by analyzing the curves in the vertical direction. For each value of a particular consequence,
26 there are 100 values of the exceedance frequency (one for each observation). From these 100 values the
27 mean, median,95th percentile, and 5th percentile were calculated. This was done for each value of the
28 consequence measure, to obtain the plots shown in Figures 9.1, 9.2 and 93, nese fi;ms show the
29 relationship between the magnitude of the consequence and the frequency at which * e e sequence is
30 exceeded, as well as the variation in that relationship.
31

32 Figure 9.1 shows that the risk of early fatalities during mid-loop operation is low. At the upper end (95th
33 percentile) of the range, the risk of one early fatality is below 5 x 10* per year. Comparison of these curves
34 with the corresponding risk at full power shows that the early fatality risk during mid-loop is between c ne and
35 two orders of magnitude below the full power risk. His reduction is due mainly to the decay of the
36 radionuclide inventory, especially those species such as iodine and tellurium which impact early fatalities. At
37 high values of the early fatality consequence plots, the mean exceeds the 95th percentile. This indicates that
38 the mean is being influenced by a few large values within the sample.
39

40 The curves for latent cancer fatalities in Figure 9.2 are relatively flat from 0.1 to about 100 fatalities. (A flat
41 portion of an exceedance curve indicates a very low probability since probability is the first derivativu of the
42 exceedance curve). This means that latent cancer fatalities in this range are very unlikely. All accidents
43 involving containment failure or unisolated containment are likely to lead to more than 100 latent cancer
44 fatalities.
45

46 The 5th to the 95th percentiles indicates the uncertainty in the risk estimates due to uncertainty in the basic
47 parameters in the three sampled constituent analyses (the accident frequency, accident progression, and source
48 term analyses). For latent cancer fatalities and population dose to 50 miles (Figures 9.2 and 93), this
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9 Risk Integration .

1 uncertainty is approximately two orders of magnitude across most of the exceedance curve. Three parameters,
2 in particular, contribute to this uncertainty; the uncertainty in the human error probabilities, the uncertainty
3 in the status of containment, and the uncertainty in the availabilityof containment sprays. The uncertainties
4 la the release fractions constituting the source terms also contribute to the overall uncertainty.
5

6 The variation along a curve in Figures 9.1,9.2 and 93 is indicative of the variation in risk due to different
7 types of accidents and due to different weather conditions at the time of the accident. Thus the individual
8 curves can be viewed as representing stochastic variability (i.e., the effects of probabilistic events in which it
9 is possible for the accident to develop in more than one way), and the variability between curves can be seen

10 as representing the effects of imprecisely known parameters and processes that are mostly nonstochastic.
11 Insights into the risk from different types of accidents, represented by plant damage states,is discussed below.
12

13 As the magnitude of the consequence measure increases, the mean curve typically approaches or exceeds the
14 95th percentile curve. This happens when the mean is dominated by a few large values within the sample
15 because only few observations have nonzero exceedance frequencies at large values of the consequences.
16

17 9.1.2 Estimates of Total Risk and Mean Risk
18

19 Ilased on the CCDF of rist for each observation a single number may be generated for each consequence
20 measure for each observatica. This value, called total risk, is determined by summing the product of the
21 frequencies and cw.requences for all the points that are used to construct the CCDF for each observation in
22 the sample. The total risi estimate averages over the different weather states and includes contributions from
23 all the different types of accidents that can occur. Since the complete analysis consisted of a sample of 100
24 observations, there are 100 values of total risk for each consequence measure.The distribution of total risk
25 for the three consequence measures, early fatalities, latent cancer fatalities to 50 miles, and population dose
26 to 50 miles, based on these 100 values is shown in Figure 9.4 The same four statistical measures utilized
27 above, that is the median, mean,5th, and 95th percentiles are shown in these plots.
28

29 The plots in Figure 9.4 show the distribution of the total risk for the three consequence measures. The
30 distribution for early fatalities shows that the ratio of the 5th to the 95th percentile is approximately three
31 orders of magnitude. For the cases of latent cancer fatalities and population dose to 50 miles, the distributions
32 show that the ratio of the 5th to the 95th percentile is a little less than two orders of magnitude. Where the
33 mean is close to the 95th percentile, as it is for the early fatality distribution, it may be inferred that a
34 relatively small number of observations dominate the mean value. This is more likely to occur for the early
35 fatality consequence measure than for the latent cancer fatality or population dose consequence measures due
36 to the threshold effect for early fatalities. A minimum or threshold value of dose is required to induce an
37 carly fatality. This threshold value (150 rem for bone marrow, one of the organs in the early fatality model
38 in the MACCS code) may be exceeded for a few weather bins which include washout of the release over a
39 populated sector or a few source term bins where the timing of the release and the evacuation is such that
40 the population evacuates under the plume.
41

42 'Ihese plots for the distribution of risk can be compared with the corresponding plots for the full power study
,

43 to obtain insights into how accident progression during mid-loop operation differs from full power operatiot.. |
44 This comparison is performed in Chapter 10. |

45 i

46 9.1.3 Contributors to Mean Risk
47
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9 Risk Integration-

1 To evaluate the contribution to risk from different types of accidents represented by the plant damage states,
2 the fractional contribution to mean risk (FCMR) has been calculated as follows. If FCMR represents the3
3 fractional contribution to risk for consequence measurej from plant damage state k, then

ErC E observationsy
* *FCMR,=

r C, observations

* E'C r C,y

4 where,

5 rC = risk (consequences / year) for consequence measurej,j

6 rC, = value of rC for observation i,j

7 rC = risk of consequence measurej due to PDS group k, andj

8 rCp = value of rC for observation i.j
9

10 The summation is over all observations (100 in this case).
11

12 Figure 9.5 shows the fractional contribution to mean risk of early fatality, latent cancer fatality and population
13 dose to 50 miles from the four PDS groups: PDS 1 (station blackout), PDS 2 (human error), PDS 3
14 (recirculation failure and PDS 4 (loss of 4 kV bus). This figure shows that PDS 2 contributes over 90% of
15 the mean risk for all three consequence measures. The reason for this is that for accidents where operator
16 errors, such as failure to diagnose or take proper action, play a major role in determining the progression of
17 the accident,it wasjudged unlikely that actions to isolate containment would be taken. As shown in Chapter
18 6, for PDS 2 the mean conditional probability of the containment being unisolated was estimated to be almost
19 0.95 for the accident sequences belonging to this plant damage state.
20

21 A similar analysis was performed for the fractional contribution to mean risk for the three consequence
22 measures from each of the four time windows over which mid-loop operation extends. These results show
23 which of the time periods over the duration of mid-loop operation have the most vulnerability from the
24 standpoint of risk. The results are shown in Figure 9.6. The largest contribution, about 43% in the case of
25 the mean risk of latent cancer fatalities and population dose and about 39% for the mean risk of early fatality,
26 comes from Window 2. There are two reasons for the higher contribution of Window 2 to the mean risk.
27 First, Window 2 has a higher contribution to the total core damage frequency compared with the other
28 windows; second, PDS 2 has a large weight in Window 2 as shown in Table 5.8. Since the containment is
29 largely unisolated in PDS 2, as discussed above, the combined effect of the contribution of Window 2 to the
30 core damage frequency and the finding that a significant portion of this contribution arises from PDS 2 makes
31 Window 2 the largest contributor to the mean risk. Windows 1 and 3 contribute roughly similar amounts to
32 the mean risk, less than 30% for all three consequence measures,while the contribution of Window 4 is small,
33 less than 10%. Window 1 contributes more than Window 3 to the risk of early fatality; this is mainly due to
34 the reason that the inventory of radionuclides important to early fatalities is larger in Window 1 than in
35 Window 3. t towever, the risk distributions for the three consequence measures are subject to a significant
36 amouM of uncertainty. llence these estimates of the contribution of each time window to the mean risk

,

37 should be considered in the presence of this uncertainty.;

38
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9 Risk Integration j.

1 9.1.4 Distribution of Risk for Each PDS
2

3 Figures 9.7,9.8 and 9.9 show the distribution of risk for each of the PDSs for the three consequence measures.
4 De total risk is also shown in the figures for comparison. The distribution for PDS 2 is almost equivalent
5 to the total risk distribution for all three consequence measures. As pointed out above, the mean conditional

'6 probability of the containment being unisolated is very high for accidents in PDS 2 and this contributes
7 strongly to the total risk distribution. The distributions for PDS 3 and PDS 4 lie almost entirely below the
8 distribution for PDS 2. Thus, even though the distributions for PDS 3 and PDS 4 have a wide range of
9 uncertainty, they consist of very low 2stimates of consequences and do not impact the total risk distribution

'

10 significantly. The upper end (95th percentile) of the distribution for PDS 1 lies near the median of the
11 distribution for PDS 2 and the tctal distribution. A small fraction of the accidents, about 16%, in PDS 1
12 involve an initially isolated contairment which is subsequently challenged by phenomena such as hydrogen
13 combustion. Dese types of accidents contribute to the upper end of the risk range for PDS 1.
14

15
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i 10 COMPARISON TO FULL POWER RESULTS
2

3

4 His chapter compares the results of the integrated risk estimates for accidents during mid-loop operation with
5 the risk estimates' for accidents occurring at power. The mid-loop risk estimates are for three mid-loop POSs, |
6 namely POS 6 and POS 10 of a refueling outage and POS 6 of a drained maintenance outage. He risk results j

7 therefor: do not represent the risk from alllow power and shutdown operations. The risk estimates (because
|

'8 they are on a yearly basis) also reflect the rather short time that the plant is at mid-loop.
9 <

10

11 10.1 Core Damage Frequency Analysis
12

13 The results of the core damage frequency analysis are discussed in detailin Volume 2 of this report, which
'

14 also includes a comparison with the full power study. In order to appreciate the accident progression analysis
15 and risk estimates a description of the core damage frequency results is included in this chapter, Four
16 statistical measures of the core damage frequency distribution (CDF) for accidents during mid-loop operation
17 are compared with similar measures for accidents during power operation below:
18 -

19 Core Damage Core Damage
Frequency for Mid Imop Frequency for Power

*
Operation Operation *

(per reactor year) (per reactor year)

20 95th Percentile 1.9E-5 1.0E-4 ,

*
21 Mean 4.2E-6 4.1E-5*

22 50th Percentile 2.0E-6 2.5E-5
,

23 5th Percentile 3.2E-7 9.8E-6

24
25

26 De mean core damage frequency of accidents initiated by internal events during mid-loop operation is about
27 an order of magnitude lower than the mean frequency of accidents during full power operation. In addition
28 the mean and median frequencies of the two distributions were within a factor of approximately two which
29 indicates that the means were not strongly influenced by the tails of the distribution. Ilowever, the tails of ,

30 the distributions do overlap and therefore for some cases the mid-loop core damage frequency could be higher
31 than the full power frequency.

'

32

33 The CDF analysis is coupled to the accident progression analysis through the plant damage states (PDS). Of
34 particular interest is the characteristics of the PDS groups and their relative contribution to the core dange
35 frequency estimates. The PDS characteristics are important because they strongly influence the subsequent .

36 accident progression. Tab!c 10.1 displays the PDS contributors to the core damage frequency for both studies. !
'

37 Four statistical measures (namely the 5th percentile, median, mean and 9th percentile) on the distributions
38 of the various PDS groups are given in Table 10.1.
39 !

40 Accident sequences in which the operators did not correctly diagnose the situation or take proper actions were
41 the largest contributor (approximately two-thirds of the total) to the mean core damage frequency for mid-loop
42 operation. Accident sequences that lead to station blackout during mid-loop operation (loss of the 4 kV Bus
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10 Comparison to Full Power Results

1 is similar to a station blackout) contribute about 10 percent to the mean CDF. Other accidents were identified
2 that resulted in loss of core cooling after depletion of the refueling water storage tank and failure of
3 recirculation. He !cading cause of recirculation failure was found to be plugging of the suction from the
4 sump. Dese accidents contribute about 20 percent to the mean core damage frequency.
5

6 Station Blackout accidents were the largest contributor (approximately two-thirds of the total) to the mean
7 core damage frequency for accidents initiated by internal events during pcrser operation. Other accidents j
8 initiated by loss-of-coolant accidents (LOCAs), transient events and anticipated transient without scram
9 (NIWS) contributed about 25 percent to the mean CDF. Accidents that result in containment bypass (steam

10 generator tube ruptures (SGTR) and interfacing systems LOCAs) contributed less than 10 percent to the mean
11 CDF.
12

13 The plant damage states in Table 10.1 cannot be directly compared because the plant configuration during
14 mid loop operation is different than the configuration during full power operation. For example a Station
15 Blackout during full power operation will have a different accident progression than a Station Blackout during
16 mid-loop operation. An important difference is that the containment may not be isolated during mid-loop
17 operation whereas the containment was found to be isolated for most of the accidents at full power.
18 Differences in the status of containment integrity during mid-loop and full power operation have an important
19 influence on the accident progression analysis and risk estimates. In the following sections differences in the
20 plant configuration (and hence plant damage states) between mid-loop and low power are indicated. -

21

22

23 10.2 Accident Progression Analysis
24

*
-

25 De plant damage states developed for the mid-loop and full power studies cannot be directly compared. An
26 attempt was therefore made to summarize the results of the accident progression analyses performed for the
27 two studies in such a way that differences in containment status could be ascertained for each of the plant
28 damages. Table 10.2 summarizes the probability of accident progression bins (APB) conditional on the various
29 PDS groups for full power operation (NUREG/CR-4551, Volume 3) and for mid-loop operation (Chapter 6
30 of this report). The table has been constructed in such a way that APUs have the same meaning in both
31 studies. For example accidents that " bypass" containment were identified in the full-power study but not in
32 the mid-loop study, whereas" containment not isolated"was an important APB for accidents during mid-loop
33 operation but not for full power.
34

35 The most significant difference in the results given in Table 10.2 relates to the probability of the containment
36 not being isolated. In the full power study the probability for the containment not being isolated was very
37 small because during power operation the Surry containment is maintained at a subatmospheric pressure and
38 therefore containment leakage would be detected. Ilowever, the probability of the containment not being
39 isolated was determined to be high for most of the plant damage states during mid-loop operation. In fact,
40 the plant damage state that is the largest contributor to the mean core damage frequency (PDS 2 - Iluman
41 Error) has a very high conditional probability for the containment being open. This is because it was
42 determined in the accident progression analysis that if operator error due to failure to diagnose the accident
43 led to core damage then the operators probably would not have taken measures to isolate containment.
44

45 Another difference between the results in Table 10.2 relates to accidents that bypass the containment. In the
46 full power study accidents that bypass the containment contribute les than 10 percent to the mean CDF but,
47 because they are high consequence events, they are large contributors to the risk estimates (as indicated in
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10 Comparison to Full Power Results

1 Section 10.5 below). However,in the mid-loop study accidents that bypass the containment (such as SGTRs
2 or interfacing systems LOCAs) were not included because the configuration of the plant precludes such events.

3
I

4 he probability for early containment failure caused by such phenomena as hydrogen combustion, direct
5 containment heating and steam explosions was found to be very low for all PDS groups in the full study. This
6 is because the failure pressure of the containment was determined to be much higher than the design pressure
7 and the loads predicted from the phenomena were generally lower than the failure pressures. The probability
8 for early containment failure was also fond to be small for accidents during mid-loop operation except for
9 accidents involving station blackout and loss of the 4 kV bus. For these accident sequences the mean

10 conditional probability for early containment failure was determined to be between 0.1 and 0.2. The cause
11 of early containment failure was determined to be hydrogen combustion, which is a problem during mid-loop
12 operation for two reasons. Firstly,if the operators are able to isolate containment during an accident in mid-
13 loop operation there is a possibility that they may not be able to achieve full pressure retaining capability in
14 the time available. The higher containment failure probability in the mid-loop study therefore reflects the
15 lower pressure retaining capability of the containment relative to the capability expected during power
16 operation. Secondly, for accidents involving station blackout it is unlikely that an ignition source would be
17 available to ignite the hydrogen until power is recovered. His means that large quantities of unburned
18 hydrogen could accumulate in containment. The higher early containment failure probability for station
19 blackout accidents during mid-loop operation therefore also reflects the possibility that power will be restored
20 after a large quantity of hydrogen has accumulated in containment. *

21

22 De conditional probability of late containment failure, caused by the core debris penetrating the basemat or
23 by overpressurizing the containment (due to the accumulation of steam and noncondensible gases) was

determined to be between 0.01 and 0.1 for accidents during full power operation. Both of these failure24 .

25 mechanisms were eliminated for accidents during mid-loop operation based on deterministic calculations
26 (described in Chapter 6). The calculations indicated that the decay heat levels for accidents during mid-loop
27 operation were not sufficiently high to cause late containment failure by basemat penetration or containment
28 overpressurization.
29

30 Finally, the mean conditional probability of the containment being intact (i.e., isolated, not bypassed, no
31 excessive leakage, and no containment failure) was determined to be high (i.e., between 0.8 and 0.9) for all
32 PDS groups in the full power except for the PDS group containing bypass accidents. As noted above, bypass
33 accidents contribute less than 10 percent to the mean CDF in the full power study. The mean conditional
34 probability of the containment being isolated varied over a wide range for accidents during mid-loop operation.
35 De range varied from 0.05 (lluman Error PDS) to about 0.9 for accidents involving loss of recirculation.
36 Ilowever, as the lluman Error PDS is the largest contributor to the mean CDF the probability of the
37 containment being intact conditional on the mean CDF for all internal events during mid-loop operation was
38 less than 03. His compares with a probability of the containment being intact conditional on the mean CDF
39 for accidents during power operation of over 0.8. His difference in containment integrity during mid-loop
40 and full power operation has an important influence on the risk estimates as indicated in Section 10.2.5.
41

42

43 103. Results of the Source Term Analysis
44

45 ne source term model (SURSOR) used in the full power study was considered suitable for use in the mM
46 loop study with only minor modifications. This suitability was based on comparisons with calculations from
47 a deterministic code, MEl.COR, and the views expressed by an expert review panel drawn from staff at Sandia i
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10 Comparison to Full Power Results

1 and Brookhaven National L.aboratories. Herefore, as the same source term model was used in the two
2 studies the source terms are similar for similar accident progression bins. Although the source term .

|3 calculations are similar for the two studies the risk estimates for mid-loop operation are influenced by the
4 changing radionuclide inventories for the various accidents because they can occur a long time after shutdown.
5 In order to account for the changing radionuclide inventory the partitioning method used in the full power
6 study to combine the source terms into a smaller number of representative source term groups had to be
7 modified for the mid-loop study. Therefore, a direct comparison of the source term groups determined for
8 the two studies would be difficult because of the changing inventory associated with accidents during mid-loop
9 operation.

10

11

12 10.4. Consequence Analysis
13

14 The approach used to calculate offsite consequences was similar in both studies. The major difference was
15 that the latest version of the MACCS code was used to evaluate the offsite consequence measures in the mid-
16 , loop study. The latest version of MACCS incorporates the BEIR V update to the latent cancer versus dose
17 relationship, whereas the full power study used in an earlier version of MACCS, which did not include the
18 latest BEIR V update. He latest BEIR V update gives a factor of approximately three times higher latent
19 cancers for the same value of population dose. Therefore population dose is used rather than latent cancer
20 fatalities to facilitate comparison with the full power results in Section 10.2.5 below.

*

21

22

23 10.5 Integrated Risk Analysis
* *

24

25 Figures 10.1,10.2 and 103 present four statistical measures of the distributions of the major contributors
26 (plant damage states) to three consequence measures for accidents during mid-loop operation obtained from
27 this study. Similar statistical measures for full power operation obtained from the NUREG-1150 study of
28 Surry are also included in the figure.
29

30 Figure 10.1 indicates that the mean risk of offsite early health effects is over two orders of magnitude lower
31 for accidents during mid-loop operation than for full power. His is due to the natural decay of the
32 radionuclide inventory (because the accidents occur a long time after shutdown) particularly the short-lived
33 isotopes of iodine and tellurium, which are primarily associated with early health effects. De distributions
34 obtained for long-term health effects (measured by population dose in Figure 103) for mid-loop and full
35 power operation appear to be very similar. The reason why the population dose distributions are similar but
36 the core damage frequency distributions are an order of magnitude lower for mid-loop operation is explored
37 in the following paragraphs.
38

39 Accident sequences in which the operators did not correctly diagnose the situation or take proper actions
40 (plant damage state 2 in Table 10.1) were the largest contributor to the total core damage frequency
41 distribution for mid-loop operation. Accident sequences that lead to station blackout during mid-loop i
42 operation (plant damages states 1 and 4 in Table 10.1) contribute about 10 percent to the mean CDF. Other

'

43 accidents (plant damage state 3 in Table 10.1) were identified that resulted in loss of core cooling after
44 depletion of the refueling water storage tank and failure of recirculation. The leading cause of recirculation
45 failure was found to be plugging of the suction from the sump. These accidents contribute about 20 percent
46 to the mean core damage frequency.

1
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10 Comparis(m to Full Power Results

1 From an inspection of Figure 10.3 it is clear that plant damage state 2 is almost equivalent to the total risk
2 distribution for the population dose. The distributions for PDS3 and PDS4 are almost entirely below the
3 distribution for PDS2. The distributions for PDS3 and PDS4 consist of very low consequence estimates and
4 do not impact the total risk distribution. This is becauseit was determined in the accident progression analysis
5 for PDS2 that if operator error due to failure to diagnose the accident led to core damage then it was unlikely
6 that the operators would have taken measures to isolate containment. The probability of the containment
7 being open therefore, was very high for accident sequences in plant damage state 2. The probability of the
8 containment not being isolated was found to be lower for the other plar.t damage states and thus their relative
9 contribution to the o!fsite health effects was smaller. For example,while plant damage state 4 (recirculation

10 failure due mainly to sump plugging) contributed almost 20% to the mean core damage frequency its
11 contribution to the mean population dose was much smaller. This is because due to the recognition of the
12 problem by the operators and the long times involved, the operators were assumed to have a high probability
13 of being able to isolate the containment and the probability of a large source term from this type of accident
14 was calculated to be small.

15

16 In summary, accident sequences involving human error were the largest contributors to the core damage
17 * frequency during mid-loop operation and even larger contributors to the offsite risk estimates because it was
18 determined that during these sequences the operators would be unlikely to achieve containment isolation.
19 Therefore, during mid-loop operation the probability of loss of containment integrity conditional on core
20 damage was assessed to be high. -

21

22 In comparison, in the full power study accident sequences that lead to station blackout were the largest
23 contributors to core damage frequency but not to the offsite risk estimates. This is because containment
24 performance at Surry was found to be very good for this class of accidents even if the molten core penetrates
25 the lower head of the reactor vessel. Therefore accidents with lower frequencies but higher source terms
26 which bypassed the containment, such as interfacing system loss of coolant accidents (ISLOCAs) and steam
27 generator tube ruptures (SGTRs) were found to be the largest contributors to mean risk estimates in the full
28 power study. Hus the loss of containn ent integrity conditional on core damage was determined to be small :

29 for severe accidents at full power.
30

31

32 10.6 References |
33 !
34 1. Breeding, R. J., et al.," Evaluation of Severe Accident Risks: Surry Unit 1," NUREG/CR-4551, Volume |
35 3, Revision 1, Parts 1 and 2,1990. I

36 !
37
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10 Comparison to Full Power Results |

Table 10.1 Comparison of the PDS Core Damage Frequencies (per reactor year)
for Mid-leop and Full-Power Operation (Internal Events Only)

Full-Power Operation

PDS 5th Percentile 50th Percentile Mean 95th Percentile

Station Blackout

Short Term 1.2E-7 1.5E-6 5.4E-6 2.1E-5

Ieng Term 1.6E-6 1.1E-5 2.2E-5 6.4E-5

ATWS 2.9E-8 4.2E-7 1.4E-6 6.5E-6 ,

LOCAs 1.2E-6 3.9E-6 6.1E-6 2.0E-5
'

Interfacing LOCA 3.6E-11 4.9E-8 1.6E-6 8.2E-6

SGTR 4.5E-7 1.4E-6 1.8E-6 4.7E-6

Total 9.8E-6 2.5E-5 4.1E-5 1.0E-4

-
.

,

Mid-Ieop Operation
'

PDS 5th Percentile 50th Percentile Mean 95th Percentile

Station Blackout 1.9E-8 1.2E-7 4.0E-7 1.7E-6 .

Iluman Errors 2.1E-7 1.0E-6 2.8E-6 13E-5

Loss of Recirculation 53E-8 4.1E-7 7.8E 7 33E-6

less of 4 kV Bus 8.9E-9 8.9E-8 2.2E-7 13E-6

Total 3.2E-7 2.0E-6 4.2E-6 1.9E-5

:
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Q Table 10.2 Comparison of the Mean Probabilities APBs for Conditional on PDS Groups for Mid. loop and Full. Power Operation ?,

[ (Internal Events Only) [
T o
" o

Accident Plant Damage State Groups y
=Progression

Bin Full-Power Operation * Mid-Loop Operation ** y
s

Groups SBO A'IWS Transients LOCAs Bypass All SBO Human less of less of All d
Error Recirculation 4 kV y

(2.8E-5) (1.4E-6) (1.8E-6) (6.1E-6) (3.4 E-6) (4.1E-5) (4E-7) (2.8E-6) (7ME-7) Bus (4.2E-6) E

(2.2E-7) E

Early .008 .003 .001 .006 - .007 .17 - .03 .11 .03

Containment
Failure

f Late .079 .046 .013 .055 - .059 - - - - -

Containment
Failure

Contaimnent .003 .078 .007 - 1.0 .122 - - - - -

Bypass

Containment - - - - - - .28 .95 .10 .28 .69

Not Isolated

No VB, 3 10 .528 .217 .586 - 346 37 .02 - 39 .07

No CF

VB, No CF .599 350 .762 352 - .466 .18 .03 .87 .22 .21

Reproduced from NUREG/CR-4551, Volume 3*

0 Reproduced from Table 6.7**

3 _ VB Vessel Breach
$ CF Containment Failure -

.
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1 11 OPEN ISSUES
2

3

4 Several open issues were identified in the course of the study which potentially impact the risk of mid-loop
5 operation and the uncertainty in the risk. A number of these issues relate to modeling of physical processes
6 while others relate to lack of information. In some cases,if more information was made available then the
7 uncertainty in the risk estimates could be reduced. In other cases significant additional analysis would be
8 required to reduce uncertainty. The open issues have been grouped under four categories:(i) the status of
9 procedures in place for dealing with accident conditions, (ii) the availability of systems for terminating the

10 progress of an accident or mitigating its effects,(iii) environmental conditions in the plant which could impede
11 recovery actions and (iv) recent changes in plant configuration during mid loop operation.
12

13

14 11.1 Status of Procedures
15

16 An important issue surfaced by the study is the status of containment isolation during mid-loop operation and
17 the adequacy of the procedures in place for achieving isolation if an accident occurs. This issue is discussed
18 ' in more detailin Chapter 4. In the abridged study it was assumed that the containment could not be isolated
19 in the time frame available before core damage and the start of the release of the core inventory. New
20 procedures have been subsequently developed at Surry to address containment closure during mid-loop
21 operation. Ilowever, questions still remain in the present study as to the adequacy of these procedures in
22 casuring the pressure retaining capability of the containment even if it is successfully 'solated. This issue
23 therefore remains an important contributor to the uncertainty associated with containment performance and
24 determination of risk during mid-loop operation.
25 .

.

26 There are no procedures in place to ensure that the containment sump will be available as a source of water
27 for recirculation cooling during an accident occurring in mid-loop operation. Plugging of the sump by
28 temporarily stored materials required for performing plant maintenance during shutdown was found to be one
29 of the contributors to core damage and risk due to failure of recirculation cooling.
30

31

32 11.2 Systems Unavailability
33

34 'Ihere is no requirement during mid-loop operation at Surry for the containment sprays to be available.
35 Ccmtainment sprays are a : Irdportant system during accident conditions for condensing steam and removing
36 heat. Sprays are also potentially effective as a mitigation system for scrubbing fission products released as an
37 acrosol and reducing the source term to the environment. Spray availability was therefore treated as an
38 uncertainty parameter in the analysis; its potential availability during mid-loop operation was based on
39 discussions with Surry plant personnel. Ilowever,if the sprays are available they would have to be manually
40 actuated during mid-loop operation as automatic actuation is disabled at RCS temperature below 350*F.
41

42 One open issue relates to the effect of spray activation after core damage when a large amount of radioactive ;

43 aerosols and gases could be present in the containment atmosphere. If the containment is unisolated water !

44 droplets from the sprays could displace the atmosphere inside containment and cause the acrosols and gases
45 to be released through the opening in the containment boundary at a faster rate than if the sprays had not
46 been activated. 'Ihis effect could exacerbate the release to the environment; however, it was not modeled in
47 the present study.
48

DRAFT 11-1 NURl!G/CR-6144

1

i



.

.

11 Open Issues

1 11.3 Impact of Environmental Conditions on Recovery Actions
2

3 The impact of environmental conditions in the plant after the start of bulk boiling on the potential for
4 successfully performing recovery actions is another important issue. It may be difficult to carry out recovery
5 actions,which cannot be carried out from the control room, after bulk boiling of the reactor coolant inventory
6 begins. Here are several actions during mid-loop operation that can only be performed by entering the
7 containment, for example, restoring RIIR and, for station blackout sequences, opening valves to feed the
8 steam generator. He IIRA considered the impact of environment as part of the quantification of recovery
9 actions. At temperatures around 140-150*F, the air is too hot for normal pulmonary function and self-

10 breathing respirators may be required for emergency personnel which would also significantly decrease the
11 possibility of success of recovery actions. The uncertainty in the status of containment, referred to above, cuts '

12 across this issue. If the containment was isolated,it is unlikely that it would be re-opened to undertake a
13 recovery action once it was recognized that core uncovery was imminent or had occurred as indicated by the
14 radiation monitors. On the other hand, if the containment were unisolated or had no pressure holding
15 capability, the high radiation levels in its immediate vicinity as shown by the onsite dose rates would also make
16 recovery actions inside it unlikely. The impact of environment on the ability of operators to perform recovery
17 actions remains an important issue which contributes to the overall uncertainty.
18

19 The impact of recovering cooling water early in the accident progression after core uncovery but before vessel
20 breach is also an open issue. If the clad becomes embrittled on heat up it could fracture on quenching
21 releasine, the gap inventory. Water could then enter the ruptured fuel rods and leach out iodine (and other
22 volatile fission products) from the fuel matrix. Depending on temperature and solubility limits, the iodine
23 would be partitioned between the water in the vessel and the containment atmosphere. While this accident
24 * scenario is not likely to have any significant offsite consequences,it could have important onsite implications
25 particularly for recovery actions. This type of release was not modeled in the study.
26

27 An issue related to the environmental conditions during accident progression which was also surfaced in the
28 abridged study is related to the onsite dose predictions. Because containment performance is uncertain, the
29 onsite " parking lot" dose rates are large. His finding highlights the importance of onsite evacuation schemes
30 to limit the potential consequences to the exposed workers because there is a much larger population of onsite
31 personnel performing maintenance duties, etc. during shutdown operation as compared with normal, full power
32 operation.
33

34

35 11.4 Changes in Plant Configuration During Mid-Loop Operation
36

37 He impact of the ongoing risk study of mid-loop operation has had an impact on plant configuration and
38 plant procedures during shutdown at Surry. The study has identified potential vulnerabilities over the last few
39 years and the plant staff have responded, if they felt that a response was warranted, by mak!ng changes and

i
40 improvements to plant configuration and procedures during shutdown (including mid-loop operation) to
41 reduce these vulnerabilities. While these responses are encouraging and lead to improved plant safety, it has
42 precluded an analysis based on a constant plant configuration and operations. In order to complete the study,

3
43 . some compromises had to be made therefore on how rnuch new information could be incorporated within the
44 time available.

'

45

46

'
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11 Open Issues

|
1 11.5 Scope of the Study
2

|

3 Finally, this study is limited to internally initiated accidents during mid-loop operation, which reflects only two i
!4 plant operating states (POS 6 and POS 10) for two types of outage (refueling and drained maintenance). The

5 risk estimates therefore do not reflect the risk from all modes of operation that might occur during shutdown.
6 If changes are made to reduce perceived vulnerabilities during mid-loop operation, they might have an adverse .

7 effect in other plant configurations and increase the risk. Changes to plant configuration and operation during ;
8 low power and shutdown conditions should be made in light of a full PRA covering all POSs and outage types.
9 In this way a determination can be made as to whether or not the reduction of risk in one POS could cause

'

10 the risk in another POS or the overall risk of the plant to increase.
11 ,
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1 12 SUMMARY AND CONCLUSIONS
2

3

4 A systematic and integrated evaluation of risk has been performed for mid-loop operation at the Surry Unit 1
5 plant. He analysis includes accident frequency, accident progression, source terms, consequences, integrated
6 risk and a determination of the uncertainty in each of the component analyses and in the final risk measures.

7
8 The integrated analysis takes into account the long time after shutdown that the accidents can occur and the

'

9 impact of the consequent decay in power level and radionuclide inventory on the risk. The inclusion of this
10 time factor in a risk analysis is a new development in PRA technology and represents a strength of the study

11 from the methodological standpoint.
12

13 The results contained in the preceding Chapters of this report are based on the analysis of accident frequency

14 during mid-loop operation (documented in Volume 2) where the accident sequences leading to core damage
15 were binned into four plant damage state (PDS) groups: PDS 1 (station blackout events), PDS 2 (human
16 errors, failure to diagnose or take proper actions on the part of the operators), PDS 3 (recirculation cooling
17 failure) and PDS 4 (loss of 4 kV bus). These PDS served as the entry point for the further analysis of accident
1R - progression, the determination of potential recovery actions, and the evaluation of source terms, consequences
19 and risk.
20

21 The main finding of the study is that during mid-loop operation the risk of consequence measures related t,o
22 long-term health effects, latent cancer fatalities and population dose, are high, comparabic to those at full -

23 power, despite the much lower level of the decay heat and the radionuclide inventory. The reason for this
24 is that containment is likely to be unisolated for a significant fraction of the accidents initiated during mid-loop
25 operation so the releases to the environment are large and the radionuclide species which mostly contribute

*

26 tolong-term health effects (such as cesium) have long half-lives. PDS 2 (diagnostic and corrective action
27 failures) makes the largest contribution to the integrated risk. Another finding of the study is that the risk
28 of early fatalities is low despite the unisolated containment due to the decay of the short-lived radionuclide
29 species such as iodine and tellurium which contribute to early fatality risk. The integrated risk estimates have
30 a range of uncertainty extending over approximately two orders of magnitude from the 5th to the 95th
31 percentile of the distribution, ne conclusions drawn from this finding are discussed below.
32 ,

33

34 Containment Status
35
36 The major factor driving the risk is the status of containment during mid-loop operation. As discussed in
37 more detailin Chapters 4 and 11, there is a high probability that the containment is either unisolated or that .

38 it would not have full pressure retaining capability during mid-loop operation. This is particularly the case
39 for PDS 2. If the operators fail to diagnose the accident it was judged unlikely that they would take action ,

40 to isolate containment or could succeed in doing so within the available time frame. For PDS 2, it was j

41 determined that the conditional probability (conditional on core damage) of the containment being unisolated
42 ranged from 0.67 (5th percentile) to 0.99 (95th percentile) with a mean of 0.89. For other PDSs, the' ;

43 conditional probability of isolating the containment wasjudged to be higher. Overall, however, the conditional
44 probability of the containment being unisolated ranged from 039 (Sth percentile) to 0.88 (95th percentile) with

I45 a mean of 0.67. This factor played a significant role in influencing the risk estimates of mid-k>op operation.
46 1

47 - During the course of the study, Surry plant personnel made available new procedures for containment closure ]
!48 during mid-loop operation. While this response is encouraging in recognizing the need to reduce the

49 vulnerabilityof the plant during mid-loop operation,it was difficult to assess the adequacy of these procedures
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1 in ensuring the pressure retaining capability of the containment within the time frame encompassed by this
2 study. This feature contributed significantly to the uncertainty in containment status and the estimate of risk.
3
4

5 Availability of Containment Sprays
6 1

7 T1.cre is no requirement at Suriy for the containment sprays to be available during shutdown. Plant records )
l8 show that the spray systems could be inoperable because of maintenance. Spray availabilitywas modeled as

9 an uncertainty parameterin the integrated risk analysis. Since the sprays perform an important safety function
|

10 in mitigating the effects of releases, spray unavailability contributed both to the risk and its uncertainty. I

11

12

13 Possibility of Core Damage Arrest
14

15 The inclusion of the possibility of arresting the core degradation process before vessel failure is an important
16 feature of this analysis as it was for the full power study. Termination of the accident in-vessel can
17 significantly reduce some of the fission product releases and thus the risk. The potential for core recovery
18 depends on the nature of the accident progression and is different for the various PDS Groups. For PDS
19 Group 1 (SBO events) the conditional probability of core damage arrest (conditional on core damage) ranges
20 from 0.45 (5th percentile) to 0.71 (95th percentile) with a mean of 0.55. The dominant factor affecting the
21 arrest of core damage for this PDS Group is recovery of offsite power. For PDS Group 4 (loss of 4 kV bus)
22 the conditional probability of arresting core damage ranges from 0.03 (5th percentile) to 0.86 (95th percentile)
23 with a mean of 0.59. Recovery of the 4 kV bus is the major factor for this PDS. Accidents in PDS Group [
24 2 are attributable to human error and the conditional probability of arresting core damage for this PDS Group
25 ranges from 039 (5th percentile) to 0.45 (95th percentile) with a mean of 0.42. Recovery for PDS Group 2
26 depends on the operators making a correct diagnosis or taking proper action. Accidents in PDS Group 3 are
27 initiated by recirculation failure due to sump plugging and recovery of the recirculation system and arresting >

28 further degradation of the core was assumed to be not possible after core damage occurs. Overall, the .

29 conditional probability of core damage arrest ranged from 0.23 (5th percentile) to 0.44 (95th percentile) with
30 a mean of 035. ,

'

31

32
-

33 Comparison with Full Power Study !
34 '

35 The results of the present study are compared in detail with the results of the full power study in Chapter 10.
36 The comparison has shown that the mean core damage frequency for accidents during mid-loop operation is
37 about an order of magnitude lower than the mean frequency of accidents caused by internal events at full

'
38 power. Ilowever, the risk distributions obtained for comparable long term health consequences (measured
39 by the population dose at 50 miles) are very similar in the two studies. In NUREG-1150, the 50 mile'

,

40 population dose ranged from about SE-3 P Sv/ year (5th percentile) to 3E-1 P-Sv/ year (95th percentile) with
41 a mean of 6E-2 P-Sv/ year. For mid-loop operation, the corresponding range is from 4E-3 P-Sv/ year (5th
42 percentile) to 2E-1 P-Sv/ year (95th percentile) with a mean of 6E-2 P-Sv/ year. What this finding implies is

.

43 that the lower decay heat and lower radionuclide inventory of the mid-loop operating state, compared with I

44 full power, is offset by the likelihood of containment being unisolated. Finally, the mean risk of early health
45 effects is over two orders of magnitude lower for accidents during mid-k>op operation than for accidents
46 during full power operation. This is due to the natural decay of those radionuclide species which have the
47 greatest impact on early fatality risk because accidents during mid-loop operation occur a long time after )

'

48 shutdown.
49
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{APPENDIX A t

!

Appendix Il presents additional information on how the 2186 core damage frequency cutsets were grouped
together into a smaller number of plant damage states. The process is described in Sections 5.2 and 5.3 of
Part 1 of this volume and that materialwill not be repeated here.

Initially seven characteristics were defined that largely determine the progression of the accident. 'Rese seven

characteristics (refer to Table A.1) were then used to allocate each of the 2186 cutsets to a PDS. The PDS
designators of the 82 highest frequency cutsets are given in Table A.2. Only cutsets with frequencies higher
than 104 per year are included in the table. These 82 cutsets comprise about 70% of the core damage
frequency. Ilowever, the remaining 2104 cutsets with frequencies lower than 104 per year were all allocated
to PDS designators and included in the subsequent accident progression analysis.

Many of the cutsets in Table A.2 have similar PDS designators. When all of the cutsets with the same PDS
designators were combined,48 individual plant damage states resulted. The 48 PDSs are listed in Table A.3.
An uncertainty analysis described in Chapter 12 of Volume 2 of this report was performed for the 48 PDSs.

. Four statistical measures of the distribution obtained for each PDS are also included in Table A.3.

The 48 PDSs listed in Table A.3 were regrouped into four PDS groups to be processed by the accident
progression event tree (refer to Appendix II). Table A.4 indicates how the 48 PDSs were placed into four

*

more general PDS groups.

|
| An uncertainty analysis was performed for the four PDS groups using 100 samples. The PDS group

frequencies for each of the 100 samples are given in Table A.5, which also provides the frequencies for the
*

four time windows. The information in Table A.5 was used to obtain the uncertainty in the PDS and Time
Window frequencies. Four statistical measures of the PDS and Time Window frequency distributions are
presented in Table 5.5 of Part 1 of this volume.

I
|

|

|

|
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Appendix A

Table A.1 PDS Definition

1. Time of Accident Initiation

1: Window 1

2: Window 2

3: Window 3

4: Window 4

2. AC Power

Y: Available

U: Unrecoverable blackout

B: Blackout (recoverable by recovery of off-site power)
'

F: Loss of 4KV Bus

3. Iluman Error

N: No human error or non-recoverable human error *

D: Diagnosis error

A: Action error
'

4. RCS Status at Onset of Core Damage*

L: Low pressure

G: Intermediate pressure

5. ECCS Status

U: Unrecoverable hardware failure

R: Recoverable if human error, LOSP, or 4 kV is
recovered

C: Failure of recirculation

6. Recirculation Spray Status

R: Recoverable

U: Unrecoverable

7. RWST Status

Y: Injected

R: Not injected but recoverable )
:

N: Not injected and not recoverable |

1

)
:
1

I

NUREG/CR-6144 A-4 DRAFT

l
i

I

l



. .- - - . - . . - -- -- . . .- , -.

,
,

i

.,

Appendix A f

Table A.2 Plant Damage State Assignment of the Dominant Cutsets |

!

_
-!

!
Cutset Number * PDS Designator Frequency per - ;

- Reactor Year ;

1 2YDLRRR 2.20E-07 -f
i

2 3YDLRRR 2.07E-07 .i

l
3 2YDLRRR 1.70E-07 :

!

4 1YNGCUY 1.46E-07 !
!

5 3YDLRRR 1.46E-07 t

:

6 lYDGRRR 1.24E-07 ''

.
7 2YDLRRR 1.22E-07 |

8 lYNGCUY 1.08E-07 i

9 3YDLRRR 9.52E-08 j
,

10 2YDLRRR 937E-08

*

11 1YDGRRR 9.04E-08

12 lYDGRRR 8.73E-08 ;. ,

13 2YDLRRR 7.74E-08 .;

14 IBNGRRR 738E-08 5
i

15 3YDLRRR '6.70E-08 !

16 lYDGRRR 5.82E-08
.

.,

17 IFNGRRY 5.41E-08 |
';

18 2YDLRRR- 538E-08 - |
I
'

19 3YDLRRR 529E-08
t
'

20 3YDLRRR 5.07E-08
f

21 3YDL.RRR 4.86E-08
- r

22 211NLRRR 4.75E-08 !,

23 lYNGCYY '439E-08 f
i

24 2YDLRRR 4.27E-08 !

{25 411NLRRR 4.07E-08

26 4YDLRRR 3.91E-08 :
i

27 tilNGRRR 3.63E-08
'

i

DRAIT A-5 NUREG/CR-6144

,

1

-

1

. . .



i
i

I
.

Appendix A

Table A.2 (continued)

Cutset Number * PDS Designator Frequency per !

Reactor Year

28 2YDLRRR 339E-08

29 2UDLRUR 338E-08

30 2YDLRRR 336E-08

31 2YDLRRR 330E-08

32 1BNGRRR 3.27E-08

33 1YNGCYY 3.23E-08

34 2YDLRRR 2.97E-08

- 35 1YNGCUY 2.95E-08

36 3YDLRRR 2.92E-08

37 2YDLitRR 2.91E-08 ,

38 3UDLRUR 2.91E-08

39 3YDLRRR 2.89E-08

40 2BNLRRR 2.62E-08*
-

41 IFNGRRY 2.52E-08

42 lYNGCUY 2.47E-08

43 3YDLRRR 233E-08

44 3YDLRRR 2.23E-08

45 lYNGCUY 2.17E-08

46 3BNLRRR 2.13E-08

47 2YALRUY 2.llE-08

48 2YDLRRR 2.01 E-08

49 2YDLRRR 1.89E-08

50 2YDLRRR 1.87E-08

51 2UDLRUR 1.87E-08

52 2YDLRRR 1.86E-08

53 1YNGCUY 1.83E-08

54 3YDLRRR 1.83E-08

55 lYDGRRR 1.79E-08

NUREG/CR-6144 A-6 DRAIT
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Appendix A

Talite A.2 (continued)

Cutset Number * PDS Designator Frequency per
Reactor Year

:
'

56 1YDGRRR 1.75 E-08

57 1YDGRRR 1.73E-08

58 3YDLRRR 1.73E-08 ,

59 1BNGRRR 1.68E-08 '

60 4YDLRRR 1.68E-08

61 2YDLRRR 1.61E-08
;

62 lYDGRRR 1.60E-08

63 lYNGCYY 1.53E-08 :

64 lYAGCRY 1.46E-08

65 lYNGCUY 135E-08 I
,

66 3YDLRRR 134E-08

67 3UDLRUR 134E-08

68 3YDLRRR 133E-08-
.

69 2YDLRRR 1.29E-08

70 2FALRRY 1.26E-08

71 lYNGCYY 1.19E-08

72 lYNGCYY 1.19E-08

73 3YDLRRR 1.19E-08

74 IFNGRRY 1.15E-08

75 1YNGCUY 1.13E-08

76 2YDLRRR 1.11E-08

77 IFNGRRY 1.09E-08

78 1YAGCRY 1.08E-08 i

l
79 3YDLRRR 1.07E-08 I

80 4YDLRRR 1.07E-08

81 3YDLRRR 1.06E-08
,

1

82 2YDLRRR 1.04E-08 I

i
|

* Defined in Table 10.50 of Volume 2 of this rep >rt.
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Table A.3 Results of Plant Damage State Uncertainty Analysis
(per reactor year)

PDS MEAN 5th 50th 95th
Percentile Percentile Percentile

IBNGCRY 2.95E-09 5.90E-Il 7.48E-10 1.llE-08

1BNGRRR 1.71E-07 4.07E-09 4.40E-08 635E-07

IBNLCRY 1.43E-10 3.93E-13 1.40E-Il 4.70E-10 "

1FAGRRY 9.07E-09 139E-10 2.12E-09 331E-08

IFNGRRR 4.78E-10 6.02E-12 9.57E-Il 1.73E-09

IFNGRRY 1.25E-07 2.69E-09 3.43E-08 4.62E-07

. IUAGCUY 1.89E-10 1.27E-12 2.92E-ll 731E-10

IUDGUUR 8.29E-09 7.73 E-12 4.40E-10 2.51E-08

1UDLCUY 6.08E-10 8.79E-13 4.23E-Il 1.86E-09
.

lYAGCRY 8.llE-08 4.12E-09 2.84E-08 2.76E-07

1YAGCUY 2.12E-08 5.18E-10 5.48E-09 7.93E-08

1YAGRRR 2.75E-09 1.46E-10 1.04E-09 932E-09. ,

lYDGRRR 4.64E-07 1.22E-08 1.19E-07 1.68E-06

1YNGCUY 5.41E-07 1.29E-08 1.28E-07 1.96E-06 :

1YNGCYY 3.15E-07 1.90E-08 1.08E-07 1.01E-06

lYNGUUR 1.49E-09 2.67E-f l 3.54E-10 5.50E-09 i

lYNGUYR 8.84E-09 6.17E-10 3.93 E-09 3.03E-08

lYNLCUY 2.22E-09 2.91E-12 130E-10 6.00E-09

lYNLCYY 7.02E-10 2.15E 12 7.03E-Il 2.45E-09

2DNLCRY 334E-08 9.03E-10 9.76E-09 1.18E-07

2HNLCUY 2.99E-09 1.12E-Il 4.46E-10 1.09E-08

2HNL.RRR 1.05E-07 4.01E-09 3.57E-08 3.75E-07

2FALRRR 1.46E-08 2.44E-10 3.57E-09 5.48E-08

2FALRRY 431E-08 1.17E-09 1.41 E-08 1.62E-07 j

|2FNLRRR 2.75E-08 7.12E-10 8.llE-09 9.97E-08

2UALRUY 1.17E-10 1.26E-12 2.40E-Il 4.19E-10

2UDLRUR 5.12E-08 1.08E-10 4.21 E-09 1.68E-07

NUREG/CR-6144 A-8 D R A171'
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Appendix A

Table A.3 (continued)

PDS MEAN Sth 50th 95th |

Percentile Percentile Percentile !

2YALRRR 730E-09 4.48E-10 3.08E-09 2.58E-08
,

2YALRRY 8.72E-09 5.40E.10 3.78E-09 3.02E-08

2YALRUR 1.50E-08 8.43E-10 5.81E-09 5.20E-08
.

2YALRUY 4.93E-08 2.05E-09 1.61E-08 1.85E-07

2YALRYR 7.06E-08 1.14E-08 4.11 E-08 2.06E-07

2YDLRRR 1.08E-06 3.10E-08 2.80E-07 3.62E-06

2YNLCUY 4.84E-08 1.12E-09 1.28E-08 1.59E-07

- 2YNLCYY 1.94E-08 139E-09 8.llE-09 6.61E-08
'

3BDLRRR 239E-10 231E-13 130E-11 6.68E-10

3BNLRRR 4.18E-08 1.65 E-09 138E-08 1.40E-07
,

3UDLRUR 4.24E-08 9.48E-Il 3.49E-09 134E-07

3YALRRR 531E-09 4.18E-10 2.41E-09 1.80E-08

3YALRUR 2.55E-08 1.53E-09 1.05E-08 8.64E-08-
.

3YALRYR 438E-08 6.96E-09 2.57E-08 130E-07

3YDLRRR 9.15E-07 2.51E-08 2.42E-07 3.19E-06

4BNLRRR 5.81E-08 7.00E-10 8.98E-09 1.96E-07
t

4UDLRUR 1.16E-08 1.47E-Il 635E-10 337E-08

4YA1.RRR 2.75 E-09 137E-11 3.86E-10 932E-09

4YALRUR 2.28E-08 3.76E-10 4.85E-09 7.55E-08

4YALRYR 8.06E-08 334E-09 2.95E-08 2.54E-07

4YDLRRR 1.28E-07 1.42E-09 1.81E 08 3.85 E-07

D R A FI' A-9 NUREG/CR-6144
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Table A.4 Grouping of 48 PDSs into Four PDS Groups

,

PDS Group Numiq Group Description PDS

1 Station Blackout IBNGRRR

211NLRRR

3BDLRRR

3BNLRRR

4BNLRRR

2 Iluman Error lYAGRRR

1YDGRRR

2UALRUY
i

2UDLRUR

2V LRRR
.

2YALRCY

2YALRUR

2YALRUY. ,

2YALRYR

2YDLRRR

3UDLRUR

3YALRRR

3YALRUR

3YALRYR

3YDLRRR

4UDLRUR

4YALRRR

4YALRUR

4YALRYR

4YDLRRR

3 Recirculation Failure IBNGCRY

IBNLCRY

IUAGCUY

'
,

NUREG/CR-6144 A 10 DRAFT
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Table A.4 (continued)

PDS Grwup Numtwr Group Description l'DS

IUDGUUR

IUDLCUY

lYAGCRY

lYAGCUY

lYNGCUY
,

1YNGCYY

1YNGUUR

lYNGUYR
'

lYNLCUY

lYNLCYY

2BNLCRY *

2BNLCUY

2YNLCUY
'

'

2YNLCYY

4 Loss of 4 kV Bus IFAGRRY

IFNGRRR

1FNGRRY

2FALRRR

2FAlllRY

2FNLRRR

'I
\

I
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Table A-5

Frequencies of PDS groups for Each Time Window for the 100 Observations

OBS 1 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %
Window 1 0.35938E-07 0.76949E-08 0.31299E-07 0.72024E-08 0.82134E-07 25.85
Window 2 0.12034E-07 0.12130E-06 0.60941E-08 0.10525E-07 0.14995E-06 47.19
Window 3 0.18983E-08 0.74006E-07 0.00000E+00 0.00000E+00 0.75904E-07 23.89
Window 4 0.61907E-10 0.96789E-08 0.00000E+00 0.00000E+00 0.97408E-08 3.07
PDS Tot 0.49933E-07 0.21268E-06 0.37393E-07 0.17728E-07 0.31773E-06

% 15.72 66.94 11.77 5.58
OBS 2 PDS Group-1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.21056E-06 0.93224E-06 0.32112E-05 0.38126E-07 0.43921E-05 65.36
Window 2 0.28091E-07 0.99648E-06 0.57716E-07 0.50233E-07 0.11325E-05 16.85
Window 3 0.78191E-08 0.90320E-06 0.00000E+00 0.00000E+00 0.91102E-06 13.56
Window 4 0.25194E-08 0.28164E-06 0.00000E+00 0.00000E+00 0.28416E-06 4.23
PDS Tot 0.24899E-06 0.31136E-05 0.32689E-05 0.88359E-07 0.67198E-05

% 3.71 46.33 48.65 1.31
OBS 3 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.50705E-06 0.31922E-05 0.71610E-06 0.54813E-07 0.44702E-05 79.14
Window 2 0.28312E-06 0.33085E-06 0.35390E-07 0.68466E-07 0.71783E-06 12.71
Window 3 0.15038E-06 0.26066E-06 0.00000E+00 0.00000E+00 0.41105E-06 7.28
Window 4 0.12308E-07 0.37336E-07 0.00000E+00 0.00000E+00 0.49645E-07 0.88
PDS Tot 0.95286E-06 0.38210E-05 0.75149E-06 0.12328E-06 0.56487E-05 *

% 16.87 67.64 13.30 2.18
OBS 4 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %
Window 1 0.79522E-07 0.10539E-06 0.45254E-06 0.35306E-06 0.99052E-06 49.19
Window 2 0.15084E-06 0.28002E-06 0.83831E-07 0.20553E-06 0.72022E-06 35.77
Window 3 0.37971E-07 0.21401E-06 0.00000E+00 0.00000E+00 0.25198E-06 12.51
"Winddw 4 0.43635E-08 0.46370E-07 0.00000E+00 0.00000E+00 0.5733E-07 2.52
PDS Tot 0.27270E-06 0.64579E-06 0.53637E-06 0.55860E-06 0.20135E-05

% 13.54 32.07 26.64 27.74
OBS 5 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.63809E-07 0.31048E-07 0.33797E-06 0.63118E-07 0.49594E-06 15.09
Window 2 0.29902E-07 0.67669E-06 0.29259E-07 0.45196E-07 0.78104E-06 23.77
Window 3 0.25323E-07 0.82070E-06 0.00000E+00 0.00000E+00 0.84602E-06 25.75
Window 4 0.32023E-06 0.84242E-06 0.00000E+00 0.00000E+00 0.11626E-05 35.39
PDS Tot 0.43926E-06 0.23708E-05 0.36723E-06 0.10831E-06 0.32856E-05

% 13.37 72.16 11.18 3.30
OBS 6 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.11972E-07 0.17025E-07 0.71249E-07 0.28420E-08 0.10309E-06 49.82
Window 2 0.13055E-07 0.37166E-07 0.41381E-08 0.10939E-07 0.65299E-07 31.56
Window 3 0.32327E-08 0.29396E-07 0.00000E+00 0.00000E+00 0.32628E-07 15.77
Window 4 0.11984E-08 0.47143E-08 0.00000E+00 0.00000E+00 0.59126E-08 2.86
PDS Tot 0.29458E-07 0.88301E-07 0.75387E-07 0.13781E-07 0.20693E-06

% 14.24 42.67 36.43 6.66
OBS 7 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.25172E-07 0.31924E-06 0.21624E-06 0.21064E-06 0.77128E-06 65.49
Window 2 0.81922E-08 0.25981E-06 0.77212E-08 0.12843E-07 0.28856E-06 24.50
Window 3 0.90263E-08 0.81781E-07 0.00000E+00 0.00000E+00 0.90808E-07 7.71
Window 4 0.88940E-09 0.26203E-07 0.00000E+00 0.00000E+00 0.27093E-07 2.30
PDS Tot 0.43280E-07 0.68703E-06 0.22396E-06 0.22348E-06 0.11777E-05

% 3.67 58.33 19.02 18.98
OBS 8 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window I 0.21966E-07 0.81915E-07 0.55854E-07 0.54081E-09 0.16028E-06 26.27
Window 2 0.63433E-08 0.14400E-06 0.99062E-08 0.15010E-08 0.16175E-06 26.51
Window 3 0.23911E-08 0.20266E-06 0.00000E+00 0.00000E+00 0.20505E-06 33.60
Window 4 0.32022E-07 0.51110E-07 0.00000E+00 0.00000E+00 0.83132E-07 13.62
PDS Tot 0.62722E-07 0.47968E-06 0.65760E-07 0.20418E-08 0.61020E-06

% 10.28 78.61 10.78 0.33
OBS 9 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

|
4
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Table A-5 (Cont.)
;

Window I 0.83072E-07 0.12362E-06 0.15289E-05 0.28536E-07 0.17642E-05 37.03
Window 2 0.16202E-06 0.14201E-05 0.15041E-06 0.24041E-07 0.17566E-05 36.87
Window 3 0.49724E-07 0.11195S-05 0.00000E+00 0.00000E+00 0.11692E-05 24.54
Window 4 0.20709E-07 0.54141E-07 0.00000E+00 0.00000E+00 0.74849E-07 1.57

#

PDS Tot 0.31552E-06 0.27174E-05 0.16794E-05 0.52577E-07 0.47648E-05
% 6.62 57.03 35.24 1.10 j

OBS 10 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.46735E-07 0.22160E-06 0.99369E-06 0.21884E-06 0.14809E-05 58.50
Window 2 0.42169E-07 0.26825E-06 0.53158E-07 0.21655E-06 0.58013E-06 22.92
Window 3 0.68925E-08 0.40504E-06 0.00000E+00 0.00000E+00 0.41194E-06 16.27 -

Window 4 0.25548E-07 0.33062E-07 0.00000E+00 0.00000E+00 0.58609E-07 2.32
PDS Tot 0.12134E-06 0.92796E-06 0.10469E-05 0.43539E-06 0.25315E-05

% 4.79 36.66 41.35 17.20
OBS 11 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.37537E-07 0.14091E-07 0.41051E-06 0.82066E-08 0.47034E-06 23.97
Window 2 0.33626E-06 0.40611E-06 0.77910E-07 0.10314E-06 0.92342E-06 47.06
Window 3 0.37749E-07 0.31835E-06 0.00000E+00 0.00000E+00 0.35610E-06 18.15
Window 4 0.64349E-07 0.14786E-06 0.00000E+00 0.00000E+00 0.21221E-06 10.82
PDS Tot 0.47590E-06 0.88641E-06 0.48842E-06 0.11135E-06 0.19621E-05

% 24.25 45.18 24.89 5.67
OBS 12 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.36364E-07 0.13442E-07 0.29476E-06 0.57167E-07 0.40173E-06 30.62
Window 2 0.50758E-07 0.37000E-06 0.74044E-07 0.36845E-07 0.53165E-06 40.52 =
Window 3 0.26202E-07 0.30857E-06 0.00000E+00 0.00000E+00 0.33477E-06 25.52
Window 4 0.62415E-08 0.37592E-07 0.00000E+00 0.00000E+00 0.43833E-07 3.34
PDS Tot 0.11956E-06 0.72961E-06 0.36880E-06 0.94012E-07 0.13120E-05 ,

% 9.11 55.61 28.11 7.17
, OBS 13 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Windo'w 1 0.47102E-07 0.63613E-07 0.15245E-06 0.18551E-06 0.44868E-06 45.28
Window 2 0.10588E-07 0.12628E-06 0.81105E-07 0.59365E-07 0.27734E-06 27.99
Window 3 0.23891E-07 0.78852E-07 0.00000E+00 0.00000E+00 0.10274E-06 10.37
Window 4 0.14112E-07 0.14802E-06 0.00000E+00 0.00000E+00 0.16213E-06 16.36
PDS Tot 0.95693E-07 0.41677E-06 0.23356E-06 0.24487E-06 0.99089E-06

% 9.66 42.06 23.57 24.71
OBS 14 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.10893E-06 0.90293E-07 0.39536E-06 0.44081E-07 0.63866E-06 46.82
Window 2 0.26616E-07 0.16602E-06 .12849E-06 0.45216E-07 0.36634E-06 26.86
Window 3 0.14086E-07 0.14014E-06 0.00000E+00 0.00000E+00 0.15423E-06 11.31
Window 4 0.15300E-07 0.18941E-06 0.00000E+00 0.00000E+00 0.20471E-06 15.01
PDS Tot 0.16493E-06 0.58587E-06 0.52384E-06 0.89297E-07 0.13639E-05

% 12.09 42.95 38.41 6.55
OBS 15 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.13345E-07 0.74152E-08 0.54946E-06 0.38349E-07 0.60856E-06 59.03
Window 2 0.78420E-08 0.20428E-06 0.71637E-07 0.11974E-07 0.29573E-06 28.69 -

Window L 0.50995E-08 0.11308E-06 0.00000E+00 0.00000E+00 0.11818E-06 11.46
Window 4 0.59663E-09 0.77934E-08 0.00000E+00 0.00000E+00 0.83901E-08 0.81
PDS Tot 0.26883E-07 0.33256E-06 0.62109E-06 0.50323E-07 0.10309E-05

% 2.61 32.26 60.25 4.88
OBS 16 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.42251E-05 0.16963E-05 0.32839E-05 0.14038E-05 0.10609E-04 53.91
Window 2 0.11232E-05 0.38026E-05 0.20560E-05 0.55104E-06 0.75329E-05 38.27
Window 3 0.13018E-06 0.12824E-05 0.00000E+00 0.00000E+00 0.14126E-05 7.18
Window 4 0.39241E-07 0.87204E-07 0.00000E+00 0.00000E+00 0.12644E-06 0.64
PDS Tot 0.55177E-05 0.68685E-05 0.53399E-05 0.19548E-05 0.19681E-04

% 28.04 34.90 27.13 9.93
OBS 17 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.33350E-07 0.55349E-07 0.46075E-07 0.79535E-08 0.14273E-06 42.57 !

