
1

NUREG/CR-2678
ORNL/TM-8314y

\
'

.

OAK |

RIDGE '

-

NATIONAL !
I,ABORATORY

Flood Risk Analysis
Methodology Development.

,

Project Final Report' : '

|
,

!

3 D. P. Wagner
.

- - M. L. Casada
J. B. Fussell

,

;

le ,

>
-

: c
.

4

r

,

- i
s

Prepared for the U.S. Nuclear Regulatory Commission |
Office of Nuclear Regulatory Research 1

Under Interagency Agreement DOE 40-550-75,

1

.
*

,

:

I 820923004582b731
'

PDR NUREG
CR-2678 R PDR

OPERATEDBY
_

-

UNION CARB10E 80RPORAT10N

FOR THE AINITED STATES -

DEPARTMINT OF EhERGY' -

-
- .. . _ _ . - - - _ _ - --. . . . .



____ _

i

O'
} '

s

Printed in the United States of America. Available from
National Technical Information Service

U.S. Department of Commerce
5285 Port Royal Road. Springfield, Virginia 22161

I
Available from

GPO Sales Program

Division of Technical Information and Document Control
U.S. Nuclear Regulatory Commission %

Washington, D.C. 20555
l
>

e

4

This report was prepared as an account of work sponsored by an agency of the 't

United States Government Neither the U nited States Government nor any agency .

thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liabihty or responsibility for the accuracy, completeness, or
usefutness of any information, apparatus. product, or process disclosed, or
represents that ets use would not infringe privately owned rights Reference herein
to any specific commercial product, process, or service by trade f.ame, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its

endorsement recommendation or favoring by the United States Government or
any agency thereof The views and opinons of authors expressed herein do not
.leCessarily state or reflect those of the United States Government or any agency
thereof

(

6
e

f

- - -



. - - .. _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ . . _ _

NUREG/CR-2678
ORNL/TM-8314

O Distribution Category RG

Contract No. W-7405-eng-26,

Engineering Physics Division

FLOOD RISK ANALYSIS MET 110DOLOGY DEVELOPMENT PROJECT
FINAL REPORT

*
D. P. Wagner,
M. L. Casada ,
J. B. Fussell

NRC Monitor: P. K. Niyogi
Risk Methodology & Data Branch
Division of Risk Analysis

e

4 Manuscript Completed: December, 1981,

* Date Published: June 1982

This Work Performed For
Nuclear Regulatory Commission

Under
DOE Interagency Agreement 40-550-75

NRC FIN No. B0436

Work Performed Under
ORNL Subcontract No. 85B-13860C

*
JBF Associates, Inc.
1630 Downtown West Boulevard
Suite 108
Knoxville, Tennessee 37919

' OAK RIDGE NATIONAL LABORATORY
d Oak Ridge, Tenn ssee 37830

o operated by
*

UNION CARBIDE CORPORATION
for the

DEPARTMENT OF ENERGY

_ _ - _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _



ACKNOWLEDGMENTS

We gratefully acknowledge the support given to this project by
a6 the Division of Risk Analysis, U. S. Nuclear Regulatory Commission.

Dr. W. E. Vesely and Mr. S. R. Sturges deserve special thanks for
their assistance throughout this two-year effort. Sincere thanks is

' given to Dr. G. F. Flanagan of the Oak Ridge National Laboratory for
his support and advice. We also wish to thank the personnel at the
Surry Power Station for their cooperation and assistance during our
plant visit.

We also appreciate the contributions of Mr. Jim Rooney and Mr.
Ben Ellison of JBF Associates, Inc. for their assistante in various
phases of the work. Special thanks are given to Ms. Beth Davenport,
Ms. Karen Rogers and Mr. ' Scot t Jol>ns ton for their skill and patience
in pceparing the final docus ant.

3-

i

| 0

,#
'

. f~
i
j

f
I

i

i

!

'

i

O

o

$

l 111
l



_ ._ _ __________

PREFACE

This report is the final documentation of a two-year effort to
a develop a methodology for assessing the impact of floods on nuclear

power plant risk. Determining the flooding level versus probability
' ,

at a particular plant site is beyond the scope of this work; however, '

* these are treated in a separate study being carried out at the Idaho
National Engineering Laboratory for the Nuclear Regulatory Commission.

The methodology presented in this document is coasistent with
conventional fault tree / event tree risk assessment techniques and is
intended for application as a part of an overall probabilistic risk

assessment (PRA). The methodology also satisfies many of the
requirements for flood analysis identified in the Nuclear Regulatory

Commission's recent Draf t PRA Procedures Guide (NUREG/CR-2300) .

The project also resulted in two computer programs that aid in
portions of the flood analysis. These computer programs represent a
major effort of the project and are fully described in a separate
document that is the user's manual for both computer programs. These
computer programs are used extensively in the example applications
discussed in the appendices of this report.

We expect that work in the area of flood risk analysis will
continue as the application of PRA techniques expands. This will
result in further refinements and extensions to the methodology

,

presented herein as application experience grows. In its present
form, the methodology retains substantial flexibility so that future
extensions will not alter the basic concepts of the methodology.*

,

This report assumes the reader is familiar with fault tree / event
tree terminology and conventional probabilistic risk assessment
techniques.

t
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ABSTRACT

l

This document presents the concepts and methodology necessary to
perform flood risk analysis for nuclear power plants, once the.
flooding level versus probability is known. The n.ethodology is

> consistent with accepted probabilistic risk assessment (PRA)
techniques and is usable either during the normal course of a PRA ore

as an " add on" analysis for an existing PRA. The methodology fulfills
many of the requirements for flood analysis suggested by the Nuclear
Regulatory Commission's recent PRA Procedures Guide (NUREG/CR-2300) .

The basic inputs to the methodology are:

e accident sequences and their consequence
categories,

e fault trees for the events that comprise the
accident sequences,

e occurrence probabilities for the accident
sequences and the events that comprise the
accident sequences,

e basic event failure data,

t

! o basic event vulnerability elevations for
' *

flood events, and

e flood occurrence probabilities.
,

The flood analysis procedure allows screening of the accident
sequences to determine the accident sequences that are potentially

i significant contributors to risk due to flooded effects. A
'

qualitative flood simulation identifies flooded minimal cut sets and

| critical flood levels for system failures using the system fault
; trees. The quantitative analysis uses these results to calculate the
i flood's contribution to:

e system failure probability,

e accident sequence occurrence frequency, and

consequence category occurrence frequency.e

I The Appendices to this report describe two example applications
of the flood risk methodology to systems of the Surry Power Station,
the pressurized water reactor (PWR) used in the Reactor Safety Study

(WASit-1400) . The first application considers an external flooding*

scenario and the second application considers an internally generated
flood. The results include the contributions of these floods to the

'
Reactor Safety Study results as a function of flood probability.

vii



Additional results of the project are two computer programs that

aid in the accident sequence screening and qualitative flood l

simulation segments of the flood risk analysis. These programs are
described in a separate report. ,

9
.

e

e

%

e

viii



_ - _ _ _ _ _ _ _ _ _

TABLE OF CONTENTS

Section Page

1. INTRODUCTION .............................................. 1p

e
11.1 Purpose and Scope of the Project .....................

1.2 Project Organization ................................. 2
21.3 Objectives of the Project ............................

31.4 Organization of this Report ..........................

2. CONCEPTS AND DEFINITIONS OF THE FLOOD RISK METHODOLOGY ...- 5

2.1 Flood De s c r i p t ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
52.2 Component Vulnerability Elevation ....................

52.3 Flooded Minimal Cut Sets .............................

92.4 Partially Flooded Minimal Cut Sets ...................

92.5 Flood Protection Sets ................................

2.6 Cri t ica l Flood Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.7 Failure Flood Level .............................i.... 9

92.8 Event Sequence .......................................

2.9 Accident Sequence Occurrence Frequency . . . . . . . . . . . . . . 11
11 /2.10 Flood Risk Analysis Procedure ........................

3. FLOOD SCREENING ANALYSES ................................. 13

.

3.1 Analyst Prescreening ................................ 13

3.2 Acc ident Sequence Screening . . . . . . . . . . . . . . . . . . . . . . . . . 14
.

4. SYSTEM QUALITATIVE FLOOD RISK ANALYSIS . . . . . . . . . . . . . . . . . . . 19

5. QUANTITATIV E FLOOD RISK ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1 Quantitative Nkthodology ............................ 26
5.2 Determining Flood Occurrence Probabilities . . . . . . . . . . 27
5.3 Basic Event Occurrence Probability . . . . . . . . . . . . . . . . . . 30
5.4 Minimal Cut Set Occurrence Probability . . . . . . . . . . . . . . 31

5.5 System Failure Occurrence Probability . . . . . . . . . . . . . . . 32
5.6 Accident Sequence Occurrence Frequency .............. 32
5.7 Consequence Category Occurrence Frequency . . . . . . . . . . . 33

6. LIMITATIONS OF THE METHODOLOGY ........................... 35

7. EXAMPLE APPLICATIONS OF THE FLOOD
RI SK AN ALY SI S METHO DOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

8. SUMMARY .................................................. 41
,

REFERENCES .................................................... 43

e

.X

__



TAB!2 0F C0llTEllTS (Continued)

Section Page ,

APPENDICES *

.

A. A Flood Analysis of the Surry Power Station
Auxiliary Feedwater System 45...........................

B. Basic Event Descriptions and Data for the Surry
AFWS Flood Analysis ................................. 77

C. Minimal Cut Sets for the AFWS Modified Fault Trees .. 87

D. Graphs of the Individual Accident Sequence Results
as a Function of Flood Probability for the Surry
AFWS Flood Analys is . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

E. Analysis of an Internal Flood Source at the Surry
Power Station ....................................... 99

.

.

%

%

X

. _



_ _ - - - _ _ _ _ - . _ -

LIST OF TABLES

Table Page
,

A.1 Relation of External Flood Levels to AFWS,

58Flood Levels ..........................................g

A.2 Vulnerability Elevations for AFWS Basic Events
that are Expected to Fail upon Submersion ............. 64

A.3 Flooded Minimal Cut Sets for the AFWS Analysis 66........

A.4 Transient Event Dominant Accident Sequences
68Considered in the Surry AFWS Flood Analysis ...........