Window 2 0.17503E-07 0.62886E-07 0.96159E-08 0.29756E-08 0.92980E-07 27.73
Window 3 0.46633E-08 0.47898E-07 0.00000E+00 0.00000E+00 0.52562E-07 15.68
Window 4 0.60529E-08 0.40924E-07 0.00000E+00 0.00000E+00 0.46977E-07 14.01



1
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PDS Tot 0.61569E-07 0.20706E-06 0.55691E-07 0.10929E-07 0.33525E-06
% 18.37 61.76 16.61 3.26

,

OBS 18 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total % !

Window 1 0.24249E-08 0.80289E-08 0.73129E-07 0.17586E-07 0.10117E-06 22.35 |
Window 2 0.44791E-08 0.17859E-06 0.51859E-07 0.26759E-07 0.26169E-06 57.82 i

Window 3 0.26321E-08 0.75559E-07 0.00000E+00 0.00000E+00 0.78191E-07 17.28 1

Window 4 0.13179E-08 0.10196E-07 0.00000E+00 0.00000E+00 0.11513E-07 2.54 |
PDS Tot 0.10854E-07 0.27238E-06 0.12499E-06 0.44344E-07 0.45256E-06

% 2.40 60.19 27.62 9.80
OBS 19 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.82271E-07 0.14032E-05 0.16582E-05 0.10652E-05 0.42089E-05 33.76
Winoow I 2.18008E-06 0.34601E-05 0.62249E-07 0.27486E-06 0.39772E-05 31.90
Window 3 0.30052E-07 0.41418E-05 0.00000E+00 0.00000E+00 0.41718E-05 33.46 4

'Window 4 0.34287E-08 0.10630E-06 0.00000E+00 0.00000E+00 0.10973E-06 0.88
PDS Tot 0.29583E-06 0.91114E-05 0.17204E-05 0.13401E-05 0.12468E-04

% 2.37 73.08 13.80 10.75
OBS 20 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window I 0.32259E-07 0.54201E-06 0.61333E-06 0.10323E-06 0.12908E-05 46.94
Window 2 0.14641E-07 0.29599E-06 0.87619E-07 0.21570E-07 0.41982E-06 15.27
Window 3 0.11395E-07 0.34336E-06 0.00000E+00 0.00000E+00 0.35476E-06 12.90
Window 4 0.14688E-06 0.53761E-06 0.00000E+00 0.00000E+00 0.68448E-06 24.89

'

PDS Tot 0.20517E-06 0.17190E-05 0.70095E-06 0.12479E-06 0.27499E-05
% 7.46 62.51 25.49 4.54 *

OBS 21 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.77878E-08 0.10114E-06 0.15887E-06 0.67902E-07 0.33570E-06 35.43
Window 2 0.17497E-07 0.11154E-06 0.38468E-07 0.70508E-07 0.23802E-06 25.12
Window 3 0.76891E-08 0.89199E-07 0.00000E+00 0.00000E+00 0.96888E-07 10.22
Window 4 0.27799E-07 0.24919E-06 0.00000E+00 0.00000E+00 0.27699E-06 29.23
'PDS Tot 0.60774E-07 0.55108E-06 0.19734E-06 0.13841E-06 0.94760E-06

% 6.41 58.15 20.83 14.61
OBS 22 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.34908E-07 0.51489E-06 0.80669E-06 0.13216E-06 0.14887E-05 22.87
Window 2 0.14466E-07 0.20647E-05 0.90815E-06 0.45105E-07 0.30324E-05 46.59
Window 3 0.45689E-08 0.19552E-05 0.00000E+00 0.00000E+00 0.19597E-05 30.11
Window 4 0.13385E-08 0.26343E-07 0.00000E+00 0.00000E+00 0.27682E-07 0.43 |

PDS Tot 0.55282E-07 0.45611E-05 0.17148E-05 0.17727E-06 0.65085E-05 |
% 0.85 70.08 26.35 2.72 !

OBS 23 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total % )
Window 1 0.11154E-05 0.51635E-06 0.10823E-05 0.24442E-06 0.29585E-05 33.75
Window 2 0.10560E-05 0.25170E-05 0.23429E-06 0.77115E-07 0.38844E-05 44.31
Window 3 0.14815E-06 0.16792E-05 0.00000E+00 0.00000E+00 0.18273E-05 20.84
Window 4 0.60064E-07 0.36527E-07 0.00000E+00 0.00000E+00 0.96591E-07 1.10 j
PDS Tot 0.23796E-05 0.47491E-05 0.13166E-05 0.32154E-06 0.87669E-05 '

% 27.14 54.17 15.02 3.67
OBS 24 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.46696E-07 0.18501E-06 0.23757E-06 0.86890E-07 0.55616E-06 42.08
Window 2 0.16853E-07 0.35502E-06 0.15536E-07 0.14312E-07 0.40172E-06 30.40
Window 3 0.11106E-07 0.27640E-06 0.00000E+00 0.00000E+00 0.28750E-06 21.76
Window 4 0.68140E-08 0.69350E-07 0.00000E+00 0.00000E+00 0.76164E-07 5.76 )PDS Tot 0.81468E-07 0.88578E-06 0.25310E-06 0.10120E-06 0.13216E-05 '

% 6.16 67.03 19.15 7.66
OSS 25 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.14866E-07 0.57564E-07 0.91206E-07 0.88289E-08 0.17246E-06 26.46
Window 2 0.13227E-07 0.22690E-06 0.24158E-07 0.89934E-08 0.27328E-06 41.93
Window 3 0.19867E-08 0.19837E-06 0.00000E+00 0.00000E+00 0.20035E-06 30.74
Window 4 0.14140E-08 0.42417E-08 0.00000E+00 0.00000E+00 0.56557E-05 0.87
PDS Tot 0.31494E-07 0.48707E-06 0.11536E-06 0.17822E-07 0.65175E-06

% 4.83 74.73 17.70 2.73
OBS 26 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.16144E-08 0.14942E-07 0.96896E-07 0.21278E-08 0.1155BE-OL 10.62

I
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Window 2 0.52671E-08 0.5L696E-06 0.10490E-07 0.66981E-08 0.57942E-06 53.24
Window 3 0.11524E-08 0.31703E-06 0.00000E+00 0.00000E+00 0.31878E-06 29.29
Window 4 0.72645E-08 0.67367E-07 0.00000E+00 0.00000E+00 0.74631E-07 6.86
PDS Tot 0.15298E-07 0.95690E-06 0.10739E-06 0.88259E-08 0.10884E-05

% 1.41 87.92 9.87 0.81
OBS 27 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.25138E-07 0.S2702E-07 0.19857E-06 0.16185E-07 0.29259E-06 25.64
Window 2 0.57331E-07 0.37851E-06 0.73091E-07 0.45340E-07 0.55427E-06 48.57
Window 3 0.18226E-07 0.21518E-06 0.00000E+00 0.00000E+00 0.23341E-06 20.45
Window 4 0.30602E-07 0.30281E-07 0.00000E+00 0.00000E+00 0.60883E-07 5.34
PDS Tot 0.13130E-06 0.67668E-06 0.27166E-06 0.61526E-07 0.11412E-05

'
% 11.51 59.30 23.81 5.39

OBS 28 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.10236E-06 0.21537E-05 0.10008E 05 0.17265E-06 0.34296E-05 53.36
Window 2 0.27397E-07 0.15281E-05 0.64212E-07 0.14064E-07 0.16338F-05 25.42
Window 3 0.70735E-08 0.12454E-05 0.00000E+00 0.00000E+00 0.12525E-05 19.49
Window 4 0.47035E-07 0.64730E-07 0.00000E+00 0.00000E+00 0.11177E-06 1.74
PDS Tot 0.18387E-06 0.49920E-05 0.10650E-05 0.18672E-06 0.64276E-05

% 2.86 77.66 16.57 2.90
OBS 29 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %
Window 1 0.25486E-07 0.41389E-07 0.13592E-06 0.18062E-07 0.22086E-06 27.72
Window 2 0.30897E-07 0.22824E-06 0.35102E-07 0.36370E-08 0.29788E-06 37.39
Window 3 0.53659E-08 0.16423E-06 0.00000E+00 0.00000E+00 0.16959E-06 21.28 *
Window 4 0.20382E-07 0.88057E-07 0.00000E+00 0.00000E+00 0.10844E-06 13.61
PDS Tot 0.82131E-07 0.52192E-06 0.17102E-06 0.21699E-07 0.79677E-06

% 10.31 65.50 21.46 2.72
OBS 30 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

, Window 1 0.30604E-06 0.27878E-06 0.38808E-05 0.53605E-06 0.50017E-05 16.22
Windo'w 2 0.78809E-07 0.13723E-04 0.20206E-07 0.34636E-07 0.13857E-04 44.93
Window 3 0.35369E-07 0.11800E-04 0.00000E+00 0.00000E+00 0.11836E-04 38.38
Window 4 0.27092E-07 0.12084E-06 0.00000E+00 0.00000E+00 0.14793E-06 0.48
PDS Tot 0.44731E-06 0.25923E-04 0.39010E-05 0.57068E-06 0.30842E-04

% 1.45 84.05 12.65 1.85
OBS 31 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.26224E-06 0.61781E-06 0.25586E-05 0.10504E-06 0.35437E-05 36.80
Window 2 0.52281E-07 0.19727E-05 0.14627E-06 0.18506E-06 0.23563E-05 24.47
Window 3 0.39184E-07 0.36200E-05 0.00000E+00 0.00000E+00 0.36592E-05 38.00
Window 4 0.51364E-08 0.65540E-07 0.00000E+00 0.00000E+00 0.70677E-07 0.73
PDS Tot 0.35884E-06 0.62761E-05 0.27049E-05 0.29011E-06 0.96299E-05

% 3.73 65.17 28.09 3.01
OBS 32 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.78507E-08 0.23845E-07 0.27573E-07 0.11404E-08 0.60409E-07 13.87
Window 2 0.34414E-07 0.13923E-06 0.25689E-07 0.10566E-07 0.20990E-06 48.19
Window 3 0.68439E-08 0.12210E-06 0.00000E+00 0.00000E+00 0.12894E-06 29.60
Window 4 0.47913E-08 0.31546E-07 0.00000E+00 0.00000E+00 0.36337E-07 8.34
PDS Tot 0.53900E-07 0.31672E-06 0.53263E-07 0.11706E-07 0.4355BE-06

% 12.37 72.71 12.23 2.69
OBS 33 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.19401E-05 0.15312E-05 0.37487E-05 0.19180E-06 0.74118E-05 26.02
Window 2 0.77805E-06 0.17574E-04 0.44049E-06 0.12604E-05 0.20053E-04 70.40
Window 3 0.12626E-06 0.67061E-06 0.00000E+00 0.00000E+00 0.79687E-06 2.80
Window 4 0.56244E-07 0.16564E-06 0.00000E+00 0.00000E+00 0.22188E-06 0.78
PDS Tot 0.29006E-05 0.19941E-04 0.41892E-05 0.14522E-05 0.28483E-04

g 10.18 70.01 14.71 5.10
OBS 34 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.25391E-06 0.43575E-06 0.87454E-06 0.31713E-06 0.18813E-05 24.07
Window 2 0.12713E-06 0.16870E-05 0.74579E-07 0.14190E-06 0.20306E-05 25.98
Window 3 0.11929E-06 036592E-05 0.00000E+00 0.00000E+00 0.37785E-05 48.35
Window 4 0.13973E-07 0.11106E-06 0.00000E+00 0.00000E+00 0.12503E-06 1.60
PDS Tot 0.51430E-06 0.58930E-05 0.94912E-06 0.45903E-06 0.78154E-05
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4 6.58 75.40 12.14 5.87
OBS 35 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.12899E-07 0.16241E-06 0.12518E-06 0.19135E-07 0.31963E-06 33.89
fWindow 2 0.26843E-07 0.18572E-06 0.13226E-06 0.84921E-08 0.35332E-06 37.46

Window 3 0.14604E-07 0.70245E-07 0.00000E+00 0.00000E+00 0.84849E-07 9.00 ;

Window 4 0.43283E-07 0.14210E-06 0.00000E+00 0.00000E+00 0.18539E-06 19.66 ?

PDS Tot 0.97629E-07 0.56049E-06 0.25744E-06 0.27627E-07 0.94319E-06 :
% 10.35 59.42 27.30 2.93 i

OBS 36 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total % !

Window 1 0.93856E-06 0.36185E-06 0.16123E-05 0.38026E-06 0.32930E-05 45.76
Window 2 0.40865E-06 0.13970E-05 0.48794E-06 0.23517E-06 0.25288E-05 35.14
Window 3 0.15098E-06 0.11021E-05 0.00000E+00 0.00000E+00 0.12531E-05 17.42
Window 4 0.30663E-07 0.89998E-07 0.00000E+00 0.00000E+00 0.12066E-06 1.68
PDS Tot 0.15289E-05 0.29510E-05 0.21002E-05 0.61542E-06 0.71955E-05

% 21.25 41.01 29.19 8.55
OBS 37 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.11861E-06 0.65170E-06 0.31487E-06 0.72920E-07 0.11581E-05 53.64
Window 2 0.10718E-06 0.27052E-06 0.25563E-07 0.18220E-07 0.42148E-06 19.52
' Window 3 0.20599E-06 0.28324E-06 0.00000E+00 0.00000E+00 0.48923E-06 22.66
Window 4 0.10203E-07 0.79904E-07 0.00000E+00 0.00000E+00 0.90107E-07 4.17
PDS Tot 0.44199E-06 0.12854E-05 0.34044E-06 0.91140E-07 0.21589E-05

% 20.47 59.54 15.77 4.22
OBS 38 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %* i
Window 1 0.74179E-07 0.14189E-06 0.42023E-06 0.49810E-08 0.64128E-06 19.64 !
Window 2 0.77507E-07 0.11006E-05 0.47376E-07 0.11992E-07 0.12375E-05 37.89

'

Window 3 0.15305E-07 0.10112E-05 0.00000E+00 0.00000E+00 0.10265E-05 31.43
Window 4 0.14399E-07 0.34603E-06 0.00000E+00 0.00000E+00 0.36043E-06 11.04
PDS Tnt 0.18139E-06 0.25998E-05 0.46761E-06 0.16973E-07 0.32657E-05

* *
% 5.55 79.61 14.32 0.52 i

OBS 39 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.21384E-07 0.28264E-07 0.25109E-06 0.13638E-07 0.31438E-06 14.08 ,

Window 2 0.61960E-07 0.98408E-06 0.12448E-06 0.34987E-07 0.12055E-05 53.99
Window 3 0.73769E-08 0.66571E-06 0.00000E+00 0.00000E+00 0.67309E-06 30.14
Window 4 0.51139E-08 0.34946E-07 0.00000E+00 0.00000E+00 0.40060E-07 1.79 ;

PDS Tot 0.95835E-07 0.17130E-05 0.37557E-06 0.48624E-07 0.22330E-05
% 4.29 76.71 16.82 2.18 ;

OBS 40 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.32237E-08 0.18701E-07 0.59516E-07 0.14406E-07 0.95847E-07 14.72 i
Window 2 0.11946E-07 0.26851E-06 0.11577E-07 0.22890E-07 0.31492E-06 48.36
Window 3 0.59082E-08 0.19637E-06 0.00000E+00 0.00000E+00 0.20228E-06 31.06
Window 4 0.14975E-08 0.36617E-07 0.00000E+00 0.00000E+00 0.38114E-07 5.85 i
PDS Tot 0.22576E-07 0.52020E-06 0.71093E-07 0.37296E-07 0.65116E-06 !

% 3.47 79.89 10.92 5.73
OBS 41 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total % |
Window 1 0.58141E-07 0.61548E-07 0.12868E-06 0.24739E-07 0.27311E-06 45.35 ;

Window 2 0.26049E-07 0.10154E-06 0.46036E-07 0.17861E-07 0.19149E-06 31.80 I
Window 3 0.52189E-08 0.77478E-07 0.00000E+00 0.00000E+00 0.82697E-07 13.73 ;

Window 4 0.46007E-08 0.50274E-07 0.00000E+00 0.00000E+00 0.54875E-07 9.11 ;

PDS Tot 0.94010E-07 0.29084E-06 0.17472E-06 0.42600E-07 0.60217E-06 ;

% 15.61 48.30 29.01 7.07
~

OBS 42 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %
Window 1 0.15083E-07 0.95170E-07 0.15610E-06 0.12427E-07 0.27878E-06 30.25
Window 2 0.15098E-07 0.25858E-06 0.89119E-07 0.29653E-07 0.39245E-06 42.59
Window 3 0.62891E-08 0.15304E-06 0.00000E+00 0.00000E+00 0.15933E-06 17.29

iWindow 4 0.26731E-07 0.64229E-07 0.00000E+00 0.00000E+00 0.90961E-07 9.87
'

PDS Tot 0.63202E-07 0.57102E-06 0.24522E-06 0.42081E-07 0.92152E-06
% 6.86 61.96 26.61 4.57
OBS 43 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %-

Window 1 0.41934E-08 0.33763E-07 0.34780E-06 0.16917E-07 0.40267E-06 7.22 'i
Window 2 0.10930E-07 0.21486E-05 0.63672E-07 0.13541E-07 0.22348E-05 40.06 ,

i
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Window 3 0.11913E-07 0.16576E-05 0.00000E+00 0.00000E+00 0.16696E-05 29.92
Window 4 0.41914E-07 0.12303E-05 0.00000E+00 0.00000E+00 0.12722E-05 2/.80
PDS Tot 0.68951E-07 0.50703E-05 0.40947E-06 0.30459E-07 0.55792E-05

% 1.24 90.88 7.34 0.55
OBS 44 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.14481E-06 0.21372E-06 0.24253E-06 0.11590E-06 0.71695E-06 52.52
Window 2 0.18705E-07 0.24634E-06 0.49173E-07 0.70813E-08 0.32129E-06 23.53
Window 3 0.15829E-07 0.29390E-06 0.00000E+00 0.00000E+00 0.30972E-06 22.69
Window 4 0.36783E-08 0.13559E-07 0.00000E+00 0.00000E+00 0.17237E-07 1.26
PDS Tot 0.18302E-06 0.76751E-06 0.29170E-06 0.12298E-06 0.13652E-05

% 13.41 56.22 21.37 9.01
OBS 45 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.93795E-06 0.16155E-06 0.30532E-06 0.41719E-07 0.14465E-05 57.30
Window 2 0.12886E-06 0.32266E-06 0.16283E-06 0.50692E-07 0.66504E-06 26.34
Window 3 0.10038E-06 0.24228E-06 0.00000E+00 0.00000E+00 0.34266E-06 13.57
Window 4 0.12931E-07 0.57250E-07 0.00000E+00 0.00000E+00 0.70182E-07 2.78
PDS Tot 0.11801E-05 0.78374E-06 0.46814E-06 0.92411E-07 0.25244E-05
, % 46.75 31.05 18.54 3.66
OBS 46 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.58814E-07 0.69448E-06 0.62466E-06 0.79770E-06 0.21757E-05 22.80
Window 2 0.27648E-06 0.29718E-05 0.24096E-06 0.11709E-05 0.46602E-05 48.84
Window 3 0.65370E-07 0.24768E-05 0.00000E+00 0.00000E+00 0.25422E-05 26.64
Window 4 0.30451E-07 0.13324E-06 0.00000E+00 0.00000E+00 0.16369E-06 1.72 *
PDS Tot 0.43112E-06 0.62764E-05 0.86563E-06 0.19686E-05 0.95417E-05

% 4.52 65.78 9.07 20.63
OBS 47 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.15554E-07 0.13802E-06 0.12609E-06 0.37916E-07 0.31758E-06 38.22
, Window 2 0.24935E-08 0.27703E-06 0.58859E-08 0.83436E-08 0.29375E-06 35.35
Window 3 0.90438E-09 0.20914E-06 0.00000E+00 0.00000E+00 0.21005E-06 25.28
Window 4 0.50584E-09 0.90858E-08 0.00000E+00 0.00000E+00 0.95916E-08 1.15
PDS Tot 0.19458E-07 0.63328E-06 0.13198E-06 0.46260E-07 0.83097E-06

% 2.34 76.21 15.88 5.57
OBS 48 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.16865E-07 0.76815E-07 0.18108E-06 0.38658E-08 0.27863E-06 16.34
Window 2 0.44769E-08 0.11555E-06 0.24122E-07 0.84533E-08 0.15261E-06 8.95
Window 3 0.13447E-07 0.87637E-07 0.00000E+00 0.00000E+00 0.10108E-06 5.93
Window 4 0.18435E-06 0.98825E-06 0.00000E+00 0.00000E+00 0.11726E-05 68.78
PDS Tot 0.21914E-06 0.12683E-05 0.20520E-06 0.12319E-07 0.17049E-05

% 12.85 74.39 12.04 0.72
OBS 49 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.76929E-08 0.28022E-07 0.79731E-07 0.57275E-08 0.12117E-06 11.44
Window 2 0.16730E-08 0.38054E-07 0.10420E-07 0.89391E-08 0.59086E-07 5.58
Window 3 0.26159E-08 0.46905E-07 0.00000E+00 0.00000E+00 0.49521E-07 4.67
Window 4 0.84576E-07 0.74512E-06 0.00000E+00 0.00000E+00 0.82970E-06 78.31
PDS Tot 0.96558E-07 0.85810E-06 0.90151E-07 0.14667E-07 0.10595E-05

% 9.11 80.99 8.51 1.38
OBS 50 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.63547E-07 0.28974E-07 0.21947E-06 0.21673E-07 0.33367E-06 41.76
Window 2 0.38289E-07 0.20731E-06 0.88753E-08 0.13671E-07 0.26814E-06 33.56
Window 3 0.10276E-07 0.16490E-06 0.00000E+00 0.00000E+00 0.17518E-06 21.92
Window 4 0.38599E-08 0.18172E-07 0.00000E+00 0.00000E+00 0.22032E-07 2.76
PDS Tot 0.11597E-06 0.41935E-06 0.22835E-06 0.35344E-07 0.79902E-06

% 14.51 52.48 28.58 4.42
OBS 51 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.12539E-06 0.48745E-07 0.24002E-06 0.28015E-07 0.44217E-06 13.23 i

Window 2 0.56009E-07 0.12033E-05 0.21601E-07 0.99594E-08 0.12909E-05 38.62 j

Window 3 0.22133E-07 0.15024E-05 0.00000E+00 0.00000E+00 0.15246E-05 45.61 |
'

Window 4 0.46039E-08 0.80266E-07 0.00000E+00 0.00000E+00 0.84870E-07 2.54
PDS Tot 0.20813E-06 0.28348E-05 0.26162E-06 0.37974E-07 0.33425E-05

% 6.23 84.81 7.83 1.14



Table A-5 (Cont.)

OBS 52 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.14761E-07 0.15837E-07 0.11946E-06 0.23745E-07 0.17380E-06 26.49
Window 2 0.30749E-07 0.17133E-06 0.42234E-07 0.30507E-07 0.27482E-06 41.88
Window 3 0.96681E-08 0.11686E-06 0.00000E+00 0.00000E+00 0.12652E-06 19.28
Window 4 0.32757E-07 0.48284E-07 0.00000E+00 0.00000E+00 0.81041E-07 12.35
PDS Tot 0.87935E-07 0.35230E-06 0.16169E-06 0.54252E-07 0.65618E-06

% 13.40 53.69 24.64 8.27
OBS 53 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.17478E-07 0.19359E-06 0.55767E-06 0.45395E-07 0.81413E-06 21.68
Window 2 0.34511E-07 0.15485E-05 0.58945E-07 0.51193E-07 0.16931E-05 45.09
Window 3 0.83719E-08 0.10665E-05 0.00000E+00 0.00000E+00 0.10749E-05 28.63
Window 4 0.12033E-08 0.17157E-06 0.00000E+00 0.00000E+00 0.17277E-06 4.60
PDS Tot 0.61564E-07 0.29801E-05 0.61662E-06 0.96588E-07 0.37549E-05

% 1.64 79.37 16.42 2.57
OBS 54 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.60314E-07 0.91655E-07 0.62512E-06 0.41118E-07 0.81821E-06 20.47
Window 2 0.94891E-07 0.15896E-05 0.10250E-06 0.11519E-06 0.19021E-05 47.58
Window 3 0.32138E-07 0.12219E-05 0.00000E+00 0.00000E+00 0.12541E-05 31.37
Window 4 0.72031E-08 0.16457E-07 0.00000E+00 0.00000E+00 0.23660E-07 0.59
PDS Tot 0.19455E-06 0.29196E-05 0.72762E-06 0.15631E-06 0.39981E-05

% 4.87 73.02 18.20 3.91
OBS 55 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.41413E-06 0.23124E-05 0.96024E-06 0.54511E-06 0.42319E-05 73.34=
Window 2 0.26056E-06 0.35535E-06 0.86437E-07 0.12894E-06 0.83129E-06 14.41
Window 3 0.16033E-06 0.27444E-06 0.00000E+00 0.00000E+00 0.43477E-06 7.53
Window 4 0.69169E-07 0.20339E-06 0.00000E+00 0.00000E+00 0.27256E-06 4.72
PDS Tot 0.90419E-06 0.31456E-05 0.10467E-05 0.67405E-06 0.57705E-05

% 15.67 54.51 18.14 11.68
,

OBS' 56 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.72928E-08 0.16151E-07 0.87974E-07 0.16956E-07 0.12837E-06 15.16
Window 2 0.95997E-08 0.30526E-06 0.18945E-07 0.15689E-07 0.34949E-06 41.27
Window 3 0.29723E-08 0.28319E-06 0.00000E+00 0.00000E+00 0.28616E-06 33.79
Window 4 0.14344E-07 0.68554E-07 0.00000E+00 0.00000E+00 0.82897E-07 9.79
PDS Tot 0.34209E-07 0.67315E-06 0.10692E-06 0.32646E-07 0.84692E-06

% 4.04 79.48 12.62 3.85
OBS 57 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.23469E-07 0.63326E-08 0.11031E-06 0.10218E-07 0.15033E-06 46.51
Window 2 0.48986E-08 .0.60541E-07 0.18432E-07 0.38819E-08 0.87753E-07 27.15
Window 3 0.15825E-08 0.50037E-07 0.00000E+00 0.00000E+00 0.51619E-07 15.97
Window 4 0.14789E-08 0.32056E-07 0.00000E+00 0.00000E+00 0.33535E-07 10.37
PDS Tot 0.31429E-07 0.14897E-06 0.12874E-06 0.14100E-07 0.32323E-06

% 9.72 46.09 39.83 4.36
OBS 58 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.12735E-05 0.83973E-05 0.15441E-05 0.22111E-05 0.13426E-04 67.46
Window 2 0.17221E-05 0.21541E-05 0.15878E-06 0.39329E-07 0.40743E-05 20.47
Window 3 0.84233E-07 0.20102E-05 0.00000E+00 0.00000E+00 0.20944E-05 10.52
Window 4 0.16775E-07 0.29060E-06 0.00000E+00 0.00000E+00 0.30738E-06 1.54
PDS Tot 0.309G6E-05 0.12852E-04 0.17028E-05 0.22505E-05 0.19902E-04

% 15.56 64.58 8.56 11.31
OBS 59 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.29626E-07 0.18118E-06 0.36889E-06 0.29453E-07 0.60914E-06 51.53
Window 2 0.66405E-07 0.21055E-06 0.36993E-07 0.93745E-08 0.32332E-06 27.35
Window 3 0.31837E-08 0.22064E-06 0.00000E+00 0.00000E+00 0.22383E-06 18.94
Window 4 0.48332E-08 0.20947E-07 0.00000E+00 0.00000E+00 0.25780E-07 2.18
PDS Tot 0.10405E-06 0.63332E-06 0.40588E-06 0.38827E-07 0.11821E-05

% 8.80 53.58 34.34 3.28
OBS 60 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.91393E-07 0.37484E-06 0.13631E-06 0.16246E-07 0.61879E-06 44.55
Window 2 0.38049E-07 0.27913E-06 0.36746E-07 0.11689E-07 0.36561E-06 26.32
Window 3 0.23407E-07 0.20379E-06 0.00000E+00 0.00000E+00 0.22719E-06 16.36
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Table A-5 (Cont.)

Window 4 0.54646E-08 0.17195E-06 0.00000E+00 0.00000E+00 0.17742E-06 12.77
PDS Tot 0.15831E-06 0.10297E-05 0.17305E-06 0.27935E-07 0.13890E-05

% 11.40 74.13 12.46 2.01
OBS 61 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.25778E-07 0.15020E-06 0.53609E-07 0.57093E-07 0.28668E-06 20.77
Window 2 0.54616E-07 0.44837E-06 0.43292E-07 0.11423E-06 0.66051E-06 47.85
Window 3 0.14462E-07 0.35532E-06 0.00000E+00 0.00000E+00 0.36979E-06 26.79
Window 4 0.96452E-08 0.53835E-07 0.00000E+00 0.00000E+00 0.63480E-07 4.60
PDS Tot 0.10450E-06 0.10077E-Ob 0.96900E-07 0.17132E-06 0.13804E-05

% 7.57 73.00 7.02 12.41
OBS 62 PDS Group'l PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.34340E-08 0.49196E-07 0.91266E-07 0.15536E-07 0.15943E-06 20.80
Window 2 0.17813E-08 0.23976E-06 0.73553E-08 0.91610E-08 0.25806E-06 33.67
Window 3 0.10466E-08 0.27030E-06 0.00000E+00 0.00000E+00 0.27134E-06 35.41
Window 4 0.41908E-08 0.73316E-07 0.00000E+00 0.00000E+00 0.77507E-07 10.11
PDS Tot 0.10453E-07 0.63257E-06 0.98622E-07 0.24697E-07 0.76634E-06

% 1.36 82.54 12.87 3.22
OBS 63 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.13869E-06 0.64465E-06 0.47450E-06 0.23176E-06 0.14896E-05 34.14
Window 2 0.60832E-06 0.11052E-05 0.81815E-07 0.20980E-07 0.18163E-05 41.63
Window 3 0.10900E-06 0.92734E-06 0.00000E+00 0.00000E+00 0.10363E-05 23.75
Window 4 0.10476E-07 0.10479E-07 0.00000E400 0.00000E+00 0.20955E-07 0.48
PDS Tot 0.86648E-06 0.26876E-05 0.55632E-06 0.25274E-06 0.43632E-05 -

% 19.86 61.60 12.75 5.79
OBS 64 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.30405E-07 0.53977E-07 0.50448E-07 0.10630E-07 0.14546E-06 18.10
Window 2 0.32524E-07 0.24804E-06 0.43441E-07 0.42697E-09 0.32443E-06 40.36
Window 3 0.12239E-07 0.20909E-06 0.00000E+00 0.00000E+00 0.22133E-06 27.53
'Windo'w 4 0.30397E-07 0.82221E-07 0.00000E+00 0.00000E+00 0.11262E-06 14.01
PDS Tot 0.10557E-06 0.59333E-06 0.93889E-07 0.11057E-07 0.80384E-06

% 13.13 73.81 11.68 1.38
OBS 65 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.55681E-08 0.94198E-07 0.28449E-06 0.17233E-07 0.40149E-06 19.71
Window 2 0.90457E-08 0.77170E-06 0.85981E-08 0.54350E-07 0.84370E-06 41.42
Window 3 0.24745E-08 0.78120E-06 0.00000E+00 0.00000E+00 0.78368E-06 38.47
Window 4 0.15251E-08 0.67634E-08 0.00000E+00 0.00000E+00 0.82885E-08 0.41
PDS Tot 0.18613E-07 0.16539E-05 0.29309E-06 0.71583E-07 0.20372E-05

% 0.91 81.19 14.39 3.51
OBS 66 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.10183E-07 0.16570E-07 0.14319E-06 0.12818E-07 0.18276E-06 28.80
Window 2 0.13742E-07 0.19404E-06 0.12826E-07 0.67652E-08 0.22737E-06 35.83
Window 3 0.90819E-08 0.13573E-06 0.00000E+00 0.00000E+00 0.14481E-06 22.82
Window 4 0.51716E-08 0.74533E-07 0.00000E+00 0.00000E+00 0.79704E-07 12.56
PDS Tot 0.38179E-07 0.42087E-06 0.15601E-06 0.19583E-07 0.63465E-06

% 6.02 66.32 24.58 3.09
OBS 67 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total % |
Window 1 0.62776E-08 0.30465E-07 0.13110E-07 0.13356E-08 0.51189E-07 20.69
Window 2 0.30364E-08 0.98555E-07 0.80035E-08 0.13503E-08 0.11095E-06 44.83
Window 3 0.30182E-09 0.69959E-07 0.00000E+00 0.00000E+00 0.70261E-07 28.39
Window 4 0.29393E-08 0.12121E-07 0.00000E+00 0.00000E+00 0.15061E-07 6.09
PDS Tot 0.12555E-07 0.21110E-06 0.21114E-07 0.26858E-08 0.24746E-06

% 5.07 85.31 8.53 1.09
OBS 68 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.52499E-07 0.13354E-06 0.42533E-06 0.33938E-07 0.64530E-06 40.34
Window 2 0.13503E-06 0.17300E-06 0.37197E-07 0.11866E-07 0.35709E-06 22.32
Window 3 0.11327E-07 0.37293E-06 0.00000E+00 0.00000E+00 0.38426E-06 24.02
Window 4 0.93679E-07 0.11930E-06 0.00000E+00 0.00000E+00 0.21298E-06 13.31
PDS Tot 0.29253E-06 0.79877E-06 0.46252E-06 0.45804E-07 0.15996E-05

% 18.29 49.93 28.91 2.86
OBS 69 PDS Group 1 PDS Group 2 PDS Group.3 PDS Group 4 Window Total %

|

|

|
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Window 1 0.72885E-07 0.14164E-06 0.75266E-06 0.55938E-07 0.10231E-05 48.95
Window 2 0.50696E-07 0.47515E-06 0.15503E-07 0.91195E-08 0.55047E-06 26.34
Window 3 0.21768E-07 0.45087E-06 0.00000E+00 0.00000E+00 0.47264E-06 22.61
Window 4 0.61882E-08 0.37683E-07 0.00000E+00 0.00000E+00 0.43871E-07 2.10
PDS Tot 0.15154E-06 0.11053E-05 0.76817E-06 0.65057E-07 0.20901E-05

% 7.25 52.88 36.75 3.11
OBS 70 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.11033E-07 0.11215E-07 0.22889E-06 0.86305E-09 0.25200E-06 18.87
Window 2 0.10109E-07 0.39810E-06 0.40611E-07 0.12634E-08 0.45009E-06 33.70
Window 3 0.60063E-08 0.24491E-06 0.00000E+00 0.00000E+00 0.25092E-06 18.79
Window 4 0.24814E-07 0.35791E-06 0.00000E+00 0.00000E+00 0.38272E-06 28.65
PDS Tot 0.51963E-07 0.10121E-05 0.26950E-06 0.21264E-08 0.13357E-05

% 3.89 75.77 20.18 0.16
OBS 71 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.22206E-06 0.74781E-07 0.70380E-06 0.73215E-07 0.10739E-05 35.71
Window 2 0.15917E-06 0.40150E-06 0.25370E-06 0.12002E-06 0.93440E-06 31.08
Window 3 0.18641E-06 0.54071E-06 0.00000E+00 0.00000E+00 0.72712E-06 24.18
Window 4 0.12955E-07 0.25851E-06 0.00000E+00 0.00000E+00 0.27147E-06 9.03
'DS Tot 0.58059E-06 0.12755E-05 0.95751E-06 0.19323E-06 0.30068E-05P

% 19.31 42.42 31.84 6.43
OBS 72 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.15533E-06 0.35136E-05 0.59382E-06 0.65710E-07 0.43285E-05 64.33
Window 2 0.18610E-06 0.12715E-05 0.23267E-07 0.19074E-07 0.14999E-05 22.29
Window 3 0.37826E-07 0.83411E-06 0.00000E+00 0.00000E+00 0.87194E-06 12.96
Window 4 0.11300E-07 0.17070E-07 0.00000E+00 0.00000E+00 0.28370E-07 0.42
PDS Tot 0.39055E-06 0.56363E-05 0.61708E-06 0.84783E-07 0.67287E-05

% 5.80 83.76 9.17 1.26
,OBS 73 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %
Winddw 1 0.62543E-06 0.14577E-05 0.29281E-05 0.13862E-06 0.51498E-05 38.63
Window 2 0.34170E-06 0.10427E-05 0.81971E-07 0.78150E-07 0.15446E-05 11.59
Window 3 0.18949E-06 0.91578E-06 0.00000E+00 0.00000E+00 0.11053E-05 8.29
Window 4 0.40077E-07 0.54911E-05 0.00000E+00 0.00000E+00 0.55312E-05 41.49
PDS Tot 0.11967E-05 0.89073E-05 0.30101E-05 0.21677E-06 0.13331E-04

% 8.98 66.82 22.58 1.63
OBS 74 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window I 0.51235E-07 0.90600E-07 0.25250E-07 0.33269E-08 0.17041E-06 57.96
Window 2 0.10931E-07 0.51893E-07 0.14477E-07 0.21960E-08 0.79497E-07 27.04
Window 3 0.23571E-08 .0.34379E-07 0.00000E+00 0.00000E+00 0.36736E-07 12.49
Window 4 0.69209E-09 0.66797E-08 0.00000E+00 0.00000E+00 0.73718E-08 2.51
PDS Tot 0.65215E-07 0.18355E-06 0.39728E-07 0.55228E-08 0.29402E-06

% 22.18 62.43 13.51 1.88
OBS 75 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.64968E-07 0.57830E-06 0.12629E-05 0.10575E-06 0.20119E-05 18.47
Window 2 0.26932E-07 0.48284E-05 0.23726E-06 0.16900E-06 0.52616E-05 48.31
Window 3 0.25384E-07 0.35604E-05 0.00000E+00 0.00000E+00 0.35858E-05 32.92
Window 4 0.49639E-08 0.27937E-07 0.00000E+00 0.00000E+00 0.32901E-07 0.30
PDS Tot 0.12225E-06 0.89951E-05 0.15002E-05 0.27475E-06 0.10892E-04

% 1.12 82.58 13.77 2.52
OBS 76 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.84614E-07 0.51575E-07 0.62421E-06 0.77025E-07 0.83742E-06 22.27
|Window 2 0.60877E-07 0.10540E-05 0.14611E-06 0.35698E-06 0.16179E-05 43.02 ,

Window 3 0.26175E-07 0.80670E-06 0.00000E+00 0.00000E+00 0.83288E-06 22.15 |
Window 4 0.36514E-08 0.46877E-06 0.00000E+00 0.C3000E+00 0.47243E-06 12.56 |
PDS Tot 0.17532E-06 0.23810E-05 0.77032E-06 0.43400E-06 0.37606E-05

'

% 4.66 63.31 20.48 11.54
OBS 77 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.15036E-06 0.26844E-06 0.33068E-06 0.69341E-07 0.81882E-06 53.85
Window 2 0.17404E-06 0.16091E-06 0.14094E-06 0.31758E-07 0.50764E-06 33.39
Window 3 0.40077E-07 0.12088E-06 0.00000E+00 0.00000E+00 0.16095E-06 10.59
Window 4 0.13014E-07 0.20136E-07 0.00000E+00 0.00000E+00 0.33149E-07 2.18

|

!

i
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PDS Tot 0.37749E-06 0.57036E-06 0.47161E-06 0.10110E-06 0.15206E-05
% 24.83 37.51 31.02 6.65

OBS 78 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.90264E-07 0.16212E-06 0.11842E-05 0.30755E-07 0.14673E-05 9.81
Window 2 0.61020E-07 0.73810E-05 0.11686E-06 0.21408E-07 0.75803E-05 50.70
Window 3 0.26578E-07 0.58066E-05 0.00000E+00 0.00000E+00 0.58332E-05 39.01
Window 4 0.44657E-08 0.67027E-07 0.00000E+00 0.00000E+00 0.71492E-07 0.48
PDS Tot 0.182 33E -06 0.13417E-04 0.13010E-05 0.52163E-07 0.14952E-04

% 1.22 89.73 8.70 0.35
OBS 79 PDC Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.81739E-07 0.55237E-06 0.21718E-05 0.43239E-06 0.32393E-05 16.14
Window 2 0.2 L596E-07 0.90277E-05 0.45098E-07 0.34314E-07 0.91287E-05 45.49
Window 3 0.11704E-07 0.76259E-05 0.00000E+00 0.00000E+00 0.76396E-05 38.07
Window 4 0.1.' 180E-08 0.57830E-07 0.00000E+00 0.00000E+00 0.58949E-07 0.29
PDS Tot 0.11916E-06 0.17264E-04 0.22169E-05 0.46671E-06 0.20067E-04

% 0.59 86.03 11.05 2.33
OBS 80 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.69809E-07 0.67363E-07 0.70820E-06 0.18601E-06 0.10314E-05 29.67
Nindow 2 0.64455E-07 0.91717E-06 0.11100E-06 0.47643E-07 0.11403E-05 32.80
Window 3 0.15446E-07 0.12421E-05 0.00000E+00 0.00000E+00 0.12576E-05 36.18
Window 4 0.3260BE-08 0.43407E-07 0.00000E+00 0.00000E+00 0.46668E-07 1.34
PDS Tot 0.15297E-06 0.22701E-05 0.81920E-06 0.23365E-06 0.34759E-05

% 4.40 65.31 23.57 6.72 .

OBS 81 PDS Group 1 POS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.43633E-07 0.36242E-07 0.43530E-06 0.77243E-08 0.52290E-06 50.24
Window 2 0.46900E-07 0.23190E-06 0.15489E-07 0.24745E-07 0.31903E-06 30.66
Window 3 0.14107E-07 0.16257E-06 0.00000E+00 0.00000E+00 0.17667E-06 16.98
Window 4 0.68063E-08 0.15299E-07 0.00000E+00 0.00000E+00 0.22105E-07 2.12
'PDS Tot 0.11145E-06 0.44600E-06 0.45079E-06 0.32469E-07 0.10407E-05

% 10.71 42.86 43.32 3.12
OBS 82 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.54438E-06 0.28379E-06 0.18070E-05 0.21789E-06 0.28530E-05 39.39
Window 2 0.22426E-06 0.23692E-05 0.84734E-07 0.45994E-07 0.27241E-05 37.61
Window 3 0.20015E-06 0.13217E-05 0.00000E+00 0.00000E+00 0.15219E-05 21.01
Window 4 0.24860E-07 0.11889E-06 0.00000E+00 0.00000E+00 0.14375E-06 1.98
PDS Tot 0.99365E-06 0.40936E-05 0.18917E-05 0.26388E-06 0.72428E-05

% 13.72 56.52 26.12 3.64
OBS 83 PDS Group 1 .PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.80377E-08 0.78094E-06 0.30604E-07 0.56060E-08 0.82519E-06 29.69
Window 2 0.80940E-08 0.10496E-05 0.34420E-07 0.98912E-07 0.11910E-05 42.85
Window 3 0.18458E-08 0.74273E-06 0.00000E+00 0.00000E+00 0.74457E-06 26.79
Window 4 0.14334E-08 0.17290E-07 0.00000E+00 0.00000E+00 0.18723E-07 0.67
PDS Tot 0.19411E-07 0.25906E-05 0.65024E-07 0.10452E-06 0.27795E-05

% 0.70 93.20 2.34 3.76
OBS 84 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.75585E-08 0.49385E-06 0.12416E-06 0.65013E-07 0.69057E-06 36.71
Window 2 0.28588E-07 0.51749E-06 0.33993E-07 0.69116E-07 0.64919E-06 34.51
Window 3 0.10019E-07 0.52259E-06 0.00000E+00 0.00000E+00 0.53261s-06 28.31
Window 4 0.15288E-08 0.74786E-08 0.00000E+00 0.00000E+00 0.90074E-08 0 48
PDS Tot 0.47693E-07 0.15414E-05 0.15815E-06 0.13413E-06 0.18814E-05

% 2.54 81.93 8.41 7.13
OBS 85 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window I 0.22045E-07 0.70328E-07 0.17291E-06 0.43878E-07 0.30916E-06 26.76
Window 2 0.28284E-07 0.49845E-06 0.10147E-07 0.30852E-08 0.53997E-06 46.73
Window 3 0.80781E-08 0.25912E-06 0.00000E+00 0.00000E+00 0.26720E-06 23.13
Window 4 0.10066E-07 0.29011E-07 0.00000E+00 0.00000E+00 0.39077E-07 3.38
PDS Tot 0.68473E-07 0.85691E-06 0.18306E-06 0.46963E-07 0.11554E-05

% 5.93 74.17 15.84 4.06
OBS 86 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.18292E-05 0.21635E-06 0.59112E-06 0.72247E-07 0.10626E-05 48.44

- _ _ _ _ _ _ _ - - _ _ _ _ _ _ - _
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Window 2 0.53354E-07 0.33909E-06 0.20017E-06 0.41007E-07 0.63362E-06 28.88
Window 3 0.76944E-07 0.24734E-06 0.00000E+00 0.00000E+00 0.32428E-06 14.78
Window 4 0.37848E-07 0.13528E-06 0.00000E+00 0.00000E+00 0.17313E-06 7.89
PDS Tot 0.35106E-06 0.93805E-06 0.79129E-06 0.11325E-06 0.21937E-05

% 16.00 42.76 36.07 5.16
OBS 87 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.79965E-08 0.23201E-05 0.84755E-06 0.22672E-07 0.31983E-05 87.00
Window 2 0.93829E-08 0.13161E-06 0.27806E-07 0.32056E-07 0.20085E-06 5.46
Window 3 0.34871E-08 0.73856E-07 0.00000E+00 0.00000E+00 0.77343E-07 2.10
Window 4 0.22886E-07 0.17697E-06 0.00000E+00 0.00000E+00 0.19986E-06 5.44
PDS Tot 0.43753E-07 0.27025E-05 0.87536E-06 0.54728E-07 0.36764E-05

% 1.19 73.51 23.81 1.49
OBS 88 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.90728E-08 0.14437E-07 0.10373E-06 0.25153E-07 0.15239E-06 20.16
Window 2 0.24435E-07 0.27771E-06 0.30815E-07 0.26642E-08 0.33562E-06 44.41
Window 3 0.79787E-08 0.19206E-06 0.00000E+00 0.00000E+00 0.2004E-06 26.47
Window 4 0.14371E-07 0.53342E-07 0.00000E+00 0.00000E+00 0.67713E-07 8.96
PDS Tot 0.55857E-07 0.53754E-06 0.13454E-06 0.27817E-07 0.75576E-06

% 7.39 71.13 17.80 3.68
OBS 89 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.60471E-06 0.26523E-05 0.14790E-06 0.52810E-07 0.34578E-05 69.52
Window 2 0.16228E-06 0.39619E-06 0.76690E-07 0.42465E-06 0.10598E-05 21.31
Window 3 0.37468E-07 0.27508E-06 0.00000E+00 0.00000E+00 0.31255E-06 6.28
Window 4 0.10836E-07 0.13291E-06 0.00000E+00 0.00000E+00 0.14375E-06 2.89
PDS Tot 0.81529E-06 0.34565E-05 0.22459E-06 0.47746E-06 0.49739E-05

% 16.39 69.49 4.52 9.60
OBS 90 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.52302E-06 0.10148E-05 0.14635E-05 0.16188E-06 0.31631E-05 32.68
'Windo'w 2 0.78096E-06 0.27277E-05 0.40089E-07 0.82071E-07 0.36308E-05 37.52
Window 3 0.32763E-06 0.24902E-05 0.00000E+00 0.00000E+00 0.28179E-05 29.12
Window 4 0.17598E-07 0.48744E-07 0.00000E+00 0.00000E+00 0.66342E-07 0.69
PDS Tot 0.16492E-05 0.62815E-05 0.15036E-05 0.24395E-06 0.96782E-05

% 17.04 64.90 15.54 2.52
OBS 91 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.36988E-07 0.11059E-06 0.17646E-05 0.93936E-07 0.20061E-05 54.42
Window 2 0.15049E-06 0.75491E-06 0.13649E-06 0.49630E-07 0.10915E-05 29.61
Window 3 0.27207E-07 0.45563E-06 0.00000E+00 0.00000E+00 0.48284E-06 13.10
Window 4 0.10390E-07 .0.95197E-07 0.00000E+00 0.00000E+00 0.10559E-06 2.86
PDS Tot 0.22507E-06 0.14163E-05 0.19011E-05 0.14357E-06 0.36861E-05

% 6.11 38.42 51.58 3.89
OBS 92 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window I 0.40497E-07 0.70165E-06 0.1025bE-05 0.28733E-07 0.17965E-05 63.41
Window 2 0.20574E-07 0.23511E-06 0.33443E-06 0.63874E-07 0.65399E-06 23.08
Window 3 0.16998E-07 0.33085E-06 0.00000E+00 0.00000E+00 0.34785E-06 12.28
Window 4 0.31661E-08 0.31796E-07 0.00000E+00 0.00000E+00 0.34962E-07 1.23
PDS Tot 0.81235E-07 0.12994E-05 0.13600E-05 0.92607E-07 0.28333E-05

% 2.87 45.86 48.00 3.27
OBS 93 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.16905E-06 0.12956E-06 0.52774E-06 0.38803E-07 0.86515E-06 60.49
Window 2 0.57265E-07 0.15367E-06 0.28422E-07 0.12486E-07 0.25184E-06 17.61
Window 3 0.20805E-07 0.16568E-06 0.00000E+00 0.00000E+00 0.18649E-06 13.04
Window 4 0.17991E-07 0.10873E-06 0.00000E+00 0.00000E+00 0.12673E-06 8.86
PDS Tot 0.26511E-06 0.55765E-06 0.55616E-06 0.51289E-07 0.14302E-05

% 18.54 38.99 38.89 3.59
OBS 94 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.12508E-06 0.37938E-06 0.41910E-06 0.31583E-07 0.95514E-06 46.32
Window 2 0.41346E-07 0.40101E-06 0.46777E-07 0.20724E-06 0.69637E-06 33.77
Window 3 0.10495E-07 0.27475E-06 0.00000E+00 0.00000E+00 0.28524E-06 13.83
Window 4 0.32798E-08 0.12221E-06 0.00000E+00 0.00000E+00 0.12549E-06 6.09
PDS Tot 0.18020E-06 0.11773E-05 0.46587E-06 0.23882E-06 0.20622E-05
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% 8.74 57.09 22.59 11.58
OBS 95 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.33419E-07 0.1114EE-06 0.28315E-06 0.22544E-07 0.45057E-06 23.34
Window 2 0.11732E-07 0.74892E-06 0.34095E-07 0.17881E-07 0.81263E-06 42.10
Window 3 0.61220E-08 0.60094E-06 0.00000E+00 0.00000E+00 0.60706E-06 31.45
Window 4 0.85457E-09 0.59202E-07 0.00000E+00 0.00000E+00 0.60056E-07 3.11

PDS Tot 0.52127E-07 0.15205E-05 0.31724E-06 0.40425E-07 0.19303E-05
% 2.70 78.77 16.43 2.09

OBS 96 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.91322E-06 0.12728E-05 0.33461E-05 0.45621E-07 0.55778E-05 74.10
Window 2 0.61304E-07 0.52757E-06 0.39511E-06 0.50319E-07 0.10343E-05 13.74
Window 3 0.20782E-06 0.46883E-06 0.00000E+00 0.OOOOOE+00 0.67665E-06 8.99
Window 4 0.12334E-07 0.22637E-06 0.00000E+00 0.00000E+00 0.23871E-06 3.17
PDS Tot 0.11947E-05 0.24956E-05 0.37412E-05 0.95940E-07 0.75274E-05

% 15.87 33.15 49.70 1.27
OBS 97 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.33112E-08 0.26705E-08 0.92293E-08 0.21753E-08 0.17386E-07 7.10

Window 2 0.14972E-07 0.36432E-07 0.28933E-08 0.74878E-08 0.61785E-07 25.24
Window 3 0.28184E-08 0.22234E-07 0.00000E+00 0.00000E+00 0.25053E-07 10.24
Window 4 0.57910E-07 0.82642E-07 0.00000E+00 0.00000E+00 0.14055E-06 57.42
PDS Tot 0.79012E-07 0.14398E-06 0.12123E-07 0.96631E-08 0.24478E-06

% 32.28 58.82 4.95 3.95
OBS 98 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %'

Window 1 0.13051E-06 0.18870E-06 0.47275E-06 0.35666E-06 0.11486E-05 7.93
Window 2 0.12056E-05 0.61325E-05 0.37643E-06 0.66732E-06 0.83818E-05 57.89
Window 3 0.20899E-06 0.46179E-05 0.00000E+00 0.00000E+00 0.48269E-05 33.34
Windo 4 0.88871E-07 0.33032E-07 0.00000E+00 0.00000E+00 0.12190E-06 0.84

SDS Tot 0.16340E-05 0.10972E-04 0.84918E-06 0.10240E-05 0.14479E-04
'

% 11.28 75.78 5.86 7.07
OBS 99 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.11782E-08 0.51319E-07 0.14185E-06 0.32448E-07 0.22730E-06 17.12
Window 2 0.24906E-08 0.15408E-06 0.40274E-07 0.21677E-07 0.21852E-06 16.46
Window 3 0.91693E-08 0.11616E-06 0.00000E+00 0.00000E+00 0.12533E-06 9.44

Window 4 0.57074E-07 0.69969E-06 0.00000E+00 0.00000E+00 0.75676E-06 56.99
PDS Tot 0.69912E-07 0.10217E-05 0.18213E-06 0.54125E-07 0.13279E-05

% 5.26 76.94 13.72 4.08
OBS 100 PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.32671E-07 0.53852E-07 0.16999E-06 0.18437E-07 0.27495E-06 34.37
Window 2 0.16401E-07 0.21093E-06 0.57429E-07 0.79370E-08 0.29269E-06 36.59
Window 3 0.72367E-08 0.13707E-06 0.00000E+00 0.00000E+00 0.14431E-06 18.04
Window 4 0.12722E-07 0.75196E-07 0.00000E+00 0.00000E+00 0.87918E-07 10.99
PDS Tot 0.69032E-07 0.47705E-06 0.22742E-06 0.26374E-07 0.79987E-06

% 8.63 59.64 28,43 3.30
Hean PDS Group 1 PDS Group 2 PDS Group 3 PDS Group 4 Window Total %

Window 1 0.19791E-06 0.49014E-06 0.66870E-06 0.13326E-06 0.14900E-05 35.31
Window 2 0.13327E-06 0.12362E-05 0.10835E-06 0.88147E-07 0.15660E-05 37.11
Window 3 0.40498E-07 0.91445E-06 0.00000E+00 0.00000E+00 0.95495E-06 22.63
Window 4 0.23813E-07 0.18529E-06 0.00000E+00 0.00000E+00 0.20911E-06 4.96
PDS Tot 0.39548E-06 0.28261E-05 0.77705E-06 0.22140E-06 0.42201E-05

% 9.37 66.97 18.41 5.25

|
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APPENDIX B ,

i

INTRODUCTION TO APPENDIX B

Appendix B contains a detailed description and listing of the
Accident Progression Event Tree (APET) and the binner that groups t

'
the outcomes of evaluating the APET.

A brief description of the Surry Low Power APET is given in Section
6.1, and the binner is treated in Section 6.3. The material in
these sections is not repeated here. The 40 questions in the APET '

are listed concisely in Table 6.1. This appendix consists of four
subsections. Subsection B.1 contains a discussion of each question
in the APET. The event tree itself is too large to be depicted
graphically and exists only in computer input format, which appears
in subsection B.2. Subsection B.3 is a detailed discussion of the
binner, and subsection B.4 contains a listing of the binner.

,

B.1 Description of the Accident Procression Event Tree

Question 1. Time Window -

4 Branches, Type 1, 1 Case

The Branches for this question are:

1. Win-1 The core damage accident was initiated at the time
window 1.

2. Win-2 The core damage accident was initiated at the time
window 2.

3. Win-3 The core damage accident was initiated at the time
window 3.

4. Win-4 Th'e core damage accident was initiated at the time
window 4. -

The branch taken in this question depends solely upon the first PDS I

characteristic. For each PDS group, fractions of frequencies of
PDSs belonging to each time window are assigned into each time 'I
window.

Question 2. Size of the RCS Break when the Core Uncovers? ;

2 Branches, Type 2

The branches for this question are:
,

1. Large Sufficient break area is available to maintain the [
,RCS pressure below 500 psia.

2. Small The break area is too small to maintain the RCS
pressure below 500 psia. ;



.

I

The branch taken in this question depends on the time window of
the first question and fourth PDS characteristic. The level 1
analysis on success criteria indicates that the RCS pressure will
remain below 500 psi for all time windows except. Time Window 1 if
at least one PORV is available. For Time Window 1, the RCS pressure
will continue to rise if only one PORV is open until it reaches 650
psi, the rupture pressure of the RHR vent valve.

Case 1: For Time Window 1, only one PORV is available. The RCS
pressure may not reach the rupture pressure of RHR vent valve
before vessel failure. This branch probability was determined
internally by BNL staff.

Branch 1: 0.95
Branch 2: 0.05

Case 2: For all other time windows, 1 PORV is always open and
the pressure does not rise above 500 psi.

Branch 1: 1.00
Branch 2: 0.00

Question 3. Is the RCS depressurized before Breach by Opening the
Pressurizer PORVs?
2 Branches, Type 2, 2 Cases

The branches for this question are:

1. VDep The operators open the pressurizer PORVs and depressurize
the RCS successfully before vessel breach.

2. noVDep The operators either do not open the pressurizer PORVs or
they open the pressurizer PORVs so late that there is not
enough time to depressurize the RCS before vessel breach.

This question was quantified internally. The branch taken at this
question depends upon the branch previously taken at Questions 1
and 2.

The pressure in the RCS may be reduced directly if the operators
open the PORVs on the pressurizer in Time Window 1, and if there is
sufficient time to blow down the RCS through the PORVs before core
melt. As opening the PORVs is a last resort action, it is not
clear that the operators will reach this step before core melt is
well advanced, and, even if they do reach this step and open the
PORVs, it is not clear that depressurization of the RCS will have
been accomplished before vessel breach. Further, operator
depressurization is not possible here if the operators have
already failed,to open the PORVs.

Case 1: At Time Window 1, only one PORV was open at core
damage.
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Branch 1: VDep - 0.80
Branch 2: noVDep - 0.20

Case 2: Other time windows or more than PORV is already
available.

Branch 1: VDep - 1.0
Branch 2: noVDep - 0.0

Question 4. Status of AC Power?
3 Branches, Type 1

The branches for this question are:

1. AC AC electrical power is available from offsite or from the
DGs throughout the accident.

2. No-AC AC electrical power is not available, but may be
recovered.

3. No4KV AC electrical power is not available to the injection
pumps because of loss of a 4 kv bus.

The branch taken depends upon the second PDS characteristic.

Loss of offsite power and failure of the diesel generators to start
(SBO) leads to the second branch since offsite power may always be
restored. AC power available when the ECCS and sprays are failed
means that an ignition source is likely to be present in the
containment when a significant amount of hydrogen has accumulated
after VB.

Question 5. Is the core damage accident due to human errors?
3 Branches, Type 2

The branches for this question are:

1. No-HX Accident is not due to human errors.

2. HXA Operators fail to diagnose loss of core cooling. AC
electrical power is available throughout.

3. HXD Operators fail to take correct actions after loss of RHR
cooling. AC electrical power is available throughout.

The branch taken depends upon the third PDS characteristic.

For internal initiators, accidents begin with loss of RHR cooling
during shutdown. Operators either fail to recognize the accident,
make a wrong diagnosis, or take a wrong action. Consequently, the
core coeling is not restored and the accident progresses to core
damage. AC power is available throughout the accident; recovery of
core cooling and termination of the accident depends solely on the
recovery from the human error.

*
,

|
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Question 6. Status of ECCS?
5 Branches, Type 1

The branches for this question are:

1. ECCSf4KV The ECCS are available and can operate when the 4
kv bus to the injection pumps is restored.

2. ECCSfAC The ECCS are available and can operate when
electric power is restored.

3. ECCSfHX The ECCS are available and can operate when human
erros are corrected.

4. ECCSfHW The ECCS is failed, and is not recoverable.

5. ECCSfREC The ECCS have worked in the injection mode from
RWST, but is failed in the recirculation mode.

The branch taken depends upon the fifth PDS characteristic.

The first branch is chosen in situations where the ECCS are
available, but not operating because of the loss of the 4 kv bus;
if or when the 4 kv bus is restored, the ECCS will function. The
second branch is chosen in blackout situations with no ECCS
failures; if or when power is recovered, the ECCS will function.
The third branch is chosen when core damage occurs because of human
errors but ECCS is available; if or when the human error is
corrected, the ECCS Will function. The fourth branch is selected
when the failures are in the ECCS themselves, and .there is no
recovery within the time frame of this analysis. Since the period
in which the ECCS operate in the injection mode occurs before the
uncovering of the core, this branch is chosen for those PDS's in
which the ECCS never operate.-For those PDS's in which the ECCS
operate in the injection mode and fail in the recirculation mode,
the fifth branch is chosen.

Question 7. Status of Sprays?
6 Branches, Type 2, 2 Cases.

The branches for this question are:

1. SP The containment sprays are operating or are operable in
the recirculation mode prior to vessel failure.

2. SPfAC The containment sprays are available and can operate when
electric power is restored.

3. SPfHX The containment sprays are available and can operate when
human error is corrected.
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4. SPfHW The sprays themselves are not operable, and not
recoverable.

5. SPfREC The containment sprays are failed in the recirculation
mode and are not recoverable.

6. SPf4KV The containment sprays are available and can operate when
the 4 kv bus is restored.

The branch taken depends upon the sixth PDS characteristic, and
upon the branches taken at Question 1.

This question concerns the sprays during the period of core
degradation, and has impact on the source term calculations. The
second and sixth branches are chosen in situations where the sprays
are available, but not operating because of SBO and the loss of the
4 kv bus respectively; if or when power is recovered or the 4 kv
bus is restored, the spray will function. The third branch is
chosen when core damage occurs because of human errors but spray is
available; if or when the human error is corrected, the spray will
function. The fourth branch is selected when the failures are in
the sprays themselves, and there is no recovery within the time
frame of this analysis. For those PDS's in which the ECCS operate
in the injection mode and fail in the recirculation mode, the fifth
branch is chosen.

,

Question 8. RWST Injected into Containment?
4 Branches, Type 2, 2 Cases.

The branches for this question are:

1. RWST-In The contents of the refueling water storage tank
have been injected into the containment.

2. RWSTfAC The contents of the RWST have not been injected
into the containment, but can be injected if AC
power is recovered.

3. RWSTfHX The contents of the RWST have not been injected
into the containment, but can be injected if human
error is corrected.

4. RWSTfIn The contents of the RWST have not been injected
into the containment, and cannot be injected even
if power is recovered or human error is corrected.

The branch taken depends upon the seventh PDS characteristic and
upon the branch taken at Questions 6 and 7.

The branch taken in this question is used to determine whether the
reactor cavity' is full of water.

Question 9. Initial Containment Isolation Failure?

__ .- - _ _ _ _ _ - _ - _ _ - _ - _ _ _
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2 Branches, Type 1
1

The branches for this questions are:

1. CLsdCI Prior to the accident, the containment is isolated.

2. noCLsdCI At the time of accident initiation, the containment
is open.

This question addresses whether the containment is closed at the
time of accident initiation. This question was included in this
APET because the Surry personnel indicated in a discussion that
they may consider to close containment before entering the Mid-
loop operation. However, since subsequent discussions did not
provide any further information on this subject, the second branch
is taken for all PDS's in this phase of analysis.

Question 10. Is containment closed before core damage?
2 Branches, Type 2, 6 Cases. ;

The branches for this questions are: |

1. CLsdCD The containment is successfully isolated before
core damage.

2. noCLsdCD The containment is not isolated before core damage.

This question addresses whether the containment is successfully
'

closed before core damage; it does not determine whether the
containment leaks even if it is closed. The branch taken in this !

question depends on the first, fifth and ninth questions. The
split fractions in this questions were sampled and their
distributions are determined internally by BNL staff.

.

Case 1: The containment is closed at the initiation of
accident. The split fraction of-the first branch is 1.O.

.

Case 2: The core damage accident occurs because operators fail
to recognize the accident or fail to make correct diagnosis.
under this circumstance, it is not very likely for operators
to close the containment in time. The split fraction of the
second branch is 1.0.

Case 3 through 6: Operators recognize a potential core damage
accident and attempt to close the containment. The success
probability of containment closure depends on the available ;

time before onset of core damage; it increases with increasing
time window. Since Surry has prepared a detailed procedure to
perform this closure, the probability that the containment is
successfu,lly isolated is considered high. The mean split
fractions for the first branch are 0.8, 0.9, 0.95 and 1.0 for
time windows 1, 2, 3 and 4 respectively.

l

-
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Question 11. Containment Pressure Capability.
3 Branches, Type 2, 3 Cases

The branches for this question are:

1. CP126p The mean containment failure pressure is 126 psig. )

2. CP45p The mean containment failure pressure is 45 psig.

1. CP2p The mean containment failure pressure is 2 psig.

This question determines the mean containment failure pressure. The 1
Surry containment closure procedure during POS 6 would provide a
barrier capable of withstanding 45 psig, which is the design i

pressure of the containment during the full power operation. The
mean failure pressure was estimated to be 126 psig in the NUREG-
1150 study. However, it is not clear whether the containment during
POS 6 can also provide 126 psig of failure pressure. Therefore, it
was assumed in the base case analysis that the mean failure
pressure is 45 psig when the containment is successfully isolated.
A sensitivity analysis also performed where the failure pressure is
126 psig. The third branch is taken when the containment is not
successfully isolated or leaks even after isolated. This question
does not provide the distribution of the failure pressure itself;
it is addressed in question 23.

Case 1: The containment is closed when the mid-loop operation
begins. The probability that the containment is successfully
isolated and does not leak is very high. The probability of
containment leak after isolation was 0.0002 in the NUREG-1150.
This value is increased to 0.01 in this study. The rest (0.99)
is assigned to Branch 2 (CP45p) for the base case and to
Branch 1 (CP126p) for the sensitivity case respectively.

Case 2: The containment is open when the mid-loop operation
begins, but successfully closed before core damage. The
probability that the containment may leak is higher than Case
1. This value is increased to 0.1. The rest (0.9) is assigned
to Branch 2 (CP45p) for the base case and to Branch 1 (CP126p)
for the sensitivity case respectively.

Case 3: The containment fails to close. The split fraction for
Branch 3 is 1.00.

Question 12. Is AC Power Available Early?
2 Branches, Type 2, 9 Cases

The branches for this question are:

1. ERAC AC power is available in this time period.

2. NoERAC AC power is not available in this time period.

- _ _ _ _ - - _ _ _ _ _ _ - _ _ - _ _ .
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This question addresses - the recovery of electric power to the
injection pumps before the. vessel breach for the cases where either
off-site power or 4 kv bus was not available. Cases 1 through 8 of
this question are sampled; the distributions were obtained from an
analysis of data on offsite power recovery and restoration of the
4 kv bus for the Surry plant. These data are available in Vol.1 of
this report. The branching at this question depends upon the |

'

branches taken at Questions 1 and 4. i

Probability of power recovery means the probability that offsite
electrical power is recovered, or the 4 kv bus is restored in a ;

specified period given that power was not recovered prior to the '

start of the period. These time periods available to recover power -

before vessel breach vary depending on the time window. The time
periods used in Cases 1 through 8 are listed in Section 6.2. These
time periods are derived from the results of MELCOR calculations )which are presented in Appendix F of this report. '

Case 1 through 4: Offsite power was not available at the
start of the accident which occurred in Time Windows 1, 2, 3
and 4 respectively. The probability of power recovery before
vessel breach is calculated based on the recovery distribution
and is assigned to the first branch.

Case 5 through 8: Injection pumps were not operating because
of loss of 4 kV bus to the available injection pumps at the
start of the accident which occurred in Time Windows 1, 2, 3
and 4 respectively. The probability of restoring the 4 kv bus
before vessel breach is assigned to the first branch. j

|
Case 9: Power was available at the start of the accident and
remains available. The quantification for this case is:

Branch 1: ERAC - 1.0
Branch 2: NoERAC - 0.0

I
Question 13. Recovered from human errors early? |

2 Branches, Type 2, 9 Cases

The branches for this question are:

1. ERHX Operators recover from previous error. .)

2. NoERHX Operators do not recover from the previous error.

This question addresses the recovery from operator errors for the
accidents where the core damage occurred because of inadequate
operator actions following the loss of RHR cooling. Cases 1 through
8 of this question are sampled; the distributions were obtained
from " Handbook of HRA," (Reference 6.6 of this report) The
branching at ,this question depends upon the branches taken at !Questions 1 and 5.

The meaning of probability of recovery in this question is similar

1

|

, - .
_ _ _ _ _ _ _
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to that of Question 12, except that it concerns recovery from
erroneous operator decisions.in this question. The time periods in
this question is identical to those of Question 12.

Question 14. Is Core Damage Arrested? No Vessel Breach? 1

2 Branches, Type 2, 4 Cases i
,

The branches for this question are:
i

1. noVB The process of core degradation is arrested and a safe i

stable state is reached with the vessel intact. !

2. VB Core degradation continues, resulting in core melt and 1
vessel breach.

The branching at this question depends upon the branches previously
,

taken at Questions 6, 12 and 13. ;

,

Case 1: ECCS were not available because of hardware error of
injection pumps, or they failed during recirculation. In both
cases, the ECCS are not recoverable and accident progress to

.

vessel breach. The quantification for this case is: !

Branch 1: 0.0
Branch 2: 1.0

r

Case 2: ECCS were not available due to loss of either offsite j
power or 4kv bus.They are not recovered during this time
period. The quantification for this case is:

Branch 1: 0.0
Branch 2: 1.0

Case'3: ECCS were not available due to operator errors. They (are not' recovered during this time period. The quantification ;

for this case is.
.

1

Branch 1: 0.0 i

Branch 2: 1.0
|.
!

Case 4 : ECCS are recovered either due to recovery of power or |
recovery from operator errors during this time period.-The !
quantification for this case is: '

;

Branch 1: 1.0 f

Branch 2: 0.0 i

Question 15. Vessel Pressure just before Breach?
2 Branches, Type 2, 2 Cases

,i

The branches f,or this question are: !
!

1.'I-ImPr The vessel is at intermediate pressure before breach,
about 500 to 1000 psia.

!
L

.

, - . . -- - _ .- __



. __ _. - _

,

,

!

2. I-LoPr The vessel is at low pressure before breach, about 500
psia or less.

During mid-loop operation, at least one PORV is kept open. One PORV
is sufficient to keep the RCS pressure below 500' psia at all time

,

windows except Window 1. For Window 1, the RCS pressure can
increase to 650 psia, which is the vent pressure of the RHR system.
In any window, the RCS pressure would not increase to "high
Pressure" range which is above 1000 psia.

Case 1: Accidents occur either in Windows 2, 3 or 4; more than
1 PORV is open; or operator successfully depressurize by
opening additional PORV's.

,

Branch 1: ImPr - 0.00
Branch 2: LoPr - 1.00 _!

Case 2: Accidents occur in Window 1, only one PORV is open and :
operator fails to open additional PORVs.

Branch 1: ImPr - 1.00 !

Branch 2: LoPr - 0.00

Question 16. Does an Alpha Mode Event Fail both the Vessel and
the Containment? !
2 Branches, Type 2, 2 Cases

The branches for this question are:

i
1. Alpha A very energetic molten fuel-coolant interaction :

(steam explosion) in the vessel fails the vessel i

and generates a missile which fails the containment
as well.

;

2. noAlpha The vessel does not fail in this manner.

This question is sampled; the distribution used was taken from
NUREG-1150, which was developed from opinions expressed by the i
Steam Explosion Review Group (SERG) and can be found in Volume 2, *

Part 6 of NUREG/CR-4551. The branch taken at this question depends
upon the branches previously taken at Questions 14 and 15. !

;

;

Case 1: There is vessel breach and the RCS was at low t

pressure. Steam explosions are more likely when the RCS is at
low pressure than when the RCS is at some higher pressure. The '

aggregate distribution developed from distribution in the SERG
used for this case. This distribution covers many orderswas

of magnitude. Based on the mean value of the distribution, the
quantification for this case is:

Branch 1: Alpha - 0.008

:
i

, , , -, , -
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Branch 2: noAlpha - 0.992

Case 2: This case includes two different groups of accidents.
In the first group, the core degradation process has been
arrested and there is no vessel breach. In the second group,
there is vessel breach and the RCS was not at low pressure. In
the latter group, steam explosions are possible but less
likely when the RCS is not at low pressure. In NUREG-1150,
this probability was set at 1/10 of the low pressure case,
i.e. , 0.0008. Since the fractions of accidents at intermediate
pressure or higher is very small in this study, this
probability is ignored. In both groups, the quantification is:

Branch 1: Alpha - 0.0
Branch 2: noAlpha - 1.0

Question 17. Type of Vessel Breach?
5 Branches, Type 2, 4 Cases

The branches for this question are:

1. PrEj The molten core material is ejected under considerable
pressure from a hole in the bottom of the vessel.

2. Pour The molten core material pours slowly from the
vessel, primarily driven by gravity.

3. BtmHd A large portion of the bottom head fails, perhaps due
to a circumferential failure.

4. noVBoA There is no failure of the reactor pressure vessel.

5. Alpha An alpha mode failure has occurred.

Cases 3 is sampled. The type of vessel breach was taken from NUREG-
1150 which was determined by the In-Vessel Expert Panel. The
conclusions of the Experts and their aggregate distributions are
presented in Volume 2, Part 1, of NUREG/CR-4551. The branch taken
at this question depends upon the branches previously taken at
Questions 14, 15 and 16.

The pressurized ejection failure mode requires that the RCS be at
high pressure when the vessel fails. Although the pour failure mode
is often considered to occur only with the RCS at low pressure, at
least one Expert concluded that the probability of the failure
mode with the RCS at high pressure at VB was non-zero. Since there
could be a small driving force due to the gas pressure in the RCS,
the Pour failure mode is distinguished by the fact that gravity is
the primary force causing the molten core debris to leave the
vessel.

,

The bottom head failure mode can occur at any RCS pressure; the
failure could be a circumferential failure in which the whole

_ _ - - - - - _ - _ _ _ _ -
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bottom head falls into the cavity or some other failure in which a
substantial portion of the bottom head fails. Bottom head failure
at high pressure has effects similar to HPME; bottom head failure
at low pressure has effects similar to a pour failure. The fourth
branch is used when there is no vessel breach. The fifth branch is
specified when the vessel failed in the Alpha mode.

Case 1: The core degradation process has been arrested and
there is no vessel breach. The quantification for this case
is:

Branch 1: PrEj - 0.0
j Branch 2: Pour - 0.0
| Branch 3: BtmHd - 0.0

Branch 4: noVB - 1.0
Branch 5: Alpha - 0.0

i

Case 2: An alpha mode failure of both the vessel and the '

containment has occurred. The quantification for this case is:
Branch 1: PrEj - 0.0
Branch 2: Pour - 0.0
Branch 3: BtmHd - 0.0
Branch 4: noVB - 0.0
Branch 5: Alpha - 1.0

Case 3: The vessel fails when the RCS is at intermediate
pressure. The most likely failure mode is penetration failure
leading to HPME. Based on the mean value of the distribution
provided by the Experts, the quantification is:

Branch 1: PrEj - 0.60
Branch 2: Pour - 0.27
Branch 3: BtmHd - 0.13
Branch 4: noVB - 0.0 |
Branch 5: Alpha - 0.0

Case 4: The vessel fails when the RCS is at low pressure.
The failure' mode is gravity pour. The quantification for this
case is:

Branch 1: PrEj - 0.0
Branch 2: Pour - 1.0
Branch 3: BtmHd - 0.0
Branch 4: noVB - 0.0
Branch 5: Alpha - 0.0

Question 18. Early Sprays?
4 Rranches, Type 2, S Cases

The branches for his question are:

1. E-Sp The containment sprays are operating.
2. ESPfAC The containment sprays are available to operate if

power is recovered.

.
. ..

.
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3. ESPfHX The containment sprays are available to operate if
operators recover from previous error.

4. ESPf The containment sprays are failed and cannot be
recovered.

This question is not sampled; the branch chosen depends directly
upon the branches taken at previous questions. The branch chosen
for this question depends upon the branches taken at Questions 7,
12 and 13.

If the sprays were initially in the "available" state, the sprays
will operate in this period, when power has been recovered, the 4
kv bus has been restored, or operators have recovered from previous
errors, depending on what led to the core damage. If power is
recovered and the sprays operate, the contents of the RWST will be
transferred to the containment and the cavity will fill up with
water.

Case 1: The sprays were available at the start of the
accident. The quantification for this case is:

Branch 1: E-Sp - 1.0
Branch 2: ESPfAC - 0.0

i

Branch 3: ESPfHX - 0.0 '

Branch 4: ESPf - 0.0
i

Case 2: The sprays were failed at the start of the accident, !and no recovery is possible, so the sprays remain failed. Thequantification for this case is:
Branch 1: E-Sp 0.0-

Branch 2: ESpfAC - 0.0
Branch 3: ESPfHX - 0.0 ,

t

Branch 4: ESPf - 1.0

Case 3: The sprays were available to operate at the start of
the accident, but power or the 4 kv bus has not been recovered
so the sprays remain available to operate in the future when
power or 4 kv bus is recovered. The quantification for this
case is:

Branch 1: E-Sp - 0.0
Branch 2: ESPfAC - 1.0
Branch 3: ESPfHX - 0.0
Branch 4: ESPf - 0.0

Case 4: The sprays were available to operate at the start ofthe accident, but operators have not recovered from previous
errors so the sprays rema!.n available to operate in the futurewhen the operator error in.
this case is: corrected. The quantification for

Branch 1: E-Sp - 0.0
Branch 2: ESPfAC - 0.0
Branch 3: ESPfHX - 1.0
Branch 4: ESPf - 0.0

_



|

.

Case 5: The sprays were available to operate at the
,

start of the accident. The sprays now operate because power l
has been recovered, the 4 kv bus has been restored, or |

operators have recovered from previous errors, depending on I

what led to the core damage. The quantification for this case
1

is: ;

Branch 1: E-Sp - 1.0
Branch 2: ESpfAC - 0.0
Branch 3: ESPfHX - 0.0
Branch 4: ESPf - 0.0

Question 19. Amount of Water in the Reactor Cavity at Vessel
Breach?
2 Branches, Type 2, 4 Cases

The branches for this question are:

1. RC-Wet The reactor cavity is full or nearly full of water.

2. RC-Dry The reactor cavity contains little or no water.

This question is not sampled; the amount of water in the reactor
cavity may be reliably deduced from the information available about
the injection of the RWST water into the containment and the
operation of the sprays. The branch taken at this question depends
upon the branches previously taken at Questions 8, 12 and 13.

What is of interest here is the presence of water for the direct
containment heating (DCH) and ex-vessel steam explosion (EVSE)
events. The magnitude of the pressure rise due to DCH depends upon
whether there is water in the cavity. Whether an EVSE occurs also
depends upon whether there is water in the cavity.

Case 1: The RWST was injected into the containment before
breach or the sprays operated before breach; the reactor
cavity is full of water at breach. The quantification for this
case is:

Branch 1: RC-Wet - 1.0
Branch 2: RC-Dry - 0.0

Case 2: The RWST was not injected into the containment
before breach, but the sprays operate before breach because of
power recovery; the reactor cavity full of water at breach.
The quantification for this case is:

Branch 1: RC-Wet - 1.0
Branch 2: RC-Dry - 0.0

Case 3: The RWST was not injected into the containment
before breach, but the sprays operate before breach because of
recovery from operator errors; the reactor cavity full of
water at , breach. The quantification for this case is:

Branch 1: RC-Wet 1.0-

Branch 2: RC-Dry - 0.0

i

1
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Case 4: The RWST was not injected into the containment before
breach, and the sprays never operate before breach; the
reactor cavity contains little or no water at breach. The
quantification for this case is:

Branch 1: RC-Wet - 0.0
Branch 2: RC-Dry - 1.0

i

Question 20. Baseline Containment Pressure just before Vessel
Breach? -

1 Branch, Type 4, 3 Cases i

The single branch has the same name as the parameter read in at |this question: ~

:
P1 IPBase The baseline pressure in the containment is read [

in as Parameter 1. !

;

. This question is not sampled; the baseline pressure before VB is a
direct function of whether there is blowdown to the containment,
whether there is containment heat removal, and whether the
containment is successfully isolated. The available codes are in
reasonable agreement about the value of the pressure in the
containment before vessel breach for the full power cases, and it i

is believed that they similarly provide reasonable value. of
pressure for the lower power cases. Several calculations have been
performed using the MELCOR codes to obtain the containment'

pressure. Results of these calculations are reported in Appendix F
of this volume. The cases for this question depend upon the
branches taken at Questions 11 and 17. >

(
Case 1: The containment is not successfully isolated and does
not have pressure retaining capability. The _ containment is ;

near normal operating pressure. The value of IPBase is 17 ;
psia.

Case 2: . The containment is successfully isolated. There is no i

blowdown to containment, or the core damage has been arrested.
The containment is near normal operating pressure. The value j
of IPBase is 17 psia.

Case 3 : The containment is successfully isolated. There is no f
containment heat removal, and there is blowdown to the ;

containment from PORV's and/or SRV's. The MELCOR results show i

containment pressures at about 19 psia.

!
Question 21. Pressure Rise at Vessel. Breach?-

1 Branch, Type 4, S Cases .|

A parameter is read in at this question:

P4. DP-VB The total containment pressure rise due to all' the events I

that occur at vessel breach is read in as Parameter 4.
:

i

I

.,
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Cases 3 through 5 are sampled. Distributions for the pressure rise
at vessel breach are taken from NUREG-1150 which was provided by
the containment loads review group. The NUREG-1150 results on this
subject were developed for full power cases. However, the pressure
increase at vessel breach is primarily a function of the RCS
pressure. Therefore, the NUREG-1150 results at low and intermediate
RCS pressure are also applicable to the low power cases. The branch
taken at this question depends upon the branches previously taken
at Questions 15, 17 and 19. The experts provided distributions for
pressure rise at VB that included the effects of all the events
that accompany vessel failure. These include EVSE, vessel blowdown,
hydrogen combustion, and DCH. The effects of the various events are
not separable, so there is no way to extract, for example, the
contribution of DCH or hydrogen combustion to the total pressure
rise. Statistical tests on the aggregate distributions'provided by
the experts showed that their distributions for several cases are
not distinguishable from their distributions for other cases. Thus,
several cases are grouped together. Detailea information on the,

determination of the aggregate distributions for pressure rise at
VB by the NUREG-ll50 Containment Loads Expert Panel may be found in
Volume 2, Part 2, of NUREG/CR-4551.

Case 1: There is no vessel breach, or alpha mode failure of
the containment. The pressure rise is set to zero.

Case 2: There is an Alpha mode failure of the vessel and the
*

containment. The pressure rise at vessel breach is set to an*

arbitrary high value to ensure that containment failure occurs
in Question 24.

.

Case 3: At breach, the RCS is at low pressure, or the molten
core debris pours out of the vessel under the influence
primarily of gravity alone. The mean value of the aggregate
distribution of the pressure rise for this case is 5.0 psi.
Case 4: The vessel fails with intermediate pressure in the
RCS and there is water in the reactor cavity. The fraction of
the core ejected is medium. The mean value of the aggregate
distribution of the pressure rise for this case is 57.7 psi.
Case 5: The vessel fails with intermediate pressure in the
RCS and there le little or no water in the reactor cavity. The
mean value of the aggregate distribution of the pressure rise
for this case is 64.7 psi.

|

Question 22. Does a Significant Ex-Vessel Steam Explosion occur? I

2 Branches, Type 2, 2 Cases !

The branches for this question are:

1. EVSE An energetic molten fuel-coolant interaction occurs in
the reactor cavity upon vessel breach.



2. noEVSE No energetic molten fuel-coolant interaction occurs in
the reactor cavity upon vessel breach.

This question is not sampled. The branch fractions were taken from
NUREG-1150 which were quantified internally. The branch taken at
this question depends upon the branches previously taken at
Questions 17 and 19.

The dropping of hot metal into water has been observed to cause
energetic and violent reactions which are commonly known as steam
explosions. They appear to be more likely when the water is
considerably below the saturation temperature. At Sandia National
Laboratories, steam explosions were observed in 86% of the tests
where hot metal was dropped into water. Some of these explosions
were extremely energetic, others were not very energetic. In a
severe reactor accident, a steam explosion may occur when the core
slumps into the lower head of the vessel, known as an in-vessel
steam explosion (IVSE) , or when the lower head of the vessel fails
and the core falls or is expelled into water in the reactor
cavity beneath the vessel. This latter event is known as an
ex-vessel steam explosion (EVSE). While IVSEs were explicitly
considered for the BWR APETs, the probability of a PWR vessel
failure by an IVSE was judged to be negligible. Thus IVSEs are not
considered in this analysis for Surry.

The effects of EVSEs are considered in two places in this APET. If
'

the RCS is at intermediate pressure at VB, the effects of an EVSE
at VB are considered in Question 21. The experts who considered
pressure rise at VB included the pressure rise due to EVSEs in
their distributions for total pressure rise. The other effects of
an EVSE are considered to be small compared with the effects of
HPME. This question considers the effects of EVSEs when the vessel
fails at low pressure or the molten debris pours from the vessel
due to gravity alone. Whether an EVSE occurs following a low
pressure VB also~ determines whether the debris bed in the reactor
cavity after VB is in a coolable configuration and the amount of
core involved in CCI.

Case 1: The vessel failure resulted in the melt pouring
out, driven primarily by gravity, and there was water in
the cavity when this occurred. This is the only situation
in which an ex-vessel steam explosion is of interest. Not
all steam explosions are "significant" in context used here.
The fraction of the time that a pour of hot metal into
water results in a significant EVSE is thought to be between
0.1 and 0.9. The state of knowledge in this area is such
that, at this time, it is not possible to do a great deal
better than assigning a probability of 0.50 to the probability
for a significant EVSE. Thus, the quantification for this
case is:

:

Branch 1: EVSE - 0.50
Branch 2: noEVSE - 0.50

I
1

|
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Case 2: There was no vessel breach, or the cavity was dry at
breach, or the vessel failed by an alpha mode event or by
pressurized ejection of the melt. An ex-vessel steam
explosion is not of interest or is not credible. The
quantification for this case is:

Branch 1: EVSE - 0.0
,

Branch 2: noEVSE - 1.0

Question 23. Containment Failure Pressure?
1 Branch, Type 4, 3 Cases

A parameter is read in at this question:

P6. CF-Pr The containment failure pressure is read in as Parameter
6.

This question reads in the failure pressure of the containment. The
comparison of the failure pressure with the load pressure, and the
determination of the mode of failure, take place in the next
question. Two distributions of the failure pressure are read in
this question, depending on the nominal containment pressure which
was discussed in Question 11. The distribution when the mean value
is 126 psig is taken from NUREG-1150 (which was provided by the
Structural Expert Panel.) The distribution when the mean value is

* 45 psig is obtained by scaling the above distribution '

proportionally.

Question 24. Containment Failure at VB7
2 Branches, Type 5, 1 Case

The branches for this question are:

1. ICF-Rupt The containment fails by rupture.

2. no-ICF The containment does not fail at vessel breach.
.

The result in this question depends upon the branches previously
taken at Questions 20, 21 and 23.

,

This question adds the pressure rise at vessel breach (Parameter 1

4, DP-VB) to the base pressure in the containment before- breach
(Parameter 1, IPBase) to obtain the load pressure. This is ,

then compared to the aggregate distribution of containment
failure pressure (Parameter 6, CF-Pr) to determine whether the
containment will fail or not.

|
Case 1: The containment is failed by an alpha mode event or

:a rocket
i

event. Dummy values are used with the comparison capability
of EVNTRE

l

_ _ __- - _ _ . _ - .



so that rupture, Branch 2, is selected'.

Question 25. Containment Status at VB?
3 Branches, Type 2, 5 Case

The branches for this question are:

1.ICF-Rupt The containment is not successfully isolated at
core damage, or fails at VB either by Alpha mode or
rupture.

2.ICF-Leak The containment is isolated, but leaks.

3.no_ICF The containment is successfully isolated and does
not fail at vessel breach.

This question summarizes the containment status based on the
. results of previous questions (Questions 10, 11, 17 and 24)

Question 26. Is AC Power Available Late?
2 Branches, Type 2, 9 Cases -

The branches for this question are:

1. LRAC AC power is available during the initial portion of CCI.
,

2. noLRAC AC power is not available for this time period, but may
be recovered in the future.

The time period of interest here is between vessel breach and the
initial portion of CCI. This time period for each time window is
given Section 6.1. This question addresses the recovery of electric |
power to the injection pumps during this time period for the cases ;

where either off-site power or 4 kv bus was not available. The
meaning of recovery probability and their distributions are the
same as discussed in Question 12. The branching at this question
depends upon the branches taken at Questions 1, 6 and 12. Cases 1
through 8 of this question are sampled.

Case 1 through 4: Offsite power was not available at the VB.
The probability of power recovery during this period is
calculated based on the recovery distribution and is assigned
to the first branch. 4

Cary C through 8: Injection pumps were not operating because
of ass of 4 kv bus to the available injection pumps at VB.
The probability of restoring the 4 kv bus during this period
is assigned to the first branch.

Case 9: Power was available at VB and remains available. The
quantification for this case is:

Branch 1: ERAC - 1.0



!

Branch 2: NoERAC - 0.0

Question 27. Recovered from human errors late?
2 Branches, Type 2, 5 Cases

The branches for this question are:

1. LRHX Operators recover from previous error.

2. NoLRHX Operators do not recover from the previous error.

This question addresses the recovery from operator errors for the
accidents where the VB occurred because of inadequate operator
actions following the core damage. The time period of interest is
the same as Question 26. Cases 1 through 4 of this question are
sampled. The meaning of recovery probability and their
distributions are the same as discussed in Question 13. The
branching at this question depends upon the branches taken at
Questions 1 and 13.

Question 28. Late Sprays? **

4 Branches, Type 2, 5 Cases

The branches for this question are:
The branches for this question are:

,

1. L-Sp The containment sprays are operating during this
period.

2. LSPfAC The containment sprays are available to operate and
will operate when power is recovered.

3. LSPfHX The containment sprays are available to operate if
operators recover from previous error.

4. LSPf The containment sprays are failed and cannot be
recovered.

This question is not sampled. The branch chosen for this question
depends directly upon the branches taken at Questions 18, 26 and
27. The time period of interest is the same as in the preceding
question. If sprays are recovered during this period, the
release from CCI will be considurably reduced. If the debris bed
is coolable and water was present, but was not being replenished,
spray recovery will prevent dryout and the start of CCI. If the

{sprays were in the "available" state before, the sprays will
!

operate in this period, when power has been recovered, the 4 kv bus
has been restored, or operators have recovered from previous
errors, depending on what led to the core damage. If power is
recovered and the sprays operate, the contents of the RWST will be
transferred to the containment and the cavity will fill up with
water.

i

|
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Case 1: The sprays were available at the start of the
accident. The quantification for this case is:

Branch 1: L-Sp - 1.0
Branch 2: LSPfAC - 0.0
Branch 3: LSPfHX - 0.0
Branch 4: LSPf - 0.0

Case 2: The sprays were failed at the start of the accident,
and no recovery is possible, so the sprays remain failed. The
quantification for this case is:

Branch 1: L-Sp - 0.0
Branch 2: LSPfAC - 0.0
Branch 3: LSPfHX - 0.0
Branch 4: LSPf - 1.0

Case 3: The sprays are available to operate during this time
period, but power or the 4 kv bus has not been recovered so

. the sprays remain available to operate in the future when
power or 4 kv bus is recovered. The quantification for this
case is:

Branch 1: L-Sp - 0.0
Branch 2: LSPfAC - 1.0 *

Branch 3: LSPfHX - 0.0
Branch 4: LSPf - 0.0

Case 4: The sprays are available to operate at the start of
*

the accident, but operators have not recovered from previous
'

errors so the sprays remain available to operate in the future
when the operator error is corrected. The quantification for
this case is:

Branch 1: L-Sp - 0.0
Branch 2: LSPfAC - 0.0 r

Branch 3: LSPfHX - 1.0
Branch 4: LSPf - 0.0

case 5: The sprays were available to operate during the
previous time period. The sprays now operate because power has
been recovered, the 4 kv bus has been restored, or operators
have recovered from previous errors, depending on what led to
the core damage. The quantification for this case is:

Branch 1: L-Sp - 1.0
Branch 2: LSPfAC - 0.0
Branch 3: LSPfHX - 0.0
Branch 4: LSPf - 0.0

Question 29. Late Ignition
2 Branches, Type 2, 3 Cases

The branches for this question are:

1. L-Ign Ignition of the hydrogen in the containment will

,



occur during this period if the concentration is flammable.

2. noL-Ign Ignition of the hydrogen in the containment will
not occur during this period even if the concentration is
flammable.

This question determines whether conditions exist to ignite the
hydrogen in the containment between VB and early part of CCI. The
conditions that make hydrogen combustion capable of threatening the
Surry containment in the late period are no prior failure, little
or no combustion at VB, and absence of continuous electrical power
and sprays. If the sprays do not operate in this period, the
containment will be steam inert through this period and combustion
is not possible. If power is recovered during this period and the
sprays operate, then ignition is very likely.

Case 1: The containment is already failed. Ignition and burn
at this time is irrelevant. The quantification for this case

, is:
Branch 1: L-Ign - 0.0
Branch 2: noL-Ign - 1.0

Case 2: Electrical power and spray operation were recovered
during this period. Ignition is highly likely. The
quantification for this case is:

Branch 1: L-Ign - 0.99
Branch 2: noL2-Ign - 0.01

,
,

Case 3: Electric power is not recovered during this time
period. The sprays do not operate, so the containment will
remain inerted by the high steam concentration. The
quantification for this case is:

Branch 1: L-Ign - 0.00
Branch 2: noL-Ign - 1.00

Question 30. Number of Holes in vessel? |
2 Branches, Type 1, 1 Case '

i

The branches for this question are: l

1. 1-Hole There is only one large hole in the RCS following VB. |
2. 2-Hole There are two large holes in the RCS.

This question was intended to provide the information on the number
of holes in the RCS to the source term code. However, source term
analysis showed that this parameter does not make a significant
contribution to the source term release fractions. Therefore, the
this question is dummied out and take the first branch always.

Question 31. Late Containment Failure due to hydrogen burning?
3 Branches, Type 2, 6 Cases

The branches for this question are:



1. LCF-Rupt The containment already failed, or ruptures due to
hydrogen burning during this period. ]

i

2. LCF-Leak The containment already leaks. No hydrogen burning
is possible, since all hydrogen escaped the
containment.

1

3. no-LCF The containment does not fail during this period.

The time period of interest of this question is same as the
previous question. This question determines the status of the
containment at the end of this time period, including rupture by
hydrogen burning during this period. This question is not sampled.
The branch chosen for this question depends directly upon the
branches taken at Questions 11, 17, 18, 25, and 29.

The pressure generated by hydrogen burning when ignited is not
calculated in this analysis. Calculations show that the pressure
generated by hydrogen burning is generally much higher than 45.

psig, but substantially below 126 psig. The probability of the
containment failure by hydrogen burning is relatively small in this
analysis since the dominating containment failure mode is initial
isolation failure. Therefore, it has been assumed in this analysis
that the containment would fail by hydrogen burning if the
containment pressure capability is 45 psig, but would not if it is
126 psig.

*

Case 1: The containment already failed. The quantification for
*

this case is:
Branch 1: LCF-Rupt - 1.0
Branch 2: LCF-Leak - 0.0
Branch 3: no-LCF - 0.0

Case 2: The containment already. leaked. The quantification for
this case is:

Branch'1: LCF-Rupt - 0.0
Branch 2: LCF-Leak - 1.0
Branch 3: no-LCF - 0.0

Conditions do not exist for hydrogen ignition. TheCase 3 :
containment does not fail. The quantification for this case
is:

Branch 1: LCF-Rupt - 0.0
Branch 2: LCF-Leak - 0.0
Branch 3: no-LCF - 1.0

Case 4: The containment failure pressure is 45 psig.
Conditions exist for hydrogen ignition. HPME occurred at VB,
and most of hydrogen released at VB did not burn. The
quantification for this case is:

Branch 1: LCF-Rupt - 1.0
Branch 2: LCF-Leak - 0.0
Branch 3: no-LCF - 0.0

)
;
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Case 5: The containment failure pressure is 45 psig.
Conditions exist for hydrogen ignition. The core debris poured 1

out of the vessel at VB. None of hydrogen released at VB '

burned. The quantification for this case is
Branch 1: LCF-Rupt - 1.0 )
Branch 2: LCF-Leak - 0.0
Branch 3: no-LCF - 0.0

Case 6: The containment does not fail either because the
containment failure pressure is 126 psig, or sufficient amount
of hydrogen does not exist in the containment. The
quantification for this case is:

Branch 1: LCF-Rupt - 0.0
Branch 2: LCF-Leak - 0.0
Branch 3: no-LCF - 1.0

Question 32. Is the Debris Bed in a Coolable Configuration?
. 2 Branches, Type 2, 5 Cases

The branches for this question are:

1. CDB The debris bed is coolable; no CCI takes place as long as
the debris remains covered with water.

2. noCDB The debris bed is not coolable. CCI will begin as soon
as the melt reheats whether water is present or not.

,

This question is not sampled and was quantified internally.
The branch taken at this question depends upon the branches
previously taken at Questions 17 and 22.

Core-concrete interactions will not occur if the debris bed
is in a coolable configuration, and if there is water present
to cool it. This question determines whether the debris bed is
coolable assuming that water is present when the core debris
enters the cavity and is continuously replenished thereafter.
Whether water is present is determined in the next question. The
portion of the molten core that participates in DCH is
unavailable for CCI. Thus the core debris considered in this
question is the debris expelled at VB that' remains in the cavity
and the debris that leaves the vessel some time after VB.
More discussion of debris coolability topic may be found in
Volume 2, Part 6, of NUREG/CR-4551.

An Alpha event is likely to scatter at least some corium around the
containment. If this corium comes to rest in a thin uniform layer,
air cooling will suffice. However, it is possible that drifts
of corium particles might accumulate in corners, in the wall-floor
angle, and so on, that would be large enough to reheat and start
CCI. Debris coolability is very uncertain in scenarios such as
these.

Case 1: The vessel has failed by an Alpha mode event which



.

also fails the containment. These events are so energetic
that a substantial portion of the core debris is likely to be
widely scattered throughout the containment. However, very
little is known about these events or the expected corium
distribution. Since the Alpha mode failure of the containment
also fail the sprays, there is no supply of water to the
cavity and CCI will occur eventually even if the debris bed
is initially coolable and some water is present. Thus the
quantification for this case is largely irrelevant. The
quantification for this case is:

Branch 1: CDB - 0.85
Branch 2: noCDB - 0.15

Case 2: There was no vessel failure; CCI does not occur. The
quantification of this case is:

Branch 1: CDB - 1.0
Branch 2: noCDB - 0.0

Case 3: The vessel failure resulted in HPME or gross
bottom head failure at high pressure. The core debris involved
in HPME but which does not participate in DCH is likely to be
widely distributed throughout the containment. The state of
the debris ejected at vessel failure which remains in the
cavity is not well known. The debris that pours out of the
vessel some time after vessel blowdown may assume a coolable
form if it fragments into pieces that are neither too small
nor too large. The quantification for this case is:

*

Branch 1: CDB - 0.80*

Branch 2: noCDB - 0.20

Case 4: A gravity pour of the core debris resulted at
vessel breach, and an EVSE occurred. The EVSE may spread
a portion of the debris throughout the containment where it
would be coolable. On the other hand, the EVSE may create
fine particles that remain in the cavity and make the bulk
of the core debris in the cavity noncoolable. The
quantification for this case is:

Branch 1: CDB - 0.80
Branch 2: noCDB - 0.20

Case 5: The vessel has failed with a gravity pour resulting.
No EVSE occurred. All of the core which exits the vessel
should remain on the cavity floor. To form a coolable debris
bed, the debris must fragment when it hits the water, the
resulting particles must quench while falling through the
water, and the size of the bulk of the particles must fall
within a certain size range. Further, if a portion of the
debris bed is noncoolable, the available evidence is that
this portion of the bed will grow in size until
essentially the entire bed has become noncoolable. The
quantification for this case is:

Branch 1: CDB - 0.35
Branch 2: noCDB - 0.65

_
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Question 33. Does Prompt CCI Occur? '

2 Branches, Type 2, 2 Cases

The branches for this question are:

1. PrmptCCI CCI occurs promptly following vessel breach.

2. noPrmCCI CCI does not occur promptly after vessel breach.

This question is not sampled; whether prompt CCI occurs follows
logically from the information available about the coolability of
the core debris and the presence of water in the reactor cavity.
The branch taken at this question depends upon the branches
previously taken at Questions 17, 19, and 32.

Case 1: The debris is coolable and there is water in the
cavity, or there has been no vessel breach. In either case,

. CCI does not begin promptly. The situation where the
containment sprays operate only in the late period is not
considered a sufficient water supply to prevent CCI from
starting. Electrical power may be recovered any time in the
period, so the sprays may not start until several hours
after VB. Water must be continuously present from VB to
prevent prompt CCI. The quantification for this case is:

Branch 1: PrmptCCI - 0.0
Branch 2: noPrmCCI 1.0

.
.

Case 2: There is no water in the cavity, or the
debris is not coolable. In either case, CCI begins promptly,
either at once, if the debris is hot when it leaves the
vessel, or as soon as the debris has reheated. The
quantification for this case in:

Branch 1: PrmptCCI 1.0-

Branch 2: noPrmCCI - 0.0

Question 34. Is AC Power Available Very Late?
2 Branches, Type 2, 9 Cases

The branches for this question are:

1. L2RAC AC power is available Very Late?

2. noL2RAC AC power is not available for this time period, but
may be recovered in the future.

The time period of interest here is from the initial portion of
CCI to 24 hours. This time period for each time window is given
Section 6.1. This question addresses the recovery of electric power
to the injection pumps during this time period for the cases where
either off-site power or 4 kv bus was not available. The meaning of
recovery probability and their distributions are the same as
discussed in Question 12. The branching at this question depends

1

|
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upon the branches taken at Questions 1, 6 and 26. Cases 1 through
8 of this question are sampled.

Case 1 through 4: Offsite power was not available at the end
of the previous period. The probability of power recovery
during this period is calculated based on the recovery
distribution and is assigned to the first branch.

Case 5 through 8: Injection pumps were not operating because
of loss of 4 kv bus to the available injection pumps at the
end of the previous period. The probability of restoring the
4 kv bus during this period is assigned to the first branch.

Case 9: Power was available at the end of the previous period
and remains available. The quantification for this case is:

Branch 1: ERAC - 1.0
Branch 2: NoERAC - 0.0

.

Question 35. Recovered from human errors very late?
2 Branches, Type 2, 5 Cases

.

The branches for this question are:

1. L2RHX Operators recover from previous error during this
time period.

,
,

2. NoL2RHX Operators do not recover from the previous error
during this time period.

This question addresses the recovery from operator errors for the
accidents where the VB occurred because of inadequate operator
actions following the core damage. The time period of interest is
the same as Question 34. Cases 1 through 4 of this question are
sampled. The ' meaning of recovery probability and their
distributions are the same as discussed in Question 27. The
branching at this question depends upon the branches taken at
Questions 1 and 27.

Question 36. Very Late Sprays?
2 Branches, Type 2, S Cases

The branches for this question are:

1. L2-Sp The containment sprays are operating during this
period.

2. L2SPf The containment sprays are not recovered.

This question is not sampled. The branch chosen for this question
depends directly upon the branches taken at Questions 28, 34 and
35. The time period of interest is the same as in the preceding
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question. If sprays are recovered during this time period, steam
condensation will de-inert the containment, making a hydrogen burn
possible. If the debris bed is coolable, spray operation during
this period is required to prevent dryout and concrete attack.

Qase 1: The sprays were available in the' previous period.
The quantification for this case is:

Branch 1: L2-Sp - 1.0
Branch 2: L2SPf - 0.0 ;

Case 2: The sprays were failed at the start of the accident,
and no recovery is possible, so the. sprays remain failed. The
quantification for this case is:

Branch 1: L2-Sp - 0.0
Branch 2: L2Spf - 1.0

Case 3: The sprays are available to operate during this time
period, but power or the 4 kv bus has not been recovered so

. the sprays remain available to operate in the future when
power or 4 kv bus is recovered. The quantification for this
case is:

Branch 1: L2-Sp - 0.0
Branch 2: L2SPf - 1.0 *

Case 4: The sprays are available to operate at the start of ,

the accident, but operators have not recovered from previous
errors so the sprays remain available to operate in the future

' *

when the operator error is corrected. The quantification for
this case is:

Branch 1: L2-Sp - 0.0
Branch 2: L2SPf - 1.0

case 5: The sprays were available to operate during the
previous time period. The sprays now operate because power has
been recovered, the 4 kv bus has been restored, or operators
have recovered from previous errors, depending on what led to
the core damage. The quantification for this case is:

Branch 1: L2-Sp - 1.0
Branch 2: L2Spf - 0.0

Question 37. Does Delayed CCI Occur?
2 Branches, Type 2, 2 Cases

The branches for this question are:
[

1. DldCCI CCI occurs after a delay to boil off the water in
the cavity.

2. -noDldCCI CCI does not occur after a delay to boil off the .

water in the cavity. '

; This question is not sampled; whether delayed CCI occurs follows

. . . - . -
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logically from the information available about the coolability of
the core debris, whether prompt CCI has occurred, and whether the
sprays are operating. The branch taken at this question depends i

upon the branches previously taken at Questions 17, 33, and 36.

Case 1: Prompt CCI did not occur and the sprays are now
operating, or prompt CCI occurred, or there was no vessel
breach. If prompt CCI occurred, delayed CCI is not possible.
If prompt CCI did not occur, the debris bed must have been
coolable with water available. Since the sprays are now
operating, the water cooling the debris bed is being
replenished and delayed CCI will not take place. The
quantification for this case is:

Branch 1: DelydCCI - 0.0
Branch 2: noDldCCI - 1.0

Case 2: Prompt CCI did not occur, and the sprays are not
operating. The debris bed must have been coolable, and there

. must have been some water present, or prompt CCI would have
resulted. As the water being boiled off is not being
replenished, delayed CCI will begin when the water is all
boiled off. The quantification for this case is:

Branch 1: DelydCCI - 1.0 *

Branch 2: noDldCCI - 0.0

Question 38. Does Very Le.te Ignition Occur?
'

2 Branches, Type 2, S Cases'

The branches for this question are:

1. L2-Ign Ignition of the hydrogen in the containment will
occur during this period if the. concentration is
flammable.

2. noL2-Ign Ignition of the hydrogen in the containment will
not occur during this period even if the
concentration is flammable.

This question is not sampled and was quantified internally. The
applicable case depends upon the branches taken at Questions 26,
29, 31, 34 and 36.

This question determines whether conditions exist to ignite the
hydrogen in the containment during the latter part of CCI. In the
very late period, if no burns, containment failures, or bypasses
have occurred, the hydrogen available is that produced in-vessel
or at VB, the hydrogen produced by oxidizing all the remaining
unoxidized Zr during the initial part of CCI, and the hydrogen
produced in CCI in addition to that from oxidizing the rest of
the zirconium. Significant combustion events during this period are
negligible if electric power and containment sprays have been
continuously available since the start of the accident. They may
occur in this period when electric power and the sprays are ;
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recovered.

Case 1: The containment is already failed. Ignition and burn
at this time is irrelevant. The quantification for this case
is: !

Branch 1: L2-Ign - 0.0
Branch 2: noL2-Ign - 1.0

Case 2: Ignition occurred in the previous time period, and
most of hydrogen already burned. The quantification for this
case is:

Branch 1: L2-Ign - 0.0
Branch 2: noL2-Ign 1.0-

Case 3: Electrical power and spray operation were recovered
during this period. Ignition is highly likely. The
quantification for this case is:

. Branch 1: L2-Ign - 0.99
Branch 2: noL2-Ign - 0.01

Case 4 : Electric power is not recovered during the time frame
of interest for this analysis. The sprays do not operate, so
the containment will remain inerted by the high steam
concentration for some time. Eventually the steam
concentration in the containment may drop to about 55%, and '

then ignition is possible if enough hydrogen is present. When
*

no electrical power is available ignition appears to be a
*

stochastic phenomenon. A similar case was considered by the
experts considering hydrogen combustion events at Grand Gulf.
They gave distributions for ignition probability which
depended on the hydrogen concentration. This issue is
summarized in Volume 2, Part 2, of NUREG/CR-4551. The mean
values of their ignition probability distributions for
concentrations of interest are about 0.30. This value (0.30)
for the ig'nition probability also includes implicitly the
probability that heat loss through the containment wall alone
eventually causes enough wall condensation to reduce the steam
concentration to about 55%. The quantification for this case
is:

Branch 1: L2-Ign - 0.30
Branch 2: noL2-Ign - 0.70

Case 5: The concentration is not flammable or is steam-inert.
Very late ignition cannot take place. The quantification for *

this case is:
Branch 1: L2-Ign - 0.0
Branch 2: noL2-Ign - 1.0

Question 39. Very Late Containment Failure due to hydrogen burning?
3 Branches, Type 2, 5 Cases |

,

!

The branches for this question are:

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - _ - - _ - - - - - _ - - I
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1. L2CF-Rupt- The containment already failed, or ruptures due to
hydrogen burning during this period.

2. L2CF-Leak The containment already leaks. No hydrogen burning
is possible, since all hydrogen escaped the
containment.

3. no-L2CF The containment does not fail during this period.
'

The time period of interest of this question is same as the
previous question. This question determines the status of the
containment at the end of this time period, including rupture by
hydrogen burning during this period. This question is not sampled.
The branch chosen for this question depends directly upon the
branches taken at Questions 11, 31, 33, 37, and 38.