70A.5 AFWS Failure Probabilities ............................

B.1 AFWS Basic Event Descriptions and Data for the Time
79Period Start to 8 Hours ...............................

B.2 AFWS Basic Event Descriptions and Data for the Time
84Period 8 to 24 Hours ..................................

C.1 Minimal Cut Sets for the AFWS for the Time Period
89Start to 8 Hours ......................................

e

C.2 Minimal Cut Sets for the AFWS for the Time Period
908 to 24 Hours .................. .......................

.

C.3 Minimal Cut Sets for the AFWS Test and Maintenance
Fault Tree ............................................ 91

E.1 Potentially Significant Accident Sequences Identified
in the Accident Sequence Screening Analysis ..........._108

E.2 Failure Probabilities for the AFWS and the CSIS for
Each of the Three Case s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4

9

D

e

xi



. _ ~ _ - - . - ~ ~. - - _. . _ - - - - - - - - - - . =_

4

1

i

;

LIST OF FIGURES

1

Figure Page
s

! 2 .1 Hypothetical Flood Level Profile 6......................

:
' * 2.2 Discretized Flood Level Profile . . . . . . . . . . . . . . . . . . . . . . . 7

I 2.3 Linear Flood Level Pro f ile . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
|

2.4 Example Event Tree ................................... 10

2.5 Flood Risk Analysis Procedure Flowchart .............. 12
;

i

] 5.1 Allowed Component Flood Responses for Three Components
That Have Identical Reliability Characteristics Before 1

Submersion ........................................... 25
i

| 5.2 Hypothetical Flood Level Frequency Density Example ... 28
'

,

5.3 Hypothetical Flood Level Frequency Density Example
for Multiple Flood Damage States ..................... 29

!
j 7.1 Core Melt Probability (per year) Due to the Dominant

: Transient Event Accident Sequences as a Function of
I Flood Probability for a 10-Foot Flood (measured in-

,
I ternally) at the Surry Power Station . . . . . . . . . . . . . . . . . 38
:

7.2 Flooded Contribution to Individual Consequence Categoryi
.

Occurrence Frequencies for All Transient Event Accident
I Sequences and the MSVH Flood, Case B, Flood Probability
i = 7.5 x 10-5 pe r ye a r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

A.1 Surry AFWS Simplified Flow Diagram . . . . . . . . . . . . ...... 50

A.2 Elevation of the Surry Nuclear Power Plants .......... 52

A.3 Plan of the Surry Nuclear Power Plants ..... ......... 534

4
' A.4 Typical Flood Path Through the Turbine Building to -

i t h e Re l a y Room . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 5

A.5 Discretized Flood Level Profile for the Surry AFWS
Flood Analysis ....................................... 57'

A.6 Modified AFWS Fault Tree for the Time Period Start to
e Heurs .............................................. 60,

*
i

I A.7 Modified AFWS Fault Tree for the Time Period 8 to
| 24 Hours ............................................. 61

,
,

xLLL
;

.,. _ _ . . _ _ _ _ __ _ - - _ , _ _ _ _ _ _ . _ . . .- _ _ _ _ . _ _ - _



LIST OF FIGURES (Continued)

Figure Page
,

A.8 Modified Fault Tree for AFWS Failure When One AFWS 3

Train is Offline for Test and Maintenance 62............. ,

A.9 Core Melt Probability (per year) Due to Flo9d Effects
on the Deininant Transient Accident Sequences Irvolving
the AFWS as a Function of Flood Probability for the
10-Foot riood at the Sorry Power Stat ion . . . . . . . . . . . . . . 72

A.10 Core Melt Probability (oer year) Due to Flood Effects
on the Dominant Transient Accident Sequences Involving
the AFWS as a Function of Flood Probability for the
Greater Than 29-Foot Flood at the Surry Power Station . 73

A.11 Core Melt Probability (per year) Due to the Dominant
Transient Event Accident Sequences, Including the
Ef fects of the 10-Foot F.!ood on the AFWS, as a Function

o f Flood Probabili ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

A.12 Core Melt Probability (per year) Due to the Dominant
Transient Event Accident Sequences, Including the
Effects of the Greater Than 29-Foot Flood on the AFWS,
as a Function of Flood Probability .................... 75 *

D.1 Accident Sequence Probability Due to the Effects of the
10-Foot AFWS Flood as a Function of Flood Probability, *

95Best Case .............................................

! D.2 Accident Sequence Probability Due to the Effects of the
10-Foot AFWS Flood as a Function of Flood Probability,

96Worst Case ...................................- .......

! 'D.3 Accident Sequence Probability Due to the Effects of the
Greater Than 29-Foot AFWS Flood as a Function of Flood
Probability, Best Case 97................................

D.4 Accident Sequence Probability Due to the Ef fects of the
Greater Than 29-Foot AFWS Flood as a Function of Flood

98Probability, Worst Case ...............................

E.1 Hain Steam Valve Housing (MSVH) Area Showing CSIS and
AFWS Pump Locations .................................. 105

E.2 Surry CSIS Simplified Flow Diagram ................... 106 ,

110E.3 CSIS Fault Tree . ......................................

.

xiv

i

|
, n - - - . . . . -. . - - --



_ _ - -____ - ___ -___ -__.

,

.

LIST OF FIGURES (Continued).

Figure Fase,

E.4 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient Event Accident,

Sequences and the MSVH Flood, Case A, Flood Probability
= 7.5 x 10-5 pe r ye a r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

E.5 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient' Event Accident
Sequences and the MSVH Flood, Case B, Flood Probability
= 7.5 x 10-5 per year ................................. 115

E.6 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient Event Accident
Sequences and the MSVH Flood, Case C, Flood Probability
= 7.5 x 10-5 per year ................................ 116

E.7 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient Event Accident
Sequences and the MSVH Flood, Case A, Flood Probability
= 7.5 x 10-4 per year ................................ 117

E.8 Flooded Contribution t.o Individual Consequence Category
* Occurrence Frequencies for All Transient Event Accident

' Sequences and the MSVH Flood, Case B, Flood Probability
= 7.5 x 10-4 pe r ye a r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

,

E.9 Flooded Contribution to Individual Consequence Category
Occurrence Frequencies for All Transient Event Accident
Sequences and the MSVH Flood, Case C, Flood Probability
= 7 5 x 10-4 pe r ye a r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

E.10 Core Melt Probability (per year) Due to the MSVH Flood
as a Function of Flocd Probability . . . . . . . . . . . . . . . . . . . 120

E.11 Core Melt . Probability (per year) Due to All Transient
Event Accident Sequences, Including the Effects of the
MSVH Flood, as a Function- of Flood Probability .. . . . . . 121

E.12 Core' Nkit Probability (per year) Due to All Accident
Sequences, IacInding the Effects of the MSVH Flood, as
a Function .- Flood Probability ...................... 122

*

e

N

_ - - . _ _ _ _ . - _ _ _ _ _ _ _ _



_ _ - .- .

!

*-

! O

FLOOD RISK ANALYSIS

METHODOLOGY DEVELOPMENT PROJECT

FINAL REPORT

1. INTRODUCTION

This document is the final report of the Flood Risk Analysis
Methodology Development Project. The project is directed toward
development of a methodology for analyzing the effects of floods on
nuclear power plant systems.*

The Reactor Safety Study (l) and the Lewis Committee
Report (2) identify floods as external hazards that warrant further*

investigation in assessing the risk associated with nuclear power
plants. The importance of floods results from their potential to
produce multiple component failures by submerd ng individuali

components. These multiple component failures are called common cause
failures (3). These component failures can result in system failures
which contribute to the overall risk from nuclear power plants. Thus,
consideration of common cause failures due to floods is an important
aspect of the overall risk assessment of nuclear power plants.

i 1.1 Purpose and Scope of the Project

The purr. ,e of this project is to develop a formal basis for
assessing the impact of floods on nuclear power plant systems. No
attempt is made to identify the source of the flood or the probability
associated with the occurrence of the flood. The project considers
only the ef fects of a specified flood on the plant. The methodology
identifies system components which are failed (or degraded) by a flood,

and describes the impact of these component failures on the system
,
~

failure probability. The methodology is demonstrated by application
to existing nuclear reactor systems..

j 1
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1.2 Project Organisation

The Fiood Risk Analysis Methodology Development Project was
performed in three phases. These three phases were defined to enhance ,

management and control of the project and to assure effective
performance throughout the project. 1

.

Phase 1 tasks included defining the scope and requirements for
Phase 2 of the work. In addition to specifying the required loputs
and scope of the computer-aided methcdology, an illustrative example
problem was defined. Specific information and input data for the
example problem were collected, categorized and stored. Phase 1 also
included preliminary computer program development. Phase I was
completed in February 1980.

Phase 2 of the project encompassed development and implementation
of the aethodology and performance of the example problem analysis and
evaluation. The first version of a computer program, called NOAH, was
used to implement the flood risk analysis methodology and to perform
the example problem analysis. The analysis resulcs were evaluated and
areas needing further development and study were identified. Phase 2
was ccmpleted in deptem'oer 1980.

The purpose of Phase 3 of the project was to continue development
and application of the methodology and the NOAH computer program, and
to per form an additional application of the flood risk methodology.

*

This additional application experience and the resulting modifications
to the NOAH computer program resulted in an analysis tool that is
directly useful in the licensing of nuclear power plants. Phase 3 was ,

completed in December 1981.

1.3 Objectives of the Project

The overall objective of the Flood Risk Methodology Development
Project is to develop a methodology for assessing the impact of floods
on nuclear power plant risk. Specific objectives include:

e provide the capability to screen accident
sequences to determine those sequences that
are potentially significant contributors to
risk due to floods,

e provide the capability for detailed flood
effects analysis for individual nuclear power
plant safety systems,

provide methods for quantifying flood effects -e
on safety system failure probability and
plant risk, and

.

2
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e demonstrate the methodology by application to

existing reactor systems.

In addition, the methodology is structured so that it can be applied.

as an add-on analysis to existing risk assessments or be included from
the beginning of a risk assessment effort. The remaining sections of
this document describe the flood risk analysis methodology that is thee

result of accomplishing these objectives.