As in Question 31, the pressure generated by hydrogen burning when
ignited is not calculated in this question and it is assumed that

. the containment would fail by hydrogen burning if the containment-
pressure capability is 45 psig, but would not if it is 126 psig.

Case 1: The containment already failed. The quantification for
this case is: -

Branch 1: L2CF-Rupt - 1.0
Branch 2: L2CF-Leak - 0.0
Branch 3: no-L2CF - 0.0

'

Case 2: The containment already leaked. The quantification for*

this case is: i

Branch 1: L2CF-Rupt - 0.0
Branch 2: L2CF-Leak - 1.0
Branch 3: no-L2CF - 0.0

Case 3 : Conditions do not exist for hydrogen ignition. The ,

containment does not fail. The quantification for this case r

is:
Branch 1: L2CF-Rupt - 0.0
Branch 2: L2CF-Leak - 0.0
Branch 3: no-L2CF - 1.0

Case 4: The containment failure pressure is 45 psig.
Conditions exist.for hydrogen ignition. Prompt or delayed CCI

'occurred. The quantification for this case is:
Branch 1: L2CF-Rupt - 1.0
Branch 2: L2CF-Leak - 0.0
Branch 3: no-L2CF - 0.0

Case 5: The containment does not fail either because ' the
containment failure pressure is 126 psig, or sufficient amount. i

of hydrogen does not exist in - the containment. The '

quantification for this case is:
Branch 1: L2CF-Rupt - 0.0
Branch 2: L2CF-Leak - 0.0
Branch 3: no-L2CF - 1.0

i

1

i

__.
4
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Question 40. Final Containment Condition and Failure Time?
6 Branches, Type 2, 7 Cases

The branches for this question are:

1. Leak-I The containment was initially isolated, but leaks.

2. Rupt-I The containment was not successfully isolated
before the core damage.

3. Rupt-VB The containment failed at VB either because of
Alpha mode failure, DCH or EVSE.

4. Rupt-L The containment failed late due to hydrogen
burning.

.

5. Rupt-L2 The containment failed very late due to hydrogen
burning.

6. No-CF The containment remains intact in 24 hours. *

This question is not sampled. This question utilizes the results
of many previous questions to summarize the state of the'

c6ntainment at the end of this event tree analysis. Only the most
important condition in determining the releases is considered. The
branches in this question depend upon the branches previously taken
at Questions 11, 25, 31, and 39.

|
|

!

|

|
.



B.2 Listing of the Accident Event Tree

.

SURRY LPSD APET, Rev 10, Oct 21, 93 - Adapted from N1150
40

This input represent SPDS 1 / SBO (5 PDS).
1 1. $$ SBO

SBO
1 Window $ PDS1

4 Win-1 Win-2 Win-3 Win-4
1 1 2 3 4

1.000 0.000 0.000 0.000
2 Vessel Break Size $ PDS 4

2 Large Small
2 1 2
2 Cases
1 1

1
W1

0.95 0.05
Otherwise

1.000 0.000
3 Depressurization before vessel breach?

2 Vdep No-Vdep
2 1 2
2 Cases
2 1 2

1 * 2
W1 & 1PORV

0.800 0.200 $ Depends on HRA?
Otherwise

1.000 0.000
4 Status of AC at CD? $ PDS 2

3 AC No-AC No-4KV
1 1 2 3

0.000 1.000 0.000
5 CD due to HX? -$ PDS 3

3 No-HX HXA HXD
2 1 2 3
5 Cases
1 4

2
No-AC
1.000 0.000 0.000

1 1
1

'W1
1.000 0.000 0.000

1 1
2

W2
1.000 0.000 0.000

1 1
3

,

W3
1.000 0.000 0.000

Otherwise $(1/4 W4)
1.000 0.000 0.000 $ Depends on Level 1

6 Status of ECCS at CD? $ PDS 5
5 ECCS f 4 KV ECCSfAC ECCSfHX ECCSfHW ECCSfREC



1 1 2 3 4 5
,

0.'000 0.000 0.000 0.000 1.000 $ Level 1 1

7 Spray at CD? $ PDS 6*

6 SP SPfAC SPfHX SPfEW SPfREC SPf4KV
2 1 2 3 4 5 6
2 Cases
1 1

1
W1

0.000 0.000 0.000 0.000 0.000 1.000
Otherwise

0.000 0.000 0.000 0.000 0.000 1.000 |

8 RWST at CD $ PDS 8
4 RWST-In RWSTfAC RWSTfHX RWSTfIn
2 1 2 3 4
2 Cases
2 6 7

4 * 4
ECCSfHW & SPfHW
0.000 0.000 0.000 1.000

Otherwise
1.000 0.000 0.000 0.000

9 Is containment closed at beginning of accident? $ PDSO
2 ClsdCI No-ClsdCI ,

1 1 2
0.000 1.000

10 Is containment closed before core damage?
2 ClsdCD No-ClsdCD
2 1 2
6 Cases
1 9

1
ClsdCI
1.000 0.000

1 5
3

HXD
0.000 1.000

1 1
1

W1
0.800 0.200 $ Based on Human Error Curve

1 1
2

W2
0.900 0.100

'

1 1
3

W3
0.950 0.050

Otherwise $ W4
1.000 0.000

11 Containment Pressure Capability
3 CP126p CP45p CP2p
2 1 2 3
3 Cases
1 9

1
ClsdCI
0.9998 0.000 0.0002

.



I

i

2 9 10 i

20 1 |

No-ClsdCI & ClsdCD -

|
0.900 0.000 0.100 |

Otherwise
0.000 0.000 1.000

12 AC recovered before VB? $ Conditional.. Power /4KV Recovery Curve
2 ERAC No-ERAC
2 1 2
9 Cases
2 1 4

1* 2
W1 & No-AC

0.800 0.200
2 1 4

2 * 2
W2 & No-AC

0.850 0.150
2 1 4

3 * 2
W3 & No-AC

0.900 0.100
2 1 4

4 * 2
W4 & No-AC

0.950 0.050
2 1 4

1* 3
W1 & No-4KV

0.800 0.200
2 1 4

2 * 3
W2 & No-4KV

0.850 0.150
2 1 4

3 * 3
W3 & No-4KV

0.900 0.100
2 1 4

4 * 3
W4 & No-4KV

0.950 0.050
Otherwise

1.000 0.000
13 Recovered from HX before VB? $ Conditional .. HRA curve (Chu?)

2 ERHX No-ERHX
2 1 2
9 Cases
2 1 5

1* 2
W1 & HXA

0.500 0.500
2 1 5

1 * 3
W1 & ' HXD 1

0.850 0.150
2 1 5 ;

2 * 2 |
w2 & HXA

0.600 0.400
l

I



2 1 5
2* 3 [

W2 & HXD '

O.900 0.100
2 1 5 -

3 * 2
w3 & HXA

0.700 0.300
2 1 5

3 * 3
W3 & HXD

0.930 0.070 ;
2 1 5

4 * 2
w4 & HXA .

0.800 0.200
2 1 5 |

4 * '3
W4 & HXD

0.950 0.050
Otherwise

1.000 0.000
14~VB? |

2 No-VB VB i

2 1 2
4 Cases
2 6 6

4 + 5
ECCSfHW or Recf I

0.000 1.000
3 6 6 12-

( 1 + 2 ) * 2 :

(ECCSf4KV or ECCSfAC) & No-ERAC
"0.000 1.000

2 6 13
3 * 2 !

ECCSfHX & No-ERHX !

0.000 1.000
Otherwise ^,'

1.000 0.000
15 Vessel Pressure just before Breach?

2 I-ImPr I-LoPr
2 1 2
2 Cases

1

1 3 ,

1 !

VDEP i

0.000 1.000
Otherwise

1.000 0.000
16 ALPHA Mode ~ Failure?

2 Alpha. noAlpha:
2 '1 2
.2 Cases

'

-2 14 15 |

2 .* 2 I

VB & I-Lopr
0.0080 0.9920

Otherwise '

O.0000 1.0000

-. - , .. - . . - . .. . . .,,. . . . . . . .- . - -. .- --- - - . .



17 Type of Vessel Breach? $ Summary .. Cumulative.
5 PrEj Pour BtmHd noVB ALPHA
2 1 2 3 4 5

'

4 Cases
1 14

1
noVB
0.000 0.000 0.000 1.000 0.000

1 16
1

ALPHA
0.000 0.000 0.000 0.000 1.000

2 14 15
2 * 1

VB & I-ImPr
1.0000 0.0000 0.0000 0.0000 0.000

Otherwise - I-LoPr
0.0000 1.0000 0.0000 0.0000 0.000

18 Early Sprays before vb? $ Cumulative
4 E-Sp ESPfAC ESPfHX ESPf
2 1 2 3 4 i

5 Cases
1 7

1
Sp

1.000 0.000 0 003 0.000
2 7 7

4 + 5
SPfHW or Recf
0.000 0.000 0.000 1.000

3 7 7 12
( 2 + 6 ) * 2
( SPfAC or SPf4KV ) & No-ERAC
0.000 1.000 0.000 0.000

2 7 13
3 * 2

SPfHX & No-ERHX
0.000 0.000 1.000 0.000

Otherwise
1.000 0.000 0.000 0.000

19 Amount of Water in the Reactor Cavity at Vessel Breach?
2 RC-Wet RC-Dry
2 1 2
4 Cases
1 8

1
RWSTIn
1.000 0.000 l

2 8 12
2 * 1

RWSTfAC & ERAC
1.000 0.000

2 8 13
3 * 1

|
RWSTfHX &, ERHX

,

1.000 0.000
Otherwise

0.000 1.000
20 Baseline Containment Pressure just before VB? i

1 IPBase '



-._

4 1 i

3 Casna
1 11 '

3
CP2p
1.000

1
1 17.00
1 17

4
noVB
1.000

1
1 17.00

Otherwise ,

1.000
1
1 19.00

21 Pressure Rise at Vessel Breach?
1 DP-VB
4 1
5 Cases
1 17

4
noVB
1.000

1
4 0.00
1 17

5
Alpha
1.000

1
4 777.00
2 15 17

2 + 2
I-LoPr or Pour
1.000

1
4 5.00
2 15 19

1 * 1
I-ImPr & RC-Wet
1.000

1
4 57.70

Otherwise
1.000

1
4 64.70

22 QuM a Significant Ex-Vessel Steam Explosion Occur?
a EVSE noEVSE
e 1 2
2 Cases

'

172 19
1 * 2

RC-Wet & Pour
0.500 0.500

Otherwise -- No EVSE
0.000 1.000

.
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|

1-23'Containnsnt'Failuro Pressure?
1 CF-Pr i

4 1 i-

3-Case. |'

l' il i

1
CP126p I
1.000

1 |
6 125.70

t

1 11 !

2 -j
CP45p !

1.000 !

1 !

6 59.70 -}
'

Otherwise !

1.000 I
1

'

6 16.70
24 Containment Rupture at VB7

2 ICF-Rupt no-ICF '

5 1 2 *

3 1 4 -6 I
IPBase DP-VB CF-Pr !AND

_ ;
GETHRESH 1 0

iICF rupture if IPBase + (DP-VB) > CF-Pr r

25 Containment Status at VB?
3 ICF-F.upt ICF-Leak no-ICF
2 1 '2 3

:5 Cases
2 10 .11

1 * 3
ClsdCD & CP2p

j!0.000 1.000 0.000
2 10 11' I

2 *' 3 - |NoClsdCD &- CP2p
1.000 0.000 0.000

1 17 )
~5

lAlpha
- !1.000 0.000 0.000

1 24
4 ;

}|1
ICF-R

|1.000 0.000 0.000 !

Otherwise-

0.000 0.000 1.000
'26-AC~ recovered Late? $ Conditional I

2 LRAC No-LRAC
2 1 2
9 Cases-

'

3 12 1 4
2 * 1 * 2

NO-ERAC & W1 & No-AC
0.800 .0.200

.3 12 1 4
2 * 2 * 2

1

:I
'

. -- -- -
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.

NO-ERAC & W2 & No-AC
0.'850 0.150

3 12 1 4 -

2 * 3 * 2
NO-ERAC & W3 & No-AC

0.900 0.100
3 12 1 4

2 * 4 * 2
NO-ERAC & W4 & No-AC

0.950 0.050
3 12 1 4

2 * 1 * 3
NO-ERAC & W1 & No-4KV

0.800 0.200
3 12 1 4

2 * 2 * 3
NO-ERAC & W2 & No-4KV

| 0.850 0.150
3 12 1 4

2 * 3 * 3

| NO-ERAC & W3 & No-4KV
O.900 0.100

3 12 1 4
2 * 4 * 3

NO-ERAC & W4 & No-4KV
0.950 0.050

Otherwise $ 12/1
1.000 0.000

27 Recovered from HX Late? $ Conditional
2 LRHX No-LRHX
2 1 2
5 Cases
2 13 1

2 * 1
NO-ERHX & W1

0.800 0.200
2 13 1

2 * 2
NO-ERHX & W2

0.850 0.150
2 13 1 !

2 * 3 1

NO-ERHX & W3
0.900 0.100 i

2 13 1
2 * 4

NO-ERHX & W4
0.950 0.050

Otherwise
1.000 0.000

28 Late Sprays (After VB but before major CCI)? $ Cumulative
4 L-Sp LSPfAC LSPfHX LSPf
2 1 2 3 4
5 Cases
1 18

1
E-Sp
1.000 0.000 0.000 0.000

1 18
4

. . .. ..
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|

ESPf 4

0.000 0.000 0.000 1.000 I
|2 18 26 -

2 * 2 I

ESPfAC & No-LRAC
0.000 1.000 0.000 0.000

2 18 27
3 * 2

ESPfHX & No-LRHX
0.000 0.000 1.000 0.000 ,

Othervise
1.000 0.000 0.000 0.000

29 Does Late Ignition Occur?
2 L-Ign noL-Ign
2 1 2
3 Cases
2 25 25

1 + 2
'

C-Rupt or C-Leak
O.000 1.000

3 12 26 28
2 * 1 * 1

noE-RAC & L-RAC & L-SP
0.990 0.010

Otherwise
0.000 1.000

30 DUMMY
2 1-Hole 2-Hole 3

1 1 2
1.000 0.000

31 Late Containment Failure due to H2 Burning? $(After VB but before CCI)
3 LCF-Rupt LCF-Leak no-LCF
2 1 2 3 j
6 Cases
1 25

1
ICF-Rupt

1.000 0.000 0.000
1 25

2
ICF-Leak

0.000 1.000 0.000
1 29

2
NoL-Ign

0.000 0.000 1.000
4 11 18 17 17

2 * -1 * ( 1 + 3- )
C60p & NoE-Sp & PrEj BtmHd

1.000 0.000 0.000
2 11 17

2 * 2
C60p & Pour
1.000 0.000 0.000

Otherwise j
0.000 0.000 1.000 1

32 Is the Debris Bed in a Coolable Configuration? I
2 CDB noCDB
2 1 2
5 Cases

.

1

l

l



1 17 .

5 |

Alpha j
*

0.850 0.150
1 17

4
noVB
1.000 0.000

2 17 17
1+ 3

PrEj or BtmHd
0.800 0.200

1 22
1

EVSE
0.800 0.200

Otherwise - Pour & noEVSE
0.350 0.650

33 Does Prompt CCI Occur?
2 PrmptCCI noPrmCCI
2 1 2
3 Cases
1 17

4
noVB
0.000 1.000

2 32 19
1* 1

CDB & RC-Wet
0.000 1.000

Otherwise -- Not coolable or no water
1.000 0.000

34 AC rec before 24 hours? $ Conditional
2 L2RAC No-L2RAC
2 1 2
9 Cases
3 26 1 4

2 * 1 * 2
NO-LRAC & W1 & No-AC

0.800 0.200
3 26 1 4

2 * 2 * 2
NO-LRAC & W2 & No-AC

0.850 0.150
3 26 1 4

2 * 3 * 2
NO-LRAC & W3 & No-AC

0.900 0.100
3 26 1 4

2 * 4 * 2
NO-LRAC & W4 & No-AC

0.950 0.050
3 26 1 4

2 * 1 * 3 1
,

NO-LRAC & W1 & No-4KV
0.800 0.200 |

3 26 1 4 I
2 * 2 * 3

NO-LRAC & W2 & No-4KV
0.850 0.150 !

!

I



3 26 1 4
2 0 3 0 3

NO-LRAC & W3 & No-4KV -

0.900 0.100
,

3 26 1 4 |

2 * 4 * 3 I

NO-LRAC & W4 & No-4KV
0.950 0.050

Otherwise $ 12/1
1.000 0.000

35 Recovered from HX before 24 HOORS? $ Conditional
2 L2RHX No-L2RHX
2 1 2
5 Cases
2 27 1

2 * 1
NO-LRHX & W1

0.800 0.200
2 27 1

2 * 2
NO-LRHX & W2

0.850 0.150
2 27 1

2 * 3
NO-LRHX & W3

0.900 0.100
2 27 1

2 * 4
NO-LRHX & W4

0.950 0.050
Otherwise

1.000 0.000
36 Very Late Sprays (BEFORE 24 hours)? $ Cumulative

2 L2-Sp L2SPf
2 1 2
5 Cases
1 28

1
L-SP
1.000 0.000

1 28
4

LSPf
0.000 1.000

2 28 34
2 * 2

LSPfAC & No-L2RAC
I0.000 1.000

2 28 35 |

3 * 2 l

LSPfHX & No-L2RHX |
0.000 1.000 )

Otherwise |

1.000 0.000
37 Does Delayed CC'I Occur?

2 DldCCI noDldCCI
2 1 2
4 Cases i

1 17 I
4



noVB
0.'000 1.000

1 33 *

1
PrmptCCI

0.000 1.000
2 33 36

2 1
noPrmCCI LSp

0.000 1.000
Otherwise

1.000 0.000
38 Does Very Late Ignition Occur (BEFORE 24 HRS)?

2 L2-Ign noL2-Ign
2 1 2
5 Cases
2 31 31

1 + 2
LCF-Rupt or LCF-Leak ,

0.000 1.000
1 29

1
L-Ign
0.000 1.000

3 26 34 36
2 * 1 * 1

noL-RAC & L2RAC & L2-SP
0.990 0.010

2 34 36
2 * 2

noL2RAC & NoL2-SP
0.300 0.700

Otherwise
0.000 1.000

39 Very Late Containment Failure due to H2 Burning (Before 24 Hrs)?
3 L2CF-Rupt L2CF-Leak no-L2CF
2 1 2 3
5 Cases
1 31

1
LCF-Rupt

1.000 0.000 0.000
3. 31

'
2

LCF-Leak
0.000 1.000 0.000

1 38
2

NoL2-Ign
0.000 0.000 1.000

3. 11 33 37
2 * ( 1 + 1 )

C60p & ( P-CCI or D-CCI )
Otherwise ,

0.000 0.0001.000

0.000 0.000 1.000
40 Final Containment Sondition and Failure Time?

6 Leak-I Rupt-I Rupt-VB Rupt-L Rupt-L2 No-CF
2 1 2 3 4 5 6
7 Cases

_ _ _ _



1 39
3

No-L2CF ~

0.000 0.000 0.000 0.000 0.000 1.000
1 25 >

2
ICF-Leak

1.000 0.000 0.000 0.000 0.000 0.000
2 11 25

3 * 1
CP2p & ICF-Rupt
0.000 1.000 0.000 0.000 0.000 0.000

2 11 25
-3 * 1

NoCP2p & ICF-Rupt
0.000 0.000 1.000 0.000 0.000 0.000

2 25 31
3 * 1

No-ICF & LCF-Rupt
0.000 0.000 0.000 1.000 0.000 0.000

2 31 39
3 * 1

No-LCF & L2CF-Rupt
0.000 0.000 0.000 0.000 1.000 0.000

Otherwise
0.000 0.000 0.000 0.000 0.000 1.000

,
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B.3 Characteristics of the Surry Binner at LPSD
;

The binner is the computer input which instructs EVNTRE how to
group the outcomes from evaluating the APET.

These outcomes constitute the interface with the subsequent
source term analysis. There are too many outcomes for them
all to be saved for analysis afterwards, so as each unique ,

path through the event tree is evaluated, the probability of that
path is added to the probability for the appropriate accident ,

progression bin. The term "binner" refers to the set of computer
input that defines these bins.

Section 6.3 of this volume gives a general description of the
accident progression bins and defines each attribute of each
characteristic. That material is not repeated here. The binner
itself, a computer input file read by EVNTRE, defines the accident
progression bins and is listed in Section B.4. This section of ;

Appendix B~ contains a case by case description of the binner.
Since the format of this binner is designed to match the format
requirement of the SURSOR code, some characteristics and attributes
which are not specifically applicable to this study is included in '

the - binning. The twelfth characteristic, " Time Window" is not ;

required by the SURSOR code, but added to pass this information to
the consequence analysis.

Characteristic 1. CF-Time (Time of Containment Failure)
7 Attributes, 7 Cases

The attributes for this characteristic are:

A. V-Dry Check valve failures resulted in a pipe break in
an interfacing low pressure system. The break
location was not underwater at the start of core
degradation.

B. V-Wet Check valve failures resulted in a pipe break in
an interfacing low pressure system. The break
location was underwater at the start of core
degradation.

C. Early-CF The containment failed before vessel breach.
This characteristic represents isolation failures
not followed by CF-at-VB.

D. CF-at-VB The containment failed at the time of vessel i

breach.
|

E. L/VL-CP 'The containment failed in the late or very late
period, including CCI.

!

.|
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F. Final-CF The containment failed during the final period.

G. No-CF The containment did not fail.

This characteristic primarily concerns the time of containment
failure. In addition to four time periods .'in which the
containment may fail, there is an attribute for no containment
failure.

Case 1: This case defines the conditions for Attribute G, !

No-CF. For this characteristic, no containment failure is
interpreted to mean no failure of the containment pressure ,

boundary itself and no bypass by Event V. If an SGTR had i

occurred, it would have been included in this case, but no i

V or SGTR events were observed in the level analysis of this ;

study. The size or type cf containment failure is treated in
Characteristic 10.

Case 2: This case defines the conditions for Attribute A,
V-Dry. This attribute is not applicable to this analysis.

Case 3: This case defines the conditions for Attribute B, i

V-Wet. This attribute is not applicable to this analysis.

Case 4: This case defines the conditions for Attribute C,
Early-CF. Early containment failure here means failure
before vessel breach, which includes failure of initial

,

isolation of the containment.
,

Case 5: This case defines the conditions for Attribute D, ;

CF-at-VB. This is containment failure within a few minutes
of vessel breach due to the events accompanying vessel
failure (catastrophic rupture, rupture, or leak). i

Case 6: This case ' defines the conditions for Attribute E, .

Late or Very Late CF. This is containment failure which -

occurs after VB. It could occur anywhere from a few tens of
minutes after VB to several hours after VB. The major cause of
this failure is hydrogen burning. !

!

Case 7: This case defines the conditions for Attribute F, .

Final-CF. This mode of failure do not occur in this study as
well as in the full power analysis.

,

Characteristic 2. Sprays (Operation of Containment Sprays)
8 Attributes, 8 Cases

The attributes for this characteristic are:

A. Sp-Early .The sprays operate only in the Early period, that
is, before vessel breach.

B. Sp-E+I The sprays operate only in the Early and

, . --
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Intermediate periods, that is, before vessel
breach and immediately after vessel breach.

C. Sp-E+I+L The sprays operate only in the Early, Intermediate,
and Late periods, that is, from UTAF through the
initial part of CCI.

,

D. SpAlways The sprays Always operate during the periods of
interest for fission product removal, .that is,
for at least 24 hours starting at UTAF.

E. Sp-Late The sprays operate only in_ the Late period, that
is, during the initial part of CCI. )

i

F. Sp-L+VL The sprays operate only in the Late and Very |

Late periods, that is, from the start of CCI I
through the release of almost all the fission |
products from CCI.

G. Sp-VL The sprays operate only in the Very Late
period, that is, during the latter part of CCI.

I

H. Sp-Never The sprays Never operate during the accident.

This characteristic concerns the operation of the containment :

sprays. Spray operation implies containment heat removal and
radionuclide scrubbing. f

Case 1: This case defines the conditions for Attribute A,
Sp-Early. In this case, the sprays operate only in the .

period before vessel breach. 1

Case 2: This case defines the conditions for Attribute B, ;

Sp-E+I. In this case, the sprays operate only before and.at
vessel breach.

Case 3: This case defines the conditions.for Attribute C,
Sp-E+I+L. In this case, the sprays operate only from the
start of the accident through the initial part of CCI.

Case 4: This case defines the conditions for Attribute D,
SpAlways. In this case, the sprays operate continuously from
UTAF for at least 24 hours.

Case 5: This case defines the conditions for Attribute E,
Sp-Late. In this case, the sprays operate only during the
initial part of CCI.

Case 6: Tris case defines the conditions for Attribute-F,
Sp-L+VL. In this case, the sprays operate only in the Late
and Very Late periods, that is, from the start of CCI
through the release of almost all the fission products from
CCI.

. . .. . . ,.
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Case 7: This case defines the conditions for Attribute G,
Sp-VL. In this case, the sprays operate only in during the
latter part of CCI, which follows a hydrogen burn (if any).. j

Case 8: This case defines the conditions for Attribute H,
Sp-Never. In this case, the containment ' sprays do not
operate at all when they could contribute to fission product .

removal.
,

Characteristic 3. CCI (Core-Concrete Interactions) i

6 Attributes, 6 Cases

The attributes for this characteristic are:

A. Prom-Dry CCI takes place promptly following vessel
breach in a dry cavity. There is no overlying
water pool to scrub the releases. !

B. PromShlw CCI takes place promptly following vessel
breach. The accumulators dump at vessel breach,

i

so when CCI starts there is about 4.5 feet of water *

in the cavity.

C. No-CCI CCI does not take place.

D. PromDeep CCI takes place promptly following vessel breach.
The cavity is full of water at this time; the
pool is about 14 feet deep.

.

E. SDlyd-Dry CCI takes place after a short delay, in a dry
cavity. The debris bed is coolable, but the
water in the. cavity is not replenished.

F. LDlyd-Dry CCI takes place after a- long delay, in a dry
cavity. The debris bed is coolable, but the
water in the cavity is not replenished. The delay
is the time needed to boil off the water in a
full cavity.

This characteristic concerns the core-concrete interaction; if ,

it takes place, when it takes place, and whether there is overlying
pool of water to scrub the fission products released from the CCI.

,

Case 1: This case defines the conditions for Attribute A, i
Prom-Dry. CCI takes place promptly following vessel breach
in a dry cavity. As there is no water in the cavity after
VB, whether the debris bed is coolable is not relevant. '

Case 2: This case defines the conditions for Attribute B,
,

PromShlw.,CCI takes place promptly following vessel breach.
The cavity was dry just before vessel failure, but the
accumulators discharge ' at vessel breach. Since there is
water, the ~ debris bed must be non-coolable.

.

4 - - ,me- __ = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



i

1
1

.

Case 3: This case defines the conditions for Attribute C,
No-CCI. If neither prompt CCI nor delayed CCI takes j
place, there is no CCI. Either there was no vessel breach,
or the debris is coolable, water was present at VB, and the
water supply is continuously replenished by the
containment sprays.

Case 4: This case defines the conditions for Attribute D,
PromDeep. CCI takes place promptly following vessel breach,
and the cavity is full of water when CCI commences.

Case 5: This case defines the conditions for Attribute E,
SDlyd-Dry. CCI takes place after a short delay. The
debris bed is initially coolable, and the cavity contains
the accumulator water (only). This caseir not applicable to
this analysis.

Case 6: This case defines the conditions for Attribute F,
LDlyd-Dry. CCI takes place after a long delay. The
debris bed is initially coolable, and the cavity is full of
water at vessel breach. After all the water is boiled away,
CCI commences in a dry cavity.

Characteristic 4. RCS-Pres (RCS Pressure before Vessel Breach)
4 Attributes, 4 Cases

The attributes for this characteristic are:

A. SSPr Just before vessel breach, the RCS is at system
setpoint pressure, about 2500 psia. This pressure is
determined by the setpoint of the PORVs. This attribute
is not applicable to this analysis.

B. HiPr Just before vessel breach,- the RCS is in the range
denoted high pressure. The hole in the RCS pressure
boundary is small enough that the pressure spike that
follows core slump decays away relatively slowly. The
pressure at vessel breach can range from 1000 to 2000
psia. This attribute is not applicable to this analysis.

C. ImPr Just before vessel breach, the RCS is in the range
denoted intermediate pressure. The hole in the RCS is
larger than for Attribute B, so the pressure at
breach is within the range of 500 to 1000 psia.

D. LoPr Just before vessel breach, the RCS is at low pressure,
less than 500 psia.

,

This characteristic determines the pressure in the reactor
coolant systemjust before the failure of the vessel. This |
pressure, together with the mode of vessel breach, Characteristic l

|
1
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5, largely determines the events thattake place in the containment
immediately following vessel breach. In mostdetailed, mechanistic
analyses of core degradation, vessel failure followsthe relocation
or slumping of many tons of molten core material into thelower
head of the vessel. The lower head usually contains some water
atthis time, so the core slump generates a large amount of steam.
This willincrease the vessel pressure, at least temporarily, if
the RCS was belowthe PORV setpoint pressure at the time of the
slump. The pressure at VBdepends upon how fast the RCS pressure
decreases after core slump and thedelay between core slump and
vessel failure.

Case 1: This case defines the conditions for Attribute A,
SSPr. The RCS is at system setpoint pressure, about 2500
psia, when the vessel fails.

Case 2: This case defines the conditions for Attribute B,
HiPr. The RCS is in the range denoted high pressure, 1000 to
2000 psia, when the vessel fails.

Case 3: This case defines the conditions for Attribute C,
ImPr. The RCS is in the range denoted intermediate pressure,
500 to 1000 psia, when the vessel fails.

Case 4: This case defines the conditions for Attribute D,
LoPr. The RCS is at low pressure, less than 500 psia, when
the vessel fails.

Characteristic 5. VB-Mode (Mode of Vessel Breach)
6 Attributes, 6 Cases

The attributes for this characteristic are:

A. VB-HPME Vessel breach occurs when one or more
penetration (s) fails and the vessel is above 500
psia. These conditions ensure High Pressure Melt
Ejection.

B. VD-Pour Molten core material Pours out of the vessel at
breach, driven primarily by the effects of gravity.

C. VB-BtmHd Either there is a circumferential failure of the
Bottom Head, or a large portion of the Bottom Head
of the vessel fails.

D. Alpha An Alpha mode failure occurs resulting in-

containment failure as well as vessel failure.
E. Rocket A Rocket mode failure occurs - resulting in

containment failure as well as vessel failure.

- _
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F. No-VB No Vessel Breach occurs.

This characteristic determines the mode of vessel failure. The
mode ofvessel failure and the pressure in the reactor coolant
system just beforethe' failure of the vessel, Characteristic 4,
largely determine the eventsthat take place in the containment ;

-immediately following vessel breach. In two-of the failure modes, !

the failure of the vessel directly causes thefailure of the
,

containment as well.

Case 1: This case defines the conditions for Attribute
A, VB-HPME. High Pressure Melt Ejection results
when one or more penetration (s) fails and the :
vessel is above 200 psia. :

Case 2: This case defines the conditions for Attribute
B, VB-Pour. The molten core Pours out of the
vessel, driven primarily by the effects of
gravity. This mode of vessel failure always
occurs if the vessel is at low pressure when it
fails. It can also occur when the vessel is at
higher pressures if the gases in the vessel escape
before an appreciable amount of molten core
material leaves the vessel.

!

Case 3: This case defines the conditions for Attribute E,
Rocket. If the bottom head of the vessel fails
and the vessel is at very high pressure, it is
conceivable that the entire vessel could be
propelled upward and somehow fail the containment. '

As the Rocket failure mode requires that the bottom
head failure mode occur, either this case has
to be placed here, before the BtmHd case, or
the BtmHd case has to specify that no Rocket
failure occurs.

Case 4: This case defines the conditions for Attribute
C, VB-BtmHd. The vessel failure involves a
substantial part of the Bottom Head.

Case 5: This case defines the conditions for Attribute
D, Alpha. Alpha mode failure is defined to be a
steam explosion in the vessel that fails the vessel
and also results in containment failure.

Case 6: This case defines the conditions for Attribute F,
No-VB. Core damage was arrested before . vessel'
breach.

!

Characteristic'6. SGTR (Steam Generator Tube Rupture)
3 Attributes, 3 Cases

!

:
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This characteristic is not applicable to this analysis and is
included only to match the SURSOR code requirement. A dummy |

attribute is taken for all cases.
t
"

Characteristic 7. Amt-CCI (Amount of Core not in HPME available
for CCI)
4 Attributes,-4 Cases

The attributes for this characteristic are:
i

A. Lrg-CCI A Large amount of the Core (70-100%) not in HPME t

participates in the Core-Concrete Interaction.

B. Med-CCI A Medium amount of the Core (30-70%) not in HPME
participates in the Core-Concrete Interaction. !

C. Sml-CCI A Small amount of the Core (0-30%) not in HPME
participates in the Core-Concrete Interaction.

D. No-CCI There is no Core-Concrete Interaction.
,

'
This characteristic determines how much of the core that is not
in HPME that participates in the core-concrete interaction. '

Whether the CCI occurs at all, and the timing and the
conditions of the CCI, are determined in Characteristic 3. The i

selection of one of the first three attributes in this '

characteristic implies that CCI occurs. The definition of
,

this binning characteristic is different from the definition
'

used in the APET itself. In the APET, the amount of core in CCI
was the amount of the total core available to participate in CCI,
without respect to whether HPME had occurred. This value was used
in determining the amount of hydrogen pro- duced during CCI and :

the likelihood of basemat melt-through.- The primary use of this
binning characteristic is to ~ pass information on to ZISOR for
the source term analysis. SURSOR internally subtracts out the
amount of core' involved in HPME from the amount passed to it in i
this characteristic. (The fraction of the core involved. in HPME 3

is determined by Characteristic 9.) Therefore, in the binner it 1

is nccessary to define this characteristic as the amount of the )
core not involved in HPME that takes part in the core- concrete
interaction. Otherwise, the amount of the core participating in .

CCI would be subtracted twice.

Case 1: This case defines the conditions for Attribute D, |
No-CCI. If there is no prompt CCI, and there is no delayed 1

CCI, there is no Core-Concrete Interaction.

Case 2: This case defines the conditions for Attribute A,
Lrg-CCI. Either a Large amount of the Core (70-100%) was
determined to be available for CCI in the APET, .or HPME
occurred., In SURSOR, the fraction of the core involved in

;

HPME will be subtracted from the total amount of core ;

material. Setting Characteristic 7 to Large here ensures !
that a large fraction of the core not involved in HPME I

i

!
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is available for CCI. HPME is meant to include all the
events in which core material leaves the vessel first under i

high gas pressure, followed by blowdown of the gas. The PrEj i

case in the APET includes only those cases where the hole in
,

the vessel involves only a small fraction of the area of the '

bottom head. Thus the situation where the bottom head fails at
any pressure above a few hundred psia has to be specifically
included.

Case 3: This case defines the conditions for Attribute B,
Med-CCI. A Medium amount of the Core (30-70%) was
determined to be available for CCI in the APET.

Case 4: This case defines the conditions for Attribute C,
Sml-CCI. A Small amount of the Core (0-30%) was determined to
be available for CCI in the APET.

Characteristic 8. Zr-Ox (Zr Oxidation in-vessel)
2 Attributes, 2 Cases '

This characteristic is not applicable to this analysis and is
included only to match the SURSOR code requirement. A dummy
attribute is taken for all cases.

Characteristic 9. HPME (High Pressure Melt Ejection)
4 Attributes, 4 Cases

This characteristic is considered to be not important for this
analysis and is included only to match the SURSOR code requirement.
A dummy attribute is taken for all cases.

Characteristic 10. CF-Size (Containment Failure Size or Type)
4 Attributes, 4 Cases

The attributes for this characteristic are:

A. Cat-Rupt The containment failed by catastrophic rupture,
resulting in a very large hole and gross structural
failure.

B. Rupture The containment failed by the development of a
large hole or rupture; nominal hole size is 7
square feet.

C. Leak The containment failed by the development of a
small hole or a leak; nominal hole size is 0.10
square foot.

D. No-CF 'The containment did not fail.

_ __ _ _ _ - _ - _ - _ _ -
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This characteristic determines how the containment failed. The
first three attributes define the hole size if the containment
pressure boundary failed above ground. The fourth attribute ,

indicates that the pressure boundary did not fail. j

Case 1: This case defines the conditions for Attribute A,
Cat-Rupt. The containment failed by catastrophic rupture
or major structural failure. This can occur at vessel
breach or due to a hydrogen burn after VB.

Case 2: This case defines the conditions for Attribute B,
Rupture. The containment failed by the development of a '

large hole, denoted rupture in this analysis. This can occur
at vessel breach or due to a hydrogen burn after VB.

Case 3: This case defines the conditions for Attribute C,
Leak. The containment failed by the development of a small .

hole, denoted a leak in this analysis. This case includes !

situations with an isolation failure and core damage
arrest before vessel breach.

Case 4: This caso defines the conditions for Attribute D,
No-CF. The containment did not fail above ground or below
ground, and it was not bypassed.

Characteristic 11. RCS-Hole (Number of large holes in the RCS)
2 Attributes, 2 Cases

3

This characteristic is considered to be not important for this '

analysis and is included only to match the SURSOR code requirement. ;
A dummy attribute is taken for all cases. t

Characteristic 12. Time Window t
*

4 Attribute, 4 Cases

The attributes for this characteristic are:

1. Win-1: The core damage accident was initiated in Time Window 1.
. ,

1. Win-2: The core damage accident was initiated in Time Window 2.
r

1. Win-3: The core damage accident was initiated in Time Window 3. '

1. Win-4: The core damage accident was initiated in Time Window 4.
!
,

,

i

i
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B.4 Lising of the Binner for the Burry Shutdown Risk Study

Surry LP Binning - Rev. 1 - Sep 23, 93 - 12 Characteristics
12 CF-Time Sprays CCI RCS-Pres VB-Mode SGTR Amt-CCI.

Zr-Ox HPME CF-Size RCS-Hole WINDOW
7 7 V-Dry V-Wet Early-CF CF-at-VB L/VLate-CF Final-CF No-CF

.

1 7 40 l

6
noCF ;

1 1 30 i

izero
1 2 30

2 i

zero 1

j2 3 40 40
1+ 2

Leak-I or Rupt-I
1 4 40 '

3
Rupt-VB

!
2 5 40 40 '

4+ 5 !
Rupt-L Rupt-VL '

1 6 30 *

2 |
zero

8 8 Sp-Early Sp-E+I Sp-E+I+L SpAlways Sp-Late Sp-L+VL
Sp-VL Sp-Never

3 1 18 28 36
1 * -1 * -1

E-Sp & noLSP & noL2Sp -

1 2 30
2

zero
3 3 18 28 36

1 * 1* -1 :
E-Sp & LSp & noL2Sp- !

3 4 18 28 36
1 * 1 * 1 -

E-Sp & LSp & L2SP
3 5 18 28 36 i

-1 * 1 * -1
noE-Sp & LSp & noL2SP

3 6 18 28 36
-1 * 1 * 1

noE-SP & LSP & L2SP
3 7 18 28 36

~1 * -1 * 1,

noE-SP & noL-SP & L2-SP
1 8 36

2 '

:
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No-L2SP
6 6 Promt-Dry PromtShlw No-CCI PromtDeep SDlyd-Dry

LDlyd-Dry
2 1 33 19

1 * 2
PrmptCCI RC-Dry

1 2 30
2

zero
2 3 33 37

2 * 2
noPrmCCI & noDldCCI

2 4 33 19
1 * 1

PrmptCCI & RC-Wet
1 6 30

2
zero

1 5 37
1

DelydCCI
4 4 SSPr HiPr ImPr LoPr
1 1 30

2

zero/I-SSPr
1 2 30

2

zero/I-HiPr
1 3 15

1
I-ImPr

1 4 15
2

I-LoPr
6 6 VB-HPME VB-Pour VB-BtmHd Alpha Rocket No-VB
1 1 17

1
PrEj

1 2 17
2

Pour
1 3 17

3
BtmHd

1 4 17
'

5
Alpha

1 5 30
2

zero/ Rocket
1 6 17

4

noVB
3 3 SGTR SGTR-SRVO No-SGTRj

|
|

|
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1 1 30
2

zero/B-SGTR
1 2 30

2

zero/B-SGTR
1 3 30

1

one/ nob-SGTR
4 4 Lrg-CCI Med-CCI Sml-CCI No-CCI
1 3 30

,

2
zero

3 4 17 33 37
4 + ( 2 * 2 )

NO-VB or (NoPrmCCI & noDldCCI)
3 2 17 17 17

5 + 1 + 3
ALPHA or PrEj or BtmHd

1 1 17
2

pour
2 2 Lo-ZrOx Hi-Zrox
1 1 30

2
zero

1 2 30
1

one
4 4 Hi-HPME Md-HPME Lo-HPME No-HPME
1 1 30

2
zero

'

2 2 17 17
1+ 3

PrEj or BtmHd
1 3 30

2
zero

3 4 17 17 17
2+ 4+ 5

Pour or noVB or ALPHA
4 4 Cat-Rupt Rupture Leak No-CF
3 1 40 40 40

3 + 4 + 5
Rupt-VB or Rupt-L or Rupt-L2

1 2 40
2

Rupt-I
1 3 40

1
L'eak-I

1 4 40
6
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noCF
2 2 1-Hole 2-Holes
1 1 30

1
one

1 2 30
2

zero
4 4 WIN 1 WIN 2 WIN 3 WIN 4
1 1 1

1
WIN-1 ,

1 2 1
,

2
WIN-2

1 3 1
3

WIN-3
1 4 1

4
WIN-4

,
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Appendix C: Source Term Anslysis ,.

Appendix C: Source Term Analysis

C.1 Introduction

Source term estimation for a low power / shutdown (LP/SD) PRA was first investigated in an earlier abridged low
power / shutdown PRA study for Surryct.c2 It was decided in the abridged study that the source terms should
address uncertainty and wherever possible, the NUREG-1150 distributions for ST definition would be used to
calculate the source terms from an accident during mid-loop operation. The parametric code, SURSORcs, that was

developed in NUREG-1150 for Surry, was used to define the source terms in the abridged study. Two measures
were taken to assure the adequacy of the source terms: The first involved comparing the calculations from
MELCOR with the data used in and the results obtained from SURSOR. Second, an advisory group called the
Source Term Advisory Group was established to provide guidance, and any additional information on modifying
the SURSOR code for the LP/SD study.

1

Based on the results of the previous abridged study, the SURSOR code was used in the present study to predict the

source terms for the accident progression bins obtained in the accident progression (Level 2) analysis. Since it is

not pactical to perform consequence calculations (Level 3 analysis) for all sourci urms obtained in the present
| analysis (about 15,000), source terms were grouped according to their health effects. This source term partitioning

| process reduces the number of M ACCS calculations required for the Level 3 analysis. The methods used for source

term definition and partitigning are described in the following sections. Some of the source term calculational
results are also provided in this Appendix for information.

C.2 Source Term Definition

C.2.1 Description of Parametric Model

i
The SURSOR code, together with its associated distributions from NUREG-il50, was selected as the basis for ST

definition. This section provides a brief discussion of the SURSOR code, its evaluation (for modification, if
requited), and the final parametric model used.

SURSOR is a parametric computer code used in NUREG-1150 to predict source terms for full power operation.
Table C.1 lists the parameters used in the SURSOR code, which were defined in NUREG-1150 by expert elicitation.

A distribution, instead of a single value, was assigned to each parameter to address uncertainty. Considering the
differences between full power and shutdown operations, the Source Term Advisory Group, identified two *

parameters in SURSOR as important and possibly different than the values used in NUREG-1150. The first
parameter is the fraction of the fission prode:ts in the core that are released to the vessel before vessel breach (i.e., _

FCOR). The second parameter is the fraction of the fission products released to the vessel that are subsequently
released to the containment (i.e., FVES). The distributions of these two parameters as defined in NUREG-il50

were compared with MELCOR calculations to establish their values to be used in the low power / shutdown study.

The MELCOR model for Surry, which is a three-loop Westinghouse design, includes eight control volumes for the
primary reactor coolant system and seven control volumes for the containment. The core is nodalized into 39 cells.
The three radial rings are selected according to the arrangement for fuel enrichment. The axial nodalization is

divided into 13 sections, with 10 sections for the core region, one section for the lower core plate, and two sections

for the lower plenum. There are 126 heat structures in the model, which provide heat sinks as well as deposition

fNUREG/CR-6144 C
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areas fer fission products. The flat-bottom cylindrical geometry with a limestone /co,mmon sand concrete type is
used in .he cavity package. The number of rays used in the CORCON system is 75: 10 at the bottom,10 at the

corner, and 55 at the cavity wait The fuel dispersal interaction package, which is used to model low pressure
moltes fuel ejection from the reactor vessel to the cavity, is included in the model.

Since the primary system pressure is most likely to be low during a low power / shutdown accident sequence, the
primary system pressure is assumed in the MELCOR calculation to be at I atmosphere with the water level at the

top of the reactor core. "Ihe containment condition at the beginning of the accident is based on the most significant
containment failure mode predicted by the accident progression analysis. The containment is assumed to have a 1

2ft leakage area to the environment at an elevation of 16.4 ft above the lower compartment floor. The RHR system
is assumed to be failed at the beginning of the accident, and primary coolant injection and secondary heat removal

are assumed not available. The accident initiation time from reactor shutdown, one of the most important
parameters distinguishing full power and shutdown conditions, varies from 24 hours to 240 hours in the MELCOR

calculeions. The decay heat power for the various accident initiation time is based on the ANS standard for light
water reactor (ANS-5.1-1979) with a two-year reactor operation period and 80% capacity factor.

Figures C.l(a) and C.l(b) give the distributions (the range and the median value) of FCOR (fraction of fuel
inventory released to vessel) and FVES (material leaving the RCS as a fraction of those which are entering the RCS)

used in SURSOR, and the calculated values from MELCOR for three cases. As shown in Figure C.1, the
difference between the MELCOR calculated values for the three cases with different accident initiation times (24,
72, and 240 hours after reactor shutdown) is not significant. Figure C.2(a) and C.2(b) present the results of two
MELCOR calculati .ns with same accident initiation time but with different core damage status. In one calculation
the core continues to melt until the reactor vessel is breached. In another calculation core injection is recovered
at 175 minutes, when 45% of the core has been relocated to the lower plenum. Core melt is arrested after core
injection recovery and the vessel integ-ity is maintained. As shown in Figure C.2 the values predicted for the core

recovery case are less than those predicted for the MELCOR cases that proceeds to vessel breach. Certainly, the
release fractions for the core-recovery case would depend on the time of recovery.

In addition to the above comparison, the environmental release of fission products obtained from SURSOR and
MELCOR are also compared. In SURSOR, a source term is uniquely defined by the Accident Progression Bin
(APB) using eleven characteristics. Table C.2 presents the APB characteristics used in SURSOR and their
attributes. Table C.3 shows the APBs selected for comparison and the attributes for the 11 characteristics. These

'
are the APDs obtained from the accident progression event tree (APET) analysis in the abridged study and they
remain important in the present study. The attributes of the characteristics are defm' ed based on APET analysis,
the LP/S conditions or are not important for LP/S conditions.

In the SURSOR calculations, two hundred m n (or observations) of release fractions were produced for each of the

five bins presented in Table C.3 to address source term uncertainty. Figures C.3(a) through (d) present the ranges

(5 percentile to 95 percentile) of the release fractions of the nine radionuclide categories for APBs 1 through 4,
respectively. These figures show the median (50 percentile) and mean values of the release fractions from the 200
observations, and the calculations from the MELCOR cases that are related to the individual APBs. i

,

: I'
The above figures show that generally, the MEL values fall within the ranges of SURSOR predictions. |

Although, for some radionuclide categories, the MELCOR calculated values are closer to the upper ranges of the
SURSOR predictions, there are no apparent phenomenological reasons to modify the SURSOR distributions.
Consequently, the Source Term Advisory Oroup did not reconunend any change to the SURSOR code for ST
predictions. .

I
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Appendix C: Source Term Analysis -

C.2.2 Source Tenn Results

In the present study, the SURSOR code was used to predict the source terms for all the APBs in each cf the 100

observations. There are about 150 APBs in each observation. Although the total number of 3 T ' . (for de 100
observations) is 15,443, the number of APBs with different characteristics is only 360., Altbr agh sat.a APT.s (i.e.,
APBs with the same characteristics) occur in different observations, the source terms of the APBs in < ifferent
observations are different because the LIIS values vary from observation to observation. Table C 4 lists the 360

APBs, their characteristics (represented by their attribute strings), the frequency weighted mean release fractions

(of the 100 observations) for the nine radionuclide groups, and their mean frequencies. The exceedance frequencies
for the release fractions oicight of the nine radionuclide groups are presented in Figure C.4.

C.3 Sotirce Term Partition
3

5

.

.

4

e

,
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C.3 Source Term Partition
:

He accident progression and source term analyses resulted in a total of 15,443 source terms for internally
initiated accidents during mid-loop operation. It is computationally impractical to carry out a consequence
calculation for each source term to obtain the integrated risk for the selected consequence measures. To
create an interface between the source term analysis and the consequence calculation, the total number of .

,

source terms are grouped into a much smaller number of source term groups. The groups are created
such that the source terms within each group have similar properties with respect to consequences,i.e.,
their potential for causing early fatalities and latent cancer fatalities is similar. A frequency weighted mean ;

source term is determined for each group and the consequence calculations are performed for the mean i

source term in four time windows. His Appendix contabis some details pertinent to the source term |
partitioning procedures described in Chapter 7 of this report.

y C . g- '

The four core radionuclide inventories which were used in the partitioning consequence calculations for
the four time windows are shown in Table Mdd(Oh.). These inventories were obtained by interpolation
from the data published in Referene on the core inventories at Surry as a function of time after reactor
shutdown, cg

C.$
Table (3=.(Motd) Isotope Inventories for Four Time Windows (llq)

Radionucli Window 1 Window 2 Window 3 Window 4 MACCS
de 48 hr 120 hr 288 hr 768 hr Group |

,>

KR-88 1.6E+ 13 3.75 E+05 0.00E+00 0.00E+00 1

KR-87 6.2E+06 0.00E+00 0.00E+00 0.00E+00 1

XE-133 4.8E+ 18 3.36E+ 18 1.76E+18 9.68E+16 1

XE-135 2.9E+ 17 1.48E+ 15 0.00E+ 00 0.00E+00 1

,

KR-85 1.8E+ 16 1.73E+ 16 1.73E+ 16 1.72E+16 1

KR-85M 4.4Ls+ 14 6.41E+ 09 0.00E+ 00 0.00E+ 00 1

1-132 2.5 E+ 18 1.33E+ 18 4.60E+ 17 4.27E+ 15 2 ;

I 131 2.3E+ 18 1.76E+ 18 1.14E+ 18 1.72E+ 17 2 <

I-133 1.1E+ 18 1.02E+ 17 1.86E+ 15 4.26E+ 07 2

1-134 7.7E+ 02 0.00E+ 00 0.00E+ 00 0.00E+00 2 !
-i

1-135 3.3E+ 16 1.73E+ 13 0.00E+ 00 0.00E+00 2 !

>

CS-136 8.l E+ 16 6.90E+ 16 5.29E+ 16 1.65 E+ 16 3

CS-137 1.8E+ 17 1.81 E+ 17 1.81 E+ 17 1.80E+ 17 3

CS-134 2.1 E+ 17 2.12E+ 17 2.llE+ 17 2.07E+17 3 i
:

RIl-86 3.l E+ 15 2.82E+15 2.34 E+ 15 1.03E+ 15 3

!TE-127 2.2E+ 17 1.42E+ 17 7.86E+ 16 2.78E+ 16 4

TE-127M - 3.'2E+ 16 3.21E+16 3.14E+ 16 2.75 E+ 16 4 .

I
Sil-127 2.0E+ 17 1.14 E+ 17 4.63E+ 16 8.81E+ 14 4

.

c-7
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Radionucli Window 1 Window 2 Window 3 Window 4 htACCS
de 48 hr 120 hr 288 hr 768 hr Group

SB-129 3.8E+ 14 3.68E+ 09 0.00E+00 0.00E+ 00 4

TE-131M 13E+17 237E+16 1.48E+ 15 7.47E+ 09 4

TE-132 2.4 E+ 18 1.29E+ 18 4.47E+17 4.14E+15 4

TE-129 7.7E+ 16 7.23E+ 16 6.52E+16 4.14E+ 16 4

TE-129M 1.2E+ 17 1.11E+17 1.00E+ 17 636E+ 16 4

SR-90 13E+17 134E+17 134E+17 134E+17 5

SR-91 1.0E+17 5.26E+14 0.00E+00 0.00E+ 00 5

SR-92 1.7E+ 13 1.68E+ 05 0.00E+00 0.00E+ 00 5

SR-89 2.6E+18 2.54E+ 18 237E+18 1.75 E+ 18 5

CO-58 2.26E+16 2.19E+ 16 2.06E+16 1.69E+ 16 6

CO-60 1.76E+16 - 1.76E+ 16 1.75 E+ 16 1.74E+ 16 6

RU-103 3.8E+18 3.57E+ 18 3.27E+ 18 2.22E+ 18 6

TC 99M 2.8E+ 18 132E+ 18 3.74E+ 17 1.46E+ 15 6

!M O-99 2.9E+ 18 137E+ 18 3.88E+ 17 1.52E+ 15 6

RU-105 1.5E+ 15 1.94E+ 10 0.00E+ 00 0.00E+ 00 6

Ril 105 1.1E+18 2.60E+17 2.48E+ 16 7.92E+ 11 6

RU-106 9.2E+17 9.13E+17 9.04 E+17 8.68E+ 17 6

IA-140 4.6E+ 18 4.03E+ 18 3.12E+ 18 9.53E+ 17 7 i

!
AM 241 2.90E+ 14 2.90E+ 14 2.90E+14 2.90E+ 14 7

CM-242 3.14E+ 16 3.11E+ 16 3.01E+ 16 2.77E+ 16 7 i

CM-244 1.86E+ 15 1.86E+ 15 1.85 E+15 1.85 E+ 15 7

ND-147 . 1.6E+ 18 1.29E+ 18 9.44E+ 17 238E+17 7

IA-141 1.0E+ 15 3.11 E+ 09 0.00E+ 00 0.00E+00 -7 i

IA-142 2.2E+09 0.00E+ 00 0.00E+ 00 0.00E+00 7

PR 143 4.0E+ 18 3.50E+ 18 2.74E+18 8.94 E+ 17 - 7

Y-93 1.5 E+ 17 1.11E+ 15 0.00E+00 0.00E+ 00 ' 7

Y 92 1.2E+ 15 9.48 E+ 08 0.00E+00 0.00E+ 00 7
*

7.R-95 4.4 E+ 18 4.25E+ 18 4.02E+ 18 3.17E+ 18 7

NH-95- 4.4 E+ 18 4.36E+ 18 433E+18 4.06E+ 18 7 )
ZR-97 6.2E+ 17 3.26E+ 16 2.37E+ 14 934E+04 7

Y 91 3.4E+ 18 3.27E+ 18 3.08E+ 18 2.37E + 18 7

Y-90 1.4 E+ 17 136E+ 17 135E+ 17 134E+ 17 7

)

[
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Radionucli Window I Window 2 Window 3 Window 4 MACCS
de 48 hr 120 hr 288 hr 768 hr Group

PU-239 7.l E+ 14 7.11E+14 7.14 E+14 7.15E+ 14 8

PU-241 2.0E+ 17 2.04 E+ 17 2.04E+ 17 2.04E+ 17 8

PU-240 8.9E+ 14 8.94E+ 14 8.94E+ 14 8.94 E+ 14 8

PU-238 2.8 E+ 15 2.77E+ 15 2.18E+ 15 2.81 E+ 15 8

CE-144 2.6E+ 18 2.56E+ 18 2.53E+ 18 2.39E+18 8

CE-143 1.5E+18 3.36E+ 17 2.70E+ 16 4.13E+ 11 8

NP-239 2.9E+ 19 1.20E+ 19 2.76E+18 4.27E+ 15 8

CE-141 4.3 E+ 18 4.07E+ 18 3.66E+ 18 2.29E+18 8

BA-140 4.2E+ 18 3.58E+ 18 2.73E+ 18 8.28E+ 17 9

UA-139 1.8 E+ 08 0.00E+ 00 0.00E+ 00 0.00E+00 9

'llic partitioning procedures described below consist of defining an early health effect weight, EII, and a
latent health effect weight, Lil, for each source term and grouping the source terms based on these
weights.

[adjM k N )

C.3.1 Calculation of Eli W44rt-e
4

The (arly health effect weight was calculated by converting the radionuclide releases associated with a
range of source terms into equivalent I-131 releases. Surry site-specific consequence calculations of the
early health effects were performed in each of the time windows used in the analysis and the results were
presented as a function of equivalent 1-131 release. This correlation of the estimated number of early
health effects is the Ell wei ht which was used in partitioning of all source terms.

The'% relationship between'the early health effect weight and the equivalent I-131 release is shown in Figure
/

C....#. ~lliis relationshjil was produced by following the methodology used in the PARTITION code,
Reference 6. Table C.f shows the equivalent 1-131 inventories in four time windows for a range of source
terms used to predict the Ell weight.

(o
Table C.[ Equivalent I-131 Inventory for Four Time Windows (11q)

Window 1 Window 2 Window 3 Window 4

3.55e + 15 1.85e + 15 9.50e + 14 6.59e + 13

1.85e + 15 1.02c + 17 5.27e + 16 3.48e + 15

9.50e + 14 5.27e + 16 5.85c + 16 4.19e + 15

6.59e + 13 3.48e + 15 4.19e + 15 4.96c+ 15 I
|

2.59e+ 17 1.35c + 17 6.90c + 16 5.94e + 15 |

3.08c + 17 1.61c + 17 8.23e+ 16 8.24e + 15
1

1

I
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Window 1 Window 2 Window 3 - Window 4

2.90e + 17 1.53e+ 17 7.86e+ 16 9.51c + 15

5.08e+ 17 2.66e + 17 134c+17 1.53e + 16

436e+17 233c+ 17 1.21c+ 17 1.96e+16

- 2.64e + 17 1.46e+ 17 - 8.06e + 16 2.15c+ 16 .

3.59e+ 17 1.99e + 17 1.11e+ 17 3.04e + 16 ;

5.27e+ 17 2.97e + 17 1.68e+17 5.27e +16
,

6.23e + 17 3.55e+ 17 2.03e+ 17 6.84e +16

9.92c + 17 5.73e +17 3.26e+ 17 1.15e +17

1.22e+ 18 7.07e+ 17 4.06e+ 17 1.50e +17

1.75c +18 1.02c + 18 5.94e+ 17 233c+17

2.88e +18 1.71c+ 18 9.87e+ 17 3.98e+ 17

3.69e + 18 232e+18 1.46e+18 6.68e+ 17 !

5.62c + 18 3.44e + 18 2.08e+ 18 9.05e+ 17

734e+ 18 4.48e+ 18 2.72e+18 1.25c+ 18 'i
i

1.17e + 19 7.53e+ 18 4.82c+ 18 231e+18 ,

1.76e+19 1.21e+19 8.25e+18 4.14e+18

2.62e + 19 1.88e + 19' 135c+19 7.03c+ 18
:

' 2.91e+19 2.09e+19 1.49e + 19 7.80e+18 '

4.53e+ 19 3.04e+ 19 2.05e + 19 1.04e+19 j

V
Using the data displayed in Fig. C L&1'or the early health effects,213 source terms with EII > 0 and Lli > {
0 have been identified and grouped into four cells as shown in section C33 below.

~

|Afest Lt.u F r, He A s x y U , |
C.3.2 Calculation ogLII "';.,,h: G.-

-

The latent health effect weight, LII, was calculated by assuming a linear relationship between the number . !
oflatent cancer fatalities due to n particular radionuclide and the amount of release of that radionuclide. j

The average release fractions for the nine MACCS groups (averaged over all 15,433 source terms . .]
*

generated by SURSOR) were calculated to be used in the LII weight consequence calculations. Thirty six l
consequence calculations were then performed, nine for each of the four time windows. Each of the nine . l

calculations was run with only one of the nine radionuclide groups present in the source temi while the.
release fractions of the remaining eight groups were set to zero. The results of the thirty six calculations
for number of latent heahh effects are presented in Table .Md (LI4,,, where i = 1,9 is the number of

' radionuclide groups and w = 1,4 is the number of time windows) The last column in Table . Nc . 7
_

contains the release fractions of the nine MACCS radionuclide g oups averaged over all 15,433 source

"c.7
C-/0
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c.7
Table #/61d- Numbers oflatent IIealth Effects Predicted in the til Weight Calculations

|

h1ACCS Window 1 Window 2 Window 3 Window 4 Average
Radionuclide Source

Group Term

Xe 3.98E-01 2.23E-01 1.17E-01 6.53E-03 0.77

I 3.99E+01 2.97E+01 2.02E+ 01 3.74E+ 00 0.165

Cs 6.04 E+ 02 6.03E+ 02 6.02E+ 02 6.02E+ 02 0.133

Te 4.37E+ 01 2.44E+ 01 9.84 E+ 00 1.34E+ 00 0.075

Sr 3.57E+01 3.53E+ 01 3.46E+ 01 3.30E+ 01 0.02

Ru 2.96E+ 01 2.88E+ 01 2.79E+ 01 2.53E+01 0.004

La 3.01E+ 01 2.92E+ 01 2.78E+ 01 2.31 E+01 0.002

Ce 1.21E+ 02 1.19E+ 02 1.17E+ 02 1.14E+ 02 0.006

Ba 5.64 E+ 01 4.91E+ 01 3.89E+01 1.46E+ 01 0.02

C.'7
The four corresponding values of latent h alth effects (LII) predicted by using the complete source terms
(" complete"in the pres.rt context mean. that all radionuclide groups are non.zero) for four windows are
(L/f.): 6.79E+02,6.56fi+02,6.36E+0), and 6.25E+02, respectively. Summation of LII, over ninet

groups for four windows in Table . #' .4sid produces LIf, for four windows (superscript "s" stands for
" separate', i.e., calculation with only one non-zero radionuclide group): 9.61E+ 02, 9.19E+ 02, 8.78 E+ 02,
and 8.17E+02, respectively. An adjustment factor AF,,, is calculated as LIf,fLIf, (7.07E-01,7.14E-01,
7.24E-01, and 7.65E-01) to be used in the final steps of the partitioning procedure.

The adjustment factor AF,is needed to take into account the effects of the counter-measures: population
is relocated based on the projected individual dose level. These dose projections are made using combined
effect of all radionuclide groups. Therefore, the collective dose (and latent heahh effects) predicted for a
" complete" source term will be lower than a sum of doses predicted in " separate" radionuclide group
calculations because of a more extensive relocation of the population.

In adlition,in order to account for the dependency of the health consequences on the decay of the core
inventory, a window factor, WF, defined as a ratio of the inventory of a particular MACCS isotope group
in any window to the corresponding inventory for window I was also calculated and it is shown in Table

7.6old.

,
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Table . 31md Windows Inventories Relative to Inventory of Window I

Window I Window 2 Window 3 Window 4

Xe 1 0.664 0349 0.022 !

! 1 0.538 0.271 0.030

Cs 1 0.973 0.936 0.848

Te 1 0.556 0.239 0.051

Sr 1 0.928 0.870 0.655

Ru 1 0.648 0.432 0.269

I2 1 0.901 0.794 0.510

Ce 1 0 :09 0.243 0.130

lla 1 0.851 0.648 0.197

c.7 c.F
Using the information presented in Tables . 2Jef3 and . 74:2#, the number oflatent health effects for all
15,443 source terms (i.e., Lll,, where j = 1 to 15,443) can be estimated using the following correlation:

.

LII,. -| < LI% x RF,.x IVF,,x AF,,1 (7.1)
y RF|,

where RF, is the release fraction of the MACCS isotope group i and IJ/,,,, is the corresponding latent
health effect corresponding to the average source term Rli for the same radionuclide group i. Use of the
window factor, li'F, is based on the assumption that the number of latent health effects is proportional to
the magnitude of release.

Finally,15,230 source tenns with LII > 0 and 1111 = 0 were grouped into twenty one cells assuming a
Max / Min ratio of 1.5 for each cell as discussed in section C33 below.

C.33 Results of Source Terms Partitioning
E

Using the data displayed in Fig. C.#ffor early fatalities and the correlation of section C3.2 between the >

release fractions and time windows and the number oflatent health effects, values of I!lls and Lils for all-
15,443 source terms were calculated and the source terms subdivided into three groups:

a) lill > 0 and Lil > 0 (total of 213 source terms),

b) till = 0 and IJl > 0 (total of 15,220 source terms), and

C-/L
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c) Ell = 0, LII = 0 (no source terms).

Each of the above categories was treat. d separately for partitioning.

The logarithms of minimum and maximuni preoictions for the early and latent fatalities for group (a) are
as follows:

legio(Afin Ell) = -2.0; legio(hfax EII) = 0.6,
legio(hfin I.II) = 3.6; legio(hiax LII) = 4.0.

'Ihe logarithms of minimum and maximum predictions for the early and latent fatalities for group (b) are
as follows:

Logio(hiin Lil) = -0.9; Logio(hiax Lil) = 3.5.

Group (a). In the p ocess of partitioning for the latent fatalitics, all source terms in group (a) were placed
into four groups defeed such that the ratio of the maximum LII to minimum LII within the same group
was 1.5. Similar ratio for the four groups used to partition source terms based on the number of the early
health effects was 10. Partitioning of the source terms was performed in two steps. First, the source terms
were assigned to the corresponding cells according to the health effect weights. Results of this preliminary
partitioning for group (a) are shown in Table C.P

$

9
Table C.f. Preliminary Partitioning of Source Terms with Non-Zero Early Fatalities and Non-Zero Latent
Fatalities

EII Weight

Number of Source 33 0.74
Terms

24 27 24 18 -0.26 |
60 17 4 6 -1.26 !

LII Weight (mid. 3.64 3.82 4.00 4.17 i
point)

ST Group 22 23 24 25 !

Secondly, based on the number of source terms in each cell, the source terms were combined in the cells
carrying the highest number of source terms. Results of this final partitioning for group (a) are shown in

Table C.f.
to

c - /3
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Table C./. Final Partitioning of Source Terms with Non-Zero Early Fatalities and Non-Zero Latent
Fatalities

Eli Weight

Number of Source 57 0.74
Terms

44 28 -0.26
_

84 -1.26

Lil Weight (mid. 3 64 3.82 4.00 4.17
point)

ST Group 22 23 24 25

Croup (b). no one dimensional partitioning of the source terms in group (b) which contains source terms

with zero early health effects and non-zero latent health effects is shown in Tabic C)R/f
*

As a result of partitioning,25 source term groups were formed for further consequence calculations. A
frequency weighted mean source terr, was then calculated by frequency averaging the source terms in each

of these 25 partition groups. The resulting 25 mean source terms are shown in Table Cf.

/P
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I
Appendix.C: Source Term Analysis 1

Table C.1 Parameters Used in the SURSOR Code

i

FCOR Fraction of the radionuclide in the core released to the vessel before or at vessel
breach (VB)

FVES Fraction of the radionuclide released from the vessel to the containment before or at
'

VB

VDF Decontamination factor for pool scrubbing for Event V C nof med)
FCONV Fraction of the radionuclide in the containment from RCS release that is released

from the contauuu:st in the absence of any mitigating effects

FCCI Fraction release of radionuclide from corium during CCI

FCONC Containment transport fraction for ex-vessel release

SPRDF Decontamination factor for containment sprays

LATEI Fraction of the iodine deposited in the containment which is revolatilized and
released to the environment late in the accident

FLATE Fractional release of material deposited in the RCS due to revaporization

DST Fraction of core radionuclide released to the containment due to DCH at VB

FISGFOSG Fraction of radionuclide released from the RCS to the steam generator, and from the
steam generator to the environment C Hof qgd)

POOL-DF Decontamination factor for a pool of water overlying the core debris during CCI

,

'

NUREG/CR-6144
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Table C.3 Frequency-Weighted Release Fractions and Frcquencies

1 CHADBCABDBAB 1.000E+00 4.310E-01 3.884E-01 2.167E 01 6.362E-02 6.039E-03 7.747E-03 1.149E-02 5.585E 02 4.174E 07
2 CHADBCABDBAC 1.000E+00 4.128E-01 3.649E 01 2.232E-01 7.863E-02 6.400E-03 9.742E 03 1.348E-02 6.780E-02 2.994E 07
3 CDCDFCDBDBAB 8.433E 01 1.407E-01 1.136E-01 5.439E 021.392E-02 2.890E-03 8.251E-04 3.671E 031.484E-02 2.785E-07
4 CHCDF CDBDBAB 8.352E-01 1.334E-01 1.091E-01 4.728E 02 7.374E-03 1.965E-03 4.435E-04 2.038E-03 8.273E 03 2.280E 07
5 CDCDFCDBDBAC 8.122E-01 1.186E-01 8.812E 02 4.487E 02 1.519E-02 2.874E-03 8.964E-04 3.953E 03 1.600E-02 2.165E-07
6 GMEDBCABDDAA 5.000E 03 1.330E-04 6.603E-07 3.889E-071.400E-071.050E-08 1.562E-08 2.077E 081.175E-071.959E-07
7 CHCDF CDBDBAC 8.099E-01 1.144E-01 8.780E-02 3.851E 02 7.339E-03 1.790E-03 4.282E 04 1.888E-03 8.150E-03 1.741E 07
8 CHADBCABDBAA 1.000E+00 5.015E-01 4.621E-01 2.631E 01 6.994E-02 7.239E-03 8.911E 03 1.245E-02 6.410E-02 1.595E-07
9 CGADBCABDBAB 1.000E+00 4.319E-01 3.849E-01 2.072E 01 7.240E-02 6.794E-03 8.520E-03 1.391E-02 6.372E 02 1.580E-07

10 GDCDBCDBDDAA 5.000E 03 9.194E-05 2.754E-09 1.472E 09 4.288E 10 8.350E-11 1.826E-11 7.210E-11 4.550E-10 1.484E-0/
11 GKDDBCABDDAA 5.000E 031.327E-04 3.668E-07 2.067E-07 4.025E 08 9.186E-09 2.334E-09 7.632E-09 4.386E-081.448E-07
12 CDCDF CDBDB AA 8.244E-01 1.514E-01 1.281E-01 6.185E-02 1.093E-02 2.871E-03 5.880E-04 2.593E 03 1.228E-02 1.240E-07
13 GDDDBCABDDAA 5.000E-03 1.589E-04 3.685E 09 2.085E-09 6.088E-10 8.499E 11 4.091E 119.523E-11 5.813E 10 1.097E-07
14 CGADBCABDBAC 1.000E+00 4.157E 01 3.645E-01 2.078E 01 8.569E-02 6.916E-03 1.016E-02 1.574E-02 7.392E-02 1.090E-07
15 CHCDF CDBDBAA 8.543E 01 1.556E 01 1.330E-016.381E 02 9.515E 03 2.657E-03 5.294E-04 2.443E-031.081E 021.069E-07
16 CFADBCABDBAB 1.000E+00 4.335E-01 3.864c.01 2.099E-01 7.333E-02 6.926E 03 8.636E-03 1.414E-02 6.461E-02 1.058E-07
17 CFADBtABDBAC 1.000E+00 4.178E 01 3.657E-01 2.115E-01 8.768E-02 7.140E-03 1.040E-02 1.622E-02 7.576E-02 6.643E-08
18 GDCDFCDBDDAA 4.122E 03 4.994E 05 1.249E-09 6.411E-101.802E-10 3.583E-11 7.617E 12 2.963E-11 1.925E-10 6.250E-08
19 CCADBCABDBAA 1.000E+00 5.024E-01 4.626E-01 2.584E-01 7.959E-02 6.887E-03 9.255E-03 1.302E 02 6.948E 02 5.947E 08
20 CDCDFCDBDDAB 4.106E-03 4.407E-05 9.361E-10 4.273E 10 5.702E-11 1.650E-11 2.495E 12 9.185E 12 6.519E 115.818E-08
21 GHCDF CDBDDAA 4.075E-03 6.148E-05 2.292E-07 9.753E-08 9.855E 09 3.339E-09 4.605E-101.654E-091.190E-08 5.234E-08
22 CFADBCABDBAA 1.000E+00 5.069E-01 4.690E 01 2.647E-01 8.139E-02 7.085E-03 9.495E-03 1.328E-02 7.110E-02 5.118E-08
23 GHCDFCDBDDAB 3.972E 03 5.410E 05 1.977E-07 8.265E-08 8.523E-09 2.859E-09 4.253E-10 1.652E-09 1.028E-08 5.063E-08
24 CHr.DBCABDBAD 1.000E+00 5.149E 01 4.855C 01 2.020E 01 5.555E 02 6.260E 03 5.606E-03 1.483E-02 4.965E-02 5.026E-08
25 GHADBCABDDAB 5.000E-03 2.019E-04 7.505E-07 4.117E-07 7.400E-08 7.269E-09 6.816E-091.056E-08 6.303E-08 4.666E-08
26 GDCDBCDBDDAB 5.000E-03 6.374E-05 2.128E-09 1.217E-09 4.166E-10 7.851E 11 1.850E 11 7.662E-11 4.391E-10 4.191E-08
27 CDCDFCDBDBAD 7.881E-01 1.223E-01 8.641E-02 3.634E-02 1.100E-02 2.246E 03 8.266E 04 4.491E 03 1.168E-02 3.792E 08
28 GHADBCABDDAA 5.000E-031.535E-04 8.20$E-07 3.689E-07 5.473E 08 6.945E-09 4.858E-09 7.129E-09 4.865E-08 3.695E-08
29 GDDDBCABDDAB 5.000E-03 1.460E-04 2.755E-09 1.580E 09 5.167E-10 7.929E-11 3.219E-11 9.052E 11 5.112E-10 3.096E-08
30 ChADBCABDDAD 5.000E-03 1.541E 04 6.680E-07 4.291E-07 1.264E 07 9.041E-05 ,348E-08 2.235E-08 1.046E-07 2.205E-08

31 GHEDBCABDDAB 5.000E-03 1.580E-04 6.771E-07 3.987E-071.016E-07 8.457E-09 1.172E-081.610E 08 8.779E-08 2.194E-08
32 CHCDFCDBDBAD 8.242E-01 1.474E-01 1.181E-01 5.610E-02 1.670E 02 3.682E-03 1.366E-03 7.948E-03 1.771E-02 2.138E-08
33 EFADBCABDAAA 1.000E+00 2.723E 02 9.914E-04 6.034E-04 2.375E-04 1.074E-05 3.227E-05 3.671E-05 1.811E-04 2.005E-08
34 CHEDBCABDCAA 1.000E+00 2.662E 01 2.292E 01 1.157E-01 3.909E 02 5.046E-03 4.340E 03 6.879E-03 3.739E-02 1.975E;08
35 GHADBCABDDAC 5.000E 031.567E 04 7.054E-07 4.003E-07 8.568E 08 8.461E-09 7.645E-091.217E-08 7.313E-081.941E-08
36 CGADBCABDBAD 1.000E+00 5.164E 01 4.905E-01 1.504E-01 4.385E-02 4.374E-03 4.590E-03 1.080E-02 3.902E-02 1.900E 08
37 CDCDFCDDDD'a 4.152E-03 4.318E 05 1.405E-09 7.582E 10 2.264E-10 4.498E-11 9.630E-12 3.754E 11 2.416E-101.774E 08
38 CDCOBCDBD;AA 1.000E+00 3.017E-02 1.137E-02 6.805E-03 2.638E-03 4.737E-04 1.116E-04 4.438E-04 2.765E-03 1.695E-08
39 GHDDBCABfDAB 5.000E-03 1.577E-04 3.604E-07 1.981E-07 3.065E-08 6.619E-09 2.581E-09 6.946E-09 3.244E-081.622E-08
40 GDCDFCDD4 DAD 4.398E 03 4.556E-05 1.280E-09 6.28?E-10 1.605E 10 3.295E-11 6.879E-12 2.706E-11 1.716E-10 1.548E-08
41 CHDDBCAIDCAA 1.000E+001.921E 01 1.392E-01 7.758F-02 1.951E-02 4.053E-03 1.15BE-03 3.726E-03 2.092E 021.460E 08
42 EGADBCAE DAAA 1.000E+00 9.420E-02 7.201E 02 4.092E-02 5.399E 03 7.792E 04 4.693E-04 8.176E-04 5.009E-03 1.437E-08
43 CHCDFCDBDDAC 4.078E 03 4.091E-05 1.694E-07 8.107E-081.361E 08 3.762E 09 6.857E-10 2.703E-091.575E-081.418E 08
44 CHCDFCDBDDAD 3.982E-03 3.67/E-05 1.339E-07 5.869E 081.408E-08 3.012E-09 8.546E 10 4.024E-091.527E-081.388E-08
45 CDDDBCABDCAA 1.000E+00 4.722E-021.441E 02 8.087E 03 3.269E-03 4.843E-04 2.102E 04 5.421E-04 3.210E-031.253E-08
46 EFADBCABDAAB 1.000E+00 3.493E 02 9.017E*f' 6.967E-04 1.509E-04 7.240E-06 1.814E-05 1.876E-05 1.105E-04 9.497E 09
47 CFADBCABDBAD 1.000E+00 5.201E 01 4.957E ** %31E 01 4.557E-02 4.616E-03 4.794E 03 1.149E-02 4.071E-02 9.474E-09
48 GCADBCABDDAB 5.000E-03 1.596E-04 3.639E4- >f 3E 09 5.274E-10 5.553E-11 4.938E-11 7.484E-11 4.612E-10 8.610E-09
49 CDCDFCDBDCAA 7.922E-01 1.450E-02 4.516E-0; i.Lo2E-03 9.703E 04 1.792E-04 4.099E-05 1.612E-04 1.022E 03 7.703E 09
50 CDCDBCDBDBAB 1.000E+00 3.418E 01 2.736E-01 1.389E-01 4.756E-02 8.514E 03 2.724E-03 *.193E-02 4.952E-02 7.536E-09
%) CDCDFCOBDCAB 7.979E-01 1.163E-02 2.452E 03 1.153E-03 2.664E-04 5.680E 05 1.136E-05 4.405E-05 2.884E 04 7.102E-09
52 CGCDBCDBDDAA 5.000E-03 7.050E 05 1.879E 09 8.524E-10 1.284E 10 3.096E-11 5.530E 12 2.059E-11 1.441E-10 6.684E-09
53 ECADBCADDAAB 1.000E+00 7.786E 02 4.262E 02 2.859E-02 3.651E-03 3.816E-04 3.507E D4 4.863E-04 3.094E-03 6.622E-09
54 CDCCFCDBDBAA 8.193E-01 1.320E-01 1.137E-01 5.65BE-02 1.127E-02 2.79BE-03 6.793E-04 3.323E-03 1.240E-02 6.481E-09
55 CHACACBBBBAA 1.000E+00 3.938E 01 3.563E 01 1.647E 01 3.329E-02 7.338E-03 5.373E-03 5.979E-03 3.235E-02 6.393E-09
56 CHCDFCDBDCAA 7.602E-019.325E-02 7.160E-02 2.960E-02 4.206E-03 1.248E 03 2.005E-04 7.359E-04 4.997E-03 6.109E-09
57 CDCDBCDBDBAC 1.000E+00 3.090E-01 2.316E-01 1.254E-01 5.163E-02 8.680E-03 2.966E-03 1.301E-02 5.331E-02 6.085E-09
58 CHCDFCDBDCAB 7.534E 01 7.972E 02 5.865E-02 2.399E-02 3.356E 03 9.984E-04 1.713E-04 6.734E-04 3.993E-03 6.047E-09
59 CHCCFCDBDBAA 8.668E 01 1.496E-01 1.374E-01 6.302E-02 9.936E-03 2.638E-03 6.403E-04 3.335E-03 1.102E-02 5.752E-09
60 CHADBCABDCAB 1.000E+00 2.740E 01 2.278E-01 1.034E-01 1.950E-02 2.771E-03 1.855E-03 3.324E 03 1.817E-02 5.744E-09
61 CDCDBCDBDCAB 1.000E+00 2.035E-02 8.124E-03 5.165E 03 2.152E-03 3.854E-04 9.350E 05 3.821E-04 2.250E-03 5.673E-09
62 GFADBCABDDAB 5.000E-03 1.607' ( i 3.656E-09 2.009E-09 5.377E 10 5.582E-11 5.083E 11 7.618E-11 4.690E-10 5.611E 09
63 DHECACBBBAAA 1.000E+00 4.018L ;i 3.881E 01 1.686E-01 3.645E-05 1.822E-02 4.869E-03 7.092E-03 3.960E-02 5.572E-09
64 CDDDBCASDBA6 1.000E+00 3.621E 01 2.858E-01 1.508E-01 4.947E-02 8.599E-03 3.02EE-03 1.224E-02 5.099E-02 5.566E 09
65 CGADBCADDDAD 5.000E-03 1.401E-04 4.051E-09 2.693E-09 9.892E 10 8.741E-11 8.136E-11 1.35BE-10 8.398E-10 5.219E 09

.
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66 E GDDCCABD AAA 1.000Eo00 4.534E 02 9.5DGE-021.005E-021.633E 03 3.012E-04 9.563Ey05 2.570E-041.681E-03 4.G91E-09
67 CHADBCABDCAA 1.000E+00 3.763E-01 3.596E-01 1.157E-01 1.436E 02 2.640E 03 1.174E-03 2.182E-03 1.462E-02 4.873E-09
68 GCADBCABDDAC 5.000E 031.443E-04 3.976E-09 2.265E-09 6.089E-10 6.475E-11 5.224E-11 8.386E 11 5.305E 10 4.4&3E 09
69 CDDDBCABDBAC 1.000E+00 3.317E-01 2.462E-01 1.385E-01 5 (11E-02 8.800E-03 3.325E-03 1.343E-02 5.529E 02 4.470E-09
70 CGCDBCDBDDAB 5.000E-03 3.995E 05 1.456E-09 7.294E 10 1.621E 10 3.430E 11 6.898E 12 2.661E 11 1.745E-10 4.341E-09
71 DDCCACDBBAAA 1.000E+00 1.061E 01 8.857E 02 3.200E-02 5.481E-03 1.003E 02 2.195E-03 2.232E-03 7.930E-03 4.308E-09
72 CDDDBCABDCAB 1.000E+00 4.066E 02 9.763E 03 5.975E-03 2.552E-03 3.896E-04 1.520E-04 4.412E-04 2.517E-03 4.182E-09
73 EFADBCABDAAC 1.000E+00 3.231E 02 1.364E 03 8.969E 04 2.948E-04 1.378E 05 3.911E-05 4.416E-05 2.226E-04 3.617E-09
74 CDCDBCDBDBAA 1.000E+00 3.393E 01 2.854E 01 1.282E-01 1.923E-02 5.015E-03 9.914E-04 4.153E-03 2.159E-02 3.532E 09
75 CHEDBCABDBAA 1.000E+00 4.889E-01 4.501E-01 3.00SE 01 9.791E-02 8.326F-03 1.103E-02 1.562E 02 8.456E-02 3.514E 09
76 EFCDBCDBDAAA 1.000E+00 2.172E-02 7.518E 05 3.996E-05 2.836E-06 7.853E-071.?88E 07 4.704E-07 3.246E-06 3.327E-09
77 CHA00CBBDBAB 1.000E+00 3.898E-01 3.174E-01 2.420E 01 1.406E-01 1.549E-02 1.239E-02 3.173E-02 1.295E 01 3.229E-09 '

78 ECDDBCABDAAB 1.000E+00 3.010E-02 1.104E 02 6.830E 03 1.345E-03 2.615E-04 6.819E-05 2.186E-04 1.409E-03 3.179E-09
79 CDCCFCDBDDAA 4.117E-03 4.568E-05 1.051E 09 5.478E 10 1.500E-10 2.965E 11 6.345E-12 2.474E-11 1.599E-10 3.165E-09

'

80 CHEDBCABDCAS 1.000E+00 2.?91E-01 1.975E 01 1.050E-01 2.709E 02 3.544E 03 3.278E-03 4.879E-03 2.565E-02 2.926E-09
81 CHCCFCDBDDAA 4.155E-03 6.595E-05 1.986E-07 8.246E 08 7.450E-09 2.483E 09 3.480E-10 1.301E-09 8.850E-09 2.923E-09
82 CFADBCABDDAC 5.000E 031.433E-04 3.987E-09 2.294E 09 6.273E 10 6.571E-11 5.428E 11 8.642E 11 5.455E-10 2.684E-09
83 CFADBCABDCAA 1.000E+00 2.579E 01 2.034E-01 9.584E 02 1.229E-02 3.863E-03 6.227E 04 2.057E 031.426E-02 2.630E-09
84 CDDDBCABDaAA 1.000E+00 3.658E 01 3.015E-01 1.536E-01 2.495E-02 5.259E-03 1.884E-03 5.061E-03 2.619E-02 2.602E-09
85 CHDDBCARDBAA 1.000E+00 3.177E-01 2.503E 01 1.514E 01 2.642E-02 6.038E-03 1.815E-03 6.346E-03 2.823E-02 2.595E-09
86 CHADDCBBDBAC 1.000E+00 3.958E-01 3.214E-01 2.462E-01 1.480E-01 1.667E-02 1.304E-02 3.376E-02 1.372E-01 2.560E-09
87 CHECACBBBDAA 5.000E 03 4.836E-05 3.977E-07 2.385E-07 9.937E-08 1.046F 08 1.156E-08 1.663E-08 9.097E-08 2.559E-09
88 GFADBCABDDAD 5.000E 03 1.369E-04 3.986E-09 2.668E-09 9.878E-10 8.638E 11 8.184E-11 1.357E-10 8.377E-10 2.520E-09
89 CHADBCABDCAD 1.000E+00 2.645E-01 2.121E-01 1.316E-01 3.432E-02 3.294E-03 3.004E 03 6.856E-03 2.962F. 02 2.486E 09
90 EFDDBCABDAAA 1.000E+00 3.426E-02 4.274E-04 7.600E-04 1.693E-04 7.215E 06 2.411E 05 2.466r-05 1.263E-04 2.458E-09
91 GDCCACDBBDAA 5.000E-03 5.277E 05 5.402E-09 3.537E-09 1.463E-09 2.568E-10 6.141E-11 2.432E-10 1.526E 09 2.259E-09
92 EGADBCABDAAC 1.000E+00 8.071E-02 4.865E-02 3.108E-02 6.696E-03 8.038E-04 5.839E-04 1.020E-03 6.027E 03 2.202E-09
93 CHADBCABOCAC 1.000E+00 2.519E 01 2.056E 01 1.073E 01 2.333E-02 3.647E-03 1.975E-03 3.985E-03 2.239E-02 2.185E-09
94 GHECBCABDDAA 5.000E-03 1.387E-04 7.097E 07 3.690E-07 8.469E-08 7.257E-09 7.472E 09 1.010E 08 7.088E 08 2.176E-09
95 CHDDBCABDCAB 1.000E+00 1.786E 01 1.232E-01 6.187E-02 1.021E-02 2.573E-03 6.784E-04 2.282E 03 1.128E 02 2.157E-09
96 CDCDFCOBDCAC 8.115E-01 1.537E 02 5.446E 03 3.239E 03 1.252E*03 2.253E 04 5.274E-05 2.081E-041.314E-03 2.132E-09
97 CCCDBCDBDBAA 1.000E+00 2.495E 01 2.042E-01 9.985E 02 1.595E-02 4.413E-03 8.931E-04 3.949E 03 1.851E-02 2.007E-09
98 CCADBCABDCAB 1.000E400 2.583E-01 2.094E 01 9.191E-02 1.904E 02 2.958E-03 1.927E-03 3.670E 03 1.831E 02 1.932E-09
99 CFADBCABDCAB 1,000E+00 1.845E 01 1.249E-01 5.643E-02 9.303E-03 2.486E-03 5.506E 04 2.037E-03 1.055E 02 1.901E-09

100 CCADBCABDCAA 1.000E+00 3.886E-01 3.661E-01 1.360E-01 1.918E-02 3.694E-03 1.557E 03 2.982E-03 1.925E-02 1.879Et09
101 CDCCBCDBDDAA 5.000E-03 4.602E-05 8.853E-10 3.599E-10 2.181E 11 7.959E 12 9.557E-13 3.161E-12 2.778E-11 1.837E409
102 CHACBCABDBAA 1.000E+00 5.385E-01 5.294E-01 2.654E 01 5.045E 02 9.368E 03 3.256E 03 7.045E-03 5.068E-02 1.831E 09
103 CCACACBBBDAA 1.000E+00 3.666E-01 3.291E-01 1.538E-01 4.383E 02 1.099E*02 6.671E-03 7.964E-03 4.194E-02 1.809E 09
104 CHEDBCABDBAB 1.000E+00 4.300E-01 3.966E-01 2.339E-01 6.810E-02 5.036E 03 7.204E C3 1.086E 02 5.686E-021.770E 09
105 EFCDBCDBDAAB 1.000E+001.451E-02 5.924E-05 2.924E-05 9.029E-07 5.883E-07 5.080E 081.486E 071.314E-061.759E-09
106 CDCDFCOBDCAD 8.777E-01 1.384E-02 4.560E-03 2.510E 03 8.674E*04 1.610E-04 3.703E-05 1.472E-04 9.142E 04 1.678E 09
107 CCADDCBBDBAB 1.000E+00 4.015E-01 3.110E 01 2.438E-01 1.752E-01 2.339E 02 1.541E-02 4.466E 02 1.707E 01 1.636E-09
108 CHCDFCDBDCAD 7.686E-01 7.074E 02 4.800E-02 2.000E 02 5,311E-03 1.076E-03 3.400E-04 1.615E 03 5.746E-03 1.636E 09
109 GHDCBCABDDAA 5.000E-031.384E 04 3.086E-071.739E 07 2.484E-08 7.133E 091.348E-09 3.925E-09 2.885E-081.60TE 09
110 EHADBCABDAAA 1.000E+00 8.855E 02 6.007E-02 3.377E-02 4.323E-03 5.344E-04 3.752E-04 6.472E-04 3.931E-031.595E 09
111 CFACACBBGBAA 1.000E+00 3.679E-01 3.305E-01 1.550E 01 4.383E-02 1.104E-02 6.704E-03 7.966E-03 4.190E 02 1.577E-09
112 EHADBCABDAAB 1,000E+00 8.326E 02 3.499E 02 2.628E-02 2.810E 03 2.322E-D4 2.492E 04 3.351E 04 2.272E-031.576E 09
113 CHCDFCDBDCAC 7.908E 01 8.159E-02 6.237E-02 3.155E-02 6.305E 03 1.638E-03 3.169E-04 1.254E-03 7.202E-03 1.551E 09
114 CCDDBCARDBAA 1.000E+00 2.954E 01 2.291E 01 1.281E-01 2.130E-02 4.442E-03 1.548E 03 4.623E-03 2.223E-02 1.482E-09
115 CCCDBCDBDBAB 1.000E+00 1.826E 01 1.303E-01 5.596E-02 8.207E-03 2.360E-03 5.060E-04 2.391E-03 9.456E-03 1.402E-09
116 DHDCACBBBAAA i.000E+00 3.146E-01 2.809E-01 1.375E-01 2.761E 02 1.821E-02 4.010E-03 6.22BE 03 3.344E-021.392E-09
1^7 CDDCBCABDDAA 5.000E-03 1.233E-04 1.729E-09 1.084E-09 2.27BE 10 8.350E-12 2.396E-11 2.690E 11 1.668E 10 1.356E-09
118 CHDDBCABDBAB 1.000E+00 2.617E-01 1.947E-01 1.065E 01 1.862E-02 3.991E 03 1.418E-03 5.024E-03 1.942E-02 1.306E-09
119 EFDDDCABDAAB 1.000E+00 2.720E-02 2.366E-04 3.5B4E-04 3.112E-05 1.405E-06 3.336E-06 3.530E-06 2.141E 05 1.300E-09
120 EHEDBCABDAAB 1.000E+00 4.280E 02 2.479E-02 2.183E 02 3.403E 03 2.236E-04 2.794E-04 4.087E-04 2.785E 031.264E-09
121 CGADDCBBDBAC 1.000E+00 4.072E-01 3.155E-01 2.489E 01 1.815E-01 2.419E 02 1.598E-02 4.632E-02 1.768E 01 1.217E 09
122 DHEDDCSBDAAA 1.000E+00 4.530E-01 3.669E+01 2.775E 01 1.716E-01 1.928E-02 1.719E-02 4.031E-02 1.591E-01 1.205E-09
123 EHEDBCABDAAA 1.000E+00 6.515E-02 3.501E 02 3.325E-02 6.351E 03 2.855E-04 5.711E-04 7.270E-04 4.979E-031.176E 09
124 CFADDCBBDBAB 1.000E+00 4.057E-01 3.141E-01 2.471E-01 1.778E-01 2.378E 02 1.560E 02 4.539E-02 1.732E-01 1.035E-09
125 DDDCACBBBAAA 1.000E+00 1.155E 01 9.277E 02 3.381E-02 6.012E-03 1.004E-02 2.245E-03 2.285E-03 8.263E-03 1.074E-09
126 DDCODCDBDAAA 1.000E+00 2.422E-02 3.969E-03 1.977E 03 4.676E 04 9.798E-05 2.550E-05 1.086E 04 5.077E-04 1.040E-09
127 CCDDBCABDBAB 1.000E+00 2.256E-01 1.570E 01 8.602E-02 1.354E-02 2.383E 03 1.275E-03 3.172E-03 1.337E-02 1.035E-09
128 CFCDBCDBDBAA 1.000E+00 3.216E 01 2.735E-01 1.671E-01 3.551E 02 9.843E 03 2.117E-03 9.758E 03 4.066E-021.007E 09
129 CCACBCABDBAA 1.000E+00 5.043E 01 4.874E 01 2.310E-01 3.643E-02 6.776E-03 2.493E-03 4.871E-03 3.592E-02 9.853E-10
130 ENDDBCABDAAB 1.000E+00 3.137E 02 1.076E-02 6.964E-03 1.183E 03 2.203E-04 5.833E-05 1.862E 04 1.237E-03 9.324E 10
131 CDCCCCDBBDAA 5.000E 03 4.457E-05 2.295E 10 1.693E-10 9.476E-11 1.485E-11 4.328E 12 1.807E-11 9.649E-11 9.106E-10 '

132 ENDDBCABDAAA 1.00CC+00 4.851E 02 1.553E 02 1.033E-02 1.527E-03 2.714E-04 8.415E-05 2.350E-04 1.575E-03 8.680E-10
133 DHACACBBBAAA 1.000E+00 5.054E 01 4.858E-01 1.963E 01 1.1?7E 02 7.695E-03 1.589E-03 1.956E 03 1.298E-02 8.489E-10

'
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134 EGADBCABDAAD 1.000Eo00 5.900E-02 2.997E-02 3.57aE-02 0.G74E-03 4.G80E-04 9.FG8E .04 1.206E-03 6.779E-03 8.277E-90
135 CFACBCABDBAA 1.000E+00 5.174E 01 5.044E-01 2.423E-01 3.856E-02 7.286E 03 2.625E*03 5.198E-03 3.82DE-02 8.251E 10
136 CFCDBCDBDBAB 1.000E+00 2.208E-01 1.703E-01 7.435E-02 1.123E-02 3.369E-03 7.375E 04 3.684E 03 1.290E-02 8.246E-10
137 CHECACBBBCAA 1.000E+00 1.843E 01 1.590E-01 8.108E-02 3.037d-02 9.238E 03 4.132E-03 5.948E-03 3.110E-02 8.208E-10
138 GHECCCBBBDAA 5.000E 03 7.330E 05 3.000E-07 2.320E-07 1.721t%07 2.053E 08 1.893E-08 4.411E 08 1.626E 07 8.155E-10
139 E F ADBCABD AAD 1.000E+00 2.774E-02 1.020E-03 1.878E-03 5.024E 04 1.382E-05 5.069E-05 5.190E-05 3.449E-04 7.917E-10
140 GHACBCABDDAA 5.000E-03 4.254E-05 8.175E 07 2.742E 07 2.800E 98 5.603E-091.701E-09 3.395E-09 2.804E-08 7.742E 10
141 CGADBCABDCAC 1.000E+00 2.462E-01 1.966E-01 9.486E-02 2.157E Oi 3.514E-03 1.817E-03 3.897E-03 2.097E-02 7.628E-10
142 CFDDBCABDBAA 1.000E+00 3.553E-01 2.937E 01 1.904E-01 4.165E-02 1.003E 02 3.050E-03 1.070E-02 4.541E-02 7.434E 10
143 CFADDCBBDBAC 1.000E+00 4.139E-01 3.209E-01 2.536E-01 1.859E-01 1.482E-02 1.634E-02 4.757E 02 1.812E-01 7.401E-10
144 CFADBCABDCAC 1.000E+00 2.044E-01 1.483E-01 7.616E-02 1.493E-02 3.o??E-03 8.091E-04 2.940E 03 1.654E-02 7.11nE 10
145 CGCDBCDBDCAA 1.000E+00 1.454E-01 1.111E 01 5.372E-02 8.951E-03 2.399E-03 4.109E-04 1.507E-03 1.035E 02 6.906E-10
146 CDCCACDBBCAA 1.000E+00 3.102E-02 1.317E 02 8.642E-03 3.488E-03 6.196E-04 1.467E-04 5.799E 04 3.646E-03 6.600E-10
147 DDCCCCDBBAAA 1.000E+00 1.096E-01 9.759E 02 3.582E-02 3.850E-03 7.845E-03 1.769E-03 2.126E-03 5.234E-03 6.397E-10
148 GHDCACCBBDAA 5.000E-03 4.822E-05 3.083E-071.664E-07 4.681E-08 8.348E-09 2.516E 09 7.747E 09 4.868E 08 6.388E-10
149 CFDDBCABDBAB 1.000E+00 2.565E-01 1.947E-01 1.065E-01 1.684E-02 3.429E-03 1.624E-03 4.583E-03 1.720E-02 6.082E-10
150 CDCDBCDBDBAD 1.000E+00 2.753E-01 1.950E-01 8.087E-02 1.590E-02 3.538E-03 1.233E-03 6.742E-03 1.715E-02 6.060E-10
151 CGADBCABDCAD 'i.000E+00 2.347E-01 1.702E-01 1.086E-013.955E-02 4.574E-03 3.574E 03 9.396E-03 3.595E-02 5.885E-10
152 GDDCACBBBDAA 5.000E-03 6.992E-05 5.617E 09 3.729E-09 1.540E-09 2.606E-10'7.337E-11 2.557E-10 1.586E-09 5.628E-10
153 E M ADBCABD AAC 1.000E+00 7.919E 02 4.248E-02 2.868E-02 5.292E-03 5.819E-04 4.505E-04 7.759E-04 4.673E-03 5.617E-10
154 CGCDBCDBDCAB 1.000E+001.159E 01 8.293E-02 4.106E-02 6.233E 05 1.844E-03 2.901E-04 1.051E 03 7.259E-03 5.507E-10
155 GDCDBCDBDDAC 5.000E-03 8.655E-05 2.848E-091.552E-09 4.193E-10 8.160E-11 1.770E-11 6.898E-11 4.460E-10 5.339E 10
156 CGDDBCABDCAA 1.000E+00 1.618E-01 1.151E-01 5.797E-02 9.715E-03 2.425E-03 5.164E-04 1.599E-03 1.090E-02 5.088E-10
157 CHACCCBBBBAA 1.000E+00 3.990E 01 3.548E-01 2.386E-01 1.578E-01 3.292E-02 1.767E-02 8.514E-02 1.565E-01 4.531E-10
158 DHECCCBBBAAA 1.000E+00 4.881E-01 4.281E-01 2.502E-01 1.241E-01 2.542E-02 1.765E-02 5.049E 02 1.211E 01 4.495E-10
159 CDDDBCABDBAD 1.000E+00 3.013E 01 2.055E 01 8.628E-02 1.809E-02 3.409E-03 1.542E-03 7.239E-03 1.847E-02 4.249E-10
160 CCDDBCABDCAB 1.000E+00 1.263E-01 8.651E-02 4.310E-02 6.541E-03 1.846E-03 3.278E-04 1.091C-03 7.466E-03 4.053E 10
161 GDCOBCDDDDAD 5.000E 03 9.119E-05 3.423E 09 1.567E-09 2.458E-10 5.918E-11 1.038E-11 3.949E-11 2.696E 10 4.047E 10
162 EHADBCABDAAD 1.000E+00 6.395E 02 3.408E-02 3.929E-02 6.943E 03 3.576E 04 7.210E-04 9.021E-04 5.246E-03 3.985E 10
163 EFACBCABDAAA 1.000E+00 8.582E 03 1.605E-04 1.617E 04 2.585E-05 1.015E 07 2.397E-06 2.434E 06 1.788E-05 3.823E 10
164 CDCCFCDBDCAA 7.874E-01 1.217E-02 3.670E-03 2.263E 03 8.225E-04 1.508E-04 3.477E-05 1.370E-04 8.647E 04 3.794E 10
165 CDDDBCABDDAC 5.000E-03 1.503E 04 4.038E-09 2.261E-09 6.027E-10 8.512E-11 3.287E-11 8.680E-11 5.642E-10 3.790E-10
166 CHADDCBBDBAA 1.000E+00 3.193E 01 2.590E-01 1.9585-01 8.169E-02 8.711E-03 7.140E-03 1.717E-02 7.338E 02 3.619E-10
167 CFCDBCDBDCAA 1.000E+00 1.716E-01 1.287E-01 5.384E-02 8.653E-03 2.438E-03 4.434E-04 1.696E-03 1.019E-02 3.526E-10
168 CFADBCABDCAD 1.000E+001.610E 01 1.086E 015.901E-02 2.327E 02 3.997E-03 1.633E 03 7.065E-03 2.392E-02 3.127E ,10
169 CHCCFCOBDCAA 7.678E-01 7.683E-02 5.932E-02 2.484E-02 3.560E-03 1.008E-03 1.706E-04 6.413E-04 4.152E-03 2.966E-10
170 CDDDBCABDDAD 5.000E-03 1.455E 04 4.110E-09 2.812C 09 6.343E-10 5.731E-11 4.897E-11 7.728E-11 5.075E 10 2.907E-10
171 EGACBCABDAAA 1.000E+00 9.355E-02 9.642E-02 4.576E-02 9.123E-04 9.819E-05 7.536E*05 8.276E-05 8.112E 04 2.856E-10
172 CGACCCBBBBAA 1.000E+00 3.511E-01 2.891E-01 1.912E-01 1.110E-01 2.217E-02 1.176E-02 5.012E-02 1.096E-01 2.793E-10
1 73 DFACACBBBAAA 1.000E+00 3.184E-01 2.901E-01 1.005E-01 1.311E-02 1.218E 02 2.730E-03 3.373E-03 1.649E 02 2.742E 10
174 CFDDBCABDCAA 1.000E+00 1.852E-01 1.307E-01 5.479E-02 9.369E 03 2.468E-03 5.688E-04 1.822E-03 1.076E-02 2.595E 10
175 CHECBCABDCAA 1.000E+00 2.948E 01 2.754E-01 1.127E-01 1.592E-02 3.205E-03 9.723E-04 2.194E-03 1.642E-02 2.554E-10
176 CDCCBCDBDCAA 1.000E+00 1.165E 02 2.306E 03 1.009E 03 8.826E-05 2.750E-05 3.889E-06 1.330E-05 1.080E 04 2.501E-10
177 ETACACBBBAAA 1.000E+00 2.634E-02 6.347E-04 5.910E-04 4.294E-04 3.350E 05 5.599E-05 7.234E-05 3.510E-04 2.492E-10
178 CFACCCBBBBAA 1.000E+00 3.537E-01 2.918E-01 1.937E-01 1.133E 01 2.253E 02 1.217E-02 5.054E-02 1.119E-01 2.389E-10
179 GDDCCCOBBDAA 5.000E-03 6.634E-05 3.317E-10 2.294E-10 1.045E-10 1.4B8E-11 5.576E-12 1.927E-11 1.023E-10 2.273E-10
180 COCDDCDDDBAB 1.000E+00 4.368E-01 3.392E 01 2.616E-01 1.817E-01 2.751E-02 1.051E-02 4.647E-02 1.840E-01 2.078E-10
181 DHDDOCBBDAAA 1.000E+00 4.111E-01 3.123E-01 2.225E-01 1.266E-01 1.945E 02 7.496E-03 3.180E 02 1.281E 01 2.064E 10
182 CHACACBBBDAA 5.000E-03 5.751E 05 4.700E-07 2.796E-07 9.451E-081.206E-08 9.326E-091.542E-08 8.764E-08 2.062E-10
183 CHDCCCBBBDAA 5.000E 03 7.329E-05 2.661E-07 2.097E-071.353E-07 2.036E-08 7.964E-09 3.451E 081.366E-07 2.038E-10
184 CFCDBCDBDCAB 1.000E+00 1.723E-01 1.315E 01 5.039E-02 3.708E-03 1.612C-03 1.850E-04 6.221E-04 4.894E-03 2.010E-10
185 CHDCACBBBCAA 1.000E+00 1.563E-01 1.238E-01 6.738E-02 1.935E-02 8.648E-03 2.146E-03 4.016E 03 2.162E-02 2.010E 10
186 GFADBCABDDAA 5.000E-03 1.307E-04 4.002E 09 2.275E-09 9.200E 10 1.102E-10 7.447E-11 1.450E-10 8.544E-10 2.009E-10
187 CGADDCBBDBAA 1.000E+00 2.947E 01 2.312E-01 1.898E-01 1.021E-01 1.172E-02 9.248E-03 2.235E-02 9.513E-02 2.007E-10
188 DCACAcaBBAAA 1.000E+00 4.465E-01 4.221E-01 1.478E-01 1.907E 02 1.146E-02 3.159E-03 3.823E 03 2.026E-02 1.967E 10
189 CHDCBCABDCAA 1.000E+00 1.741E-01 1.312E-01 7.020E 02 1.100E-02 3.208E-03 5.389E-04 1.773E-03 1.303E 02 1.883E-10
190 CDCDDCDBDBAC 1.000E+00 4.384E-01 3.406E-01 2.628E-01 1.827E-01 2.766E 02 1.057E-02 4.673E-02 1.850E 01 1.881E 10
191 CDCCCCDSBCAA 1.000E+00 1.608E-02 2.916E-03 1.550E-03 7.128E-04 1.214E 04 3.894E-05 1.92BE-04 7.319E 04 1.880E-10
192 DHADDCBBDAAB 1.000E+00 4.237E-01 3.717E-01 2.512E-01 7.497E-02 1.305E-03 6.52SE-03 7.347E-03 5.331E-02 1.843E-10
193 CFADDCBBDBAA 1.000E+00 2.917E 01 2.283E-01 1.864E-01 9.862E-02 1.133E 02 8.921E-03 2.153E-02 9.183E-02 1.8G4E-10
194 DDDDDCBBDAAA 1.000E+00 2.910E-02 5.161E-03 2.915E-03 8.379E 04 9.481E 05 7.168E-05 1.552E-04 7.450E-04 1.780E-10
195 6DDCBCABDCAA 1.000E*00 2.549E-02 4.580E-03 2.067E-03 3.099E-04 2.871E-05 2.755E-05 3.828E-05 2.582E-04 1.778E 10
196 CGCCBCDBDDAA 5.000E-03 2.470E-05 7.491E-10 3.020E-10 1.359E 11 5.678E-12 6.089E-13 1.935E-12 1.795E-11 1.695E-10
197 DHEDDCBBDAAB 1.000E+00 4.429E 01 3.922E 01 2.485E-01 8.863E-02 3.499E-03 8.421E-03 1.278C-02 6.826E-02 1.656E-10
198 CDCCACDSBBAA 1.000E+00 3.051E-01 2.740E-01 1.029E-01 8.714E-03 7.904E 03 1.504E 03 2.074E-03 1.109E-02 1.621E-10 '
199 CDDCACBBBCAA 1.000E+00 3.BSSE-02 1.473E-02 9.356E-03 4.041E-03 6.495E-04 2.309E-04 6.761E-04 4.084E-03 1.602E-10
200 ECACACBBBAAA 1.000E+00 1.062E 01 7.803E-02 5.503E-02 1.332E-02 2.543E-03 1.001E-03 2.207E-03 1.330E 02 1.59BE-10
201 DDDCCCBBBAAA 1.000E+00 1.174E-01 1.002E-01 3.803E-02 4.927E-03 7.857E-03 1.947E-03 2.305E-03 6.074E-03 1.596E-10



202 CHECCCBBBCAA 1.000Eo001.92FE-01 1.467E-010.25GE 02 5.305E 02 9.G81E 03 5.439E*03 1.597E 02 5.2G2E-021.552E-10
203 CFDDBCABDCAB 1.000E+00 1.89M-01 1.339E 01 5.079E-02 3.611E 03 1.585E-03 1.8865-04 5.779E-04 4.760E-03 1.474E-10
204 CHEDDCBBDCAA 1.000E*00 2.019E 01 1.511E-01 1.144E 01 6.464E 02 8.239E-03 4.645E-03 1.486E-02 6.174E-02 1.445E 10
205 GGADBCABDDAA 5.000E 03 1.276E-04 4.076E 09 2.364E-09 9.660E-10 1.171E-10 7.696E-11 1.524E 10 8.985E-101.431E-10
206 CDCDDCDBDCAA 1.000E+00 2.142E-02 1.007E 03 4.761E-04 1.377E-04 2.633E-05 7.674E 06 3.270E-05 1.457E-04 1.378E-10
207 CHACBCABDCAA 1.000E+00 4.591E 01 4.825E 01 1.178E 01 6.053E-03 1.596E-03 3.495E-04 8.354E 04 7.063E-03 1.330E-10
208 EGDCBCABDAAA 1.000E+00 2.538E-02 6.978E 03 5.502E 03 4.797E-04 4.553E-05 4.519E-05 5.895E 35 4.023E 04 1.244E 10
209 CHADDCBBDBAD 1.000E+00 3.959E-01 3.574E 01 2.4?2E-01 8.797E 02 3.169E-03 8.180E-03 1.549E 02 6.539E-02 1.154E 10
210 DDCDDCDBDAAB 1.000E+00 2.949E-02 7.836E 03 5.074E-03 1.035E-03 2.415E-04 6.006E-05 2.863E-04 1.138E-03 1.151E 10
211 DHDCCCBBBAAA 1.000E+00 4.091E-01 3.412E-01 1.696E 01 6.982E-02 2.180E-02 8.536E-03 4.143E-02 7.307E 02 1.121E-10
212 DCCCACDBBAAA 1.000E+00 3.778E 013.632E 01 1.826E 014.108E 02 1.694E 02 3.585E-03 7.972E-03 4.683E-02 1.091E 10
213 DFCCACDBBAAA 1.000E+00 4.084E 01 4.015E-01 1.459E-01 6.450E-03 6.517E-03 1.114E-03 1.372E-03 8.682E-03 9.156E 11
214 CHECBCABDBAA 1.000E+00 4.921E-01 4.805E 01 2.997E 01 8.440E-02 7.969E 03 6.678E-03 1.038E-02 7.294E-02 8.772E-11
215 DHADDCBBDAAA 1.000E+00 3.213E-01 2.577E 01 1.824E-01 6.705E 02 6.964E-03 6.161E-03 1.337E-02 5.953E-02 7.537E-11
216 CHACACBBBCAA 1.000E+00 2.165E 01 1.732E-01 8.910E-02 1.928E-02 5.499E-03 2.111E-03 3.468E-03 1.977E-02 7.406E 11
217 DHADDCBBDAAC 1.000E+00 4.814E-01 4.379E-01 2.873E-01 9.628E-02 1.146E-03 8.592E 03 9.754E-03 6.816E-02 7.385E-11
218 CHECACBBBBAA 1.000E+00 3.348E 01 2.935E 01 1.488E-01 3.024E-02 9.088E-03 5.111E 03 5.355E 03 2.767E-02 7.363E-11 -