1.4 Organization of this Report

Section 2 presents the concepts and definitions of the flood risk
analysis methodology. Section 3 describes the flood screening
analysis procedures. System qualitative flood risk analysis and the
NOAll computer program are discussed in Section 4. System failure and
accident sequence quanti.'ication is the subject of Section 5. Section
6 discusses the limitations of the methodology. A review of the two
example applications of the methodology is presented in Section 7.
Appendices A through E contain detailed discussions of the two example
applications.

.

.
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2. CONCEPTS AND DEFINITIONS OF_75* 1" COD RISK METHODOLOGY

This cection presents the concepts and definitions of the flood
risk analysis methodology. Several of the terms are event tree and

* fault tree terminology and are reproduced here to provide the reader a
compact glossary for the flood risk methodology.

e

2.1 Flood Description

The flood risk analysis methodology is independent of the source
of the flood being considered. Regardless of the source, the level of
the resulting flood can be characterized as a function of time. A
hypothetical flood level profile is shown in Figure 2.1. In the
general case, the flood level profile will show an increase in flood
level from the onset of the event until it attains a maximum value,
followed by a period of decreasing level as the flood recedes.
Components that are af fected by a given flood event can be identified
by their vulnerability elevation and the flood level profile.

Either a discretized or linear flood level profile is used as
input to the flood analysis computer program. Examples of these
profiles are shown in Figures 2.2 and 2.3. The discretized profile
reflects the assumption that once the flood has reached a discrete
level in the plant, that entire level is flooded.

.

2.2 Component Vulnerability Elevation

The " vulnerability elevation" for the component is defined as the*

lowest physical elevation that the flood level must surpass to affect
the component. The vulnerability elevation allows proper treatment of
the case where a component may be af fected by the flood but not yet
submerged itself. For example, a pump whose function is dependent on
electrical connections at a lower elevation than the pump is assigned
the lower vulnerability elevation. However, if the pump's vital
electrical connections are physically higher than the pump, the pump's
vulnerability elevation is the physical elevation of the pump. A
component's vulnerability elevation is physically higher than the
ccaponent if a barrier prevents the flood from affecting the component
until the flood overflows the barrier. In this case, the

vulnerability elevation corresponds to the physical elevation where'

the flood overflows the barrier.

2.3 Flooded Minimal Cut Sets

|
The flood analysis methodology uses a fault tree and other input

*
! to identify minimal cut eets that have all their associated components

submerged by the flood. These flooded minimal cut sets are the
failure modes of interest since the occurrence of a single minimal cut,

set guarantees the occurrence of the system failure.

I
:
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i 2.4 Partially Flooded Minimal Cut Sete

Partially flooded minimal cut sets are defined for the
purpose of this project as those minimal cut sets in which at least

*
one component is flooded and one or two components are not flooded.
These minimal cut sets are potentially significant contributors to a
system failure since they require only one or two components to fail,

,

in addition to flood effects, to cause a system failure. Partially
flooded minimal cut sets are particularly important in flood analysis
when the flood of interest does not flood an entire minimal cut set.

2.5 Flood Protection Sets,

A flood protection set is a group of components that, if they all
are not flooded, guarantee the system is not failed as a result of the
flood event. Flood protection sets can be synthesized from thei

flooded minimal cut sets (or partially flooded minimal cut sets) for
each flood level of interest. The flood protection sets provide
valuable qualitative information for determining where system flood
protection ef forts will be most effective.

2.6 Critical Flood Level

The " critical flood level" is defined as the minimum flood level
where the first flooded minimal cut set is found. This is the minimum.

flood level where the system failure of interest can be directly
caused by the flood.

.

2.7 Failure Flood Imvel

The " failure flood level" is defined as the minimum flood level
where all the components in at least one minimal cut set are flooded
and failed with probability one, thus resulting in a system failure
probability of one. This is the minimum flood level where the system
failure of interest is guaranteed to occur, given a flood to that

j level has occurred.

{ 2.8 Event Sequence

Event trees are event sequence models that graphically display
postulated accident scenarios (Figure 2.4). The elements of an event
sequence, or accident sequence as they are often called, are e
initiating event, branching operator failures and an identificatior of
the consequence category to which the sequence leads. An initiacing

,

event is an undesirable event (component or system failure, transient,
or external event) that starts an accident sequence. The branching
operators generally represent actions taken by plant systems or.

|
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personnel which, ~ if successful, act as barriers to the propagation of
the event sequence or mitigate the effects of the initiating event.
The nuccess or failure of these branching operators determines the
magnitude of the consequence of an accident. The consequence category

* identification defines the consequence to which the accident sequence
leads.

.

2.9 Accident Sequence Occurrence Frequency

The occurrence frequency of a particular accident sequence is the,

product of the initiating event occurrence frequency and the
. conditional probabilities of failure on demand of the branching
operators. The probabilities of failure on demand of the branching
operators are usually very small; therefore, the probabilities of
success on demand of the branching operators are very close to unity

j -for systems normally encountered in nuclear power plants. In

practice, the success on demand probabilities are conservatively
' assumed to be unity and the accident sequence occurrence frequency

contains only failure events.

2.10 Flood Risk Analysis Procedure

The flood risk analysis procedure contains five steps that lead
to quantification of flood effects in the accident sequence and
consequence category occurrence frequencies. These five steps are:.

e analyst prescreening,
.

e event sequence screening,

e system qualitative flood analysis,

system quantitative evaluation, ande

e accident sequence and consequence category
quantitative evaluation.

Figure 2.5 is a flow diagram of the flood risk analysis procedure.
Inputs and outputs of each step are indicated in the flow diagram.
The following three sections discuss the methodology in detail.

i
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3. FLOOD SCREENING ANALYSES

Nuclear power plant probabilistic risk assessments (FRA's)
usually postulate a large number (>100) of possible accident-,

sequences. Each accident sequence contributes to one of several
consequence categories. The accident sequence frequencies
collectively determine the frequency at which consequences of various,

magnitudes occur; thereby providing a measure of risk. Usually, only
a small number of sequences (dominant accident sequences) contribute
significantly to the category frequency and these sequences are the
ones analyzed in greatest detail.

The purpose of the flood screening analyses is to identify those
accident sequences and systems that may be significant contributors to
risk due to flood effects. The analyst cannot assume that the
dominant accident sequences identified in the PRA are the most
important sequences for flood analysis. Accident sequences which were
previously considered less important, because of their relatively low
expected frequencies, may contribute significantly to risk due to
flood-induced failures. The screening process also provides a more
manageable problem since accident sequences that are insignificant
contributors to flood-induced risk can oe removed from the analysis.

The flood screening analyses occupy the first two steps of the
flood risk analysis procedure. The first screening analysis is a
generic screening step based on plant characteristics and the result

* of the existing PRA. The second screening analysis employs a
quantitative criterion for identifying individual accident sequences
that are potentially significant contributors to flood-induced risk.

.

3.1 Analyst Prescreening

Analyst prescreening allows the analyst to eliminate. from
consideration entire categorios of accident sequences or a class of
flood sources prior to individual accident sequence screening. This
can be done because the maximum contribution of a flood to the
occurrence frequency of any consequence category is the occurrence
frequency of the flood. On this basis, the analyst can perform
prescreening to produce a more efficient event sequence screening in
the second analysis step. The following discussion provides
guidelines and examples for performing analyst prescreening.

3.1.1 Identifying Potential Flood Sources

Flood sources that may affect a nuclear power plant can be
described by two classes of flood sources: (1) external flood.

sources, and (2) internal flood sources. External flood sources are
the bodies of water such as rivers and lakes that are in the vicinity
of a nuclear power plant. Large storage tanks on the plant site and.

13
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outside the physical structure of the plant may also be considered as
potential external flood sources. Internal flood sources are the
large quantities of liquid inside the plant. Examples of internal
sourcet include rupture of service water lines and inadvertent

,

operation of a fire sprinkler system. The analyst must consider both
of these sources of . floods fr.r a complete flood risk analysis.

.

3.1.2 Prescreening of Consequence Categories

Individual consequence categories are prestreened by comparing
the occurrence frequency of a potential flood to the occurrence
frequency of the consequence category. If the occurrence frequency of
the flood is insignificant compared to the occurrence frequency of the
consequance category, furthnr analysis of the accident sequences

i within the category is not nece aae ry .

An additional prescreening consideration is available when
considering consequence categories that represent minor consequences
in terms of risk. These minor consequences may be insignificant
relative to the overall consequences of the flood (flooded cities,
property damage, etc.) required to affect the plant. The analyst may
elect not to consider a consequence category where the potential
increase in the occurrence frequency of the consequences is completely
overshadowed by the overall consequences of the flood itself.

.

3.1.3 Prescreening of Flood Sources

.

The analyst may eliminate one of the two types of flood sources
from consideration on the same basis as the consequence category
prescreening. Occurrence frequency comparisons for both types of
flood sources are performed for each consequence category that passes
the category prescreening. Prescreening the flood sources allows the
analyst to focus ca the more important flood sources for the accident
sequence screening.

3.2 Accident Sequence Screening

| 3.2.1 Screening Procedure

To perform accident sequence screening, the analyst must identify
accident sequence elements (initiating eve.,ts or branching operators)
that are considered susceptible to flood effects. An accident
sequence element is considered flood-susceptible if it is expected to
fail or be significantly degraded in the event a flood occurs.
Determining which sequence ela. ment s are flood-susceptible requires -

qualitative considerations. Factors that indicate flood
susceptibility include:

.

!
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e the vulnerability elevation of equipment
within a system,

e structural barriers to flooding,
,

e proximity of equipment to internal flood
sources or flood pathways,,

e the timing involved in demanding a system
relative to the time the flood first affects
the plant, and

the capability of equipment to function in ane
extreme environment.

The analyst's assessment of a system's (branching operator)
susceptibility to flooding is an important factor in the results of
the accident sequence screening.

The analysis requires accident sequence screening for each
consequence category that passes the analyst prescreening. The
analyst screens all accident sequences within a consequence category
in the followfng manner.

1. All flood-susceptible elements in the
accident sequence are assumed to be failed
with a probability of one. If the sequence*

contains no flood-susceptible elements, the
sequence is eliminated from the analysis.

.

2. The analyst calculates the flooded occurrence
frequency of the accident sequence. The
flooded occurrence frequency is the product
of the occurrence frequency of the flood and
the occurrence probabilities of the sequence
elements, assuming that the flood-susceptible
elements have an occurrence probability of
unity.

3. The accident sequence's flooded occurrence
frequency is compared to a significance
criterion; for example, a specified
percentage of the consequence category's
occurrence frequency.

4. Accident sequences considered significant,
based on their flooded occurrence frequency,

! are retained for further analysis. Accident,

sequences deemed insignificant are discarded.

| The analyst repeats this process for each accident sequence within a-

| consequence category. The results for each category include:

15
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e the significant accident sequences for each
category, and

e the flood-susceptible sequence elements that
require detailed analysis. -

These significant accident sequences are the accident sequences that
*

have the greatest potential for contributing to increased risk due to
floods, based on the category's significance criterion (step 3 above).
The flood-susceptible sequeree elements identified for detailed
analysis are those accident sequence elements that are
flood-susceptible and are members of a significant accident sequence
in the category.

The significaat accident sequences of the category form the basis
for quantifying the flood contribution to the consequence category in
step five of the flood risk analysis procedure (Figure 2.5). The
flood-susceptible sequence elements provide the basis for the detailed
system qualitative flood analysis in step three.

3.2.2 Event Sequence Screening Program

The Event Sequence Screening Program (ESP)(4) performs the
accident sequence screening described in the previous section. The
basic input to ESP includes:

.

e a description of the initiating events and
branching operators contained in the accident
sequences, their respective unflooded .

occurrence frequencies or failure on demand
probabilities, and an indication of their
flood susceptibility,

e a flood occurrence frequency,

e the screening criterion used to identify
significant accident sequences,

e a description of the consequence categories
and their unflooded occurrence frequencies,
and

a description of the accident sequences.e

The basic output of ESP consists of:

e the accident sequences that are potentially
significant contributors to increased risk *

due to flood effects,

.

16
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| e the initiating events or branching operators

]
that are considered flood-susceptible and

j appear in potentially significant accident
sequences, and4 ,

1
*

e an estimate of the total consequence category
. occurrence frequency, which includes both'

unflooded and flooded effects.,
;

In addition to the abo'e in f o rtna tion , ESP ranks the potentially
significant accident sequences in ordar of contribution to the flooded

,

occurrence frequency of a consequence category. Reference 4 is the
user's canual for the ESP computer prograa.,
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4. SYSTEM QUALITATIVE FLOOD RISK ANALYSIS

The objective of the qualitative flood risk analysis is to
identify the important failure modes for each flood-susceptible*

accident sequence element identified in the accident sequence
screening. These important failure modes are the flooded minimal cut
sets and partially flooded minimal cut sets for each flood-susceptible*

sequence element (flood-susceptible system failure). The qualitative
flood analysis combines three basic inputs to perform a qualitative
flood si.nulation. These inputs are:

1. The system fault tree - This fault tree
defines the systen failure of interest and
the failure logic associated with the system
failure.

2. Component vulnerability elevattons - This
elevation is the lowest level that the flood
must surpass in order to affect the
component.

3. Flood levels to be analyzed - These levels
are the discrete flood levels used in the
flood analysis. All basic events whose
vulnerability elevations are below a
particular flood level are considered flooded

,

when minimal cut sets are determined.

The flood simulation determines the flooded minimal cut sets as a.

function of flood level. The methodology also identifies the critical
flood level. The critical flood level is the flood level where the
first flooded minimal cut set is found. For floods that do not
surpass a system's critical flood level, the partially flooded minimal
cut sets are the system's important failure modes.

The NOAll computer program (4) performs this qualitative flood
simulation using a system fault tree. The inputs to NOAll include:

e control information specifying how the flood
simulation is to be performed,

e a description of the flood levels to be
analyzed,

e a description of the system fault tree,

e vulnerability elevations for the components
in the system fault tree,*

e basic event failure and repair data
,

(optional), and

19
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e a description of the flood level profile j

versus time (optional). |

The fault tree description input to NOAH is identical to the fault
tree description input to the MOCUS(5) and PREPO) computer programs.

The output of the NOAH program depends on whether the analysis .
.

reaches the critical flood level. If the critical flood level is
found, the basic output consists of:

1. The critical flood level - This is the flood
level where the first flooded minimal cut set
is found. The critical flooi , level can be
determined without determining flooded
minimal cut sets.

2. The flooded minimal cut sets for each flood
level - his list identifies the minimal cut
sets that have all their components flooded
at each flood level increment.

,

i

3. The flood protection sets for each
,

level - This list identifies groups of

components that, if they are all made
invulnerable to floods, would prevent the
system as modeled from failing as a result of

~
a flood.

4. Flooded components for each flood
*

level - his list identifies the components
that are flooded within each flood level
increment, that is, the order of component>

submersion.

If the analysis does not reach the critical flood level, the
basic output consists of:

1. Partially flooded minimal cut sets - This
list identifies minimal cut sets that have
all but one or two of their components
flooded when the highest flood level for the
analysis is reached. Partially flooded

minimal cut sets are not determined if
flooded minimal cut sets are found during the
flood analysis.

2. Flood protection sets for the maximum level
analyzed - his list identifies groups of .

components that, if they are all made
invulnerable to floods, would prevent the

i system as modeled from failing as a result of *

; a flood and single or double random failures.

;

20
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3. The components that -are flooded at the
maximum level analyzed.

In addition to the flood simulation, the NOAll computer program has the.

capability to identify a specified component's role in the flood
analysis reaults. For example, if the analyst requests the role of
pump A in the flood analysis results, NOAll will identify and list the*

following information for pump A:

1. The flooded or partially flooded minimal cut
sets which contain pump A. These minimal cut
sets are grouped according to the flood level
where the minimal cut set is flooded.

'

2. The valnerability elevation of each component
in the minimal cut sets.

Reference 4 is the user's manual for the NOAll computer program.

4

4

4
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5. QUANTITATIVE FLOOD RISK ANALYSIS

Steps four and five of the flood risk analysis procedure consist
of quantifying the flood effects on system failure probability and,

accident sequence occurrence frequency. Both point estimates and
time-dependent analyses are possible. The required inputs for the
quantitative flood analysis are:.

1. the order of component submersion,

2. the time point corresponding to each
component's submersion (for time-dependent
analysis only),

3. each component's initial failure probability
and normal (unflooded) failure rate,

4. the flooded and/or partially flooded minimal
cut sets from the system fault tree, and

5. the component's flood response.

The NOAll computer program provides Inputs 1, 2, and 4 in the results
of the qualitative flood risk analysis. Input 3 ie -tandard input to
existing quantitative reliability analysis techniques and can be
obtained from the plant's PRA. The component's flood response, Input

*

5, is characterized in one of three ways:

1. No effect - Some components in the system
,

fault trees remain unaffected upon submersion
by the flood. For example, the submersion of
a structural member has no effect on that
member. This response requires no additional
input for the quantitative evaluation.

2. Degraded - In this case, the system component
is subjected to a non-normal operating
environment which the component might be able
to tolerate for some period of time. A
degraded component has a discontinuous
increase in unavailability at the time of
submersion or a subsequent increase in

failure rate, or both. Fo- this response,
the component's increase in unavailability
upon submersion, if any, and the component's
flooded failure rate are required as input to

| the quantitative evaluation.

| *

3. Failed 'Ihe system component is subjected to
a non-normal operating environment which the

*
component cannot tolerate, and therefore

I
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fails with probability one upon submersion by

the flood. For the quantitative evaluation,
the component's unavailability is set to one
at the time of submersion. .

These three component flood responses are shown graphically in Figure
5.1. *

The results of the quantitative flood analysis are:

e time-dependent or point estimates of the
probabilistic failure characteristics for the
system failure of interest and flooded or
partially flooded minimal cut sets,

e the expected occurrence frequency of accident
sequences and consequence categories that
include the effects of the flood, and

e the failure flood level, defined as the
minimum flood level where all the components
in at least one minimal cut set are flooded
and failed with probability one, thus,;

i resulting in a system failure probability of
one.

*

Quantitative importance rankings for the flooded minimal cut sets and
accident sequences are additional results from the quantitative flood
analysis. ,

The KITT-2 computer program (6) is applicable for the'

time-dependent analysis of flood effects. The program accepts
component initial failure probabilities and allows changes in a
component's failure rate and unavailability at specified time points,
allowing a complete description of the component's flood response.
Preparing the time-dependent input for KITT-2 to describe the

component flood responses can be tedious. The NOAH computer program
contains output options that prepare portions of the KITT-2 input for
the analysis. KITT-2 calculates and prints time-dependent reliability
characteristics for the components, the minimal cut sets, and the
system failure of interest.

The KITT-2 program is also applicable for point estimate
evaluations of the flood effects. As in the time-dependent case, only
the degraded and failed compenent flood responses require changes in
the component'u characteristics upon submersion. The estimated
failure probabilities for the components, the components' times of
submersion, and the system minimal cut sets are input to KITT-2 to -

estimate the system failure probability. For this application, the
individual components are described as inhibit conditions in the

*

KITT-2 input.

i
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5.1 Quantitative Methodology

This section develops the basis for the equations necessary to
calculate the flood effects for all events of interest in the ,

quantitative flood risk analysis. These events of interest are:

e basic event occurrence probability, .

e minimal cut set occurrence probability,

system failure occurrence probability,a

e accident sequence occurrence frequency, and

e consequence category occurrence frequency.

Sections 5.3 through 5.7 present appropriate equations for each of
these quantities. These equations employ the following definitions:

f E the event the flood exists, and

f E the event the flood does not exist.

The events f and T are mutually exclusive. Therefore, any event X can
be expressed as:(7)

'

X = (TAX)U(fox), (1)

and its probability represented by: ,

P(X) = P(f)P(X | f) + P(f)P(X | f), (2)
.

where the conditional probabilities reflect the pronability of X
given no flood occurrence and the probability of X given flood
occurrence, respectively. Substituting P(f) = 1 - P(f) in equation 2
and rearranging terms yields:

P(X) = P(X | T) + P(f)[P(X | f) - P(X | T)] (3).

The first term on the right hand side of equation 3 is the unflooded
contribution to the event's probability and the second term is the
flooded contribution to the event's probability. The flooded
contribution term consists of the flood occurrence probability and the
increase in the event's probability, given the flood has occurred.
This increase in the event's occurrence probability describes the
" flood damage state" of the event.