219 CHACCCBBBDAA 5.000E-03 4.989E 05 2.495E-07 7.072E 09 1.638E 11 4.282E 14 1.326E-13 1. N E-13 3.679E-11 6.633E 11
220 CHDCSCABDBAA 1.000E+00 2.839E-01 2.338E-01 1.521E-01 3.368E 02 7.818E-03 1.785E-03 5. fIE-03 3.719E-02 6.385E-11
221 CGCCBCDBDBAA 1.000E+001.695E-01 1.415E-01 8.234E-02 1.761E-02 4.596E-03 8.115E 04 2 n .E-03 2.040E 02 6.274E-11
222 EFCCBCDBDAAA 1.000E+00 4.301E-03 3.453E 05 1.770E 05 1.473E-07 6.021E-08 6.465E-09 * '.0?E-08 1.851E 07 6.113E-11
223 DHACCCBBBAAA 1.000E+00 4.371E-01 3.786E-01 2.072E-01 7.719E 02 1.733E-02 9.746E-0? .991E-02 7.320E-02 5.877E 11
224 DMADDCBBDAAD 1.000E+00 5.108E-01 4.530E-01 3.082E-01 9.995E-02 9.042E-04 8.839E-03 9.448E-03 7.026E 02 5.788E-11
225 CFACBCASDCAA 1.000E+00 1.512E-01 1.096E 01 3.600E-02 4.011E 03 1.369E 03 1.906E-04 6.373E-04 5.172E-03 5.590E-11
226 CFACACBBBCAA 1.000E+00 3.088E-01 2.691E-01 1.453E 01 1.927E-02 8.165E 03 1.421E-03 3.534E-03 2.224E-02 5.584E-11
227 DFADDCBBDAAA 1.000E+00 3.345E-012.545E 01 1.534E-014.465E-02 9.472E 03 2.588E 031.099E-02 4.724E 02 5.395E-11
228 CGCCACDBBBAA 1.000E+00 2.352E-01 1.977E-01 7.868E-02 5.750' 93 1.070E 02 2.114E-03 2.565E-03 8.486E-03 4.692E 11
229 CDDCCCBBBCAA 1.000E+00 2.187E 02 3.810E-03 1.988E 03 8.20 K -04 1.243E 04 5.351E-05 2.081E-04 8.154E-04 4.678E 11
230 CGDCBCABDBAA 1.000E+00 2.332E 01 1.776E-01 1.066E-01 2.149E-02 4.608E 03 1.242E 03 3.359E-03 2.304E-02 4.623E 11
231 EFDCBCABDAAA 1.000E+00 1.383E 02 4.684E-04 7.934E-04 1.589E 04 1.638E-07 1.759E 05 1.820E-05 1.065E 04 4.501E-11
232 GGDDBCABDDAA 5.000E-03 1.269E-04 3.719E-09 2.360E-09 6.868E-10 3.281E-11 6.940E-11 8.737E 11 5.234E-10 4.369E-11
233 ocADDCBBDAAA 1.000E+00 3.472E 01 2.731E-01 2.094E 01 6.793E 02 9.647E 03 6.257E-03 1.520E-02 6.426E-02 4.116E-11
234 CCACBCABDCAA 1.000E+00 4.531E-01 4.757E-01 1.126E-01 5.045E-03 1.305E 03 2.969E-04 6.864E-04 5.905E 03 4.072E-11
235 CDCDBCDBDCAC 1.000E+00 3.422E-02 1.224E-02 7.491E-03 3.114E-03 5.463E-04 1.308E 04 5.170E-04 3.259E-03 3.924E 11
236 CDCCBCDBDBAA 1.000E+00 3.960E-01 3.481E-01 1.701E-01 2.147E-02 7.073E-03 9.986E-04 3.453E-03 2.576E-02 3.907E 11
237 CHDCCCBBBCAA 1.000E+00 1.680E 01 1.213E-01 7.783E-02 4.352E-02 9.193E-03 3.324E 03 1.429E-02 4.431E-02 3.744E'11
238 CDDDDCBBDBAB 1.000E+00 4.387E 01 3.415E-01 2.638E 01 1.841E-01 2.781E-02 1.076E 02 4.713E-02 1.863E-01 3.621E-11
239 0FACCCBBBAAA ?.000E+00 4.238E 01 3.411E-01 1.718E*01 7.268E 02 2.554E 02 8.240E 03 1.969E-02 7.770E-02 3.592E-11
240 DFADDCBBDAAB 1.000E+00 2.214E 01 1.427E 01 7.593E-02 1.923E-02 4.336E-03 1.074E-03 4.395E-03 2.072E 02 3.522E-11
241 DCADDCBBDAAB 1.000E+00 2.820E-01 1.990E-01 1.454E 01 2.870E-02 3.984E 03 2.139E-03 4.965E-03 2.631E 02 3.522E-11
242 CHEDDCBBDBAA 1.000E+00 3.239E-01 2.611E-01 1.642E-01 3.628E-02 2.168E-03 3.001E-03 4.368E-03 2.787E 02 3.463E-11
243 CHADDCBBDCAB 1.000E+00 1.668E 01 1.298E 01 1.041E-01 3.450E-02 4.320E-04 3.043E-03 3.272E 03 2.402E-02 3.427E-11
244 CDDDDCBBDBAC 1.000E+00 4.391E-01 3.419E-01 2.641E 01 1.844E-01 2.785E 02 1.078E-02 4.719E-02 1.865E 01 3.293E 11
245 CFCCBCDBDBAA 1.000E+00 2.651E 01 2.366E-01 1.571E 01 3.786E-02 9.678E-03 1.749E 03 6.290E 03 4.358E-02 3.189E-11
246 CFCCACDBBBAA 1.000E+00 3.097E 01 2.673E 01 1.243E-01 8.608E 03 1.495E-02 2.703E-03 3.307E 03 1.330E-02 3.072E-11
247 DFCCCCDBBAAA 1.000E+00 4.445E 013.766E 01 1.798E-012.920E-021.692E-02 3.541E 03 7.851E-03 3.690E-02 3.070E 11
248 EHECBCABDAAA 1.000E+00 4.835E-02 2.654E-02 3.059E 02 5.538E-03 4.101E-05 5.412E-04 5.564E-04 3.959E 03 3.054E-11
249 GFCDBCDBDDAA 5.000E 03 1.120E-04 2.312E-09 9.876E-10 7.100E-11 2.811E 11 3.272E-12 1.063E 11 9.144E-11 2.937E 11
250 EMACBCABDAAA 1.000E+00 9.711E-02 1.024E 01 4.782E-02 6.114E-04 9.904E 05 4.683E-05 5.489E-05 6.098E-04 2.898E-11
251 CCACACBBBCAA 1.000E+00 3.437E 013.055E-01 1.717E 013.422E-02 9.548E-03 3.172E-03 6.052E 03 3.550E-02 2.831E 11
252 DHDDDCBODAAB 1.000E+00 2.913E-01 2.019E-01 1.044E-01 2.552E-02 3.016E-03 1.818E 03 5.437E 03 2.417E-02 2.704E 11
253 DGDCACBBBAAA 1.000E+00 3.986E-01 3.757E-01 1.888E-01 4.192E-02 1.701E-02 3.623E 03 8.088E-03 4.765E-02 2.677E-11
254 CHEDDCBBDCAB 1.000E+00 1.598E-01 1.259E 01 9.839E-02 3.324E-02 1.845E-04 2.959E-03 3.037E 03 2.281E-02 2.676E 11
255 CDDDBCABDCAC 1.000E+00 5.424E-021.564E-02 8.764E-03 3.948E 03 6.106E-04 2.297E-04 6.596E 04 3.954E-03 2.584E-11
256 CHEDDCBBDBAB 1.000E+00 3.262E 01 2.883E-01 1.905E-016.448E-02 2.104E 04 5.959E-03 6.072E-03 4.472E 02 2.557E 11
257 oGACCCBBBAAA 1.000E+00 4.671[<01 3.945E-01 2.549E-01 1.407E 01 2.612E-02 1.914E-02 3.193E-02 1.322E-01 2.551E-11
258 CGDDBCABDDAB 5.000E 03 6.899E-05 2.773E 091.463E 09 4.042E-10 3.886E-112.937E 115.423E 113.427E-10 2.519E-11
259 CDCDBCDBDCAD 1.000E+00 2.824E 02 8.698E-03 3.308E-03 1.45BE-04 7.523E 05 5.903E 06 1.808E-05 1.930E-04 2.449E-11
260 DCCCCCDBBAAA 1.000E+00 4.970E 01 4.246E-01 2.200E-01 3.581E-02 1.848E 02 3.632E-03 8.429E-03 4.527E-02 2.449E-11
261 CHDDDCBBDCAA 1.000E+00 1.862E-01 1.278E 01 9.414E-02 5.662E-02 8.636E-03 3.317E-03 1.431E-02 5.717E-02 2.370E-11
262 CFDCBCABDBAA 1.000E+00 3.208E-01 2.681E 01 1.693E-01 3.925E 02 9.708E-03 1.893E 03 6.455E-03 4.457E-02 2.350E-11
263 CDDCBCABDBAA 1.000E+00 4.539E-01 4.131E-01 2.141E-01 2.699E 02 8.896E 03 1.257E-03 4.344E 03 3.223E 02 2.296E 11
264 EFCCACDBBAAA 1.000E+00 1.39?E 02 7.406E 05 4.014E-05 1.434E-05 2.579E 06 6.041E 07 2.386E-06 1.500E-05 2.276E-11
265 CDDDDCBBDCAA 1.000E+00 2.673E-021.352E 03 8.449E 04 2.937E-04 2.193E 05 2.475E-05 4.877E-05 2.378E-04 2.266E-11
266 EHDCBtABDAAA 1.000E+00 3.138E-02 7.382E-03 5.785E-03 3.942E-04 3.184E 05 3.816E-05 4.598E 05 3.221E-04 2.209E-11
267 DFDCACBBBAAA 1.000E+00 4.240E 01 4.12SE-01 1.497E 01 6.391E 03 6.045E 03 1.013E 03 1.251E 03 8.437E-03 2.198E-11
268 CDDCAtBBBBAA 1.000E+00 3.950E-Ol 3.687E 01 1.409E-01 3.921E 03 3.839E-03 5.749E 04 6.063E-04 5.212E 03 2.027E-11
269 GFDDBCABDDAA 5.000E-03 1.734E 04 3.409E-09 1.895E-09 4.176E-10 3.184E-11 5.538E-11 6.258E-11 3.449E-10 1.914E-11



1
'

i270 CGCCcCDBDCAA 1.000Eo00 0.6G5E 02 6.661E-02 3.159E-02 4.0F0E-03 9.3G5E-03 1.955p 04 6.623E-04 5.034E-03 1.891E 11 i

271 DDDDDCBBDAAB 1.000E+00 3.413E 02 8.573E-03 5.582E-03 1.192E-03 2.464E-04 7.388E-05 3.160E-04 1.254E-03 1.854E-11 |272 CHDCACBBBBAA 1.000E+00 2.900E-01 2.416E-01 1.099E-01 6.477E 03 8.170E-03 1.832E-03 2.003E-03 8.330E 03 1.747E-11 '

2 73 CDDDBCABDCAD 1.000E+00 3.748E 02 1.161E-02 8.513E-03 2.600E*03 8.404E-05 2.377E-04 2.598E 04 1.730E 03 1.571E 11
274 GCCCACDB3DAA 5.000E 03 4.329E-05 8.486E-09 5.711E-09 2.389E 09 4.198E-10 1.004E-10 3.975E 10 2.491E-09 1.482E-11
275 DFCDDCDBDAAA 1.000E+00 4.733E 01 3.774E-01 2.696E-01 1.467E 01 2.453E-02 8.415E-03 3.662E-02 1.510E-01 1.432E 11
276 CGDCBCABOCAA 1.000E+00 8.700E 02 6.100E-02 2.843E-02 3.696E-03 1.004E-03 2.089E-04 5.705E-04 4.201E 03 1.330E 11 |
277 CDCDDCDBDCAB 1.000E+00 2.264E 02 2.114E 031.124E-031.452E 04 4.477E-05 6.735E-06 2.375E-051.709E 041.305E 11
278 CHADDCBBDCAA 1,000E+00 1.532E-01 1.007E-01 6.982E 02 2.121E 02 2.623E-03 1.566E-03 3.873E-03 1.906E-02 1.290E 11
279 CHADDCBBDCAC 1.000E+00 1.834E-01 1.525E 01 1.302E-01 4.753E-02 2.0!0E-04 4.232E-03 4.540E-03 3.274E-02 1.289E-11
230 CGCCACDBBCAA 1.000E+00 1.691E-01 1.463E-01 7.789E-02 2.169E-02 8.534E-03 1.859E-03 4.320E-03 2.429E-02 1.257E-11
281 CGDCACBBBBAA 1.000E+00 2.511E 01 2.024E-01 8.469E 02 6.269E-03 1.043E-02 2.270E-03 2.626E-03 8.513E 03 1.104E-11
282 EFCCCCDBBAAA 1.000E+001.275E-02 8.967E-06 8.382E 06 5.433E-07 8.223E-08 3.143E 081.390E-07 5.500E 071.053E-11
283 CDCCCCDBBBAA 1.000E+00 3.517E 01 2.887E 01 1.574E-01 3.598E-021.070E-02 2.738E 031.207E 02 4.018E-021.036E-11
284 CHADDCBBDCAD 1.000E+00 1.829E-01 1,523E 01 1.302E-01 4.693E 02 2.832E-05 4.203E 03 4.286E-03 3.195E-02 1.030E-11
285 CHACCCBBBCAA 1.000E+00 1.649E-01 1.464E-01 5.462E 02 1.634E 02 6.079E-03 1.874E-03 4.183E-03 1.652E-02 1.013E 11
286 CFCDBCDBDDAB 5.000E-03 8.537E-05 2.093E-09 8.975E 10 3.384E-11 2.466E-11 1.633E-12 4.340E-12 5.013E*11 9.997E-12
287 DGCDDCDBDAAA 1.000E+00 4.526E-01 3.935E-01 1.875E-01 3.248E-02 8.438E-03 1.717E-03 6.640E-03 3.743E 02 9.910E-12
288 CFADDCBBDCAA 1.000E+00 2.167E-01 1.585E-01 8.988E-02 1.417E-02 4.286E 03 8.367E 04 3.394E-03 1.588E-02 9.738E 12
289 CCCDDCDBDBAB 1.000E+00 1.065E-01 6.064E-02 1.014E 02 2.068E-04 1.260E-04 5.653E-06 1.095E-05 3.632E 04 9.717E-12
290 CFCCACDBBCAA 1.000E+00 1.451E-01 1.17BE-01 4.569E-02 2.388E-03 3.960E-03 7.306E-04 8.350E-04 3.613E 03 9.704E-12
291 CHECCCBBBBAA 1.000E+00 5.092E-01 4.933E 01 4.098E-01 3.604E-01 6.751E 02 4.998E-02 1.830E-01 3.582E-01 9.342E 12
292 CGADDCBBDBAD 1.000E+00 2.529E-01 1.694E-01 1.084E-01 4.184E-02 1.794E 03 5.048E-03 5.900E-03 3.520E 02 9.197E-12
293 EMACACBBBAAA 1.000E+00 1.059E-01 8.057E-02 5.878E-02 2.094E-02 3.445E-03 1.536E-03 3.517E-03 2.059E-02 8.228E-12
294 EFACCCBBBAAA 1.000E+00 9.740E-03 3.473E-05 1.484E-05 1.106E-08 1.043E-11 6.109E-09 4.663E-09 1.102E-08 7.549E-12
295 CFCCBCDBDCAA 1.000E+00 1.440E-01 1.073E-01 3.816E-02 7.614E-03 1.907E-03 3.461E-04 1.246E-03 8.992E-03 7.301E-12
296 CGCDDCDBDBAA 1.000E+001.757E-01 1.219E-01 4.083E 02 9.176E-04 5.995E-04 2.393E 05 4.413E-05 1.420E-03 7.298E-12
297 DFOCCCBBBAAA 1.000E+00 4.576E-013.874E-01 1.969E-01 3.544E 02 1.779E-02 4.432E-03 8.814E-03 4.241E-02 7.083E-12
298 CGADDCBBDCAA 1.000E+00 1.491E-01 9.274E-02 6.002E-02 1.753E 02 3.203E 03 1.159E 03 4.033E-03 1.766E-02 6.911E-12
299 CFCCCCDBBBAA 1.000E+00 3.544E-01 3.162E-01 2.059E-01 1.547E-01 3.600E-02 1.717E-02 1.034E-01 1.563E-01 6.840E 12
300 GFDDBCABDDAB 5.000E-03 1.392E-04 2.884E-09 1.233E-09 6.712E-11 2.570E-11 4.431E 12 7.465E 12 7.199E 11 6.829E-12
301 DFADDCBBDAAC 1.000E+00 2.744E 01 1.876E 01 1.211E-01 5.490E-02 9.733E-03 3.110E 03 1.335E-02 5.698E-02 6.705E-12
302 CFDCACBBBBAA 1.000E+00 3.096E-01 2.616E-01 1.403E-01 1.451E-02 1.687E-02 3.918E 03 4.577E-03 1.875E-02 6.554E-12
303 CFADDCBBDCAB 1.000E+001.288E-01 7.262E 02 3.577E-02 5.399E-03 1.751E-03 3.177E-04 1.256E-03 6.198E-03 6.328E-12
304 EGACCCBBBAAA 1.000E+00 2.356E- C 1.464E 02 1.003E-03 1.479E 06 7.500E 09 1.350E 07 1.156E-07 3.025E-06 6.207E ,12
305 DGDCCCBBBAAA 1.000E+00 5.054E 01 4.311E-01 2.279E-01 3.792E 02 1.800E-02 4.019E 03 7.033E-03 4.620E-02 5.936E' 12-

306 DGADDCBBDAAC 1.000E+00 3.674E-01 2.478E 01 1.984E 01 6.929E 02 9.674E-03 6.104E-03 1.555E-02 6.667E-02 5.568E 12 .

307 DGCDDCDBDAAB 1.000E+00 2.301E 01 1.780E-01 5.091E 02 1.337E 03 3.990E-04 3.197E-05 8.194E-05 1.969E-03 5.491E-12 !

308 CHDDDCBBDBAA 1.000E+00 2.479E 01 1.630E 01 8.515E 02 4.338E 03 1.059E 03 3.131E 04 3.636E-04 4.00BE-03 5.393E-12
309 CDCDDCOBDBAA 1.000E+00 1.352E-01 9.284E-02 5.451E 02 3.193E-02 4.841E-03 1.840E 03 8.127E-03 3.243E-02 5.390E-12
310 CFDCBCABDCAA 1.000E+00 1.462E 01 1.061E-01 3.802E-02 7.715E-03 1.935E-03 3.511E 04 1.264E 03 9.101E-03 5.315E 12
311 CcADDCBBDCAB 1.000E *00 1.334E 01 7.993E-02 4.643E-02 7.238E-03 1.715E-03 4.467E-04 1.392E-03 7.394E-03 5.152E-12
312 EFDCACBBBAAA 1.000E+00 1.826E-02 1.198E-04 2.977E-04 4.495E-04 5.988E-05 9.855E-05 9.854E-05 4.156E-04 5.017E-12
313 CFCDDCOBDBAB 1.000E+00 1.170E 01 6.703E-02 9.288E-03 2.094E 04 2.032E-04 8.894E-061.898E-05 3.795E-04 4.722E-12
314 CFADDCBBDBAD 1.000E+00 2.516E-01 1.687E 01 1.115E-01 4.416E*02 1.793E 03 5.349E-03 6.197E-03 3.696E-02 4.505E-12
315 CHDDDCBBDCAB 1.000E+00 9.674E 02 4.548E 02 2.859E-02 3.252E 03 2.008E 05 3.126E-04 3.263E-04 2.283E-03 4.161E 12
316 CFACCCBBBCAA 1.000E+00 1.655E-01 1.142E-01 5.995E 02 2.668E 02 8.488E-03 2.526E-03 6.963E-03 2.838E 02 3.792E-12
317 DGADDCBSDAAD 1.000E+00 5.438E-01 3.272E-01 2.890E-01 6.1972 02 6.532E-03 4.773E 03 8.314E-03 5.596E-02 3.599E 12
318 CHDDDCBBDBAB 1.000E+00 2.009E 01 1.252E-01 6.217E-02 6.704E-03 2.811E-05 6.452E 04 6.717E-04 4.895E-03 3.593E-12
319 EGDCACBBBAAA 1.000E+00 6.357E-02 4.396E-02 2.955E-02 1.122E 02 2.114E-03 5.576E-04 1.892E 03 1.170E-02 3.371E-12
320 CFCCCCDBBCAA 1.000E+001.653E 01 1.178E 016.757E-02 2.587E-02 7.214E 03 2.031E 03 6.534E-03 2.765E 02 3.367E-12
321 CCCCCCDSBBAA 1.000E+00 4.612E 01 4.217E-01 3.181E-01 2.523E-01 5.677E-02 2.747E-02 1.680E-01 2.550E-01 2.868E 12
322 CFCDDCDBOBAA 1.000E+00 1.369E-01 8.080E-02 3.115E-02 1.005E-02 2.526E 03 1.007E-03 6.362E-03 1.060E-02 2.813E-12
323 DFCDDCDBDAAB 1.000E+00 2.91E 01 2.200E-01 1.311E 01 5.823E-02 1.013E-02 3.360E-03 1.466E-02 5.996E-02 2.796E-12
324 EHACCCBBBAAA 1.000E+00 2.332E-02 1.462E-02 7.223E-04 1.253E 06 9.336E-10 1.908E-09 4.764E-10 2.865E-06 2.595E-12
325 CCDCACBBBCAA 1.000E+001.925E-01 1.559E-01 8.373E-02 2.500E-02 9.275E-03 2.141E-03 4.893E 03 2.773E-02 2.592E 12
3?6 EFDCCCBBBAAA 1.000E+001.405E 02 1.065E-05 8.741E-06 1.447E-06 8.596E-08 3.490E-07 4.22SE-071.171E-06 2.571E 12
327 CCACCCBBBCAA 1.000E+00 1.856E-01 1.299E-01 7.715E-02 4.148E 02 9.345E-03 4.064E-03 1.017E-02 4.179E 02 2.314E-12
328 CHDCCCBBBBAA 1.000E+00 4.157E-01 3.824E-01 3.003E 01 2.656E-01 5.922E-02 2.907E-02 1.761E-01 2.666E-01 2.093E-12
329 CDDDDCBBDCAB 1.000E+00 2.417E-02 1.780E-03 7.662E 04 9.895E-05 1.460E-05 8.581E-06 1.057E-05 8.050E-05 2.068E-12
330 DfDDDCBBDAAA 1.000E+00 5.298E 01 4.289E-01 3.145E-01 1.801E 01 2.951E-02 1.035E-02 4.498E-02 1.847E-01 2.033E-12
331 DFADDCBBDAAD 1.000E+00 2.946E-01 1.807E 01 1.354E-01 3.841E 02 8.545E 03 1.745E-03 6.371E-03 4.261E-02 1.580E-12
332 CGCCCCDBBDAA 5.000E-03 3.510E-05 8.834E-11 7.473E-11 1.935E-11 2.926E-12 1.119E-12 4.951E-12 1.960E-11 1.553E-12
333 CGDDDCBBDBAB 1.000E +00 1.329E 01 8.145E-02 3.547E-02 4.782E-03 1.795E-04 7.239E-04 7.377E-04 3.870E-03 1.427E-12
334 CFDCCCBBBBAA 1.000E+00 3.569E-01 3.199E-01 2.215E-01 1.815E-01 3.995E-02 2.004E-02 1.234E-01 1.820E-01 1.421E-12
335 CGCCCCDBBCAA 1.000E+00 2.104E-01 1.582E-01 7.730E 02 1.155E 02 6.882E-03 1.320E-03 2.284E-03 1.499E-02 1.336E-12
336 CDDCCCBBBBAA 1.000E+00 4.745E 01 4.052E 01 2.402E-01 3.489E 02 1.234E 02 1.795E-03 5.685E-03 4.295E-02 1.118E 12
337 EHECACBBBAAA 1.000E+00 7.944E-02 6.096E-02 4.612E-02 2.349E-02 3.298E-03 1.519E-03 3.873E 03 2.281E-02 1.061E-12
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338 CF CDDCDBDCAA 1.000E+00 2.386E-01 1.7071-01 1.376E-01 9.622E-02 1.456E 02 5.565E,.03 2.461E-02 9.730E-02 1.056E 12
339 CFDCACBBBCAA 1.000E+00 1.380E-01 1.113E 01 5.136E-02 4.402E 03 6.350E-03 1.542E-03 1.615E-03 6.152E 03 9.184E 13
340 DGDDDCBBDAAA 1.000E+00 4.332E-01 3.684E-01 2.149E 01 3.237E-02 1.10TE-02 1.723E 03 5.204E-03 3.938E-02 8.275E 13
341 CFDDDCBBDBAB 1.000E+00 1.293E-01 7.713E-02 4.00SE-02 6.317E-03 1.590E-04 1.007E-03 1.022E-03 5.016E-03 8.170E 13
342 CGDDDCBBDBAA 1.000E+00 1.887E-01 1.218E 01 5.509E-02 2.245E-03 7.899E-04 1.657E-04 1.970E-04 2.360E-03 7.984E 13

1343 DDCDDCDBDAAC 1.000E+00 2.043E-02 1.520E-03 8.613E 04 5.092E-04 7.743E-05 2.9332 05 1.296E 04 5.165E 04 6.573E-13
344 CCCDDCDBDCAB 1.000E+00 6.826E 02 3.783E-02 9.678E-03 2.037E-04 1.08'f 04 4.898E-06 9.255E-06 3.254E-04 5.895E 13
345 DGDDDCBBDAAB 1.000E+00 1.691E-01 1.052E 01 3.593E-02 3.370E-03 9.769E 05 3.675E 04 3.790E-04 2.7D9E-03 5.582E 13
346 CFDCCCBBBCAA 1.000E+001.254E 01 7.911E 02 2.801E-02 4.220E 03 4.517E 03 1.133E-03 1.135E-03 5.568E 03 3.970E 13
347 EHECCCBBBAAA 1.000E+00 6.520E-02 4.328E-02 5.347E-02 3.567E 03 3.926E-08 1.710E-04 1.838E-04 2.225E 03 3.948E 13
348 CGCDDCDBDCAA 1.000E+00 6.748E-02 3.820E-02 8.975E 031.716E-04 4.700E-05 2.215E 06 2.982E 06 2.701E-04 3.511E 13
349 DOCDDCDBDAAD 1.000E+00 1.050E-01 5.475E-02 4.773E-02 9.739E-03 2.183E-03 4.366E-04 1.622E 03 1.053E 02 3.224E-13
350 EHDCACBBBAAA 1.000E+00 8.544E-02 6.572E 02 4.622E 02 2.089E-02 3.591E-03 8.774E-04 3.482E-03 2.173E-02 2.426E 13
351 CGDCCCBBBBAA 1.000E+00 8.349E-01 8.329E-01 8.284E-01 8.224E-01 1.698E-01 8.838E-02 5.605E-01 8.224E 01 2.124E-13
352 CFADDCBBDCAC 1.000E+00 2.190E-01 1.624E-01 1.227E-01 8.496E-02 1.286E-02 4.914E-03 2.173E-02 8.598E 02 1.957E 13
353 CFCDDCDDDCAS 1.000E+00 6.807E-02 3.70SE-02 1.223E-02 3.266E-04 3.191F-04 1.419E-05 3.052E-05 5.108E-04 1.603E 13
354 CCADDCBBDCAC 1.000E+00 2.386E-01 1.787E-01 1.396E 01 1.008E-01 1.458E-02 6.972E-03 2.585E-02 1.006E-01 1.304E 13
355 DFDDDCBBDAAB 1.000E+001.156E-01 6.479E-02 2.142E-02 5.729E-04 5.577E-04 2.489E-05 5.344E 05 8.940E-04 1.106E 13
356 EMDCCCBBBAAh 1.000E+00 4.377E-021.583E-02 2.311E-02 6.845E-04 5.077E 09 2.971E-05 3.32SE 05 4.073E-04 9.869E 14
357 CGDDDCBBDCAB 1.000E+00 7.405E-02 4.046E-02 9.144E-03 1.821E-04 5.307E-05 2.496E-06 3.362E 06 2.721E-04 6.606E 14
358 CDCDDCDBDBAD 1.000E+00 8.056E-02 4.654E-02 1.191E 02 2.40SE-04 5.101E-05 3.137E 06 4.061E-06 3.740E-04 6.564E-14
359 CGDDDCBBDCAA 1.000E+00 7.405E-02 4.046E 02 9.144E-031.821E-04 5.307E-05 2.496E-06 3.362E 06 2.721E-04 5.074E 14
360 E GDCCCBBBAAA 1.000E+00 3.595E-02 1.560E-02 1.543E-02 2.629E-06 3.522E-07 2.556E-07 9.770E 07 2.566E 06 3.691E-14
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Table C[. Partitioning of Source Terms with Zero Early Fatalities and Non-Zero Latent Fatalities

4047 121 163 177 225 265 310 322 315 276 393 439 547 735 826 1036 946 1187 1109 1001 800 # of STs

-30 0.10 0.27 0.45 0.63 0.81 0.98 1.16 134 1.52 1.69 1.87 2.05 2.22 2.40 2.58 2.76 2.93 3.11 3.29 3.47 Lil
Weight

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 ST

/2
Teble C./ Release Fractions for 25 Mean Source Term Partition Groups

| Group ! |Xe I Cs Te La Ce ItaSr Ru

1 1.57E-02 136E-04 6.58E-07 3.20E-07 6.28E-03 6.77E-09 5.80E-09 1.26E-08 5.74E-03

2 9.91E-01 4.29E-03 8.92E-05 2.48E4 1.86E-06 2.82E-07 1.54E-07 4.89E-07 1.99E-06

3 9.83E-01 7.77E-03 1.51E-04 4.45E-05 2.11E-06 3.55E-07 1.67E-07 4.21E-07 2.28E-06

4 9.49E-01 1.07E-02 2.98E-04 1.15E-G4 9.12E-06 2.07E-06 7.48E-07 2.23E-06 9.91E-06

5 9.29E-01 1.46E-02 4.50E-04 1.98E-04 1.62E-05 3.76E-06 8.78E-07 2.57E-06 1.80E4
6 9.62E-01 2.03E-02 8.04E-04 4.01E-04 7.87E-05 1.03E@ 8.06E-06 1.42E-05 733E-05

7 8.45E-01 2.03E-02 1.86E-03 5.11E-04 3.87E-05 9.81E-06 2.49E-06 4.71E-06 4.26E-05

8 9.82E-01 4.76E-02 1.47E-03 9.09E-04 2.01E-04 1.66E@ 2.01E-05 2.76E-05 1.68E-04

9 9.61E-01 3.42E-02 4.04E-03 2.54E-03 3.91 E-04 3.69E-05 4.67E-05 6.00EG 330Ea

10 4.28E-01 235E-02 8.49E-03 9.90E-04 8.05 E-05 1.14E4 6.12E-06 1.04E-05 9.77E-05

11 6.48E-01 2.90E-02 1.21E-02 2.17E-03 1.21E-04 4.14 E-05 1.29E-05 1.67E-05 137E-04

12 7.61E-01 4.41E-02 2.22E-02 4.47E-03 2.22E-04 3.54E 05 1.30E-05 336E-05 2.70E-04

13 7.67E-01 5.20E-02 2.90E-02 6.79E-03 4.04E-04 1.23E-04 2.67E-05 4.90E@ 4.67E-04

14 9.22E-01 7.50E-02 4.44E-02 1.97E-02 1.61E-03 7.80E-G4 8.72E4 2.56E-04 2.20E-03

15 838E-01 1.08E-0! 6.51E-02 1.91 E-02 1.00E-03 1.82E-04 4.69EE 6.20E-05 1.01E-03

16 8.57E-01 1.47E-01 1.00E-01 3.49E-02 2.13E-03 4.96E-04 136E-04 2.59E-04 ; 233E-03

.
.
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Appendix D

This appendix contains the input data files used in the MACCS calculations. The original files taken from the
NUREG-ll50 Surry study were modified where needed to reflect the specifics of the LP/SD study.

.

D.1 ATMOS Input File

* GENERAL DESCRIPTIVE TITLE DESCRIBING THIS * ATMOS" INPUT
... used for Surry LP/SD study*

RIATNAM1001 'SURRY ATMOS INPUT FOR FINAL NUREG-1150 CALCULATIONS'
* FLAG TO INDICATE THAT THIS IS THE LAST PROGRAM IN THE SERIES TO BE RUN
.

OCENDAT1001 . FALSE. (SET THIS VALUE TO .TRUE. TO SKIP EARLY AND CHRONC)
........*........................................*..............**..............

* GEOMETRY DATA BLOCK, LOADED BY INPGEO, STORED IN /GE0M/

* NUMBER OF RADIAL SPATIAL ELEMENTS
*

GENUMRAD001 26
*

* SPATIAL ENDPOINT DISTANCES IN MILES
.

END001 0.25 0.5 0.75 1.0 1.5*

* END002 2.0 2.5 3.0 3.5 5.0
END003 7.0 10 13 16 20*

* END004 25 30 40 50- 70
* *' END005 100 150 200 350 500

* END006 1000
.

SURRY*

.

GESPAEND001 .16 .52 1.21 1.61 2.13
GESPAEND002 3.22 4.02 4.83 5.63 8.05
GESPAEND003 11.27 16.09 20.92 25.75 32.19
GESPAEND004 40.23 48.28 64.37 80.47 112.65
GESPAEN0005 160.93 241.14 321.87 563.27 804.67
GESPAEND006 1609.34
* * * * * * * * * * . . . . . . . * * . . . . . . . . . . * . . . * * * . . * * * . . . * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * * * *

* NUCLIDE DATA BLOCK, LOADED BY INPISO, STORED IN /IS0GRP/, /ISONAM/
,

* NUMBER OF NUCLIDES
.

ISNUMIS0001 60
.

* NUMBER OF NUCLIDE GROUPS
.!*

ISMAXGRP001 9
.

* WET AND DRY DEPOSITION FLAGS FOR EACH NUCLIDE GROUP
.

WETDEP DRYDEP*

.

ISDEPFLA001 . FALSE. . FALSE.
ISDEPFLA002 .TRUE. .TRUE.

D-1 NUREG/CR-6144

- ,



|

Appndix D

ISDEPFLA003 .TRUE. .TRUE. |
ISDEPFLA004 .TRUE. .TRUE.
ISDEPFLA005 .TRUE. .TRUE.
ISDEPFLA006 .TRUE. .TRUE.
ISDEPFLA007 .TRUE. .TRUE.
ISDEPFLA008 .TRUE. .TRUE.
ISDEPFLA009 .TRUE. .TRUE.
*

* NUCLIDE GROUP DATA FOR 9 NUCLIDE GROUPS
*

NUCNAM PARENT IGROUP HAFLIF*

*

ISOTPGRP001 CO 58 NONE 6 6.160E+06
ISOTPGRP002 CO-60 NONE 6 1.660E+08
ISOTPGRP003 KR-85 NONE 1 3.386E+08
ISOTPGRP004 KR-85M NONE 1 1.613E+04
IS0TPGRP005 KR-87 NONE 1 4.560E+03
ISOTPGRP006 KR-88 NONE 1 1.008E+04
IS0TPGRP007 RB-86 NONE 3 1.611E+06
ISOTPGRP008 SR-89 HONE 5 4.493E+06'

ISOTPGRP009 SR-90 NONE 5 8.865E+08
IS0TPGRP010 SR-91 NONE 5 3.413E+04
IS0TPGRP011 SR-92 NONE 5 9.756E+03 NEW

*

ISOTPGRP012 Y-90 SR-90 7 2.307E+05
ISOTPGRP013 Y 91 SR-91 7 5.080E+06
ISOTPGRP014 Y 92 SR-92 7 1.274E+04 NEW
IS0TPGRP015 Y-93 NONE 7 3.636E+04 NEW
ISOTPGRP016 ZR 95 NONE 7 5.659E+06

*

ISOTPGRP017 ZR-97 NONE 7 6.048E+04
IS0TPGRP018 NB 95 ZR-95 7 3.033E+06
IS0TPGRP019 MO-99 NONE 6 2.377E+05
IS0TPGRP020 TC-99M M0-99 6 2.167E+04
ISOTPGRP021 RU 103 NONE 6 3.421E+06
IS0TPGRP022 RU 105 NONE 6 1.598E+04
ISOTPGRP023 RU-106 NONE 6 3.188E+07
ISOTPGRP024 RH-105 RU-105 6 1.278E+05
ISOTPGRP025 SB-127 NONE 4 3.283E+05
IS0TPGRP026 SB-129 NONE 4 1.562E+04
ISOTPGRP027 TE-127 SB-127 4 3.366E+04
ISOTPGRP028 TE-127M NONE 4 9.418E+06
ISOTPGRP029 TE-129 SB-129 4 4.200E+03
IS0TPGRP030 TE 129M NONE 4 2.886E+06
IS0TPGRP031 TE-131M NONE 4 1.080E+05
ISOTPGRP032 TE-132. NONE 4 2.808E+05
IS0TPGRP033 I-131 TE-131M 2 6.947E+05
ISOTPGRP034 I-132 TE 132 2 8.226E+03
ISOTPGRP035 I 133 NONE 2 7.488E+04
ISOTPGRP036 I-134 NONE 2 3.156E+03
ISOTPGRP037 I-135 NONE 2 2.371E+04
IS0TPGRP038 XE 133 I-133 1 4.571E+05
ISOTPGRP039 XE-135 I-135 1 3.301E+04
ISOTPGRP040 CS-134 NONE 3 6.501E+07
ISOTPGRPO41 CS-136 NONE 3 1.123E+06
ISOTPGRPO42 CS-137 NONE 3 9.495E+08
ISOTPGRPO43 BA-139 NONE 9 4.986E+03 NEW
ISOTPGRPO44 BA 140 NONE 9 1.105E+06

NUREG/CR-6144 D-2
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IS0TPGRPO45 LA-140 BA 140 7 1.448E+05
- ISOTPGRP046 LA-141 NONE 7 1.418E+04 NEW
ISOTPGRP047 LA-142 NONE 7 5.724E+03 NEW

- ISOTPGRPO48 CE-141 LA-141 8 2.811E+06 PARENT ADDED :
- ISOTPGRPO49 CE-143 NONE 8 1.188E+05
ISOTPGRP050 CE-144 NONE 8 2.457E+07 ' '

ISOTPGRP051 PR-143 CE-143 7 1.173E+06
IS0TPGRP052 ND 147 NONE 7 9.495E+05
ISOTPGRP053 NP-239 NONE 8 2.030E+05
ISOTPGRP054 PU-238 CM 242 8 2.809E+09
ISOTPGRP055 PU-239 NP-239 8 7.700E+11
ISOTPGRP056 PU-240 CM-244 8 2.133E+11
ISOTPGRP057 PU 241 NONE 8 4.608E+08

'

ISOTPGRP058 AM-241 PU-241 7 1.366E+10
ISOTPGRP059 CM-242 NONE 7 1.408E+07
ISOTPGRP060 CM-244 NONE 7 5.712E+08
*........... ** .. *** .... ****.....** ..................**. ** ............... ;

* WET DEPOSITION DATA BLOCK, LOADED BY INPWET, STORED IN /WETCON/

* WASHOUT COEFFICIENT NUMBER ONE, LINEAR FACTOR-

WDCWASH1001 9.5E-5 (HELTON AFTER JONES, 1986)
,

* WASHOUT COEFFICIENT NUMBER TWO, EXPONENTIAL FACTOR *

WDCWASH2001 0.8 (HELTON AFTER JONES, 1986)
,

............................................................................. ..

* DRY DEPOSITION DATA BLOCK, LOADED BY INPDRY, STORED IN /DRYCON/ >

,

* NUMBER OF PARTICLE SIZE GROUPS
.

.DDNPSGRP001 1 ,

. .

* DEPOSITION VELOCITY OF EACH PARTICLE SIZE GROUP (M/S)

DDVDEPOS001 0.01 (VALUE SELECTED BY S. ACHARYA, NRC)
........................................................................**...... ,

* DISPERSION PARAMETER DATA BLOCK, LOADED BY INPDIS, STORED IN /DISPY/, /DISPZ/

* SIGMA = A X ** B WHERE A AND B VALUES ARE FROM TADMOR AND GUR (1969) .

* LINEAR TERM OF THE EXPRESSION FOR SIGMA-Y, 6 STABILITY CLASSES

* STABILITY CLASS: A B C D E F
,

DPCYSIGA001 0.3658 0.2751 0.2089 0.1474 0.1046 0.0722
.

* EXPONENTIAL TERM OF THE EXPRESSION FOR SIGMA-Y, 6 STABILITY CLASSES
.

* STABILITY CLASS: A B C D E F
w

DPCYSIGB001 .9031 .9031 .9031 .9031 .9031 .9031
>

.

* LINEAR TERM OF THE EXPRESSION FOR SIGMA-Z, 6 STABILITY CLASSES >

* ,

* STABILITY CLASS: A B C D E F

D-3 NUREG/CR4144 ;
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.

DPCZSIGA001 2.5E 4 1.9E-3 .2 .3 .4 .2
*

* EXPONENTIAL TERM OF THE EXPRESSION FOR SIGMA-Z, 6 STABILITY CLASSES-

* STABILITY CLASS; A B C D E F

DPCZSIGB001 2.125 1.6021 .8543 .6532 .6021 .6020
.

LINEAR SCALING FACTOR FOR SIGMA Y FUNCTION, NORMALLY 1*

DPYSCALE001 1.
* .

LINEAR SCALING FACTOR FOR SIGMA-Z FUNCTION,*

NORMALLY USED FOR SURFACE ROUGHNESS LENGTH CORGECTION.*

(21 / 20) ** 0.2, FROM CRAC2 WE HAVE (10 CN / 3 CM) ** 0.2 = 1.27*

DPZSCALE001 1.27
...........................**.*****************..******....*****........*** ..
.

* EXPANSION FACTOR DATA BLOCK, LOADED BY INPEXP, STORED IN / EXPAND / r

* TIME BASE FOR EXPANSION FACTOR (SECONDS)
* *

PMTIMBAS001 600. (10 MINUTES)

* BREAK POINT FOR FORMULA CHANGE (SECONDS)

*
PMBRKPNT001 3600. (1 hour)

* EXPONENTIAL EXPANSION FACTOR NUMBER 1
.

PMXPFAC1001 0.2
*

* EXPONENTIAL EXPANSION FACTOR NUMBER 2

PMXPFAC2001 0.25
. * * * . . . * * * . . . . . * * * . . . . . * * * * * * . . . . . . . . . . * * * . . . . * * * * * * * * * * . . . * * * * * * * * . . * * * * * * * * * *

* PLUME RISE DATA BLOCK, LOADED BY INPLRS, STORED IN /PLUMRS/

* SCALING FACTOR FOR THE CRITICAL WIND SPEED FOR ENTRAINMENT OF A BOUYANT PLUME

j(USEDBYFUNCTIONCAUGHT)

PRSCLCRWOO1 1.
*

* SCALING FACTOR FOR THE A-D STABILITY PLUME RISE FORMULA
* (USED BY FUNCTION PLMRIS)

PRSCLADP001 1.
.

* SCALING FACTOR-FOR THE E-F STABILITY PLUME RISE FORMULA
* (USED BY FUNCTION PLMRIS)

PRSCLEFP001 1. '

................................................................................

** WAKE EFFECTS DATA BLOCK, LOADED BY INPWAK, STORED IN /BILWAK/

NUREG/CR-6144 D-4
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*

SITE GG PB SEQ SUR*

* WIDTH (M) 40 50 40 40 l

HEIGHT (M) 60 50 40 50*

.

* BUILDING WIDTH (METERS)
i

WEBUILDWOO1 40. * SURRY |

* l

* BUILDING HEIGHT (METERS)

WEBUILDH001 50. * SURRY
s .

*

* 3412 MWTH PWR CORE INVENTORY, END-OF-CYCLE
SUPPLIED BY D.E. BENNETT, 5/14/86*

rep 1aoed by SURRY LP/SD specific data*

* LPSD Window 1 inventory (48 hours) 12/7/93 '

- * NUCNAM CORINV(BO) 4

RDCORINV001 C0 58 0.000E+00 i

RDCORINV002 CO-60 0.000E+00
RDCORINV003 KR-85 1.762E+16 I

*

RDCORINV004 KR-85M 4.410E+14 *

RDCORINV005 KR-87 6.194E+06
RDCORINV006 KH 88 1.618E+13
RDCORINV007 RB 86 3.148E+15

*
RDCORINV008 SR-89 2.647E+18
RDCORINV009 SR-90 1.343E+17 !
RDCORINV010 SR 91 1.006E+17 '

RDCORINV011 SR-92 1.669E+13 -

RDCORINV012 Y-90 1.383E+17
RDCORINV013 Y-91 3.383E+18 |

RDCORINV014 Y 92 1.211E+15 |
RDCORINV015 Y-93 1.548E+17 '

RDCORINV016 ZR 95 4.385E+18 I

RDCORINV017 ZR-97 6.246E+17
,

RDCORINV018 NB-95 4.362E+18
RDCORINV019 MO-99 2.916E+18 '

RDCORINV020 TC 99M 2.807E+18 :
.RDCORINV021 RU-103 3.770E+18
RDCORINV022 RU-105 1.480E+15
RDCORINV023 RU-106 9.183E+17
RDCORINV024 RH 105 1.067E+18 I
RDCORINV025 SB 127 1.955E+17
RDCORINV026 SB 129 3.818E+14 ,

RDCORINV027 TE-127 2.179E+17 |

RDCORINV028 TE-127M 3.229E+16 ,

RDCORINV029 TE 129 7.733E+16
RDCORINV030 TE-129M 1.181E+17
RDCORINV031 TE-131M 1.252E+17

' RDCORINV032 TE 132 2.449E+18-
RDCORINV033 I-131 2.258E+18
RDCORINV034 - I-132 2.525E+18

'

RDCORINV035 I-133 1.118E+18 ',

D-5 NUREGICR-6144 i
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RDCORINV036 I-134 7.748E+02
RDCORINV037 I-135 3.292E+16
RDCORINV038 XE-133 4.784E+18
RDCORINV039 XE 135 2.885E+17
RDCORINV040 CS-134 2.130E+17
RDCORINV041 CS-136 8.081E+16
RDCORINV042 CS 137 1.807E+17
RDCORINV043 BA 139 1.805E+08
RDCORINV044 BA-140 4.207E+18
RDCORINV045 LA-140 4.581E+18
RDCORINV046 LA-141 1.015E+15
RDCORINV047 LA-142 2.155E+09
RDCORINV048 CE 141 4.336E+18
RDCORINV049 CE 143 1.52SE+18
RDCORINV050 CE-144 2.577E+18
RDCORINV051 PR-143 3.966E+18
RDCORINV052 ND-147 1.558E+18
RDCORINV053 NP-239 2.905E+19
RDCORINV054 PU 238 2.758E+15

- RDCORINV055 PU-239 7.071E+14
RDCORINV056 PU-240 8.936E+14
RDCORINV057 PU-241 2.042E+17
RDCORINV058 AM-241 0.000E+00
RDCORINV059 CM-242 0.000E+00 '

RDCORINV000 CM-244 0.000E+00
*

RDCORSCA001 1.0
*

* PARTICLE SIZE DISTRIBUTION OF EACH NUCLIDE GROUP*

* YOU MUST SPECIFY A COLUMN OF DATA FOR EACH OF THE PARTICLE SIZE GROUPS
.

RDPSDIST001 1.
RDPSDIST002 1.
RDPSDIST003 1.
RDPSDIST004 1.
RDPSDIST005 1.
RDPSDIST006 1.
RDPSDIST007 1.
RDPSDIST008 1.
RDPSDIST009 1.
.................................................**.** **...............**......

* OUTPUT CONTROL DATA BLOCK, LOADED BY INPOPT, STORED IN /ATMOPT/

OCIDEBUG001 0
.

* NAME OF THE NUCLIDE TO BE LISTED ON THE DISPERSION LISTINGS
.

OCNUCOUT001 CS 137
*...............................................................................

* METEOROLOGICAL SAMPLING DATA BLOCK
.

* METEOROLOGICAL SAMPLING OPTION CODE:
.

* METCOD = 1, USER SPECIFIED DAY AND HOUR IN THE YEAR (FROM MET FILE),
2, WEATHER CATEGORY BIN SAMPLING,*

3, 120 HOURS OF WEATHER SPECIFIED ON THE ATMOS USER INPUT FILE,*

NUREG/CR-6144 D-6
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Appendix D

4, CONSTANT MET (BOUNDARY WEATHER USED FROM THE START),*

5, STRATIFIED RANDOM SAMPLES FOR EACH DAY OF THE YEAR.*

M1METCOD001 2
M3ISTRDY001 1

,

M31STRHR001 1
*

* LAST SPATIAL INTERVAL FOR MEASURED WEATHER
*

M2LIMSPA001 25
a

BOUNDARY WEATHER, NO RAIN, WIND SPEED = 0.5 M/S, A STABILITY,*
'

MIXING HEIGHT = 1000 M, APPLIES TO THE LAST SPATIAL INTERVAL*

* (500 - 1000 MILES)

* BOUNDARY WEATHER MIXING LAYER HEIGHT
*

M2BNDMXH001 1000. (METERS)

- * BOUNDARY WEATHER STABILITY CLASS INDEX ,

*

M21BDSTB001 1 (A-STABILITY)
*

:

* BOUNDARY WEATHER RAIN RATE *

*

I22BhDRAN001 0. (O MM / HOUR = NO RAIN)
,

BOUNDARY WEATHER WIND SPEED*

*.,

M2BNDWND001 0.G (M / S)

* NUMBER OF bAMPLES PER BIN
*

UaNSMPLS001 4 (THIS NUMBER SHOULD BE SET TO 4 FOR RISK ASSESSMENT)

' NUMBER OF RAIN DISTANCE INTERVALS FOR BINNING
a

M4NRNINT001 6
*

ENDPOINTS OF THE RAIN DISTANCE INTERVALS (KILOMETERS)
*

* NOTE: THESE MUST BE CHOSEN TO MATCH THE SPATIAL ENDPOINT DISTANCES
SPECIFIED FOR THE ARRAY SPAEND (10 % ERROR IS ALLOWED).

*

* 2.0 3.5 7.0 13.0 25.0 50.0 MILES
*

M4RNDSTS001 3.22 5.63 11.27 20.92 40.23 80.47 KM
*

* NUMBER OF RAIN INTENSITIY BREAKPOINTS
*

M4NRINTN001 3
* ;

* RAIN INTENSITY BREAKPOINTS FOR WEATHER BINNING (MILLIMETERS PER HOUR)

M4RNRATE001 1. 2. 3.
* ;

D-7 NUREG/CR-6144 |
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Appendix D

* INITIAL SEED FOR RANDOM NUMBER GENERATOR
*

M4IRSEED001 1

********************** RELEASE DATA BLOCK *************
*

* WARNING TIME
*

* 1 hr based on similarity to V-sequence in 1150
RDOALARM001 3.6E+3
.

* SELECTION OF RISK DOMINAtlT PLUME
*

RDMAXRIS001 1
*

* REFERENCE TIME FOR DISPERSION AND RADI0 ACTIVE DECAY
.

RDREFTIM001 0. .5
*

- * NUMBER OF PLUME SEGMENTS THAT ARE RELEASED
*

RDNUMRELOO1 1
*

* HEAT CONTENT OF THE RELEASE SEGMENTS (W)
*

* A VALUE SPECIFIED FOR EACH OF THE RELEASE SEGMENTS
*

* release power is zero...
RDPLHEAT001 0.0

. ..

* HEIGHT OF THE PLUME SEGMENTS AT RELEASE (M)
* A VALUE SPECIFIED FOR EACH OF THE RELEASE SEGMENTS
*

* 12/7/93 hatch elevation: 27'5' approx. 8.4 m
RDPLHITE001 8.4
.

* DURATION OF THE PLUME SEGMENTS (S)
* A VALUE SPECIFIED.FOR EACH OF THE RELEASE SEGMENTS
*

* release duration 6 hr
RDPLUDUR001 21600.
*

* TIME OF RELEASE FOR EACH PLUME (S AFTER SCRAM)
* A VALUE SPECIFIED FOR EACH OF THE RELEASE SEGMENTS
.

* start of release 2hr based on MELCOR calculations
RDPDELAYOO1 7.2E+3
.

* RELEASE FRACTIONS FOR ISOTOPE GROUPS IN RELEASE
* 25 Source Term Groups from Partitioning

RDATNAM2001 ' Group 1'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 1.6E-2 1.4E-4 6.6E-7 3.2E-7 6.3E-8 6.8E-9 5.8E-9 1.3E-8 5.7E-8

RDATNAM2001 ' Group 2'
* Xe I Cs Te Sr Ru La Ce 9a

NUREG/CR-6144 C-8
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RDRELFRC001 9.9E-1 4.3E-3 8.9E-5 2.5E-5 1.9E-6 2.8E-7 1.5E-7 4.9E-7 2.0E-6

kDATNAM2001 ' Group 3'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.8E-1 7.8E-3 1.5E-4 4.4E-5 2.1E-6 3.5E-7 1.7E-7 4.2E 7 2.3E-6

kDATNAM2001 ' Group 4' i

Xe I Cs Te Sr Ru La Ce Ba*

RDRELFRC001 9.5E-1 1.1E-2 3.0E-4 1.2E-4 9.1E-6 2.1E-6 7.5E-7 2.2E-6 9.9E-6
.

RDATNAM2001 ' Group 5'
* Xe I Cs Te Sr nu La Ce Ba
RDRELFRC001 9.3E-1 1.5E-2 4.5E-4 2.0E-4 1.6E-5 3.8E-6 8.8E-7 2.6E-6 1.8E-5

kDATNAM2001 ' Group 6'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.6E-1 2.0E-2 8.0E-4 4.0E-4 7.9E-5 1.0E-5 8.1E-6 1.4E-5 7.3E-5

kDATNAM2001 ' Group 7'
- * Xe I Cs Te Sr Ru La Ce Ba

RDRELFRC001 8.4E-1 2.0E-2 1.9E-3 5.1E-4 3.9E-5 9.8E-6 2.5E-6 4.7E-6 4.3E-5

kDATNAM2001 ' Group 8'
* Xe I Cs Te Sr Ru La Ce Ba -

RDRELFRC001 9.8E-1 4.8E-2 1.5E-3 9.1E-4 2.0E-4 1.7E-5 2.0E-5 2.8E-5 1.7E-4
|.

RDATNAM2001 ' Group 9'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.6E-1 3.4E-2 4.0E-3 2.5E-3 3.9E-4 3.7E-5 4.7E-5 6.0E 5 3.3E-4*

kDATNAM2001 ' Group 10'
Xe I Cs Te Sr Ru La Ce Ba*

RDRELFRC001 4.3E-1 2.3E-2 8.5E-3 9.9E-4 8.1E-5 1.1E-5 6.1E-6 1.0E-5 9.8E-5

kDATNAM2001 ' Group 11'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 6.5E-1 2.9E-2 1.2E-2 2.2E-3 1.2E-4 4.1E-5 1.3E-5 1.7E-5 1.4E-4

kDATNAM2001 ' Group 12'
* Xe I Cs Te Sr Ru La Ce Ba

,

RDRELFRC001 7.6E-1 4.4E-2 2.2E-2 4.5E-3 2.2E-4 3.5E-5 1.3E 5 3.4E-5 2.7E-4

kDATNAM2001 ' Group 13'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 7.7E-1 5.2E-2 2.9E-2 6.8E-3 4.0E-4 1.2E-4 2.7E-5 4.9E-5 4.7E-4

kDATNAM2001 ' Group 14'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.2E-1 7.5E-2 4.4E-2 2.0E-2 1.6E-3 7.8E-4 8.7E-5 2.6E-4 2.2E-3

;.

RDATNAM2001 ' Group 15'
* Xe I Cs Te Sr Ru La Ce Ba '

RDRELFRC001 8.4E-1 1.1E-1 6.5E-2 1.9E-2 1.0E-3 1.8E-4 4.7E-5 6.2E-5 1.0E-3

kDATNAM2001 ' Group 16'
* Xe I Cs Te Sr Ru La Ce Ba

D-9 NUREG/CR-6144
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RDRELFRC001 8.6E-1 1.5E-1 1.0E-1 3.5E-2 2.1E-3 5.0E-4 1.4E-4 2.6E-4 2.3E-3

kDATNAM2001 ' Group 17'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.9E-1 1.9E-1 1.5E-1 9.4E-2 9.8E-3 2.0E-3 5.6E-4 1.0E-3 9.0E-3

kDATNAM2001 ' Group 18' '

* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 9.8E-1 2.1E-1 1.8E-1 1.1E-1 3.3E-2 2.4E-3 3.7E-3 4.7E-3 2.7E-2

kDATNAM2001 ' Group 19'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 1.0E+00 3.7E-1 2.9E-1 1.6E-1 3.5E-2 4.7E-3 2.4E-3 6.1E-3 3.2E-2

kDATNAM2001 ' Group 20'
* Xe I Cs Te Sr Ru La Ce Ba
RDRELFRC001 1.0E+00 5.3E-1 5.1E-1 2.1E-1 2.5E-2 3.7E-3 1.9E-3 4.2E-3 2.2E-2

,

kDATNAM2001 ' Group 21'
Xe I Cs Te Sr Ru La Ce Ba- *

RDRELFRC001 1.0E+00 6.2E-1 5.8E-1 3.5E-1 1.3E-1 1.3E-2 1.2E-2 2.4E-2 1.1E-1

kDATNAM2001 ' Group 22'
* Xe I Cs Te Sr Ru La Ce Ba '

RDRELFRC001 1.0E+00 6.0E-1 5.6E-1 4.9E-1 3.2E-1 4.0E-2 4.0E-2 5.7E-2 3.0E-1

kDATNAM2001 ' Group 23'
Xe I Cs Te Sr Ru La Ce Ba*

RDRELFRC001 1.0E+00 5.8E-1 5.9E-1 6.7E-1 5.6E-1 4.4E-2 1.0E-1 1.1E-1 5.2E-1*

kDATNAM2001 ' Group 24'
Xe I Cs Te Sr Ru La Ce Ba*

RDRELFRC001 1.0E+00 6.3E-1 6.4E-1 6.7E-1 6.0E-1 7.5E-2 1.1E-1 1.7E-1 5.9E-1

kDATNAM2001 ' Group 25'
Xe I Cs Te Sr Ru La Ce Ba*

RDRELFRC001 1.0E+00.8.9E-1 8.9E-1 8.8E-1 8.9E-1 1.7E-1 9.3E-2 6.0E-1 8.9E-1
.

|

!

l

!
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Appendix D

D.2 EARLY Input File

* GENERAL DESCRIPTIVE TITLE DESCRIBING THIS 'EARLY" INPUT FILE
... used for Surry LP/SD study; modified for MACCS 1.5.11.1*

MIEANAM1001 'SURRY EARLY INPUT FOR FINAL NUREG-1150 CALCULATIONS'
*

* FLAG TO INDICATE THAT THIG IS THE LAST PROGRAM IN THE SERIES TO BE RUN
.

MIENDAT2001 . FALSE. (SET THIS VALUE TO .TRUE. TO SKIP CHRONC)

* DISPERSION MODEL OPTION CODE: 1
* STRAIGHT LINE

* WIND-SHIFT WITH ROTATION2 *
* 3 '* WIND-SHIFT WITHOUT ROTATION
*

MIIPLUME001 2
.

* NUMBER OF FINE GRID SUBDIVISIONS USED BY THE MODEL
.

- MINUMFIN001 7 (3, 5 OR 7 ALLOWED)

* LEVEL OF DEBUG OUTPUT REQUIRED, NORMAL RUNS SHOULD SPECIFY ZERO

MIIPRINT001 0 *

*

* FLAG INDICATING IF WIND-ROSES FROM ATMOS ARE TO BE OVERRIDDEN
.

MIOVRRID001 . FALSE. (USE THE WIND ROSE CALCULATED FOR EACH WEATHER BIN)...
>

* LOGICAL FLAG SIGNIFYING THAT THE BREAKDOWN OF RISK BY WEATHER CATEGORY
* BIN ARE TO BE PRESENTED TO SHOW THEIR RELATIVE CONTRIBUTION TO THE MEAN
*

* RISBIN
*

MIRISCAT001 . FALSE.
.................*************..****..... ......**...........**.... ***.... ....