.

The flooded contribution is the quantity of interest in the
quantitative flood analysis. Calculating the flooded contribution

.
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allows the analyst to " add on" the flood effects to the results of an
existing risk assessaent.

.

5.2 Determining Flood Occurrence Probabilities

Proper evaluation of the flood occurrence probability is.

essential to determining the contribution of floods to the occurrence
frequency of accident consequences. The desired probability is an
exceedance probability; that is, the probability that a flood exceeds
the flood level where damage to plant equipment occurs. For example,
assume that flood level L is the flood level where plant damage first
occurs. Figure 5.2 shows a hypothetical flood level frequency density
with flood level L identified on the x-axis. The desired flood
occurrence probability is the integral of the density for flood levels
greater than or equal to flood level L; that is,

P(f ) = [ f( t)d t, (4)t

L

where

P(f ) = the occurrence probability of a flood equal to org
*

greater than flood level L, .and

the flood level frequency density function.f(t) =
,

The flood occurrence probability given by equation 4 is applicable for
analyses considering a single flood damage state in the quantitative
evaluation. Flood level L corresponds to the minimum flood level that
results in this flood damage state.

For application in analyses where multiple flood levels result in
multiple flood damage states, the analyst must evaluate the flood
occurrence probability for each flood damage state. For example,

Figure 5.3 shows the flood level frequency density with four flood
levels identified on the x-axis. Each flood level corresponds to a

change in the event's flood damage state. The applicable flood
probabilities are:

J f( t)d t = P(f. - P(f ) f r damage state A, (5)
2

f f( t)d t = P(f ) - P(f ) f r damage state B, (6)*

2 3

.
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f f( 1)d t = P( f ) - P( f ) for damage state C, and (7)
3 4

f~ f(1)d1 = P(f ) ' for damage state D. (8)4

.

Rewriting equation 3 (Section 5.1) to include this multi-level flooded
contribution results in:

P(X) = P(X | T) + [P(f ) - P(f )] . [P(X | f ) - P(X | f)]2 g

+ [ P( f ) - P( f )] . [ P(X | f ) - P(X | T) J2 3 2

+ [P(f ) - P(f )J . [P(X | f ) - P(X | W3 4 3

+ P(f )[P(X | f ) - P(X | T)] . (9)~4 4

Equation 9 includes a flooded contribution for each specific flood'
damage state and corresponding flood occurrence probability. Equation
9 can be written in general form as:

;

L-1
P(X) = P(X | T) + [ {[P(f ) - P(fpg)]. [P(X | f ) - P(X lT)]}j j

j=1
.

+ P( f )[ P(X | f ) - P(X | T)] , (10)
*

g

where ,

fj = the event a flood equal to or exceeding level j exists,
and

L = the number of flood damage states.

A comprehensive flood risk . analysis will include assessment of
I multiple flood damage states as the flood progressively affects more

and more components or systems in the plant. The following sections

present both single- (flood damage) state and multi- (f'ood damage)
state equations for quantitative flood risk analysis.

5.3 Basic Event Occurrence Probability

The flood response of a basic event , shown graphically in Flaure
5.1, is described by equation 3 in Section 5.1. Redefining the event
variables, the appropriate single-state equation for the basic event's

*

occurrence probability is:

P(B) = P(B | T) + P(f)[P(B | f) - P(B | T)], (11)
; ,
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]

.

|

where

the event the basic event B exists, andB =

*
the occurrence probability of basic event B.P(B) =

| Equation 11 is also the multi-state equation for basic event
.

occurrence probability. Since the basic event is allowed only one
,

flood response (Cection 5), it experiences only one flood damage
' state.

i
'

5.4 Minimal Cut Set occurrence Probability

A minimal cut set is a group of basic events that are
collectively sufficient to result in the system failure of interest.
The minimal cut set therefore represents the logical intersection of a

group of basic events. The probability of a logical intersection is;

the product of the individual events; therefore, the appropriate
,

single-state equation for a minimal cut set is:

1

m a m-

P(M) = H P(Bg | T) + P(f)[ H P(Bi|f)- H P(Bi|T)], (12)
i=1 i=1 i=1

I where
*

i
'

M the event the minimal cut set M exists,=

*
the occurrence probability of minimal cut set M,k , et) =

r

the event basic event Bt of minimal cut set MBg -

exists, and

the number of basic events comprising minimala =

cut set M.
,

I

The appropriate multi-state equation for , minimal cut set is:

m L-1 m a

g|f)-HP(By|T)]}P(M) = H P(Bi | T) + [ {[P(f ) - P(fpg)].[ H P(B jj
i=1 j=1 i=1 i=1

m m

+ P(f )[ H P(Bg | f ) - H P(Bg|f)]. (13)t
1-1 i=1

The :naximum flood damage state for a minimal cut set is the flood.

' level where t'..e minimal cut set is totally flooded. A minimal cut set
can experience as many flood damage states as there are basic events
in the minimal cut set.+

,
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5.5 System Failure Occurrence Frobability

The system failure (fault tree TOP event) is the logical union of
the minimal cut sets for the system fault tree. The probability of a

logical union is the sum of the individual event probabilities, less *

all intersections of two events, plus all intersections of three
events, and so on, until all intersection terms have been accounted
for(8). ignoring these intersection terms, a first-order

*

approximation tur the single-state occurrence probability of the
system failure is:

L 1 1

P(*f) = [ P(Mt|T)+P(f) [ [ P(Mg | f) - [ P(Mg | T)], (14)
i=1 i=1 t=1

where

the event the system failure exists,T =

the occurrence probability of system failure T,P(T) =

Mg the event minimal cut set Mg exists, and=

the number of minimal cut sets resulting in the1 =

system failure.

In systems that are highly susceptible to floods, this first-order .

approximation will greatly overestimate the system failure occurrence
probability. In these cases, including the correction te rms is
necessary. .

The multi-state equation for the system failure occurrence
probability (first-order approximation) is:

A L-1 L L

P(T) = [ P(M1 | T) + [ {[P(f)) - P(f +1)] .[ [ P(Mg|f)-[P(Mg|T)]}j j
i=1 j=1 i=1 i=1

L %

+ P(f )[ [ P(Mg | f ) - [ P(Mg|T)]. (15)g t
i=1 i=1

The maximum flood damage state for a system failure is the failure
flood level of the system. The system can experience as many flood
damage states as there are basic events in the system.

5.6 Accident Sequence Occurrence Frequency
.

An accident sequence is the logical intersection of an initiating
event and branching operator (system) failures. The appropriate

,
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single-state equation for the accident sequence occurrence frequency
ist

n n n

P(S) = 11 P(Tg | T) + P( f)[ II P(T1 | f) - n P(Tg|T)], (16)*

i=1 i=1 i=1
*

where

the event accident sequence S exists,S =

the probability per unit time (occurrence |P( S) =

frequency) of accident sequence S,

T1 the event the sequence element Tt of accident=

nequence S exists, and

the number of ele aents in accident sequence S.n =

't he multi-state equation for the accident sequence occurrence
frequency is:

n L-1 n n

P(S) = Il P(Tg | T) + [ {[ P( f ) - P(fpg)].[ Il P(Tg | f ) - II P (Tg|T)]}j j
i=1 j=1 i=1 i=1

* n n

+ P( f ) [ Il P(Tg | f ) - H P(Tg|I)]. (U)g g
i=1 i=1

,

The maximum flood damage state for an accident sequence is the highest
failure flood level among the failure flood levels of the sequence's
elements (initiating event or system failures). The highest failure
flood level among the sequence elements defines the failure flood
Invel of the accident sequence.

5.7 Consequence Category Occurrence Frequency

A consequence category is the logical union of a group of
accident sequences. A first-order approximation for the single-state
consequence category occurrence frequency is:

k k k
P(C) = [ P(Sg | T) + P(f)[ [ P(Sg | f) - [ P(St|T)], (18)

i=1 i=1 i=1

where,

the event an accident sequence resulting inC =

consequence category C exists,+
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the ptobability per unit time (occurrencePG) =

frequency) of a category C occurrence,

Si the event accident sequence St exists and results= ,

in a category C occurrence, and

the number of accident sequences contributing tok - ,

consequence category C.

For consequence categories that are highly susceptible to flooding,
this approximation will greatly overestimate the consequence category
occurrence frequency. In these cases, including correction terms
(discussed in Section 5 5) is necessary.

T' e multi-state equation for the consequence category occurrence
frequency (first-order approximation) is:

k L-1 k k

P(c) - [ P(Sf | T) + [ {{ P(f ) - P(f),g)] .[ [ P(Sg | f ) - [ P(Sg|T)]}j j
L-1 j=1 i=1 i=1

k k
& P(f )[ [ P(Sg | f ) - [ P(Sg|f)]. (19)g

i=1 i=1

The maximum flood damage state for a consequence category is the
*

lowest failure flood level of any accident sequence that contributes
to that consaquence category.

.

O

9

.
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|

|

6. LIMITATIONS OF THE HETHODOLOGY

Determining all the minimal cut sets for the larde complex fault
trees found in practice is a generic problem of fault tree analysis.

*
Quite often the number of tuinimal ent sets makes the task of
determining those minimal cut sets impractical or itapo s s ible . The
procedures linplernent ed in the flood risk analysis methodology make,

this task less difficult by deterraining flooded claimal cut sets as
they are subtnerged by a flood. However, as the flood depth increases
and the number of flooded minimal cut sets approaches the total number
of minimal cut sets, the methodology can be over shel:ned in the same
manner as other conventional fault tree methods. In this case,
extensians to the methodology are required if all these cut sets are
required.

't he methodalogy considers only one flood variable, flood level.
Other flood viriables such as flooding rate could be itnpo r ta n t .

The flood inode ls presented in this report do not address
potential chandes in the risk assessment consequance model due to the
offects of the flood. For exarnple , an extensive river flood that
affects the plant will possibly result in evacuation of the nearby
population due to the flood itself prior to the plant damage. This
would alter the population density that is available for exposure to a
radioactive release from the plant, possibly reducing the potential
consequences from the flood-induced accident. In existing risk
assessments, each accident sequence contributes to a category that*

represents a broad rr ge of consequences. The flood risk analysis
methodology assumes that both the flooded and unflooded accident
sequence contributes to the same broad category of consequences; that*

is, the change in the consequence model due to the flood does not
place the accident sequence in a different consequence category.