* POPULATION DISTRIBUTION DATA BLOCK, LOADED BY INPOPU, STORED IN /POPDAT/

PDPOPFLG001 FILE
.

*PDPOPFLG001 UNIFORM
*PDIBEGIN001 1 (SPATIAL INTERVAL AT WHICH POPULATION BEGINS)
*PDPOPDEN001 50. (POPULATION DENSITY (PEOPLE PER S0VARE KILOMETER............****...................**...****..***........*.......).)***********
* ORGAN DEFINITION DATA BLOCK, LOADED BY IN0RGA, STORED IN /EARDIM/ AND /ORGNAM/

* NUMBER OF ORGANS DEFINED FOR HEALTH EFFECTS
*

..................***...............................***........**..** **...**...

* SHIELDING AND EXPOSURE FACTORS, LOADED BY INDFAC, STORED IN /EADFAC/

* THREE VALUES OF EACH PROTECTION FACTOR ARE SUPPLIED,
* ONE FOR EACH TYPE OF ACTIVTY:
.

* ACTIVITY TYPE:
* 1 - EVACUEES WHILE MOVING

D-I l NUREG/CR-6144
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2 - NORMAL ACTIVITY IN SHELTERING AND EVACUATION ZONE* ,

3 - SHELTERED ACTIVITY*

*

* CLOUD SHIELDING FACTOR
*

* SITE GG PB SEO SUR ZION
SHELTERING 0.7 0.5 0.65 0.6 0.5*

.

* EVACUEES NORMAL SHELTER
*

SECSFACT001 1. 0.75 0.6 * SURRY SHELTERING VALUE
.

* PROTECTION FACTOR FOR INHALATION
.

SEPROTIN001 1. 0.41 0.33 * VALUES FOR NORMAL ACTIVITY AND
SHELTERING SELECTED BY S. ACHARYA, NRC*

* BREATHING RATE (CUBIC METERS PER SECOND)
1

SEBRRATE001 2.66E-4 2.66E-4 2.66E-4
.

* SKIN PROTECTION FACTOR
,

SESKPFAC001 1.0 0.41 0.33 * VALUES FOR NORMAL ACTIVITY AND -

SHELTERING SELECTED BY S. ACHARYA, NRC*

* GROUND SHIELDING FACTOR
*

*- SITE GG PB SEO SUR ZION'

SHELTERING 0.25 0.1 0.2 0.2 0.1*

*

SEGSHFAC001 0.5 0.33 0.2 * VALUE FOR NORMAL ACTIVITY SELECTED BY
S. ACHARYA, NRC; SURRY SHELTERING VALUE*

* RESUSPENSION INHALATION MODEL CONCENTRATION COEFFICIENT (/ METER)

RESCON = 1.E 4 IS APPROPRIATE FOR MECHANICAL RESUSPENSION BY VEHICLES.*

RESHAF = 2.11 DAYS CAUSES 1.E-4 TO DECAY IN ONE WEEK TO 1.E-5, THE VALUE*

OF RESCON USED IN THE FIRST TERM OF THE LONG-TERM RESUSPENSION EQUATION*

* USED IN CHRONC.
.

SERESCON001 1.E-4 (RESUSPENSION IS TURNED ON)

* RESUSPENSION CONCENTRATION COEFFICIENT HALF-LIFE (SEC)

SERESHAF001 1.82E5 (2.11 DAYS)
. * * * . . . . . . . . . . * * . . . * * * * * * . . . . . * * . . . . . . . . . . * * * . . . . . * * * * * * * * * * * * . . . . . * * * * * * * . * * * .

* EVACUATION ZONE DATA BLOCK, LOADED BY EVNETW, STORED IN /NETWOR/, /EOPTIO/

* THE TYPE OF WEIGHTING TO BE APPLIED TO THE EMERGENCY RESPONSE SCENARIOS
YOU MUST SUPPLY A VALUE OF ' TIME' OR ' PEOPLE'*

.

EZWTNAME001 ' TIME'
.

* SITE GG PB SE0 SUR
CLDELAY (HR) 0.75 1.0 1.8 1.5*

NUREG/CR-6144 D-12
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ESPEED (M/S) 3.7 4.8 1.4 1.8*

* EDELAY = CLDELAY + 0.5 HR

CLDELAY = DELAY BETWEEN WARNING OF PUBLIC TO BEGIN EVACUATION AND*

* TIME EVACUATION ACTUALLY BEGINS; VALUES USED ARE DEVELOPED
* FROM SITE-SPECIFIC CLEAR TIME STUDIES

*
0.5 HR = MEAN (EXPECTED) TIME FROM GENERAL EMERGENCY

* CONDITIONS TO WARNING OF PUBLIC (SIRENS, BROADCAST)

.

* RADIAL EVACUATION SPEED (M/S)

EZESPEED001 1.8 * SURRY
.

* DURATION OF THE EMERGENCY PHASE (SECONDS FROM PLUME ARRIVAL)

SRENDEMP001 604800. (ONE WEEK)

* CRITICAL ORGAN FOR RELOCATION DECISIONS
.

SRCRIORG001 'EDEWBODY'
.

* HOT SPOT RELOCATION TIME (SECONDS FROM PLUME ARRIVAL)

SRTIMHOT001 43200. (ONE-HALF DAY)

* NORMAL RELOCATION TIME (SECONDS FROM PLUME ARRIVAL)

SRTIMNRM001 86400. (ONE DAY)

* HOT SPOT RELOCATION DOSE CRITERION THRESHOLD (SIEVERTS)

SRDOSH0T001 0.5 (50 REM DOSE TO WHOLE BODY IN 1 WEEK TRIGGERS RELOCATION)

* NORMAL RELOCATION. DOSE CRITERION THRESHOLD (SIEVERTS)

SRDOSNRM001 0.25 (25 REM DOSE TO WHOLE BODY IN 1 WEEK TRIGGERS RELOCATION......................................................................*........). ,

......................................**................................**......

* RESULT 1 OPTIONS BLOCK, LOADED BY IN0UT1, STORED IN /IN0UT1/
* TOTAL NUMBER OF A GIVEN EFFECT (LATENT CANCER, EARLY DEATH, EARLY INJURY)

* NUMBER OF DESIRED RESULTS OF THIS TYPE
*

TYPE 1 NUMBER 2
.

TYPE 10UT001 'ERL FAT / TOTAL' 1 19 (50 MILES)
TYPE 10VT002 'CAN FAT 19 CCDF
. . . . . . . . . * * . . . . . . . . . . . . . /. T O TA L ' . . . . . . . . . . . . . . . .1...... ........ 4... 2..***...**......

* RESULT 2 OPTIONS BLOCK, LOADED BY IN0UT2, STORED IN /INOUT2/
* FURTHEST DISTANCE AT WHICH A GIVEN RISK OF EARLY DEATH IS EXCEEDED.

NUMBER OF DESIRED RESULTS OF THIS TYPE

D-13 NUREG/CR-6144
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TYPE 2 NUMBER 0
............................****...........** ...................**.............

* RESULT 3 OPTIONS BLOCK, LOADED BY INOUT3, STORED IN /IN00T3/ j
* NUMBER OF PEOPLE WHOSE ACUTE DOSE TO A GIVEN ORGAN EXCEEDS A GIVEN THRESHOLD. i

.

* NUMBER OF DESIRED RESULTS OF THIS TYPE

TYPE 3 NUMBER 0
. . . . . . . . . . . . . . . . . . . . * . . . . * * * . . . . . . . * * * * * * * * * * . . . . * * . . . . . * * * . . . . . . . * * . . . . . . . . . . *
* RESULT 4 OPTIONS BLOCK, LOADED BY INOUT4, STORED IN /INOUT4/ 4

* 360 DEGREE AVERAGE RISK OF A GIVEN EFFECT AT A GIVEN DISTANCE.
* NUMBER OF DESIRED RESULTS OF THIS TYPE
*

i

TYPE 4 NUMBER 0
. . . . . . . . . . . . * * * . * * * * . . . . . . . . . . . . . . . . . . * * * * * * * * * . . * * . . . . . . . . . . . . . . . . . . . . . . . . * * * .
* RESULT 5 OPTIONS BLOCK, LOADED BY IN00TS, STORED IN /IN0VTS/
,

* TOTAL POPULATION DOSE TO A GIVEN ORGAN BETWEEN TWO DISTANCES.

* NUMBER OF DESIRED RESULTS OF THIS TYPE I
,

TYPE 5 NUMBER 1 i

TYPE 50VT001..............'EDEWBODY'
1 19 CCDF (0-50 MILES)

..................................................................

* RESULT 6 OPTIONS BLOCK, LOADED BY IN0UT6, STORED IN /IN00T6/ j

* CENTERLINE DOSE TO AN ORGAN VS DIST BY PATHWAY, PATHWAY NAMES ARE AS FOLLOWS:
|

* NUMBER OF DESIRED RESULTS OF THIS TYPE
*

'

TYPE 6 NUMBER 0
. . . . . . . . . . . . . . . . . . . . * * * . . . . . . . . . . . . . . . . . . * * . . . . . . . . . . . . . . . . . . . . . . . . . . * * * * * . . . . . .

;

* RESULT 7 OPTIONS BLOCK, LOADED BY IN0UT7, STORED IN /IN00T7/ '

* CENTERLINE RISK OF A GIVEN EFFECT VS DISTANCE
*

* NUMBER OF DESIRED RESULTS OF THIS TYPE
.

TYPE 7 NUMBER 0
.......... **................***........................**........* ..........** '

* RESULT 8 OPTIONS BLOCK, LOADED BY IN0UT8, STORED IN /IN00T8/
. ,

>

* POPULATION WEIGHTED FATALITY RISK BETWEEN 2 DISTANCES
.

* NUMBER OF DESIRED RESULTS OF THIS TYPE
.

TYPE 8 NUMBER 0
* '

;

. . . . . . . . . . . . . . . . . . . . . * * * . . . . . * * * * * * * . . * * . * . * * * * . . . * * * * * * . . . . . . . . . . . . * * * . . . . * *
i

* copied from in2a.inp for MACCS Version 1.5.11.1
)* EARLY FATALITY MODEL PARAMETERS, LOADED BY INEFAT, STORED IN /EFATAL/

* NUMBER OF EARLY FATALITY EFFECTS
.

EFNUMEFA001 3 .

.

* ORGNAM EFFACA EFFACB EFFTHR

NUREG/CR-6144 D-14
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'

EFATAGRP001 ' RED MARR' 3.8 5.0 1.5
EFATAGRP002 ' LUNGS' 10.0 7.0 5.0
EFATAGRP003 ' LOWER LI' 15.0 10.0 8.0
*..................................................................*** .........

* EARLY INJURY MODEL PARAMETERS, LOADED BY INEINJ, STORED IN /EINJUR/ |

* NUMBER OF EARLY INJURY EFFECTS
.

EINUMEIN001 7
.

EINAME ORGNAM EISUSC EITHRE EIFACA EIFACB*

*

EINJUGRP001 ' PRODROMAL V0MIT' ' STOMACH' 1. .5 2. 3.
EINJUGRP002 ' DIARRHEA' 'ST0 MACH' 1. 1. 3. 2.5
EINJUGRP003 ' PNEUMONITIS' ' LUNGS' 1. 5. 10. 7.
EINJUGRP004 ' SKIN ERYTHEMA' ' SKIN' 1. 3. 6. 5.
EINJUGRP005 ' TRANSEPIDERMAL' ' SKIN' 1. 10. 20. 5.
EINJUGRP006 ' THYROIDITIS' 'THYROIDH' 1. 40. 240. 2.
EINJUGRP007 ' HYPOTHYROIDISM' 'THYROIDH' 1. 2. 60. 1.3
.........................********................................**............*

* ACUTE EXPOSURE CANCER PARAMETERS, LOADED BY INACAN STORED IN /ACANCR/.

* NUMBER OF ACUTE EXPOSURE CANCER EFFECTS
*

LCNUMACA001 7
*

* THRESHOLD DOSE FOR APPLYING THE DOSE DEPENDENT REDUCTION FACTOR
.

LCDDTHRE001 0.2 (LOWEST DOSE FOR WHICH DDREFA WILL BE APPLIED)

* DOSE THRESH 0LD FOR LINEAR DOSE RESPONSE (SV)

LCACTHRE001 0.0 (LINEAR-00ADRATIC MODEL IS NOT BEING USED)

* ACNAME ORGNAM ACSUSC DOSEFA DOSEFB CFRISK CIRISK DDREFA
.

LCANCERS001 ' LEUKEMIA' ' RED MARR' 1.0 1.0 0.0 9.70E-3 9.70E-3 2.0
LCANCERS002 ' BONE' ' BONE SUR' 1.0 1.0 0.0 9.00E-4 9.00E-4 2.0
LCANCERS003 ' BREAST' ' BREAST' 1.0 1.0 0.0 5.40E-3 1.59E-2 1.0
LCANCERS004 ' LUNG' ' LUNGS' 1.0 1.0 0.0 1.55E-2 1.73E-2 2.0
LCANCERS005 ' THYROID' 'THYROIDH' 1.0 1.0 0.0 7.20E-4 7.20E-3 1.0
LCANCERS006 'GI' ' LOWER LI' 1.0 1,0 0.0 3.36E-2 5.75E-2 2.0
LCANCERS007 'OTHER' 'BLAD WAL' 1.0 1.0 0.0 2.76E-2 5.52E-2 2.0
ODNUMORG001 10
.

* NAMES OF THE ORGANS DEFINED FOR HEALTH EFFECTS
.

ODORGNAM001 ' SKIN', 'EDEWBODY', ' LUNGS', ' RED MARR', ' LOWER LI', ' STOMACH',

ODORGNAM002 'THYROIDH',.........................' BONE SUR', ' BREAST', 'BLAD WAL'............................**
*

EMERGENCY RESPONSE SCENARIO
.

EZEANAM2001 ' EVACUATION WITHIN 10 MILES'
.

* FRACTION OF THE TIME THIS SCENARIO AFFECTS
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*

EZWTFRAC001 .995
. >

* LAST RING IN THE MOVEMENT ZONE

EZLASMOV001 15 '

.

FIRST SPATIAL INTERVAL IN THE EVACUATION ZONE*

.

EZINIEVA001 1 (NO INNER SHELTER ZONE)

* DISTANCE INTERVALS OF THE THREE EVACUATION ZONES
*

EZLASEVA001 0 0 12
.

* EVAC DELAY TIMES FOR THE THREE EVAC DELAY RINGS:
* TIME FOR PEOPLE TO GET MOVING AFTER BEING WARNED
.

EZEDELAY001 0. O. 7200.
...................... **........*** .. ****** ....
* SHELTER RESPONSE DEFINITION
.

* TIME TO TAKE SHELTER (INNER SHELTER ZONE) (S)

SRTTOSH1001 0.
.

* SHELTER DURATION (INNER SHELTER ZONE) (S)

SRSHELT1001 0.
*

* LAST RING (OUTER SHELTER ZONE)
'

SRLASHE2001 0
.

* TIME TO TAKE SHELTER (OUTER SHELTER ZONE) (S)
i

SRTTOSH2001 0. |
. <

* SHELTER DURATION (0 UTER SHELTER ZONE) (S)

SRSHELT2001 0.
;......................................................

EMERGENCY RESPONSE SCENARIO*

*

EZEANAM2001 'NO EVACUATION'
.

* FRACTION OF THE TIME THIS SCENARIO AFFECTS
*

EZWTFRAC001 0.005
.

* LAST RING IN THE MOVEMENT ZONE
.

EZLASMOV001 0 !
<.

FIRST SPATIAL INTERVAL IN THE EVACUATION ZONE*
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.

EZINIEVA001 1 (N0 INNER SHELTER ZONE)

DISTANCE INTERVALS OF THE THREE EVACUATION ZONES*

.

EZLASEVA001 0 0 0
.

* EVAC DELAY TIMES FOR THE THREE EVAC DELAY RINGS:
* TIME FOR PEOPLE TO GET MOVING AFTER BEING WARNED
.

EZEDELAY001 0. O. O.
................****** ........... **.******...****

SHELTER RESPONSE DEFINITION*

.

* TIME TO TAKE SHELTER (INNER SHELTER ZONE) (S)

SRTTOSH1001 0.
*

* SHELTER DURATION (INNER SHELTER ZONE) (S)

SRSHELT1001 0.
*

* LAST RING (0 UTER SHELTER ZONE)

SRLASHE2001 0
*

* TIME TO TAKE SHELTER (OUTER SHELTER ZONE) (S)

SRTTOSH2001 0.
*

* SHELTER DURATION (0 UTER SHELTER ZONE) (S)

SRSHELT2001 0.
.
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D.3 CHRONC Input File

* GENERAL DESCRIPTIVE TITLE DESCRIBING THIS "CHRONC" INPUT FILE
* a) used for Surry LP/SD study-

* b) foodchain related data are copied from in3a.inp, Version 1.5.11.1
CHCHNAME001 'SURRY CHRONC INPUT FOR FINAL NUREG-1150 CALCULATIONS'
. . . . . . . . . . . . * * . . . . . . . . . . . . . . . . . . . * * * . . . . . . . . . . . . . * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

* EMERGENCY RESPONSE COST DATA BLOCK
*

* EVACUATION COST (DOLLARS / PERSON-DAY)

CHEVACST001 27.00
.

* RELOCATION DOST (DOLLARS / PERSON-DAY)

CHRELCST001 27.00
. . . . . . . . . . . . . . . . . . * * * . * * * * * * * * * * . . . . . . . . . * * * . * * * * * * * * * * * * * * * * * . * * * * * * * * * * * . . .

* LONG TERM PROTECTIVE ACTION DATA BLOCK
*

* END OF THE INTERMEDIATE PHASE PERIOD (SECONDS FROM ACCIDENT INITIATION)

CHTMIPND001 604800. (7 DAYS, NO INTERMEDIATE PHASE)

* ACTION PERIOD (PROJECTION PERIOD) FROM THE START OF THE LONG TERM PHASE,
* THE POINT AT WHICH THE LONG TERM DOSE CRITERION IS EVALUATED (SECONDS)

CHTMPACT001 1.58E8 (5 YEARS)
,

* DOSE CRITERION FOR INTERMEDIATE PHASE RELOCATION (SV)

CHDSCRTIOO1 1.0E5 (N0 INTERMEDIATE PHASE RELOCATION) i

* DOSE CRITERION FOR LONG TERM PHASE RELOCATION (SV) '

CHDSCRLT001 0.04 (2 REM IN FIRST YEAR, 0.5 REM PER YEAR FOR YRS 2 - 5)

* CRITICAL ORGAN NAME FOR LONG TERM ACTIONS
*

CHCRT0CR001 'EDEWBODY'
*

1

. . . . . . . . . . . . . . * * * * * . . . . . * * * * * . * * * . . . . * * * . . . . . . . * * * * * * * * * * * * * . . . . * * * . . . . . . . * * * * . >

* DECONTAMINATION PLAN DATA BLOCK i
* -

* NUMBER OF LEVELS OF DECONTAMINATION

CHLVLDEC001 2
.

* DECONTAMINATION TIMES CORRESPONDING TO THE LVLDEC LEVELS OF DECONTAMINATION
(SECONDS)

*

CHTIMDEC001 5.184E6 1.0368E7 (60, 120 DAYS)

* DOSE REDUCTION FACTORS CORRESPONDING TO THE LVLDEC LEVELS OF DECONTAMINATION

CHDSRFCT001 3. 15. i

NUREG/CR-6144 D-18
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* COST OF FARM DECONTAMINATION PER UNIT AREA (DOLLARS /ilECTARE)
FOR THE VARIOUS LEVELS OF DECONTAMINATION*

.

CHCDFRM0001 562.5 1250.
.

* COST OF NONFARM DECONTAMINATION PER PERSON
FOR THE VARIOUS LEVELS OF DECONTAMINATION (DOLLARS / PERSON)

*

CHCDNFRM001 3000. 8000.
.

* FRACTION OF FARMLAND DECONTAMINATION COST DUE TO LABOR
FOR THE VARIOUS DECONTAMINATION LEVELS*

*

CHFRFDLOOO1 .3 .35
*

* FP. ACTION OF NON-FARM DECONTAMINATION COST DUE TO LABOR
FOR THE VARIOUS DECONTAMINATION LEVELS*

.

CHFRNFDLOO1 .7 .5
.

* FRACTION OF TIME WORKERS IN FARM AREAS SPEND IN DECONTAMINATION WORK
FOR THE VARIOUS DECONTAMINATION LEVELS*

.

CHTFWKF0001 .10 .33
*

* FRACTION OF TIME WORKERS IN NON-FARM AREAS SPEND IN DECONTAMINATION WORK
FOR THE VARIOUS DECONTAMINATION LEVELS*

*

CHTFWKNF001 .33 .33
.

* AVERAGE COST OF DECONTAMINATION LABOR (DOLLARS / MAN-YEAR)

CHDLBCST001 35000.
.****.......................***....***...............*** ........****...**** ...

* INTERDICTION COST DATA BLOCK
.

* DEPRECIATION RATE DURING INTERDICTION PERIOD (PER YEAR)

CHDPRATE001 .20
.

* SOCIETAL DISCOUNT RATE DURING INTERDICTION PERIOD (PER YEAR)

CHDSRATE001 .12
.

* URBAN POPULATION REMOVAL COST (DOLLARS / PERSON)

CHPOPCST001 5000.
* * * * . . . . . * * * . . . . . . . . . . . . * * . . . . . . . . . . . . . . * * * * * * * * . . . * * . . . . . . . . . . * * * * * * . . . . . . . .
* GROUNDSHINE WEATHERING DEFINITION DATA BLOCK
*

* NUMBER OF TERMS IN THE GROUNDSHINE WEATHERING RELATIONSHIP (EITHER 1 OR 2)'

CHNGWTRM001 2 ,
.

* GROUNDSHINE WEATHERING COEFFICIENTS
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|

CHGWC0EF001 0.5 0.5 (GAYLE'S EQUATION) i
*

!

* HALF LIVES CORRESPONDING TO THE GROUNDSHINE WEATHERING COEFFICIENTS (S) ;

* t

CHTGWHLF001 1.6E7 2.8E9 (GAYLE'S EQUATION) |
................................................................................

* RESUSPENSION WEATHERING DEFINITION DATA BLOCK
.

* NUMBER OF TERMS IN THE RESUSPENSION WEATHERING RELATIONSHIP
*

.

CHNRWTRM001 3

* RESUSPENSION CONCENTRATION COEFFICIENTS (/ METER)
RELATIONSHIP BETWEEN GROUND CONCENTRATION AND INSTANTANEOUS AIR CONC.*

,

*

CHRWCOEF001 1.0E-5 1.0E-7 1.0E-9 ',.

* HALF-LIVES CORRESPONDING TO THE RESUSPENSION CONCENTRATION COEFFICIENTS (S) i

CHTRWHLF001 1.6E7 1.6E8 1.6E9 (6 MONTHS, 5 YEARS, 50 YEARS)
,

.......................................................................********* '

* SITE REGION DESCRIPTION DATA BLOCK
.

* FRACTION OF AREA THAT IS LAND IN THE REGION
.

CHFRACLD001 1.0E-35 (VALUE NOT USED SINCE SITE FILE PROVIDED)

* FRACTION OF LAND DEVOTED TO FARMING IN THE REGION

CHFRCFRM001 1.0E-35 (VALUE NOT USED SINCE SITE FILE PROVIDED)

* AVERAGE VALUE OF ANNUAL FARM PRODUCTION IN THE REGION (DOLLA60!HFCTARE)
(CASH RECEIPTS FROM FARMING PLUS VALUE OF HOME CONSUMPTION)/(LAND IN FARMS)

*
;

CHFRMPRD001 0. (VALUE NOT USED SINCE SITE FILE PROVIDED) '

* FRACTION OF FARM PRODUCTION RESULTING FROM DAIRY PRODUCTION IN THE REGION
(VALUE OF MILK PRODUCED)/(CASH RECEIPTS FROM FARMING PLUS VALUE OF HOME...) |

*

CHDPFRCT001 0. (VALUE NOT USED SINCE SITE FILE PROVIDED)

* VALUE OF FARM WEALTH (DOLLARS / HECTARE)
(AVERAGE VALUE PER HECTARE OF FARM LAND AND BUILDINGS TO 100 MILES)

*

SITE GG LS PB SEQ SUR ZION*

VALWF ($/ HECTARE) 2561 3305 3421 1855 2613 2897*

.

CHVALWF0001 3975. * SURRY
.

* FRACTION OF FARM WEALTH IN IMPROVEMENTS FOR THE REGION
*

t

* SITE GG LS PB SEO SUR ZION l

* FRFIM 0.3 0.19 0.25 0.27 0.25 0.49 i
'*

CHFRFIM0001 0.25 SURRY*
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* NON-FARM WEALTH, PROPERTY ~AND IMPROVEMENTS FOR THE REGION (DOLLARS / PERSON)
THE VALUE OF ALL RESIDENTIAL, BUSINESS, AND PUBLIC ASSETS WHICH WOULD BE*

* LOST IN THE EVENT OF PERMANENT INTERDICTION OF THE AREA
.

* SITE GG PB SUR SEO ZION
VALWNF ($K) 53 78 84 66 76*

CHVALWNF001 123000. * SURRY AGT BNL 8 26-93
.

* FRACTION OF NON-FARM WEALTH IN IMPROVEMENTS FOR THE REGION
* ,

'
CHFRNFIM001 0.8
*......................***............................**....**** ...............

* SPECIAL OPTIONS DATA BLOCK j
* r

* DETAILED PRINT OPTION CONTROL SWITCHES, LOOK AT THE CODE BEFORE TURNING ON!! |
(KCEPNT, KDFPNT, KDTPNT, KGCPNT, KLTPNT, KWTPNT, KSWRSK, KSWDSC)

'*

4

CHKSWTCH001 000000000000 I
t................................................................................

* WATER PATHWAY NUCLIDE DEFINITIONS FOR CHRONC .

*

* NUMBER OF NUCLIDES IN THE WATER INGESTION PATHWAY MODEL ;

* ,

CHNUMWPIOO1 4
* |

'
* TABLE OF NUCLIDE DEFINITIONS IN THE WATER INGESTION PATHWAY MODEL

WATER PATHWAY NUCLIDES MUST BE A SUBSET OF THE INGESTION MODEL NUCLIDES*

* .

* IF A SITE DATA FILE IS DEFINED, THE DATA DEFINING THE WATERSHED INGESTION
FACTOR IS SUPERSEDED BY THE CORRESPONDING DATA IN THE' SITE DATA FILE*

*
.

WINGF VALUES BY DRAINAGE SYSTEM*

*

NUCLIDE SR-89 SR-90 ~CS-134 CS-137*

* RIVER 5.0E-6 5.0E-6 5.0E-6 5.0E 6
,

GREAT LAKE 2.0E-7 2.0E-7 2.0E-6 4.0E-6*
,

* OCEAN 0.0 0.0 0.0 0.0
*

ALL NUREG-1150 SITES HAVE RIVER DRAINAGE SYSTEMS EXCEPT LASALLE AND ZION*

*

* INITIAL ANNUAL INGESTION FACTOR
* WATER WASH 0FF WASH 0FF ((BQ INGESTED)/

NUCLIDE FRACTION RATE (80 IN WATER)) ;
*

* NAMWPI WSHFRI WSHRTA WINGF
CHWTRIS0001 SR-89 0.01 0.004 5.0E-6
CHWTRIS0002 SR-90 0.01 0.004 5.0E-6,

CHWTRIS0003 CS-134 0.005 0.001 5.0E-6 *

CHWTRIS0004 CS-137 0.005 0.001 5.0E-6
!;* * * * . * * * * . . . * * * . . . . . . * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

* CROP PATHWAY DEFINITIONS FOR CHRONC .|,

* MODIFIED 14 OCT. 88, BY JLS, VALUES CHANGED TO THOSE DEVELOPED BY J. ROLLSTIN
'

* NUMBER OF DEFINED CROPS IN THE CHRONC FOOD INGESTION MODEL
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CHNFICRP001 7 (UP TO 10 ALLOWED)

* NOTE TO USER: THE CODE MAKES SPECIAL TREATMENT OF CROP NAMES BEGINNING WITH |
* ' PASTURE' DUE TO THE CONTIN 0US NATURE OF THE HARVESTING PROCESS.
*

* IF THE USER WISHES TO DEFINE A NEW CR0P CATEGORY FOR RANGELAND PASTURE,
|IT SHOULD BE CALLED ' PASTURE-RANGF.' OR ' PASTURE-DRY' -

*

.

* TABLE OF CROP DEFINITIONS FOR THE CHRONC FOOD INGESTION MODEL
,

*
FRACTION OF CROP CONSUMED BY

* DAIRY MEAT
CROP NAME MAN ANIMALS ANIMALS*

.

* NAMCRP FRCTCH FRCTCM FRCTCB
CHCRPTBLOO1 ' PASTURE * 0.0 0.1 0.9
CHCRPTBLOO2 ' STORED FORAGE ' O.0 0.13 0.87
CHCRPTBLOO3 'GRAlf:S * 0.35 0.040 0.61
CHCRPTBLOO4 'GRN LEAFY VEGETABLES' 1.0 0.0 0.0
CHCRPTBLOO5 'OTHER FOOD CROPS 1.0 0.0 0.0'

,

CHCRPTBLOO6 ' LEGUMES AND SEEDS ' O.24 0.046 0.714
CHCRPTBLOO7 ' ROOTS AND TUBERS 1.0 0.0 0.0'

.......*...............................................****..*** ..... *****....

* CHRONC INGESTION PATHWAY NUCLIDE DEFINITIONS
.

* NUMBER OF NUCLIDES IN THE CHRONC FOOD INGESTION MODEL
*

CHNFIIS0001 6 (UP TO 10 ALLOWED, BEWARE THAT DAUGHTER BUILDUP IS NOT TREATED)

* TABLE OF NUCLIDE DEFINITIONS IN THE CHRONC INGESTION PATHWAY MODEL
*

* NUCLIDES THAT WERE DEFINED IN THE WATER PATHWAY DATA ABOVE MUST BE
*

A SUBSET OF THE CHRONC INGESTION FOOD PATHWAY NUCLIDES. THE WATER
PATHWAY NUCLIDES MUST BE LISTED FIRST IN THIS DATA BLOCK AND IN THE

*

SAME ORDER AS THEY WERE LISTED IN THE WATER PATHWAY DATA BLOCK
*

.

*
' TRANSFER FACTORS

*
RETENTION FACTORS [(80 TRANSFERED)/* INGESTION PROCESSING AND DECAY (BQ INGESTED)]* NUCLIDE MILK / MAN MEAT / MAN MILK MEAT

,

* NAMIPI DCYPMH DCYPBH TFMLK TFBF
CHISODEF001 SR-89 0.66 0.77 0.022 0.00022
CHIS0DEF002 SR-90 1.0 1.0 0.022 0.00022
CHISODEF003 CS-134 1.0 1.0 0.11 0.023
CHISODEF004 CS-137 1.0 1.0 0.11 0.024
CHIS0DEF005 I-131 0.28 0.18 0.13 0.0024
CHIS0DEF006 I-133 0.002 0.0 0.062 0.0011
........................................................................ ***....

* TRANSFER FACTOR FROM SOIL TO PLANT BY ROOT-UPTAKE (AND BY SOIL INGESTION FOR
* GRAZING ON PASTURE) INTEGRATED OVER ALL TIME [(B0 TRANSFERED)/(BQ DEPOSITED)]
*

GREEN OTHER LEGUMES ROOTS
* STORED LEAFY FOOD AND AND

NUREG/CR-6144 D-22
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* NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
.

NAMISO TCR00T TCR00T TCR00T TCR00T TCR00T TCR00T TCR00T*

CHTCR00T001 SR-89 4.1E-4 1.3E-3 4.3E-5 1.7E-4 8.6E-6 3.7E 4 1.1E-4
CHTCR00T002 SR-90 2.6E-2 9.0E-2 3.3E 3 1.3E-2 6.6E.-4 2.8E-2 8.4E-3
CHTCR00T003 CS-134 1.3E-3 7.1E-4 3.5E-5 1.4E-5 1.1E-4 9.3E-5 5.6E-5
CHTCR00T004 CS-137 6.9E-3 1.5E-3 7.6E-5 3.0E-5 2.3E-4 2.0E-4 1.2E-4
CHTCR00T005 I-131 1.6E-4 0.0 0.0 0.0 0.0 0.0 0.0
CHTCR00T006 I-133 1.7E-6 0.0 0.0 0.0 0.0 0.0 0.0
...........................** ......******......................................

RADI0 ACTIVE DECAY RETENTION FACTORS (I.E., 1 - F %HERE F = FRACTION OF*

RADIOACTIVITY LOST BY DECAY) FOR NUCLIDES IN CROPS FROM TIME OF HARVEST
*

TO TIME OF CONSUMPTION BY HUMANS (FRACTION RETAINED)
*

*
GREEN OTHER LEGUMES ROOTS

* STORED LEAFY FOOD AND AND
* NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
*

* NAMISO DCYPCH DCYPCH DCYPCH DCYPCH DCYPCH DCYPCH DCYPCH
CHDCYPCH001 SR-89 0.0 0.0 0.18 0.67 0.21 0.18 0.18
CHDCYPCH002 SR-90 0.0 0.0 0.99 1.0 0.99 0.99 0.99
CHDCYPCH003 CS-134 0.0 0.0 0.84 0.96 0.85 0.84 0.84
CHDCYPCH004 CS-137 0.0 0.0 0.99 1.0 0.99 0.99 0.99
CHDCYPCH005 I-131 0.0 0.0 0.0099 0.21 0.024 0.0099 0.0099
CHDCYPCH006 I-133 0.0 0.0 0.0 0.0 0.0 0.0 0.0
. . . . . . . . . . . . * * * . . . . . . . . . . . . . * * . . . * * * . . . . . . . . . . . . . . . . . . . . . . * * * * . . . . . . . . . . . . . . . . .

CR0P PROCESSING AND PREPARATION RETENTION FACTORS FOR NUCLIDES IN FOOD*

CROPS CONSUMED BY HUMANS (FRACTION RETAINED). FACTORS REFLECT LOSS OF ;
*

NUCLIDES FROM FOODS DUE TO PROCESSING (E.G., WASHING OF FRUIT, PEELING*

OF POTATOES, LOSSES DURING CANNING) AND FOOD PREPARATION (COOKING) FROM*

THE TIME OF PROCESSING OF THE HARVESTED CROP TO THE TIME OF CONSUMPTION*

BY HUMANS. FACTORS DO NOT REFLECT LOSSES DUE TO RADI0 ACTIVE DECAY.*

*

*
GREEN OTHER LEGUMES ROOTS

* ST0HED LEAFY FOOD AND AND
* NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
.

* NAMISO FPLSCH FPLSCH FPLSCH FPLSCH FPLSCH FPLSCH FPLSCH
CHFPLSCH001 SR-89 0.0 0.0 0.25- 0.5 0.71 0.8 0.8
CHFPL*CH002 SR-90 0.0 0.0 0.25 0.5 0.71 0.8 0.8 !
CHFPLSCH003 CS-134 0.0 0.0 0.25 0.5 0.71 0.8 0.8
CHFPLSCH004 CS-137 0.0 0.0 0.25 0.5 0.71 0.8 0.8
CHFPLSCH005 I-131 0.0 0.0 0.33 0.5 0.71 0.8 0.8
CHFPLSCH006 I-133 0.0 0.0 0.33 0.5 0.71 0.8 0.8
......**..........................*** ....+...............** ..**.....***....***

RETENTION FACTORS FOR NUCLIDES IN CROPS FROM TIME OF HARVEST TO TIME OF
*

,

CONSUMPTION BY MILK-PRODUCING ANIMALS (FRACTION RETAINED). FACTOR REFLECTS
* '

LOSSES DUE TO RADIOACTIVE DECAY.*

.

*
GREEN OTHER LEGUMES ROOTS

*
STORED LEAFY FOOD AND AND

* NUCLIDE PASTURE FORAGE GRAINS VEG CR0PS SEEDS TUBERS
*

NAMISO DCYPCM DCYPCM DCYPCM DCYPCM DCYPCM DCYPCM DCYPCM I
*

CHDCYPCM001 SR-89 1.0 0.37 0.20 0.0 0.0 0.20 0.0
CHDCYPCM002 SR-90 1.0 0.99 0.99 0.0 0.0 0.99 0.0
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CHDCYPCM003 CS-134 1.0 0.92 0.85 0.0 0.0 0.85 0.0
CHDCYPCM004 CS-137 1.0 0.99 0.99 0.0 0.0 0.99 0.0
CHDCYPCM005 I-131 1.0 0.063 0.032 0.0 0.0 0.032 0.0
CHDCYPCM006 I-133 1.0 0.0068 0.0034 0.0 0.0 0.0034 0.0
* * . . . . . * * . . . . . . * * * . . . . . . . . . . . . . * * . . . . . . * * * * . . . . . . . . . . . * * * * * . . . . . . . . . . . . . . * * . . . .

RETENTION FACTORS FOR NUCLIDES IN CR0PS FROM TIME OF HARVEST TO TIME OF
*

CONSUMPTION BY MEAT-PRODUCING ANIMALS (FRACTION RETAINED). FACTOR REFLECTS
*

LOSSES DUE TO RADI0 ACTIVE DECAY.*

*

*
GREEN OTHER LEGUMES ROOTS

* STORED LEAFY FOOD AND AND
* NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
*

* NAMISO DCYPCB DCYPCB DCYPCB DCYPCB DCYPCB DCYPCB DCYPCB
CHDCYPCB001 SR-89 1.0 0.37 0.20 0.0 0.0 0.20 0.0
CHDCYPCB002 SR-90 1.0 0.99 0.99 0.0 0.0 0.99 0.0
CHDCYPCB003 CS-134 1.0 0.92 0.85 0.0 0.0 0.85 0.0
CHDCYPCB004 CS-137 1.0 0.99 0.99 0.0 0.0 0.99 0.0
CHDCYPCB005 I-131 1.0 0.063 0.032 0.0 0.0 0.032 0.0
CHDCYPCB006 I-133 1.0 0.0068 0.0034 0.0 0.0 0.0034 0.0
* * * . . . * * . . . . . * * * * * . . . . . * * . . . . * * . . . . * * . . * * * * * . . . * * * . * . . . . . . . . . . . . . . . . . * * . . . . . . . .
* DEFINE THE DIRECT DEPOSITION TO CR0PS TRANSFER FUNCTION
.

* NUMBER OF TERMS IN THE DIRECT DEPOSITION TO CROPS TRANSFER FUNCTION
*

CHNTRTRM001 2
.

* LOSSES DUE TO WEATHERING FROM PLANT SURFACES AND DURING TRANSLOCATION
* FROM PLANT SURFACES TO INTERIOR EDIBLE PORTIONS OF PLANTS ARE MODELLED
* USING THE FOLLOWING EQUATION:
.

* FRACTION RETAINED = CTC0EF1*EXP(-LN2/CTHALF1) + CTCOEF2*EXP(-LN2/CTHALF2)

* FOR PASTURE, STORED FORAGE, GREEN LEAFY VEGETABLES, AND OTHER FOOD CR0PS,
* THIS EQUATION IS USED AS A TWO TERM WEATHERING EQUATION. FOR GRAINS,
* LEGUMES AND SEEDS, AND ROOTS AND TUBERS WHERE RADI0 ACTIVITY IS CONSUMED
* ONLY IF TRANSL0CATED TO EDIBLE PORTIONS OF THE PLANT, THIS EQUATION IS
* REDUCED TO A TRANSLOCATION TRANSFER FACTOR BY SETTING CTCOEF2 TO ZERO,
* CTHALF2 TO ONE SECOND, AND CTHALF1 TO ABOUT ONE MILLION YEARS (1E13
* SECONDS). WHEN USED TO MODEL TRANSLOCATION, THE VALUE OF THE TRANSLOCATION
* TRANSFER FACTOR IS DEVELOPED FROM FALLOUT DATA AND IS INPUT AS THE VALUE
* OF CTCOEF1.
*

* TWO TIME PERIODS ARE USED FOR WEATHERING, THE FIRST IS 14 DAYS LONG (1.21EG
* SECONDS) AND THE SECOND IS 50 DAYS LONG (4.32E6 SECONDS).

* DIRECT DEPOSITION TRANSFER COEFFICIENTS BY CHRONC INGESTION MODEL NUCLIDE
((80 TRANSFERED)/(B0 DEPOSITED))

*

*
GREEN OTHER LEGUMES ROOTS

*
STORED LEAFY FOOD AND AND

TERM 1 NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
*

CHCTCOEF101 SR-89 0.3 0.2 0.01 0.24 0.2 0.005 0.0006
CHCTCOEF102 SR-90 0.3 0.2 0.01 0.24 0.2 0.005 0.0006
CHCTCOEF103 CS-134 0.3 0.2 0.05 0.24 0.2 0.01 0.025
CHCTCOEF104 CS-137 0.3 0.2 0.05 0.24 0.2 0.01 0.025
CHCTCOEF105 I-131 0.3 0.2 0.0 0.24 0.2 0.0 0.0
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CHCTCOEF106 I-133 0.3 0.2 0.0 0.24 0.2 0.0 0.0
* lERM 2
CHCTCOEF201 SR-89 0.076 0.05 0.0 0.06 0.05 0.0 0.0
CHCTCOEF202 SR-90 0.076 0.05 0.0 0.06 0.05 0.0 0.0
CHCTCOEF203 CS-134 0.076 0.05 0.0 0.06 0.05 0.0 0.0
CHCTCOEF204 CS-137 0.076 0.05 0.0 0.06 0.05 0.0 0.0
CHCTCOEF205 I-131 0.076 0.05 0.0 0.06 0.05 0.0 0.0
CHCTCOEF206 I-133 0.076 0.05 0.0 0.06 0.05 0.0 0.0
*

CROP TRANSFER HALF-LIVES BY CHRONC INGESTION MODEL NUCLIDE (SECONDS)*

* GREEN OTHER LEGUMES ROOTS
STORED LEAFY FOOD AND AND*

* TERM 1 NUCLIDE PASTURE FORAGE GRAINS VEG CROPS SEEDS TUBERS
CHCTHALF101 SR-89 1.21E6 1.21E6 1E13 1.21E6 1.21E6 1E13 1E13
CHCTHALF102 SR-90 1.21E6 1.21E6 1E13 1.21E6 1.21E6 1E13 1E13
CHCTHALF103 CS-134 1.21E6 1.21E6 1E13 1.21E6 1.21E6 1E13 1E13
CHCTHALF104 CS-137 1.21E6 1.21E6 1E13 1.21E6 1.21E6 1E13 1E13
CHCTHALF105 I-131 1.21E6 1.21E6 1.0 1.21E6 1.21E6 1.0 1.0
CHCTHALF106 I-133 1.21E6 1.21E6 1.0 1.21E6 1.21E6 1.0 1.0
* TERM 2
CHCTHALF201 SR-89 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
CHCTHALF202 SR-90 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
CHCTHALF203 CS-134 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
CHCTHALF204 CS-137 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
CHCTHALF205 I-131 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
CHCTHALF206 I-133 4.32E6 4.32E6 1.0 4.32E6 4.32E6 1.0 1.0
........... ....................................**..............................

* TABLE OF CR0P DATA (GROWING SEASON AND FARMLAND SHARE) IN THE REGION.

* IF A SITE DATA FILE IS BEING USED (AS SPECIFIED ON THE EARLY USER INPUT FILE),
* THEN DATA FROM THE SITE FILE (AND NOT THE DATA BELOW) IS USED FOR THE
* CALCULATION OF DOSES AND COSTS FROM THE AGRICULTURE MODEL AND THE NUMBERS
* BELOW ARE IGNORED.
.

* IF A SITE DATA FILE IS NOT BEING USED, THE DATA BELOW IS USED IN ITS STEAD.

*
FARMLAND SHARE VALUES (FRCTFL) BY SITE AND CROP CATEGORY

* SITE GG LS PB SEO SUR ZION
,

PASTURE 0.70 0.47 0.38 0.69 0.41 0.45*

* STORED FORAGE 0.05 0.10 0.13 0.006 0.13 0.11
* GRAINS 0.18 0.26 0.23 0.16 0.21 0.26-

GRN LEAFY VEGETABLES 0.0005 0.0003 0.002 0.0007 0.002 0.0004*

* OTHER FOOD CR0PS 0.004 0.001 0.004 0.005 0.004 0.001
* LEGUMES AND SEEDS 0.13 0.13 0.16 0.15 0.15 0.13
* ROOTS AND TUBERS 0.0008 0.002 0.004 0.001 0.003 0.002,

*

* GROWING
*

SEASON (DAYS) FARMLAND
* CROP NAME START END SHARE
.

NAMCRP TGSBEG TGSEND FRCTFL*

CHCRPRGN001 ' PASTURE 90. 270. 0.41'

CHCRPRGN002 ' STORED FORAGE ' 150. 240. 0.13
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CHCRPRGN003 ' GRAINS ' 150. 240. 0.21
CHCRPRGN004 'GRN LEAFY VEGETABLES' 150. 240. 0.002
CHCRPRGN005 'OTHER FOOD CROPS * 150. 240. 0.004
CHCRPRGN006 ' LEGUMES AND SEEDS ' 150. 240. 0.15 ,

!CHCRPRGN007 ' ROOTS AND TUBERS ' 150. 240. 0.003
2. . . . . . . . . . . . . . . * * . . . . * * * . . * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * * . . . . . . * * . * * * * *

* PROTECTIVE ACTION GUIDES FOR THE DIRECT DEPOSITION PATHWAY TO
* MILK AND ITS PRODUCTS AND TO OTHER CROPS AND THEIR PRODUCTS ;

.BY FOOD INGESTION MODEL NUCLIDE (PERMISSIBLE SURFACE*
,

CONCENTRATION IN BECQUERELS PER SQUARE METER)
'*

PERMISSIBLE SURFACE CONCENTRATIONS WERE DERIVED BY INVERTING*

THE FOOD PATHWAY MODEL THEREBY MAKING THE DOSE TO AN ORGAN THE*

* INDEPENDENT VARIABLE AND GROUND CONCENTRATION THE DEPENDENT ;

* VARIABLE. PERMISSIBLE GROUND CONCENTRATIONS WERE CALCULATED '

ASSUMING (1) ALLOWABLE FIRST YEAR (I.E., DIRECT DEPOSITION)*

ORGAN DOSES OF 15 REM PER YEAR TO THYROID AND 5 REM PER YEAR*
,

TO ANY OTHER ORGAN; AND (2) ALLOWABLE DOSES IN SUBSEQUENT YEARS*

(I.E., ROOT UPTAKE PATH) 0F 1.5 REM TO THYROID AND 0.5 REM TO* '

ANY OTHER ORGAN. L*

.

* MILK AND OTHER CR0PS
* NUCLIDE PRODUCTS AND PRODUCTS
*

* NAMIPI PSCMLK PSCOTH
. . . . . * * * . . . * * . . . . * * * * * . * * * . . . . . * * * . * * * * * * * * * * * * * * . . . . . . . . . . . * * * * * * * * * * * * * * * * * * *

* PROTECTIVE ACTION GUIDES FOR LONG-TERM TRANSFER TO FARM CR0PS c

FROM ROOT AND OTHER SOIL UPTAKE FROM SURFACE CONTAMINATION !*

BY CHRONC INGESTION MODEL NUCLIDE (PERMISSIBLE SURFACE*

CONCENTRATION IN BEQUERELS PER SQUARE METER) AND THE ASSOCIATED
*

ANNUAL DEPLETION RATE FOR THE NUCLIDE IN THE SOIL.*

. !.

PERMISSIBLE ANNUAL*

* SURFACE DEPLETION
* NUCLIDE CONCENTRATION RATE :
.

NAMIPI GCMAXR OR00T*

* * . . * * * * * * * * * . . . . * * . . . . . . . . . . . * * * . . . . . . . * * . . . . . . . * * * . . . . . . . . . . . * * * . . . * * . . . .
,

* DEFINE THE TYPE 9 RESULTS
*

* LONG TERM POPULATION DOSE IN A GIVEN REGION BROKEN DOWN BY THE 12 PATHWAYS

* NUMBER OF RESULTS OF THIS TYPE THAT ARE BEING REQUESTED
* FOR EACH RESULT YOU REQUEST, THE CODE WILL PRODUCE A SET OF 12 ,

TYPE 9 NUMBER 1

* TYPE 900T001 'EDEWBODY' 1 26 (0-1000 MILES) )
TYPE 90VT001 'EDEWBODY' 1 19 (0-50 MILES)

'

.

..**** ..................************..********....***.. ******...... ** .....**

* ECONOMIC COST RESULTS IN A REGION BROKEN DOWN BY 12 TYPES OF COSTS
.

* NUMBER OF RESULTS OF THIS TYPE THAT ARE BEING REQUESTED
* FOR EACH RESULT YOU REQUEST, THE CODE WILL PRODUCE A SET OF 12

TYP10 NUMBER 0 (UP TO 10 ALLOWED)

NUREG/CR-6144 D-26

__._ .. __ _ __ .



.- .. ..

Appendix D.

INNER OUTER*
>

.

*TYP100VT001 1 26 (0-1000 MILES)
'*TYP100VT002 1 21 (0-100 MILES)

*TYP100VT003 1 19 (0-50 MILES)
*TYP100VT004 1 12 (0-10 MILES)
................................................................................ .

* DEFINE A FLAG THAT CONTROLS THE PRODUCTION OF THE ACTION DISTANCE RESULTS
.

* SPECIFYING A VALUE OF .TRUE. TURNS ON ALL 8 0F THE ACTION DISTANCE RESULTS,
1

* A VALUE OF . FALSE. WILL ELIMINATE THE ACTION DISTANCE RESULTS FROM THE OUTPUT. i
.

TYP11 FLAG 11 . FALSE. I

* * * . . . . . . . . . . . . . * * . . . . . . . . . . . . . . . . . . * * * . . . . . . . . . * * . . . . . . * * . . . . . . . . . . . . . . * * . . . . i

* IMPACTED AREA / POPULATION RESULTS IN A REGION BROKEN DOWN BY 6 TYPES OF IMPACTS
'

,

* NUMBER OF RESULTS OF THIS TYPE THAT ARE BEING REQUESTED !
* FOR EACH RESULT YOU REQUEST, THE CODE WILL PRODUCE A SET OF 8

TYP12 NUMBER 0 (UP TO 10 ALLOWED) '
.......................

* copied from in3a.inp for version 1.5.11.1
CHCOUPLD001 . FALSE.
* NAMIPI PSCMLK PSCOTH
CHPAGMCP001 SR-89 2.2E07 2.2E07 !
CHPAGMCP002 SR-90 2.4E05 2.4E05 !

CHPAGMCP003 CS-134 2.2E05 2.2E05 '

CHPAGMCP004 CS-137 2.7E05 2.7E05
CHPAGMCP005 I-131 1.3E06 8.0E06 ;

CHPAGMCP006 I-133 1.1E10 1.0E20
,* * . . . . . . . * * . . * * * * . . . . . . . . . . . . . . . . * * . . . * * . . . . . . . . . * * * * * * . . * * . . * . . . . . . . . . * * * * . . . . .

* NAMIPI GCMAXR QR00T
i

CHPAGLTS001 SR-89 1.8E8 4.9 !

CHPAGLTS002 SR-90 3.7E4 0.065
:CHPAGLTS003 CS-134 4.1E6 0.59 !

CHPAGLTS004 CS-137 1.8E6 0.28 i

CHPAGLTS005 I-131 1.E20 32.0 |CHPAGLTS006 I-133 1.E20 290.0
, 4

.

!

,

;

)
i

,

D-27 NUREG/CR-6144

l

1
I



Appendix D .

D.4 Site Input File

Note: NUREG.1150 input
MACCS SITE DATA FILE FOR SURRY (JLS, 11/10/88)

.

SECPOP POP DISTRIBUTION FROM 1980 CENSUS DATA ALTERED USING 0-10 MI NRC DATA-
26 SPATIAL INTERVALS
16 WIND DIRECTIONS
7 CROP CATEGORIES
4 WATER PATHWAY ISOTOPES
2 WATERSHEDS

59 ECONOMIC REGIONS
SPATIAL DISTANCES

0.16 0.52 1.21 1.61 2.13 3.22 4.02 4.83
5.63 8.05 11.27 16.09 20.92 25.75 32.19 40.23

48.28 64.37 80.47 112.65 160.93 241.14 321.87 563.27
804.67 1609.34

POPULATION
0. O. O. O. O. O. 4.

5.
6. 25. 3341. 7107, 2173. O. 1305. 474. ,

2252. 2945. 5403. 20169. 112004. 3431358. 1355700. 2742710.
2487346. 104331.

O. O. O. O. 1. 2. 9. 13.
15, 63. 1667. 3550. 1330. 1072. 3198. 2425.

515. 9469. 5317. 7120. 13586. 198785. 1058744, 20508438.
3290082. 830354.

O. O. O. O. O. O. 5 ~.

6.
8. 31. 822. 1752. 4543. 1713, 1597. 2296.

6535. 1775. O. 8555. 48596. 119411, 233382. 3003954.
7620063. 1169436.

O. O. O. O. O. O. 1.
1.

2. 11. 543. 1157. 3820. 1621. 3364.
O.

O. 129. 6679. 11858. O. O. O.
O.

O. O.
O. O. O. O. O. O. O.

O.
|0. O. 4798. 10202. 10348. 10480. 9570. i

0. I

0. 2317. 1756. O. O. O. O. I
0,

i0. O.
O. O. O. O. O. O. 1.

1.
1. 7. 8316. 17684, 16340. J0419. 39474. 74998. |

24195. 80412. 57477. O. O. O. O. ,

O. I

0. O.
O. O. O. O. O. O. O.

O. .

O. O. O. O. 1722. 6433, 36763. 20632.
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;126203. 372471. 68327. 8599. 6339. 1057. O.
0.

O. O. ;

0. O. O. O. O. O. 2. ;

2. j
3. 13. 127. 273. 1649. 4571. 3441. 7838. ~

11747. 19019. 3360. 36387. 10447. 12402. O.
O.

O. O. !

0. O. 5. 4. 8. 23. 14. 20.
23. 93. 301. 650. O. O. 1264. 4065.

1106. 14665. 4071. 18006. 37417. 89072. 81626.
O. !-

0. O. .

O. O. O. O. O. O. 19. 25.
29. 117. 45. 105. O. 510. 951. 1521.

1223. 17636, 4926, 30765. 53265. 289674. 216165. 479431. '

280809. 8801784. -'

'

O. O. O. O. 1. 2. 14. 20.
23. 93. 155. 338. 125, 1079. O. 1355. }

-

2765. 154. 5296. 21409. 62228. 523803. 479588. 1538059. ;

1526840, 3099458.
O. O. O. O. 1. 2. 14, 20.

23. 93. 110. 240. 1056. O. 50. 1396. f

915. 3153. 4132. 16295. 35596. 239712. 709522. 2845970. >

3957581. 10560254. ,

0. O. O. O. O. 0. 25. 33. i

38. 154. 30. 70. 450. O. 980. 517. :
155. 66531, 40902. 9557. 44818, 194801. 376828. 1492286. . ,t

*
-

2250273. 12145932. 1

0. O. O. O. O. O. 7.
9. .i

12. 47. 31, 69. O. 380. 281. 445. -

1986. 32459. 183133. 193630. 30369. 203275. 94113. 1328987. .

'

5086913. 19537940.
O. O. O. O. O. O. O. !

0.
. |

0. O. 223. 477. O. 1026. 609, 2575,

2794. 6593. 96857. 107328. 47585. 156826. 101785' 4175263..

7535605. 9667977. I

0. O. O. O. O. O. 15. 20.
23. 92. 2503. 5326. 3508. 1826. 1884. 275. ;

3965. 2084. 6270. 10765. 103787. 970659. 472558. 1396088.
1969210. 73968.

LAND FRACTION
1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.80 1.00 1.00 0.95 0.75 0.70 0.85
1.00 0.85 0.70 0.75 0.55 0.70 0.60 1.00 1.00 0.95-

1.00 1.00 1.00 1.00 0.90 0.70 0.40 0.00 0.00 0.45 1.00 0.95 0.40 0.60 1.00 1.00
I0.90 0.45 0.60 0.20 0.50 0.50.0.30 0.25 0.50 0.60

.

,

1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.05 1.00 1.00 0.20 1.00 0.70 0.30
0.85 0.20 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00
1.00 1.00 1.00 1.00 1.00 0.80 0.10 0.00 0.00 0.00 1.00 1.00 0.75 0.30 0.40 0.00
0.15 0.00 0.45 0.30 0.00 0.00 0.00 0.00 0.00 0.00

'1.00 1.00 1.00 1.00 1.00 0.60 0.00 0.00 0.00 0.00 0.95 1.00 1.00 0.70 0.40 0.10
O.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
1.00 1.00 1.00 1.00 1.00 0.70 0.00 0.00 0.00 0.80 0.90 0.75 0.85 1.00 1.00 0.70

?
3
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0.15 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.00 1.00 1.00 1.00 1.00 1.00 0.55 0.50 0.25 0.15 0.00 0.10 0.00 0.10 0.50 0.60
0.85 1.00 1.00 0.40 0.40 0.05 0.00 0.00 0.00 0.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.90 0.35 0.40 0.80 1.00 1.00 1.00
1.00 1.00 1.00 1.00 0.95 0.2C 0.00 0.00 0.00 0.00

.