The data required to properly evaluate the flooded failure
probabilities and the flood occurrence probabilities are not readily
available. Their evaluation requires qualitative considerations.

s

e

.
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7. EIAMPLE APPLICATIONS OF Tile FLOOD RISK ANALYSIS MET 110DOLOGY

Two example applications of the flood risk analysis methodology
serve to demonstrate the use of the methodology and the results that

* can be achieved. Both applications relate to the Surry Power Station,
the pressurized water reactor (PWR) used it. the Reactor Safety
Study.(1) The Reactor Safety Study provided the desired inputs from,

an existing risk assessment, that is, accident sequences and their
occurrence frequencies, a consequence category structure, system
failure probabilities and system fault tree models. A plant visit in
February 1980 and design information from the Nuclear Regulatory
Commission provided additional information for developing component
vulnerability elevations. The project applied the flood risk analysis
methodology to two flood scenarios using this information.

The first application considers the effects of a flood from an
external source on the Auxiliary Feedwater System at the Surry Power
Station. The analysis results show the flood effects on the
probability of the dominant accident sequences * of the WASil-1400
transient event tree that involve failure of the Auxiliary Feedwater
System. Figure 7.1 shows a typical result from the study - the core
melt probability due to the dominant transient event accident
sequences as a function of flood probability for a 10-foot flood
(measured inside the plant). The flood contribution to the total
probability for the case shown here considers only the dominant
transient event accident sequences which involve failure of the
Auxiliary Feedwater System. Appendix A describes this application and*

presents the results.

* The second application considers the effects of a flood from an
internal source at the Surry Power Station. The source selected is
the rupture of a main steam or feedwater line in the main steam valve
housing (MSVil) area. The Reactor Saf ety Study discusses this event's
effect on the Auxiliary Feedwater System. This study also considers
effects on the Containment Spray Injection System due to its proximity
to the Auxiliary Feedwater System. Figure 7.2 shows a typical result
from the study; the T'.ood contribution to the consequence category
occurrence fregeenciet for all transient event accident sequences for
a flood probability of 7.5 x 10-5 per year. Appendix E describes
this application and presents the results.

The results presented in Appendices A through E are demonstration
examples for the flood risk analysis methodology. They should not be
interpreted as a statement of the risk from the Surry Power Station
since no effort has been expended to evaluate the applicable flood
probabilities. For this reason, all results are presented as a
function of flood probability.

.

*A complete flood analysis could require consideration of otherwise
non-dominant accident sequences since the flood can increase the

. occurrence frequency of a sequence.
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8. SUMMARY

The flood risk analysis methodology presented in this report
offers several advantages for assessing the impact of floods on

,

nuclear power plant risk. These advantages are:

1. The flood risk analysis procedure is,

applicable at any stage of the probabilistic
risk assessment (PRA) effort. The analyst
can perform the flood risk analysis in

parallel with the unflooded risk analysis or
as an " add on" analysis af ter completion of
the unflooded PRA.

2. Flooded contributions to risk can be
determined for any quantity of interest in
the PRA, for example, system failure
probability, accident sequence occurrence
frequency, or consequence category occurrence
frequency.

3. The qualitative flood simulation provides
valuable information for specifying flood
protection measures, i.e., flood protection
sets.

4. The analysis effort is reduced by analyst*

prescreening and accident sequence screening
that eliminates insignificant contributors

*

prior to detailed analysis efforts.

These advantages and the available computer aids provide the analyst
with a viable tool for performing flood risk analysis and allow a more
comprehensive assessment of the risks resulting from nuclear power
plants.

The results of the flood risk analysis are useful in both the
licensing and regulatory process. The analysis results can be
compared with risk criteria to determine the suitability of a nuclear
power plant site or the adequacy of flood protection barriers. The
analysis also provides information that is valuable in specifying
flood protection measures (barriers or procedures) for individual

| safety systems or the power plant as a whole. Owners of nuclear power

plants can also use the analysis results for identifying flood
i

I protection measures for increased plant availability or for
I demonstrating compliance with regulatory requirements.

Additional applications of the flood risk analysis methodology,

are needed to refine the analysis procedure. An extensive, full-scale
application will uncover problems associated with the procedure that

| * are not apparent in the example applications discussed in this report.

|
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Such an analysis should consider multiple flood damage states. The
methodology presently available provides the tools for the analysis
and this full-scale application will enhance the techniques for fully

| utilizing these tools.

.

e

|

|
|

.

4

9

9

42

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



!

;

REFERENCES

1. Reactor Safety Study, WASil-1400 (NUREG-75/014), U. S. Nuclear
Regulatory Commission, October 1975.

.

*
1

2. Lewis, 11. W. , e t al., Risk Assessment Review Croup Report to

the U. S. Nuclear Regulatory Commission, NUREG/CR-0400,
,

September 1978.

| 3. Burdick, G. R., et .al., A Collection of Methods for1

Reliability ,and Safety Engineering, ANCR-1273, Aerojet
Nuclear Co. , April 1976.

4. Wagner, D. P., et al., ESP and NOAll - Computer Programs for
Flood Risk Analysis, .JBFA-107-81, JBF Associates, Inc.,

Knoxville, Tennessee, December 1981.

5. Fussell, J. B. , et al. , M0CUS - A Computer Program to Obtain
,

I Minimal Sets from Fault Trees, ANCR-1156, Aerojet Nuclear
Co., August 1974. '

6. Vesely, W. E., and Narum, R. E., PREP and KITT: Computer'

Codes for the Automatic Evaluation of a Fault Tree, IN-1349,
Idaho Nuclear Corporation, August 1970.

1 7. Walpole, R. E. , and Myers , R. H. , Probability and Statistics !

I for Engineers and Scientists, The Macmillan Company, New.

York, 1972.

I
8. Vessly, W. E., Analysis of Fault Trees by Kinetic Tree''

Theory, IN-1330, Idaho Nuclear Corporation, October 1969.
I

I

9. McBride, A. F., Investigation of the Effects of Major Floods
,

! on the Safety of the Surry Nuclear Power Station,

SAI-0R-147-046, Science Applications, Inc., Oak Ridge,
Tennessee, September 1980.

|

!

i
!

l

f

I

O

6

i

!

43
,

. . - - - . . - - . - - - - . , , . . - , - _ . , . . - - _ - - . - - - - - _ - -



O

9

e

APPENDIX A
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OF TIIE SURRY POWER STATION

AUXILIARY FEEDWATER SYSTEM
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I

A.1 INTRODUCTION
,

This appendix describes a flood analysis of the Auxiliary
Feedwa ter System (AFWS) of the Surry Power Station. The . analysis,

demonstrates the methodology developed for the Flood Risk Analysis
Methodology Development Project. This analysis is a part of the FY80
tasks of the project.,

,

No attempt is made to quantify the probability of the flood
considered or identify the source of the flood. The flood analysis
methodology determinen the flood effects on the system using existing
system models obtained from the Reactor Safety Study as input.
Results of the Reactor Safety Study analysis of the Surry AFWS are
reviewed here to provide a reference for assessing the flood effects.
Estimated changes in the probabilities of the Reactor Safety Study
domir. ant accident sequences from the transient event tree are also
presented. No ef fort was made to determine if accident sequences that
were negligible contributors to the Reactor Safety Study results
become significant contributors in the event of a flood. The analysis
considers only accident sequences that were determined to is dominant,

in the Reactor Safety Study.

|

.
4

.

.

.
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,

A.2 PROBLEM DESCRIPTION

A.2.1 Auxiliary Feedwater System Description
.

The function of the Auxiliary Feedwate r System (AFWS) is to
provide feedwater to the secondary side of the steam generators upon
loss of main feedwater. This function is necessary to (1) maintain an.

adequate coolant inventory in the steam generators and (2) transfer
heat to the environment following a transient event that results in
loss of the Main Feedwater System. A loss of both the Main and
Auxiliary Feedwater Systems for more than one and one-half hours after
the transient event could result in core melting #1).-

Figure A.1 is a si:nplified flow diagram of the AFWS. The system
has three pumps, two electric motor-driven with a capacity of 350
gallons per minute each, and one turbine-driven with a capacity of 700
gallons per ninute. The puupa can be started either automatically or
manually. The electric pumps start automatically when:

1. a Safety Injection Control System (SICS)
signal is present,

2. loss of offsite power is detected,

3. the main feedwater pumps are shut of f, or

*
4. low water level is detected la a steam

generator.

*

The turbine pump starts automatically when:

1. low water level is detected in a steam
generator, or

2. loss of of fsite power is detected.

All the pumps are aligned to the 110,000 gallon condensate storage
tank via separate suction lines at all times, except when maintenance
is be ing performed on a pump. The three pumps deliver water to two
headers which penetrate containment. Inside containment, each steam
generator can receive condensate from either header.

All the decay heat produced can be removed by any one of the
three pumps delivering feedwater to any one of the three steam
generators. The amount of feedwater needed decreases with time. The
operator can throttle flow to the steam generators by shutting offt

redundant pumps and then, utilizing the motor-operated valves inside
containment, decrease the flow as necessary to match the steam.

| produced and released.
|

| The 110,000 gallon condensate storage tank contains enough water*

to allow cooldown for approximately eight hours. If the AFWS is
!

49;

l

|

.- _ _____________



._- - _ _ _. & a A

bk
%%

-><

M
i

'd J J
5
.

17 17 iT g * Th Ca
s2 S

_

,

s x un
nu_-- _ - - - - - _. - - ._ q

'
L____ _ _ _ _ - . _ _ __ __ _ _ _ ,

| gmgma = .yyy i' >_
= - M e |

| 3 - C
*

| j
2' q: q el

a
-

.

I _ ;;2 [mt ay
I $ 32 : 1

-

I * -

.| g-

I
x ,

l M - 00
#f I'( ! m| 0|

n< s a
~ S.