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 0.80 0.40 0.00 0.00 0.20
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.75 0.50 0.40
1.00 1.00 0.70 0.40 0.20 0.75 0.95 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 0.95 1.00 1.00 1.00 1.00 0.80
1.00 1.00 0.00 0.00 0.00 0.00 0.05 0.70 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 0.95 0.90 1.00 1.00 1.00 1.00
1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.15 0.70 0.90 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.50 0.40 0.30 0.25 0.75 0.80 0.85
0.85 0.95 1.00 1.00 1.00 1.00 1.00 1.00 0.90 0.85
1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.15 0.80 0.75 0.80 0.85 0.95 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 0.45

- 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 0.95 0.80 0.85 1.00 1.00 0.55 0.95
REGION INDEX

44445050505050505044444444444444444444441818 7283054
444444444444445050444444444444444444444418 728301917 *

4444444444445050504444444444444444445044185050505050
4444444444444450505044444444445044504444505050505050
4444444444445050505044444444444450445050505050505050
4444444444445050504444444444444444444450505050505050

*
4444444444444444444450445044444444444444313150505050
4444444444444444444444444444444444444431313150505050
44444444444444444444444444444444444431313131315050 8 '

444444444444444444444444444444444444443131313138 9 8
444444444444444444444444444444444444444431313138 9 1
4444505050504444444444444444444444444444444444314040
4444505050505044444444444444444444444444444444461511
4444505050505050444444444444444444444444444444463347
4444505050505044444444444444444444444444444444365320
4444505050505050504444444444444444444444441818363053

WATERSHED INDEX
11222222211111111111111111
11111122221121111112222221
11111122221121121222222222
11111122221112222222222222
11111122221111222222222222
11111122211111112222222222
11111112222222211112222222
111111 11112211111111122222
11111111111111111111112222
11111 1 11111111111111111122
11 12211 1111111111111111111 |
112222211 11111111111111111
11222222111111111111111111
11222222221111111111111111
1 1222222111111111111111111 f
11222222211 11 1111 111 111111 )
CROP SEASON AND SHARE !

I

!
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1 PASTURE 90. 270. 0.41
2 STORED FORAGE 150. 240. 0.13 1

3 GRAINS 150, 240. 0.21 1

4 GRN LEAFY VEGETABLES 150. 240. 0.002<

5 OTHER FOOD CROPS 150. 240. 0.004
6 LEGUMES AND SEEDS 150. 240. 0.15
7 ROOTS AND TUBERS 150, 240. 0.003

WATERSHED DEFINITION INITIAL AND ANNUAL WASH 0FF AND INGESTION FACTORS--

1 SR 89 5.0E-6 0.0
2 SR 90 5.0E-6 0.0 !

3 CS-134 5.0E-6 0.0 .

I4 CS-137 5.0E-6 0.0
iREGIONAL ECONOMIC DATA

1 AL .308 .027 676. 2302. 93617.
2 AZ .495 .127 128. 879. 99909.

'3 AR .480 .026 657. 2082. 88486.
4 CA .311 .139 1502. 4438. 129140.
5 CO .497 .047 315. 1114. 117723,

6 CT .129 .173 2754. 11140. 158515.
- 7 DE .480 .031 2651. 5809. 125432. ;

8 FL .318 .070 1281. 5380. 115720.
9 GA .351 .060 730. 2729. 106394.

10 ID .264 .128 517. 1862. 95190.
*

11 IL .815 .045 676. 3660. 127604.
12 IN .697 .062 761. 3302. 105620. >

13 IA .951 .054 749, 2951. 107992,

14 KS .917 .022 360. 1371. 113004. {
15 KY .551 .095 546. 2653, 93579. '

*

16 LA .323 .072 527. 2490. 90683.
17 ME .071 .207 811. 2746. 107255.
18 MD .352 .150 1510. 6207, 136430.

.

'

19 MA .140 .181 1474. 9524. 140787.
20 MI .303 .226 714, 2712. 114715.
21 MN .589 .181 577. 2218. 116918.
22 MS .433 .044 462. 2028. ~80084.

,

23 MO .680 .098 324, 1907. 109103. :

24 MT .655 .027 65. 817. 95527,
25 NE .955 .018 464. 1588. 109172.
26 NV .128 .131 91. 709. 118903.
27 NH .087 .349 662. 5755. 129664.
28 NJ .168 .079 1997. 11676. 155306.

'

29 NM .579 .177 83. 714. 88973.
30 NY .265 .518 928, 2635. 138128.
31 NC .321 .045 1202. 3349. 101532. '

32 ND .929 .048 152. 1069.. 95845.
33 OH .610 .151 644. 3203. 109659. '

34 OK .751 .047 266. 1457, 96444.
35 OR .293 .099 317. 1640. 107249.

3

36 PA .279 .398 1163. 4693, 116593.'

37 RI .150 .066 1753. 12649, 117405.
38' SC .259 .051 580. 2475. 94509. i

,

39 SD .906 .063 188. 1040. 99185. I

40 TN .455 .150 419. 2690. 99047,
41 TX .787 .064 224. 1452. 104347.
42 UT .209 .229 169. 1190. 87294.
43 VT .237 .777 788. 3169. 109272.
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44 VA .355 .139 581. 3974. 122973.
45 WA .375 .170 589. 2154. 117205.
46 WV .259 .110 208. 1744. 85789.
47 WI .518 .556 783. 2213. 109796.
48 WY .563 .017 54. 598. 101638,
49 BRIT COL .377 .154 476. 1948. 60000.
50 OCEAN .0 .0 0. O. O.
51 SASKAT .657 .030 61. 563. 60000.
52 MANITOBA .924 .048 164. 948. 60000.
53 ONTARIO .597 .223 516. 2111. 60000.
54 QUEBEC .310 .589 711. 1378. 60000.
55 NOVA SCOT .079 .260 662. 1133. 60000.
56 BAJA CAL .330 .144 1022. 4394. 10000.
57 SONORA .516 .104 110. 682. 10000.
58 CHIHUAHUA .590 .144 53. 473. 10000.
59 C0AHUILA .816 .064 164. 1492. 10000.

END

.

.

*
.
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Appendix E Risk Evaluation

Figure El and Table El below provide details of the risk evaluation data presented for 360 APBs analyzed in the
current study. For convenience, two arrangements of APBs are shown: alphabetical and by magnitude of the mean
risk of latent fatalities (LF). Figure E2 shows the first ... dominant risk contributing APBs which collectively
represent about 97 % of total risk of latent fatalities.

, Table El: Risk of Latent Fatalities by APBs

APB ID APB # Mean Risk APB ID APB # Mean Risk
of LF (1/yr) of LF (1/yr)

(In Alphabetical Order) (By Magnitude of LF Risk)

. CDCCACDBBBAA 1 3.55E-08 CHADBCABDBAB 150 5.07E-04
CDCCACDBBCAA 2 3.90E-08 CHADBCABDBAC 151 3.55E-04
CDCCBCDBDBAA 3 2.53E-09 CHADBCABDBAA 149 2.00E-04
CDCCBCDBDCAA 4 5.56E-09 CGADBCABDBAB 102 1.92E-04

~

CDCCCCDBBBAA 5 1.41E-09 CDCDFCDBDBAB 24 1.54E-04
CDCCCCDBBCAA 6 3.40E-09 CGADBCABDBAC 103 1.30E-04
CDCCFCDBDBAA 7 2.88E-06 CFADBCABDBAB 56 1.29E-04
CDCCFCDBDCAA 8 1.50E-08 CHCDFCDBDBAB 168 1.27E-04

'

CDCDBCDBDBAA 9 2.77E-06 CDCDFCDBDBAC 25 1.17E-04'

,

CDCDBCDBDBAB 10 6.03E-06 CHCDFCDBDBAC 169 9.39E-05
CDCDBCDBDBAC 11 4.74E-06 CFADBCABDBAC 57 7.89E-05
CDCDBCDBDBAD 12 3.25E-07 CGADBCABDBAA 101 7.37E-05
CDCDBCDBDCAA 13 2.10E-06 CDCDFCDBDBAA 23 7.07E-05 ,

CDCDBCDBDCAB 14 6.69E-07 CFADBCABDBAA 55 6.34E-05 I
CDCDBCDBDCAC 15 1.51E-09 CHCDFCDBDBAA 167 S.10E-05 !
CDCDBCDBDCAD 16 4.77E-10 CHADBCABDBAD 152 5.95E-05 {
CDCDDCDBDBAA 17 1.49E-10 CGADBCABDBAD 104 2.11E-05 i

CDCDDCDBDBAB 18 7.61E-09 CDCDFCDBDBAD 26 2.02E-05
CDCDDCDBDBAC 19 5.23E-09 CHEDBCABDCAA 197 1.59E-05

'

CDCDDCDBDBAD 20 5.75E-13 CHCDFCDBDBAD 170 1.12E-05
CDCDDCDBDCAA 21 1.80E-09 CFADBCABDBAD 58 1.04E-05
CDCDDCDBDCAB 22 1.15E-10 CHDDBCABDCAA 183 9.16E-06
CDCDFCDBDBAA 23 7.07E-05 CDCDBCDBDBAB 10 6.03E-06
CDCDFCDBDBAB 24 1.54E-04 EGADBCABDAAA 275 5.04E-06
CDCDFCDBDBAC 25 1.17E-04 CDCDBCDBDBAC 11 4.74E-06
CDCDFCDBDBAD 26 2.02E-05 CDDDBCABDBAB 38 4.70E-06
CDCDFCDBDCAA 27 6.00E-07 CHEDBCABDBAA 195 4.26E-06 |
CDCDFCDBDCAB 28 5.23E-07 CHADBCABDCAB 154 4.17E-06 |
CDCDFCDBDCAC 29 1.51E-07 CDDDBCABDBAC 39 3.63E-06
CDCDFCDBDCAD 30 1.12E-07 CHADBCABDCAA 153 3.61E-06

. CDDCACBBBBAA 31 1.41E-09 CHACACBBBBAA 143 3.49E-06
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Appendix E Risk Evaluation

CDDCACBBBCAA 32 9.00E-09 CDCCFCDBDBAA 7 2.88E-06
CDDCBCABDBAA 33 1.48E-09 CDCDBCDBDBAA 9 2.77E-06
CDDCBCABDCAA 34 6.71E-09 CHCCFCDBDBAA 165 2.56E-06
CDDCCCBBBBAA 35 1.16E-11 CHCDFCDBDCAA 171 2.40E-06
CDDCCCBBBCAA 36 1.00E-09 CHCDFCDBDCAB 172 2.37E-06
CDDDBCABDBAA 37 2.17E-06 EGADBCABDAAB 276 2.28E-06
CDDDBCABDBAB 38 4.70E-06 CHEDBCABDCAB 198 2.26E-06
CDDDBCABDBAC 39 3.63E-06 DHECACBBBAAA 251 2.26E-06
CDDDBCABDBAD 40 2.20E-07 CDDDBCABDCAA 41 2.24E-06
CDDDBCABDCAA 41 2.24E-06 CHDDBCABDBAA 181 2.23E-06
CDDDBCABDCAB 42 7.16E-07 CDDDBCABDBAA 37 2.17E-06
CDDDBCABDCAC 43 1.17E-09 CDCDBCDBDCAA 13 2.10E-06
CDDDBCABDCAD 44 4.82E-10 CHEDBCABDBAB 196 1.92E-06
CDDDDCBBDBAB 45 6.81E-10 CHADBCABDCAD 156 1.53E-06
CDDDDCBBDBAC 46 4.64E-10 CHADBCABDCAC 155 1.51E-06
CDDDDCBBDCAA 47 1.16E-10 CGCDBCDBDBAA 122 1.45E-06 ,

'

CDDDDCBBDCAB 48 9.55E-12 CFADBCABDCAA 59 1.43E-06
CFACACBBBBAA 49 7.96E-07 CGADBCABDCAB 106 1.33E-06
CFACACBBBCAA 50 8.52E-09 CHDDBCABDCAB 184 1.27E-06
CFACBCABDBAA 51 2.13E-07 CGADBCABDCAA 105 1.25E-06 -

CFACBCABDCAA 52 4.46E-09 CGDDBCABDBAA 135 1.09E-06
CFACCCBBBBAA 53 4.53E-08 EGDDBCABDAAA 282 1.06E-06
CFACCCBBBCAA 54 1.43E-10 CHADDCBBDBAB 158 1.05E-06
CFADBCABDBAA 55 6.34E-05 CFADBCABDCAB 60 1.03E-06. .

CFADBCABDBAB 56 1.29E-04 EFADBCABDAAA 258 1.02E-06
CFADBCABDBAC 57 7.89E-05 CHDDBCABDBAB 182 9.98E-07
CFADBCABDBAD 58 1.04E-05 CGCDBCDBDBAB 123 9.77E-07
CFADBCABDCAA 59 1.43E-06 DDCCACDBBAAA 203 9.35E-07
CFADBCABDCAB 60 1.03E-06 CGACACBBBBAA 95 9.06E-07
CFADBCABDCAC 61 3.45E-07 CFACACBBBBAA 49 7.96E-07
CFADBCABDCAD 62 1.07E-07 CFCDBCDBDBAA 76 7.32E-07
CFADDCBBDBAA 63 2.50E-08 CDDDBCABDCAB 42 7.16E-07

!CFADDCBBDBAB 64 1.73E-07 CGDDBCABDBAB 136 7.13E-07
CFADDCBBDBAC 65 7.96E-08 EGADBCABDAAC 277 7.13E-07 .

CFADDCBBDBAD 66 1.40E-10 CDCDBCDBDCAB 14 6.69E-07 i

CFADDCBBDCAA 67 4.06E-10 EGDDBCABDAAB 283 6.29E-07
CFADDCBBDCAB 68 1.59E-10 CDCDFCDBDCAA 27 6.00E-07
CFADDCBBDCAC 69 2.56E-12 DHEDDCBBDAAA 253 5.75E-07 '

CFCCACDBBBAA 70 6.02E-09 CFDDBCABDBAA 90 5.72E-07 |
CFCCACDBBCAA 71 1.02E-09 CHCDFCDBDCAC 173 5.50E-07 !

'

CFCCBCDBDBAA 72 1.86E-09 EHADBCABDAAB 288 5.42E-07
CFCCBCDBDCAA 73 3.06E-10 CHADDCBBDBAC 159 5.40E-07
CFCCCCDBBBAA 74 1.01E-09 CHCDFCDBDCAD 174 5.29E-07 !
CFCCCCDBBCAA 75 1.16E-10 EHADBCABDAAA 287 5.28E-07 !

CFCDBCDBDBAA 76 7.32E-07 CDCDFCDBDCAB 28 5.23E-07 {
CFCDBCDBDBAB 77 5.09E-07 CFCDBCDBDBAB 77 5.09E-07 l
CFCDBCDBDCAA 78 1.54E-07 DHDCACBBBAAA 247 4.95E-07 I
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CFCDBCDBDCAB 79 6.47E-08 CHACBCABDBAA 145 4.91E-07
CFCDDCDBDBAA 80 3.43E-10 CGADBCABDCAC 107 4.38E-07
CFCDDCDBDBAB 81 9.35E-11 EFADBCABDAAB 259 4.24E-07
CFCDDCDBDCAA 82 9.54E-12 CFDDBCABDBAB 91 3.94E-07
CFCDDCDBDCAB 83 6.51E-13 CFADBCABDCAC 61 3.45E-07
CFDCACBBBBAA 84 7.41E-10 EHEDBCABDAAB 300 3.30E-07
CFDCACBBBCAA 85 2.09E-11 CGCDBCDBDCAA 124 3.27E-07
CFDCBCABDBAA 86 1.56E-09 CDCDBCDBDBAD 12 3.25E-07
CFDCBCABDCAA 87 1.57E-10 EHEDBCABDAAA 299 3.25E-07
CFDCCCBBBBAA 88 1.60E-10 CGADDCBBDBAB 110 3.23E-07
CFDCCCBBBCAA 89 4.57E-12 CHECACBBBCAA 190 3.17E-07
CFDDBCABDBAA 90 5.72E-07 DHACACBBBAAA 241 3.17E-07
CFDDBCABDBAB 91 3.94E-07 CGADBCABDCAD 108 2.82E-07
CFDDBCABDCAA 92 1.14E-07 EGADBCABDAAD 278 2.56E-07
CFDDBCABDCAB 93 4.65E-08 CGACBCABDBAA 97 2.55E-07
CFDDDGBBDBAB 94 8.56E-12 DDDCACBBBAAA 209 2.36E-07

- CGACACBBBBAA 95 9.00E-07 CGDDBCABDCAA 137 2.28E-07
CGACACBBBCAA 96 3.91E-09 CDDDBCABDBAD 40 2.20E-07
CGACBCABDBAA 97 2.55E-07 CGCDBCDBDCAB 125 2.16E-07
CGACBCABDCAA 98 3.29E-09 CFACBCABDBAA 51 2.13E-07

,

CGACCCBBBBAA 99 5.29E-08 CGADDCBBDBAC 111 2.02E-07
CGACCCBBBCAA 100 7.89E-11 EHADBCABDAAC 289 1.77E-07
CGADBCABDBAA 101 7.37E-05 CFADDCBBDBAB 64 1.73E-07
CGADBCABDBAB 102 1.92E-04 CFCDBCDBDCAA 78 1.54E-07

,
,

CGADBCABDBAC 103 1.30E-04 CDCDFCDBDCAC 29 1.51E-07
CGADBCABDBAD 104 2.11E-05 CGDDBCABDCAB 138 1.49E-07
CGADBCABDCAA 105 1.25E-06 EHDDBCABDAAA 294 1.38E-07
CGADBCABDCAB 106 1.33E-06 EHDDBCABDAAB 295 1.37E-07
CGADBCABDCAC 107 4.38E-07 EFADBCABDAAC 260 1.37E-07
CGADBCABDCAD 108 2.82E-07 EHADBCABDAAD 290 1.19E-07
CGADDCBBDBAA 109 2.79E-08 CFDDBCABDCAA 92 1.14E-07
CGADDCBBDBAB 110 3.23E-07 CDCDFCDBDCAD 30 1.12E-07
CGADDCBBDBAC 111 2.02E-07 CFADBCABDCAD 62 1.07E-07
CGADDCBBDBAD 112 2.85E-10 CHADDCBBDBAA 157 1.05E-07
CGADDCBBDCAA 113 1.49E-10 CHACCCBBBBAA 147 9.61E-08
CGADDCBBDCAB 114 1.00E-10 DFACACBBBAAA 213 8.59E-08
CGADDCBBDCAC 115 1.17E-12 EFDDBCABDAAA 270 8.02E-08
CGCCACDBBBAA 116 9.53E-09 CFADDCBBDBAC 65 7.96E-08
CGCCACDBBCAA 117 1.54E-09 DHECCCBBBAAA 252 7.89E-08
CGCCBCDBDBAA 118 4.61E-09 DGACACBBBAAA 227 6.99E-08
CGCCBCDBDCAA 119 1.12E-09 CHCCFCDBDCAA 166 6.96E-08
CGCCCCDBBBAA 120 3.93E-10 CFCDBCDBDCAB 79 6.47E-08
CGCCCCDBBCAA 121 2.56E-11 DDCDDCDBDAAA 205 6.01E-08
CGCDBCDBDBAA 122 1.45E-06 CHDCACBBBCAA 176 5.76E-08
CGCDBCDBDBAB 123 9.77E-07 CGACCCBBBBAA 99 5.29E-08
CGCDBCDBDCAA 124 3.27E-07 EFCDBCDBDAAA 265 5.26E-08
CGCDBCDBDCAB 125 2.16E-07 DHEDDCBBDAAB 254 4.73E-08
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CGCDDCDBDBAA 126 3.62E-10 CFDDBCABDCAB 93 4.65E-08
CGCDDCDBDBAB 127 3.61E-10 CFACCCBBBBAA 53 4.53E-08
CGCDDCDBDCAA 128 2.58E-12 CHECBCABDCAA 192 4.39E-08
CGCDDCDBDCAB 129 6.73E-12 DHDDDCBBDAAA 249 3.96E-08
CGDCACBBBBAA 130 1.18E-09 CDCCACDBBCAA '2 3.90E-08
CGDCACBBBCAA 131 1.63E-10 CDCCACDBBBAA 1 3.55E-08
CGDCBCABDBAA 132 3.76E-09 DHADDCBBDAAB 244 3.12E-08
CGDCBCABDCAA 133 7.34E-10 EFDDBCABDAAB 271 3.10E-08
CGDCCCBBBBAA 134 2.08E-11 DDCCCCDBBAAA 204 2.92E-08
CGDDBCABDBAA 135 1.09E-06 DGCCACDBBAAA 233 2.80E-08
CGDDBCABDBAB 136 7.13E-07 CGADDCBBDBAA 109 2.79E-08
CGDDBCABDCAA 137 2.28E-07 CHDCBCABDCAA 178 2.50E-08
CGDDBCABDCAB 138 1.49E-07 CFADDCBBDBAA 63 2.50E-08
CGDDDCBBDBAA 139 1.36E-11 GHEDBCABDDAA 359 2.41E-08
CGDDDCBBDBAB 140 4.33E-11 CHECACBBBBAA 189 2.37E-08
CGDDDCBBDCAA 141 2.06E-13 DFCCACDBBAAA 219 2.35E-08

- CGDDDCBBDCAB 142 2.69E-13 EGACBCABDAAA 273 2.26E-08
CHACACBBBBAA 143 3.49E-06 CHADDCBBDBAD 160 2.17E-08
CHACACBBBCAA 144 1.52E-08 EFCDBCDBDAAB 266 2.07E-08
CHACBCABDBAA 145 4.91E-07 EFADBCABDAAD 261 1.99E-08 -

CHACBCABDCAA 146 1.31E-08 CHECCCBBBCAA 194 1.95E-08
CHACCCBBBBAA 147 9.61E-08 GDCDBCDBDDAA 305 1.82E-08
CHACCCBBBCAA 148 5.35E-10 GHDDBCABDDAA 354 1.78E-08
CHADBCABDBAA 149 2.00E-04 DHDCCCBBBAAA 248 1.74E-08. ,

CHADBCABDBAB 150 5.07E-04 CHACACBBBCAA 144 1.52E-08
CHADBCABDBAC 151 3.55E-04 CHEDDCBBDCAA 201 1.52E-08
CHADBCABDBAD 152 5.95E-05 CDCCFCDBDCAA 8 1.50E-08
CHADBCABDCAA 153 3.61E-06 GDDDBCABDDAA 316 1.35E-08
CHADBCABDCAB 154 4.17E-06 CHACBCABDCAA 146 1.31E-08
CHADBCABDCAC 155 1.51E-06 CHECBCABDBAA 191 1.24E-08
CHADBCABDCAD 156 1.53E-06 DHADDCBBDAAA 243 1.20E-08
CHADDCBBDBAA 157 1.05E-07 DHACCCBBBAAA 242 1.11E-08
CHADDCBBDBAB 158 1.05E-06 DDDDDCBBDAAA 211 1.02E-08
CHADDCBBDBAC 159 5.40E-07 CGCCACDBBBAA 116 9.53E-09
CHADDCBBDBAD 160 2.17E-08 CDDCACBBBCAA 32 9.00E-09
CHADDCBBDCAA 161 4.24E-10 DFADDCEBDAAA 215 8.58E-09
CHADDCBBDCAB 162 1.13E-09 CFACACBBBCAA 50 8.52E-09
CHADDCBBDCAC 163 2.75E-10 DGADDCBBDAAA 229 8.06E-09
CHADDCBBDCAD 164 7.84E-11 DHADDCBBDAAC 245 7.71E-09 |

CHCCFCDBDBAA 165 2.56E-06 CDCDDCDBDBAB 18 7.61E-09
CHCCFCDBDCAA 166 6.96E-08 GDCDFCDBDDAA 309 7.46E-09
CHCDFCDBDBAA 167 6.10E-05 DDDCCCBBBAAA 210 7.31E-09
CHCDFCDBDBAB 168 1.27E-04 GDCDFCDBDDAB 310 6.94E-09
CHCDFCDBDBAC 169 9.39E-05 CDDCBCABDCAA 34 6.71E-09
CHCDFCDBDBAD 170 1.12E-05 CHEDDCBBDBAA 199 6.61E-09
CHCDFCDBDCAA 171 2.40E-06 EGACACBBBAAA 272 6.53E-09
CHCDFCDBDCAB 172 2.37E-06 GHCDFCDBDDAA 347 6.24E-09
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CHCDFCDBDCAC 173 5.50E-07 GHCDFCDBDDAB 348 6.04E-09
CHCDFCDBDCAD 174 5.29E-07 CFCCACDBBBAA 70 6.02E-09
CHDCACBBBBAA 175 3.20E-09 CHDCBCABDBAA 177 5.58E-09
CHDCACBBBCAA 176 5.76E-08 GHADBCABDDAB 343 5.57E-09
CHDCBCABDBAA 177 5.58E-09 CDCCBCDBDCAA 4 5.56E-09
CHDCBCABDCAA 178 2.50E-08 DFACCCBBBAAA 214 5.45E-09
CHDCCCBBBBAA 179 2.76E-10 DGADDCBBDAAB 230 5.43E-09
CHDCCCBBBCAA 180 3.91E-09 DHADDCBBDAAD 246 5.23E-09
CHDDBCABDBAA 181 2.23E-06 CDCDDCDBDBAC 19 5.23E-09
CHDDBCABDBAB 182 9.98E-07 DGDCACBBBAAA 237 5.17E-09
CHDDBCABDCAA 183 9.16E-06 GDCDBCDBDDAB 306 5.15E-09
CHDDBCABDCAB 184 1.27E-06 EFACBCABDAAA 256 4.77E-09
CHDDDCBBDBAA 185 1.03E-10 DDCDDCDBDAAB 206 4.72E-09
CHDDDCBBDBAB 186 5.82E-11 CGCCBCDBDBAA 118 4.61E-09
CHDDDCBBDCAA 187 6.94E-10 DFADDCBBDAAB 216 4.57E-09
CHDDDCBBDCAB 188 5.08E-11 CFACBCABDCAA 52 4.46E-09

-

CHECACBBBBAA 189 2.37E-08 GHADBCABDDAA 342 4.41E-09
CHECACBBBCAA 190 3.17E-07 DFCCCCDBBAAA 220 4.40E-09
CHECBCABDBAA 191 1.24E-08 DFDCACBBBAAA 223 4.05E-09
CHECBCABDCAA 192 4.39E-08 DGACCCBBBAAA 228 4.03E-09 -

CHECCCBBBBAA 193 1.63E-09 CHDCCCBBBCAA 180 3.91E-09
CHECCCBBBCAA 194 1.95E-08 CGACACBBBCAA 96 3.91E-09
CHEDBCABDBAA 195 4.26E-06 GDDDBCABDDAB 317 3.81E-09
CHEDBCABDBAB 196 1.92E-06 CGDCBCABDBAA 132 3.76E-09.

.

CHEDBCABDCAA 197 1.59E-05 CDCCCCDBBCAA 6 3.40E-09
CHEDBCABDCAB 198 2.26E-06 DGCCCCDBBAAA 234 3.29E-09
CHEDDCBBDBAA 199 6.61E-09 CGACBCABDCAA 98 3.29E-09
CHEDDCBBDBAB 200 1.78E-09 EGDCBCABDAAA 280 3.27E-09
CHEDDCBBDCAA 201 1.52E-08 CHDCACBBBBAA 175 3.20E-09
CHEDDCBBDCAB 202 7.49E-10 GHEDBCABDDAB 360 2.69E-09 ,

DDCCACDBBAAA 203 9.35E-07 GHADBCABDDAD 345 2.62E-09
DDCCCCDBBAAA 204 2.92E-08 CDCCBCDBDBAA 3 2.53E-09
DDCDDCDBDAAA 205 6.01E-08 GHADBCABDDAC 344 2.31E-09
DDCDDCDBDAAB 206 4.72E-09 DHDDDCBBDAAB 250 2.19E-09
DDCDDCDBDAAC 207 1.58E-12 GDCDFCDBDDAC 311 2.11E-09
DDCDDCDBDAAD 208 2.12E-12 GHDDBCABDDAB 355 1.99E-09
DDDCACBBBAAA 209 2.36E-07 CFCCBCDBDBAA 72 1.86E-09
DDDCCCBBBAAA 210 7.31E-09 GDCDFCDBDDAD 312 1.85E-09 i

DDDDDCBBDAAA 211 1.02E-08 CDCDDCDBDCAA 21 1.80E-09
DDDDDCBBDAAB 212 4.93E-10 CHEDDCBBDBAB 200 1.78E-09
DFACACBBBAAA 213 8.59E-08 GHCDFCDBDDAC 349 1.69E-09
DFACCCBBBAAA 214 5.45E-09 GHCDFCDBDDAD 350 1.64E-09 i

DFADDCBBDAAA 215 8.58E-09 CHECCCBBBBAA 193 1.63E-09
DFADDCBBDAAB 216 4.57E-09 DFCDDCDBDAAA 221 1.60E-09
DFADDCBBDAAC 217 4.79E-10 CFDCBCABDBAA 86 1.56E-09
DFADDCBBDAAD 218 5.58E-11 CGCCACDBBCAA 117 1.54E-09
DFCCACDBBAAA 219 2.35E-08 CDCDBCDBDCAC 15 1.51E-09
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DFCCCCDBBAAA 220 4.40E-09 CDDCBCABDBAA 33 1.48E-09
DFCDDCDBDAAA 221 1.60E-09 CDCCCCDBBBAA 5 1.41E-09
DFCDDCDBDAAB 222 2.94E-10 CDDCACBBBBAA 31 1.41E-09
DFDCACBBBAAA 223 4.05E-09 CGDCACBBBBAA 130 1.18E-09
DFDCCCBBBAAA 224 9.51E-10 EHACBCABDAAA 285 1.18E-09
DFDDDCBBDAAA 225 7.27E-11 CDDDBCABDCAC 43 1.17E-09 l
DFDDDCBBDAAB 226 5.22E-13 DGCDDCDBDAAA 235 1.16E-09 i
DGACACBBBAAA 227 6.99E-08 CHADDCBBDCAB 162 1.13E-09 |

DGACCCBBBAAA 228 4.03E-09 CGCCBCDBDCAA 119 1.12E-09
DGADDCBBDAAA 229 8.06E-09 EHECBCABDAAA 297 1.02E-09
DGADDCBBDAAB 230 5.43E-09 CFCCACDBBCAA 71 1.02E-09
DGADDCBBDAAC 231 3.45E-10 CFCCCCDBBBAA 74 1.01E-09
DGADDCBBDAAD 232 1.67E-10 CDDCCCBBBCAA 36 1.00E-09
DGCCACDBBAAA 233 2.80E-08 GGADBCABDDAB 329 9.95E-10
DGCCCCDBBAAA 234 3.29E-09 DFDCCCBBBAAA 224 9.51E-10
DGCDDCDBDAAA 235 1.16E-09 EFACACBBBAAA 255 8.95E-10
DGCDDCDBDAAB 236 4.07E-10 GGCDBCDBDDAA 335 7.97E-10
DGDCACBBBAAA 237 5.17E-09 CHEDDCBBDCAB 202 7.49E-10
DGDCCCBBBAAA 238 1.69E-10 CFDCACBBBBAA 84 7.41E-10
DGDDDCBBDAAA 239 2.12E-11 CGDCBCABDCAA 133 7.34E-10 -

DGDDDCBBDAAB 240 1.07E-11 CHDDDCBBDCAA 187 6.94E-10
DHACACBBBAAA 241 3.17E-07 CDDDDCBBDBAB 45 6.81E-10
DHACCCBBBAAA 242 1.11E-08 GFADBCABDDAB 321 6.35E-10
DHADDCBBDAAA 243 1.20E-08 GGADBCABDDAD 331 5.39E-10.

.

DHADDCBBDAAB 244 3.12E-08 CHACCCBBBCAA 148 5.35E-10
DHADDCBBDAAC 245 7.71E-09 GGCDBCDBDDAB 336 5.07E-10
DHADDCBBDAAD 246 5.23E-09 GGADBCABDDAC 330 4.96E-10
DHDCACBBBAAA 247 4.95E-07 DDDDDCBBDAAB 212 4.93E-10
DHDCCCBBBAAA 248 1.74E-08 CDDDBCABDCAD 44 4.82E-10
DHDDDCBBDAAA 249 3.96E-08 DFADDCBBDAAC 217 4.79E-10
DHDDDCBBDAAB 250 2.19E-09 CDCDBCDBDCAD 16 4.77E-10
DHECACBBBAAA 251 2.26E-06 CDDDDCBBDBAC 46 4.64E-10
DHECCCBBBAAA 252 7.89E-08 CHADDCBBDCAA 161 4.24E-10
DHEDDCBBDAAA 253 5.75E-07 DGCDDCDBDAAB 236 4.07E-10
DHEDDCBBDAAB 254 4.73E-08 CFADDCBBDCAA 67 4.06E-10
EFACACBBBAAA 255 8.95E-10 CGCCCCDBBBAA 120 3.93E-10
EFACBCABDAAA 256 4.77E-09 CGCDDCDBDBAA 126 3.62E-10
EFACCCBBBAAA 257 1.64E-12 GDCCFCDBDDAA 304 3.61E-10
EFADBCABDAAA 258 1.02E-06 CGCDDCDBDBAB 127 3.61E-10
EFADBCABDAAB 259 4.24E-07 DGADDCBBDAAC 231 3.45E-10
EFADBCABDAAC 260 1.37E-07 CFCDDCDBDBAA 80 3.43E-10
EFADBCABDAAD 261 1.99E-08 GHCCFCDBDDAA 346 3.34E-10
EFCCACDBBAAA 262 3.96E-11 CFCCBCDBDCAA 73 3.06E-10
EFCCBCDBDAAA 263 1.61E-10 EFDCBCABDAAA 268 3.02E-10
EFCCCCDBBAAA 264 2.87E-12 DFCDDCDBDAAB 222 2.94E-10
EFCDBCDBDAAA 265 5.26E-08 CGADDCBBDBAD 112 2.85E-10
EFCDBCDBDAAB 266 2.07E-08 GFADBCABDDAC 322 2.77E-10

|
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EFDCACBBBAAA 267 1.28E-11 CHDCCCBBBBAA 179 2.76E-10
EFDCBCABDAAA 268 3.02E-10 CHADDCBBDCAC 163 2.75E-10
EFDCCCBBBAAA 269 9.08E-13 EHDCBCABDAAA 292 2.52E-10
EFDDBCABDAAA 270 8.02E-08 GFADBCABDDAD 323 2.42E-10
EFDDBCABDAAB 271 3.10E-08 EHACACBBBAAA 284 2.03E-10
EGACACBBBAAA 272 6.53E-09 DGDCCCBBBAAA 238 1.69E-10
EGACBCABDAAA 273 2.26E-08 DGADDCBBDAAD 232 1.67E-10
EG^.CCCBBBAAA 274 2.90E-11 CGDCACBBBCAA 131 1.63E-10
EGADBCABDAAA 275 5.04E-06 EFCCBCDBDAAA 263 1.61E-10
EGADBCABDAAB 276 2.28E-06 CFDCCCBBBBAA 88 1.60E-10
EGADBCABDAAC 277 7.13E-07 CFADDCBBDCAB 68 1.59E-10
EGADBCABDAAD 278 2.56E-07 CFDCBCABDCAA 87 1.57E-10
EGDCACBBBAAA 279 5.79E-11 CGADDCBBDCAA 113 1.49E-10
EGDCBCABDAAA 280 3.27E-09 CDCDDCDBDBAA 17 1.49E-10
EGDCCCBBBAAA 281 1.03E-13 CFACCCBBBCAA 54 1.43E-10
EGDDBCABDAAA 282 1.06E-06 CFADDCBBDBAD 66 1.40E-10
EGDDBCABDAAB 283 6.29E-07 CDDDDCBBDCAA 47 1.16E-10
EHACACBBBAAA 284 2.03E-10 CFCCCCDBBCAA 75 1.1GE-10
EHACBCABDAAA 285 1.18E-09 CDCDDCDBDCAB 22 1.15E-10
EHACCCBBBAAA 286 4.90E-12 CHDDDCBBDBAA 185 1.03E-10 -

EHADBCABDAAA 287 5.28E-07 CGADDCBBDCAB 114 1.00E-10
EHADBCABDAAB 288 5.42E-07 CFCDDCDBDBAB 81 9.35E-11
EHADBCABDAAC 289 1.77E-07 CGACCCBBBCAA 100 7.89E-11
EHADBCABDAAD 290 1.19E-07 CHADDCBBDCAD 164 7.84E-11.

.

EHDCACBBBAAA 291 1.44E-12 DFDDDCBBDAAA 225 7.27E-11
EHDCBCABDAAA 292 2.52E-10 GHECBCABDDAA 357 7.24E-11
EHDCCCBBBAAA 293 2.74E-13 GDCCBCDBDDAA 302 6.11E-11
EHDDBCABDAAA 294 1.38E-07 GHECACBBBDAA 356 5.98E-11
EHDDBCABDAAB 295 1.37E-07 CHDDDCBBDBAB 186 5.82E-11
EHECACBBBAAA 296 8.45E-12 EGDCACBBBAAA 279 5.79E-11
EHECBCABDAAA 297 1.02E-09 DFADDCBBDAAD 218 5.58E-11
EHECCCBBDAAA 298 1.61E-12 GHDCBCABDDAA 352 5.35E-11
EHEDBCABDAAA 299 3.25E-07 GDCCACDBBDAA 301 5.28E-11
EHEDBCABDAAB 300 3.30E-07 GDCDBCDBDDAC 307 5.19E-11
GDCCACDBBDAA 301 5.28E-11 CHDDDCBBDCAB 188 5.08E-11
GDCCBCDBDDAA 302 6.11E-11 GDDCBCABDDAA 314 4.52E-11
GDCCCCDBBDAA 303 5.60E-12 CGDDDCBBDBAB 140 4.33E-11
GDCCFCDBDDAA 304 3.61E-10 EFCCACDBBAAA 262 3.96E-11
GDCDBCDBDDAA 305 1.82E-08 GDCDBCDBDDAD 308 3.84E-11
GDCDBCDBDDAB 306 5.15E-09 GDDDBCABDDAC 318 3.59E-11
GDCDBCDBDDAC 307 5.19E-11 EGACCCBBBAAA 274 2.90E-11
GDCDBCDBDDAD 308 3.84E-11 GHACBCABDDAA 340 2.57E-11
GDCDFCDBDDAA 309 7.46E-09 CGCCCCDBBCAA 121 2.56E-11
GDCDFCDBDDAB 310 6.94E-09 GDDDBCABDDAD 319 2.51E-11
GDCDFCDBDDAC 311 2.11E-09 DGDDDCBBDAAA 239 2.12E-11
GDCDFCDBDDAD 312 1.85E-09 CFDCACBBBCAA 85 2.09E-11
GDDCACBBBDAA 313 1.32E-11 CGDCCCBBBBAA 134 2.08E-11
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GDDCBCABDDAA 314 4.52E-11 GFADBCABDDAA 320 1.85E-11
GDDCCCBBBDAA 315 1.40E-12 GHDCACBBBDAA 351 1.49E-11
GDDDBCABDDAA 316 1.35E-08 CGDDDCBBDBAA 139 1.36E-11
GDDDBCABDDAB 317 3.81E-09 GDDCACBBBDAA 313 1.32E-11
GDDDBCABDDAC 318 3.59E-11 EFDCACBBBAAA 267 1.28E-11
GDDDBCABDDAD 319 2.51E-11 GGADBCABDDAA 328 1.23E-11
GFADBCABDDAA 320 1.85E-11 CDDCCCBBBBAA 35 1.16E-11
GFADBCABDDAB 321 6.35E-10 DGDDDCBBDAAB 240 1.07E-11
GFADBCABDDAC 322 2.77E-10 CDDDDCBBDCAB 48 9.55E-12
GFADBCABDDAD 323 2.42E-10 CFCDDCDBDCAA 82 9.54E-12
GFCDBCDBDDAA 324 1.70E-12 CFDDDCBBDBAB 94 8.56E-12
GFCDBCDBDDAB 325 2.95E-13 EHECACBBBAAA 296 8.45E-12
GFDDBCABDDAA 3t 8.93E-13 CGCDDCDBDCAB 129 6.73E-12
GFDDBCABDDAB ? :/ 1.51E-13 GDCCCCDBBDAA 303 5.60E-12
GGADBCABDDAA 328 1.23E-11 GHECCCBBBDAA 358 5.01E-12
GGADBCABDDAB 329 9.95E-10 EHACCCBBBAAA 286 4.90E-12

~

GGADBCABDDAC 330 4.96E-10 GGCCBCDBDDAA 333 4.78E-12
GGADBCABDDAD 331 5.39E-10 CFDCCCBBBCAA 89 4.57E-12
GGCCACDBBDAA 332 1.82E-13 EFCCCCDBBAAA 264 2.87E-12
GGCCBCDBDDAA 333 4.78E-12 GHACACBBBDAA 339 2.79E-12 -

GGCCCCDBBDAA 334 7.63E-15 CGCDDCDBDCAA 128 2.58E-12
GGCDBCDBDDAA 335 7.97E-10 CFADDCBBDCAC 69 2.56E-12
GGCDBCDBDDAB 336 5.07E-10 DDCDDCDBDAAD 208 2.12E-12
GGDDBCABDDAA 337 1.88E-12 GGDDBCABDDAA 337 1.88E-12.

.

GGDDBCABDDAB 338 8.68E-13 GFCDBCDBDDAA 324 1.70E-12
GHACACBBBDAA 339 2.79E-12 EFACCCBBBAAA 257 1.64E-12
GHACBCABDDAA 340 2.57E-11 EHECCCBBBAAA 298 1.61E-12
GHACCCBBBDAA 341 1.63E-13 DDCDDCDBDAAC 207 1.58E-12
GHADBCABDDAA 342 4.41E-09 EHDCACBBBAAA 291 1.44E-12
GHADBCABDDAB 343 5.57E-09 GDDCCCBBBDAA 315 1.40E-12
GHADBCABDDAC 344 2.31E-09 GHDCCCBBBDAA 353 1.25E-12
GHADBCABDDAD 345 2.62E-09 CGADDCBBDCAC 115 1.17E-12
GHCCFCDBDDAA 346 3.34E-10 EFDCCCBBBAAA 269 9.08E-13
GHCDFCDBDDAA 347 6.24E-09 GFDDBCABDDAA 326 8.93E-13
GHCDFCDBDDAB 348 6.04E-09 GGDDBCABDDAB 338 8.68E-13
GHCDFCDBDDAC 349 1.69E-09 CFCDDCDBDCAB 83 6.51E-13
GHCDFCDBDDAD 350 1.64E-09 CDCDDCDBDBAD 20 5.75E-13
GHDCACBBBDAA 351 1.49E-11 DFDDDCBBDAAB 226 5.22E-13
GHDCBCABDDAA 352 5.35E-11 GFCDBCDBDDAB 325 2.95E-13
GHDCCCBBBDAA 353 1.25E-12 EHDCCCBBBAAA 293 2.74E-13
GHDDBCABDDAA 354 1.78E-08 CGDDDCBBDCAB 142 2.69E-13
GHDDBCABDDAB 355 1.99E-09 CGDDDCBBDCAA 141 2.06E-13
GHECACBBBDAA 356 5.98E-11 GGCCACDBBDAA 332 1.82E-13
GHECBCABDDAA 357 7.24E-11 GHACCCBBBDAA 341 1.63E-13
GHECCCBBBDAA 358 5.01E-12 GFDDBCABDDAB 327 1.51E-13
GHEDBCABDDAA 359 2.41E-08 EGDCCCBBBAAA 281 1.03E-13
GHEDBCABDDAB 360 2.69E-09 GGCCCCDBBDAA 334 7.63E-15
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APPENDIX F MELCOR CODE CALCULATIONS

F.1 Plant Model

The MELCOR nodalization scheme for the Surry plant is shown in Figure F.I. The reactor vessel is divided into
six nodes representing the downcomer, lower plenum, core, core bypass, upper plenum and the upper head regions.

In the core and lower plenum regions, fuel and structures are represented by 39 cells. There are three radial rings
and 13 axial sections in each ring. Among the 13 axial sections,10 are fuel elements and 3 are lower core plate
and lower plenum nodes. Penetration tubes located on the lower head wall are modeled for each radial ring. The
failure of the penetration tube indicates vessel breach.

Surry is a 3-loop PWR plant. Each loop is represented by a hot-leg and a cold-leg. The pressurizer, pressurizer
surge tank, RHR and RWST are modeled as separate volumes in the MELCOR nodalization. The RHR was used

to establish the steady-state condition for the MELCOR analysis.

The Surry containment is divided into seven nodes representing the basement, cavity, cubicles of the three steam
generators, pressurizer room and the dome area. Environment is modeled as an additional node.

.

The 24 nodes are inter-connected by 52 flow paths. The descriptions of the control volumes and flow paths are
given in Tables F.1 and F.2, respectively. It is believed that the MELCOR nodalizarion provides a reasonable
representation of the Surry piant. ,

F.2 Sequence Description

A total of 6 calculations were performed in support of this study as summarized in Table F.3. The ' time window **

approach was based on a set of representative decay heat levels. The first three MELCOR sequences assumed decay

power levels of 13.2, 7 and 5 MW, respectively. These power levels correspond to that defined in windows 1, 3
and 4, respectively, as describeo in the main report. In these sequences, it was assumed that the ECCS is not
available and the containment is closed dming the entire transient.

Sensitivity studies were performed to evaluate the effects of containment leakage, actuation of containment sprays
and the restoration ECCS. The sensitivity studies were performed using the decay power level corresponding to that
defined in window 1.

F.3 MELCOR Analysis - '

The analysis was based on mid-loop operation with the primary system open to the atmosphere. All six loop
isolation valves were closed to minimize the primary system inventory and to preclude the use of reflux cooling as
a recovery procedure. A Tygon tube connects the upper head vent to the pressurizer relief tank, and at least one
pressurizer SRV is assumed to have been removed which provides a vent path to the containment.

All calculations commenced with a period of 5000 seconds mnning in quasi-steady state conditions with the actuation

of RIIR. This method was sufficient for the MELCOR model to approach a close approximation to's steady state
condition prior to initiating the transient. The initial conditions in each control volume including the atmospheric
pressure, temperature, composition and water pool mass and temperature are included in Table F.1.

NUREO/CR-6144 F-6

. . - . _ _



Appendix F h1ELCOR Code Calculations

The transient was initiated by closing off the RHR flow paths to simulate a loss of RHR. All timings referred to
in this discussion are measured relative to this time in the calculation. Transient analyses were focused on the
occurrence of major events, such as the timing of core uncovery, gap release, failure of the core support plate and
vessel breach. Core uncovery is defined as the depletion of water in the upper plenum of the reactor vessel. The

gap release occurs when the clad reaches 1173 K, at which temperature all inventories of fission products in the
gap region are released instantaneousiy to the core channel control volume. The failure of core support plate and
penetration tubes attached to the lower head wall are determined by the user specified failure temperatures (default
values are 1273 K). The failure of penetration tubes indicates the breach of the reactor vessel.

The standard ANS decay power curve, as programmed into hiELCOR, was used throughout these calculations to

provide a best-estimate heat generation rate. The selection of the initial decay power levels was determined by the

' time window' approach described in the main volume of this report.

The latest release of hiELCOR, version 1.8.2, was used throughout this analysis. This version includes several
major improvements and corrections, particularly in the areas of core melting, relocation and interaction in the lower

.

plenum.

F.4 Results

*
Case 1

This is the case with the highest decay power level (13.2 htW) corresponding to that defined in window 1. The
failure of ECCS was assumed and the containment was closed. The loss of RHR leads to core uncovery at about

"

5280 seconds. The boil-off of water causes an increase of pressure and temperature in the RCS as shown in Figures

F.2 to F.3. The fuel clad temperatures reach the criterion of gap release between about 5600 to 7500 seconds for
fuels in the three radial rings. Continued loss of coolant and core heating eventually cause the failure of core support

plate at about 12900 to 13900 seconds. The relocation of corium into the lower plenum and the rapid heating of the

penetration tubes (Figure F.4) result the failure of the reactor vessel.

Large quantities of water and corium are discharged into the cavity following the vessel breach. The corium/ water
interaction in the cavity gradually vaporizes all the water remained in the cavity as shown in Figure F.5. This
interaction has two effects on containment performance: containment pressurization due to steaus addition and
reduction of corium/ concrete interaction due to the cooling of core debris. A limestone / common sa_nd concrete was

assumed for the analysis. Figure F.6 shows the radial and axial concrete erosion in the cavity. The axial erosion
distance is about 0.75 meters at the end of 120,000 seconds. This is about 25 % of the concrete floor thickness. It

appears that thermal attack of the cavity concrete floor is not a severe challenge to the Surry containment for
accidents during mid-loop operation.

The hiELCOR predicted containment pressures and temperatures are illustrated in Figures F.7 and F.8,
respectively. There is a continuous pressure increase in the containment. The two pressure spikes at about 40,000
and 80,000 seconds are caused by hydrogen burn in the containment dome and basement area. Within the time

period of 120,000 seccnds, the pressure does not threaten the containment integrity. However, high temperatures
occur in the cavity region over a very long period of time. This severe thermal condition could cause damage in
that area.

The in-vessel hydrogen generation and hydrogen distribution in containment are shown in Figures F.9 to F.10. The

sudden reduction of hydrogen mass at about 40,000 seconds in the dome and basement region, and at about 80,000

F-7 NUREG/CR-6144
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seconds in the dome area indicates deflagrations in the containment. They are reflected as pressure and temperature
spikes in Figures F.7 and F.8.

MELCOR calculates radionuclides in two forms: vapor and aerosol. The distributions of active aerosols and vapor

in various containment regions are given in Figures F.it and F.12. Most of the active aerosols and vapor are
accumulated in the dcme and basement regions. The distributions of Cs and I elements at the end of 24 hours are
sununarized in Table F.5. Because the containment is assumed to be closed, there is no environmental release.

Case 2

This case is similar to Case 1, but with the decay power level reduced to 7 MW corresponding to that defined in
window 2. With a lower decay power the occurrence of major events are delayed by 2 to 3 hours as shown in Table

F.4. The results of the transient calculation are given in Figures F.13 to F.23. Similar to Case 1, hydrogen
generation, hydrogen burn, concrete erosion and containment pressurization do not threaten the containment integrity

within a time period of 24 hours after the initiation of accident. The high temperatures in the cavity still present a
severe challenge to the containment integrity. The distributions of Cs and I elements are about the same as in Case

~

l as shown in Table F.5.

Case 3

.

The decay power level is further reduced to 5 MW in this case. The transient behavior shown in Figures F.24 to
F.34 are similar to that of Cases 1 and 2. However, at such a low level of decay power, the occurrence of major
events are delayed considerably in comparison with that of Case I as summarized in Table F.4.

.
.

Case 4

This case is similar to Case 1 but with the assumption of containment leakage initiated at the beginning of the
accident. The leak area is assumed to be i square ft and is located in the dome area. The MELCOR predicted
transient behavior and results are given in Figures F.35 to F.45, and in Tables F.4 and F.5.

The leakage in containment does not have any major impact on transient behavior in the reactor vessel. Only the

in-vessel hydrogen production is reduced by about 10% in comparison with Case 1. In the containment, the pressure

is generally at atmospheric level. The gas temperature in the cavity region is still at an elevated level of about 1700

K (Figure F.41), it is noted that both the radial and axial concrete erosion in the cavity region (Figure F.39) are
much stronger than that in the base case (i.e. Case 1). This strong erosion of concrete would release more gases

from the concrete, which could become a driving force to discharge gases and aerosols into the environment.
Figures F.44 and F.45 show that large quantities of active vapor and aerosols are released into the environment.
The distributions of Cs, I elements and other species, summarized in Table F.5 indicate that about 20%, 87 % and

53% of the total releases of Cs, I and all species are released to the environment, respectively.

Caw 5

This case is similar to Case 4 but with the actuation of the containment sprays after vessel failure. The flow rate
of the sprays is about 0.19 Kg/s as illustrated in Figure F.46. The spray heads are located in the dome area.
Actuation of sprays after vessel failure has no effect on transient behavior in the reactor vessel as shown in Figures

F.47 to F.49 and in Table F.4.

NUREG/CR-6144 F-8
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Figure F.50 shows that spray water is collected in the cavity and basement area. The cavity is completely filled with

water in about 9.5 hours after the actuation of sprays. 'Ihe presence of such a large water pool in the cavity reduced

the concrete erosion rate as shown in Figures F.51. According to the MELCOR model, core debris in the cavity
never reached a coolable configuration which could terminate the concrete erosion. As one expected, sprays
eliminated high temperatures in containment (Figure F.53) and greatly reduced the releases of active aerosols and

vapor to the environment (Figures F.56 and F.57). Table F.5 indicates that releases of radioactive species to the
environment at the end of 73,515 seconds are negligible.

Case 6

The restoration of ECCS is studied in this case. It was assumed that the ECCS is restored about one hour after core

damage. In the present analysis, core damage was conservatively assumed to occur when clad temperature exceeds

1000 K (1340 F). The choice was based on observations that clad oxidation becomes significant above this
j

temperature. Since the oxidation is an exothermic reaction which accelerates with the increase of temperature, there

exists a significant potential for fuel distortion, clad rupture, and its subsequens release of radioactive species at
temperatures in excess of 1000 K.

l
'

MELCOR calculated results given in Figures F.58 to F.68 and in Tables F.4 to F.5 show that restoration of ECCS

at about one hour after core damage effectively terminated the accident. No vessel failure was predicted and the
environmental release is negligible. .

It should be pointed out that the MELCOR predicted results for this case involve a large degree of uncertainty.
MELCOR is not adequate for predicting thermal-hydraulic behavior after core damage. The code does not have an

adequate model to accurately predict core reflood after core damage has occurred..

.

t
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Table F-1 MELCOR 24-Node Compartment Description

(to be provided)
1

)
1.
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Table F-2 MELCOR 52 Inter-Compartment Flow Pattts Description

(to be provided)

' :|
|
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Table F-3 Summary of Accident Sequences Analyzed by MELCOR

Sequence No. Decay IIeat Containment ECCS- Vessel

(MW) Failure

1 13.2 Closed None Yes

2 7.0 Closed None Yes

3 5.0 Closed None Yes

4 13.2 Leak * None Yes

5 13.2 Leak Spray after VB Yes

6 13.2 Leak ECCS I hr after CD No

2* Leak area = 1.0 ft , Leak location = dome

,

t

l

I
!
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Table F-4 Sequence of Events
'

a

Sequence Core . Gap Release Core Support Plate Failure Vessel Breach
No. Uncovery* (s) (s)

'

(s)
Ring 1 Ring 2 Ring 3 Ring 1 Ring 2 Ring 3 Ring 1 Ring 2 Ring 3

1 -5280 5598 6142 7504 12900 13018 13941 12949 13358 14129

2 10210 13769 14330 15734 22978 23153 25330 23030 23458 24905

3 14220 19803 20506 22276 31495 31588 31724 31550 31860 32056

4 5470 5424 5922 7285 11971 12215 12479 12016 12479 13362

5 5470 5424 5922 7285 11971 12215 12479 12016 12479 13362

6 5470 5424 5922 7285 - - - - - -

Definui as Dry-out of Upper Plenum*
1

h

t

9

|
, - i

,._ m_- - -.....-. m - ,-..~...-m, +..,-_..-%. . . .,m--. . ~ . . . . ~ . , . - . , . . . . . - . . . . . . . . .. . -. .. -.. __ m
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l

- .

2

Table F-5 Distribution of Radioactive Species at 24 Hours

'
- Case Total Releases (Kg) Containment (Kg) Environment (Kg)

Number
CS I ' All Species CS I All Species CS I All Species,

,

1 138.2 9.14 493.4 ^ 121.I 9.12 462.2 0.0 0.0 0.0 '

t

2 138.9 8.47 445.0 126.3 8.45 427.9 0.0 0.0 0.0 ;

3 138.9 8.47' 449.6 124.7 8.45 430.2 0.0 0.0 0.0 i

'4 138.9 8.48 491.I 95.0 1.09 204.9 28.6 7.39 261.0

5 4.3 0.333 12.86C 4.1 0.31 24.56C 7.9 x 10-3 2.3 x 10-2 0.569
7

6 4.3 0.333 12.86L 4.1 0.31 11.98C 7.9 x 10-3 2.3 x 10-2 0.571

i
'

* Results at 73515 s.

!

! .

r
.

,

|

|

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ . .- _ - . . _ _ . . _ . . . . . _ _ _ . . __
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Appendix F MELCOR Code Calculations

Figure F-1 MELCOR Nodalization

(to be provided)

!

1

|

|

|

F-15 NUREG/CR-6144
:
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*3TIME (10 s)e o
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SORYP6 - L2 CASE 2 - SHUTDOWN + 1.13 DAYS CNTMNT CLOSED
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30 TIME (10 s)n
SRRYP6 - L2 CASE 2 - SHUTDOWN + 1.13 DAYS CNTMNT' CLOSED'
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3< s TIME (10 s)|
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0 20 40 60 80 100 120e-

3TIME (10 s)
SRRYP6 - L2 CASE 2 - SHUTDOWN + 1.13 DAYS CNTMNT CLOSED
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Integrated ' H2 production in core

' ' ' ' ' ' ' ' ' ' ' ' '0
0 20 40 60 80 100 120-,

TIME (10.3 s)-

SRRYP6 - L2 CASE 2 - SHUTDOWN + . 1.13 DAYS CNTMNT CLOSED
SRRYL2CNM 8/05/ 20:47:23 - MELCOR .
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