.
I J b L s *l 3

Ud *
I I e1

- v
*

i ,- -

E
$ff.-

- M ili 1I j . -* o.
| Dh

$:t
U UE~

R i 1I
O 8w

| -c Et I ;
L __.__ __ _ __ __ __ __ ._-___.;=

m
3*

kE Eg? k'a

if3iA-4 I s
a u

s
- 4dg 4

| E
-

ca
n

~ ~ .) a.-
- ho;=

o

:( ij .22 -

foo- 9 asA .,;
-

s,

D

S1ja !o -
-

as . -
~

50

___ _. _ _ _.



-- . .- . =- - . - _ _ - - - - . .- -- -. .

i

required for a longer period, the operator raust take action to valve
in additional water sources. There are two sources available; a
300,000 gallon storade tank and tiie ftre main which makes available at
least 400,000 gallons with up to 400 gallons per rainute replacement.

from wells.

.

A.2.2 Flood Scenario at the Surry Power Station

The Surry Nuclear Power Station is located in eastern Virginia on
the James River. The James River provides cooling water for the
station's condensers via an inlet canal ' spa t reats of the station.
After reinoving heat from the condensers, the water is fischarded to
the James River via an outlet canal downstream of the station.
Simpitfie ' elevation and plan views of the Surry Station are shown in
Figures A.2 ind A.3.

As shown, the station consists of two nuclear reac to - plant
units. The two containment butidings each contain a nuclear steam
supply system consisting of a pressurized water reactor (PWR) and
three steam generators. The steam generators of each unit supply
steam to separate turbine generators located in the turbine building.
The annulus and auxiliary buildings contain process and safety
systems. The control rooms and relay rooms are located in the service
butiding between the auxiliary building and turbine building.

*

The local grade elevation at the site Ls 27 feet above the inean
water level in the outlet canal and 6 feet above the mean level in the
inlet canal. The ette is af forded some protection by levees between

.,

tre inlet canal and the plant buildings. A flood at the plant site
woulo occur if the James River water level increased greatly. The
effects of floods at the plant site are discussed below.*

A.2 2.1 Flood Depths Lass than Incal Grade Elevation

Flood depths less than the local grade elevation are assumed in
this ste.dy to have no effeet on plant equipment. Floods of this
magnitude may result in failures of the VEPCO grid supplied by the

,

Surry Plant. This would result in a plant trip unless an anticipatory
'

' reduction in plant power to house load was accomplished. Access to
and from the site could also be restricted.

* Site effects and flood pathways into the plant butidings were
obtained from a visit to the Surry Plant on February 21, 1980.(9)

.

b
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A.2.2.2 Flood Depthe Above local Grade Elevation
<

In contrast to flood depths less than local grade elevation,
j floods with a depth only sli htly above local drade elevation (lessd
} than 2 feet above) are expected to fail a majority of the plant's .

equipment. Flood depths above local 3rade elevation will result in
water flow into the buildings through grade level doors and eventually
sufrnerge the portions of the buildings that are below local grade

*

elevation. The extent to which a building fills will depend on the
duration of the flood and the flow rate into the buildings. For
purposes of this study, non-acaled butidinsn are assumed to fitt to
the exterior flood clevation. The assumptionn concerning the

| postulated flood on the sits buildings are:

The containment building iso Containment -

sealed and no flood pathways exist into the;
'

huilding.
i
I

Turbine - If a flood above local gradee,

elevation occurs, the turbine building would
begin to flood through many drade level doors
(including large corrugated " roll-up" doors).
Flooding in the lower levels of the turbine
building (elevation less than 10 feet)
results in loss of main feed wate r to both

! plants due to failure of the condensate
purr s . ,

As the water level in the turbine building
rises above the 10-foot elevation floor, .

water spills over the 2-foot high barrier
separating the turbine building from the

; relay room located in the service building.
3 The relay room then floods from leakage
4 around the doors or through the doors if the ,

'
hydrostatic pressure opens the doors. This
flood flow path is schematically shown la
Figure A.4. Flooding the relay room results
in shorting all electric power, control and
sensor circuits of the Surry unit.

e Auxiliary - The equipment located in the
auxiliary but14ing requires electric power

! for its operation. Since electric power is

I assumed lost due to flooding of the relay .-

room, no additional failures ara po s tul a ted . -*

The additional ef fects of auxiliary building-
flooding are restricted access to the

, '

building and possible additional post-flood#

recovery problems.

.

1

'
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i

The cffects of a flood greater than two feet above local grade
elevation are expected to be similar to those of up to two feet above

| local grade elevation floods. The major differences are reduced
access to plant areas other than the containment buildings, and that

'

the steam turbine-driven pump must operate while submerged. Although
i this pump / driver is not guaranteed to fail when submerded, the pump's

reliability in this operating modo is significantly reduced.'
,

,

A.2.2.3 Flood Profile for the Surry AFWS Analysis
i

Figure A.5 shows a floed level profile for the Surry AFWS based
on the flood scenario discussed above. The profile indicates that the
analysis considers two flood levels, 10 feet and greater than 29 feet,<

and these are related to external flood levels in Table A.I . The zero
1 flood level corresponds to the system's unflooded state. The time

scale details are not important in this analysis since time-dependent
system failure characteristics are not used once the flood begins.

'

When the external flood level rises above 27 feet (local grade
elevation), portions of the buldings below locci grade elevation begin
to fill. The flood level of 10 feet is considered since that is the

j elevation of the plant's relay room. At a flood level above 29 feet,
' the AFWS pumps are submerded. A more finely resolved discretized

flood level profile would not affect the results of the analysis

.

presented here because of the location of the AFWS equipment in the
i Surry Plant.

~

A.2.3 AFWS Fault Trees
.

| The Nuclear Regulatory Commission provided fault trees for the ,

j Surry AFWS for use in the Surrv AFWS flood analysis. The fault trees |

are based on the assumptions that:

1. Removal of decay heat from the primary system

| via the steam generators requires a minimum
i flow rate of 350 gallons per minute.

2. The 110,000 gallon condensate storage tank
contains sufficient water to supply auxiliary

j feedwater for eight hours.

I
3. If the AFWS is required beyond 8 hours, the'

fire main supply must be valved in and
sufficient steam to operate the
turbine-driven pump is not available. Also,

the electric pumps are assumed to be running

i and do not require restarting. .

4. The requirement for the AFWS includes either:
S

: 56
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Figure A.5 Discretized Flood Level Profile for the Surry AFWS Flood Analysis
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i

Table A.1 Relation of External Flood Levels to AFWS Flood Levels

l i

'

AFWS
Flood Level Relation to External Flood Level

j (feet) ,

i
! O A flood level less than 27 feet above
.

mean water level; therefore, below local
'

grade elevation. The AFWS is not
affected.

10 A flood level slightly above 27 feet
begins to flood the AFWS. The 10 foot

| AFWS flood level is important because it
! submerges the relay room.

j >29 A flood level greater than 29 feet above
mean water level; therefore, greater than
2 feet above local grade elevation. The

j AFWS pumps are submerged at this flood
; level.

.

!

e

i

*

|

|
|

l,

.

.
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'
,

;

i a. a small IDCA,
i b. loss of offsite power, or

c. any other transient i.hich causes loss
of main feedwater.

i
*

{ 5. boss of offsite power affects both Units 1
and 2 of the Surry Power Station; however,'

only Unit 1 AFWS is considered in this study.*

As a result of assumptions 2 and 3, two fault trees are required to
describe the AFWS, one for the time period from start through eight

,

t hours, and one for the time period exceeding eight hours. The system-
failure ot interest for both time periods is "liuxiliary Feedwater

! System Failure", which is defined as insufficient flow to all three
steam generators.

,

' The analysis evaluated these fault trees based on the postulated
flood scenario at the Surry Plant, and modified the fault trees to
reflect the following assumptions:

l

i 1. The probability of AFWS starting on de' mand is
! assumed to be unaf fected by the flood. This

assumption is justified by the observation
that the minimum intern 61 elevation for'

equipment important to the AFWS is 10 feet ,
i.e., the relay room. As flood water enters
the buildings, elevations below 10 feet will

,
,

j fill first, failing the main feedwater system

j via the condensate pumps. Therefore, the
' demand for auxiliary feedwater will occur

.

prior to flooding the equipment necessary to'

start the AFWS. Due to this assumption, the
3

probability of failure to start of the AFWS

i
is assumed to be equal to the probability
used in the Reactor Safety Study.

i

) 2. Many of the failure events represented in the ,

AFWS fault tree are assumed to be unaf fected !

by submersion. These events include pipe
ruptures, check valve failures and normally'

! open manual valve failures. Also, components
! located inside the containment building are

assumed to be isolated from the flood

effects.

Applying these two assumptions resulted in the modified AFWS fault
trees shown in Figures A.6 and A.7. Figure A.8 shows test and
maintenance contributions to AFWS failures in the start to eight-hour

time period. Appendix B contains the event code definitions.*
,

Appendix II of the Reactor Safety Study (l) contains a detailed'

|
discussion of the fault tree events represented in the fault trees.

,

!
|
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A.2.4 Electric Power Systen Fault Trees
,

The Nuclear Regulatory Commission also provided fault trees for
the Surry Electric Power System for use in the Surry AFWS flood

,

analysis. The AFWS interfaces with the electric power system.
Failure of either 4160 volt AC bus (lH or IJ) will disable an electric

i . pump. Failure of the 480 volt AC bus (lH) will fail the
motor-operated valve which admits steam to the turbine. Failure of
the 125 volt DC buses (1A or IB) will each fail an electric pump
control circuit.

The analysis evaluated the Electric Power System fault trees
based on the postulated flood scenario at the Surry Plant and the
assumptions made in modifying the AFWS fault trees. The results of
the evaluation were:

;

j 1. Electric power is assumed to be unaffected by
the flood at the time of demand for the AFWS.
Therefore, electric power failures are
adequately discribed by the failure

probabilities presented in the Reactor Safety
Study.

2. After AFWS has started, only 4160 volt AC
buses (1H and lJ) are essential to operation
of the AFWS. Since all electric power fails

,
upon submersion of the relay room (internal*

i elevation = 10 feet), dettiled development of
I the faults that contribute to the failure of

*

the 4160 volt AC buses is unnecessary.
Therefore, the 4160 volt AC bus failures are
incorporated directly into the AFWS fault
trees as single events.

A.2.5 Vulnerability Elevations of AFWS Components

i The " component vulnerability elevation" is defined as the lowest
physical elevation that the flood level must surpass in order to
affect the component. Most of the events contained in the AFWS fault

? trees experience no ef fects from submersion or are isolated from the

flood (Section A.2.3) . Those events that are expected to experience '

significant effects due to semersion are listed with their
vulnerability elevation in Table A.22

*
|

.

'
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Table A.2 vulnerability Flevations ide AFWS Basic Events That Are
'-j -

Expected to Fa.1 upon Submersion
|

t.
.

k y e

1. Vulnerability -
'Basic Event'

-

Code Description Elevation .

~ '

(Feet)
1
i
j -

4 JA00 FAIL Power Bus 4160-1J Fails 10

JB00 FAIL Power Bus 4160-111 Fails 10

PPMTURBF Turbine Pump Fails to Run 29
~

,

PPMFW3AF Electric Pump A Fails to Run 29
,

PPMFW3BF Electric Pump B Fails to Run 29 -
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A.3 QUALITATIVE EVALUATION

The fl0All cooputer prograinN analyzed the modified AFWS fault
trees using the flood level proftie and component vulnerability
elevations as input. The following sections discuss the results of.

this analysis.

4

A.3.1 Critical Flood Level

The critical flood level is defined as the flood level where the
first flooded minimal cut set is found. This is the minimum flood
level where the system failure of interest can be directly caused by
the flood.

The critical flood level for the Surry AFWS in the time period
f rom st,trt to eight hours is 29 feet. The critical flood level in the
time period exceeding eight hours is 10 fee t . The reduction in the
c rit ical flood level results frun the turbine-drivun pump being
unavaliable for time periode exceeding eight hours becaure the steam
supply to the turbine pump is exhausted.

A.3.2 Flooded Minimal Cut Sets

The analysis determined flooded minimal cut sets for the 1G-foot

flood and the 29-foot flood for both AFWS fault trees. The remaining,

minimal cut sets, that is, the minimal cut sets that contain at least
one component that is unaffected by the flood, were also determined.

.

Table A.3 lists the flooded minimal cut sets for each fault tree.
Appendix C contains a complete list of the minimal cut sets for the
modified AFWS fault trees.

.

S
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Table A.3 Flooded Minimal Cut Sets for the AFWS Analysis

.

AFWS
Flood Level Flooded Minimal Cut Sets

(feet) *

Start to 8 Hours

>29 1. Turbine Pump, Electric Pump A and Electric
Pump B Fail to Run.

2. Turbine Pump and Electric Pump A Fail to
Run and Power Bus 4160-1J Fails.

1. Turbine Pump and Electric Pump B Fail to
Run and Power Bus 4160-1H Fails.

4. Turbine Pump Fails to Run and Power Buses
4160-1J and 4160-13 Fail.

8 to 24 Ilours

'

10 1. Power Buses 4160-1J and 4160-1H Fail.

.

>29 1. Electric Pump A and Electric Pump B Fail
to Run.

2. Power Bus 4160-1H Fails and Electric Pump
B Fails to Run.

3. Power Bus 4160-1J Fails and Electric Pump
A Fails to Run.

.

.
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|

|

|

A.4 QUANTITATIVE EVALUATION

The quantitative flood analysis involves estimating the AFWS
f ailure probability for each flood level and incorporating the flooded

* AFWS failure probability into selected accident sequences that;
'

involved failure of the AFWS. This allows calculation of the flooded
contribution to the total probability of each accident sequence.

,

This analysis considers only the dominant accident sequences that
contain AFWS failure from the transient event tree in the Reactor
Safety Study. Table A.4 lists these sequencee with their failure
probability as reported in the Reactor Safety Study. All these
accident sequences result in core melt.

A.4.1 Assumptions

Assumptions made for the quantitative analysin include:

1. The ene rgency power buses (4160 volt AC, 1 11
and IJ), ett ctric motor-driven AFWS pumps and
the turbine-driven AFWS pump are failed with
probability one upon submersion by the flood.
While, in reali ty , the turbine-driven AFWS
pump may continue t c> operate after
submersion, the submers on of the pump.

represents an extreme environmental condition.

which would seriously degrade the pump's
performance. Therefore, the turbine-driven
pump is assumed failed upon submersion.*

2 Components are assumed to be submerged at the
minimum flood level that can affect the
component.

3. The demand for AFWS is assumed to result from
the failure of the condensate pumps as the
flood water fills the lowest elevation in the
turbine building. Therefore, no flood
effects are considered in the AFWS
probability of failure to start.

4. The flood is assumed to result in the
initiating transient loss of main feedwate r
via failure of the condensate pumps. That
is, the probability of the transient is one,
given a flood greater than 27 feet above mean
water level has occurred.,

.

67

_-_ _ _ _ _ _ _ _ _ _ _ _ _ _



- _ -

|
|

Table A.4 Transient Event Dominant Accident Sequences Considered in
the Surry AFWS Flood Analysis

.

Accident Reactor Safety Study Probability
Sequence * Per Year Without Floods

,

TML-a 6x10-8

TML-6 3x10-10

TML-c 6x10-6 |
|

TMLB '- a 3x10-8

TMLB '-Y 7x10-7

TMLB '- 6 2x10-6

TMLB'-c 6x10-7

* T - Transient Event .

M - Failure of the Secondary System Steam Relief Valves and the
Power Conversion System (Main Feedwater System) .

L - Failure of the Secondary System Steam Relief Valves and the
Auxiliary Feedwater System

B' - Failure to Recover Either Onsite or Of fsite Electric Power
Within About 1 to 3 Hours Following an Initiating Transient
Which is a Loss of Off-site AC Power

a - Containment Rupture Due to a Reactor Vessel Steam Explosion

6 - Containment Failure Resulting from Inadequate Isolation of
Containment Openings and Penetrations

Y - Containment Failure Due to Hydrogen Burning

6 - Containment Failure Due to Overpressure

c - Containment Vessel Melt-Through
.

S
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A.4.2 Failure Data

Appendix II of the Reactor Safety Study provided the failure
probability estimates used in this study for the Auxiliary Feedwater

* System analysis. Appendix V provided the probabilities for

quantifying the accident sequences. Therefore, all assumptions in the
Reactor Safety Study that apply to the failure data are also

, ,
'

applicable to this study. Appendix B lists these failure
probabilities for the AFWS components.

4

A.4.3 Quantitative Besults

A.4.3.1 Failure Flood Invel

The failure flood level is defined as the minimum flood level
where all the components in at least one minimal cut set are flooded
and failed with probability one, resulting in a system failure
probability of one. For the start to eight hours case, the failure,

flood level is 29 feet. For time periods exceeding eight hours, the
failure flood level is 10 fe e t . The reduction in the failure flood
level is due to the turbine-driven AFWS pump's being unavailabic after
eight hours.

I A.4.3.2 AFWS Failure Probability
-

1

d The analysis determined AFWS failure probabilities for two types
of initiating transients. These transients are:

.

1. small pipe break and transients excluding
,

loss of off-site power, and

2. loss of off-site power.

Table A.5 gives the AFWS failure probability from the Reactor Safety
Study, which represents the system's unflooded state, and the values
for the 10-foot and 29-foot floods calculated as part of the flood
analysis for each initit. ting event. Once the flood has reached a
level of 10 feet, the AFWS failure probabilities for the two types of
initiating transients are equivalent. This is because loss of power
occurs (both off-site and on-site) upon flooding the plant's relay
room at a flood level of 10 feet.

A.4.4 Flood Effects on Accident Sequence Probability

The analysis determined individual accident sequence
,

probabilities as a function of flood probability. Two cases are
analyzed for each of the flood levels considered.

*
;

I
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Table A.5 AFWS Failure Probabilities

Failure Probability (Per Year)

Initiating Event Time Period Unflooded 10-Foot >29-Foot
(Reactor Safety Study) Flood Flood

Small Pipe Break Start to 8 Hours 3.7 x 10-5 2.2 x 10-2 1.0
and Transients
excluding loss
of Off-site Power

8 to 24 Hours 1.2 x 10-3 1.0 1.0

Loss of Off-site Start to 8 lburs 1 5 x 10-4 2.2 x 10-2 1.0
Power

3 to 24 Hours 3.8 x 10-3 1.0 1.0

.. . . . .
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1. Best case - Only flood effec's on the AFWS
vere incorporated into the accident sequence
probability. All other contributors, except
the transient event probability, were held

. constant at their Reactor Safecy Study
values.

2. Worst case - In addition to the flood effects*

on the AFWS, events M and B' were assumed
failed with probability one by the flood.
The M event is non-recovery of the main
feedwater system, and the B' event is

nonrecovery of offsite electric power.

For both cases , the transient initiating event was assumed to occur
with probability one given the flood had occurred. Also, the analysis
considers no flood effects on the containment failure mode
probabilities; therefore, these probabilities are held constant at
their Reactor Safety Study values.

Figures A.9 and A.10 show results of these evaluations. These
figures show the core melt probability per year due to floods (the sun
of the individual sequence probabilities due to floods) as a function
of flood probability for the 10-foot and greater than 29-foot floods.
Appendix D gives the results for the individual accident sequences.
Each graph is marked to indicate the flood doubling probability. The
flood doubling probability is the flood probability that results in an,

accident sequence probability, due to floods, that is equal to the
accident sequence probability reported in the Reactor Safety Study;
thereby, doubling the total accident sequence probability. For.

example, consider the best case curve shown in Figure A.9. The flood
doubling probability for the 10-foot flood is 1.36 x 10-3 per year.
At this flood probability, the total core melt probability is 1.88 x
10-5 per year, 50% (9.4 x 10-6) of which is due to the flood ef fects.

Figures A.11 and A.12 show the flood effects on the total core
melt probability due to the dominant transient event accident
sequences for th) 10-foot and greater than 29-foot floods,
respectively. These curves give the total core melt probability due
to transients as a function of ficod probability. The total core melt
probability includes only the dominant transient event accident
sequences identified in the Reactce Safety Study. The flood ef fects
contribution is the result of the dominant transient accident
sequences that involved failure of the AFWS (7 of 12 dominant
transient sequences involve the AFWS).

;
.

.
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Table B.1 AFWS Basic Event Descriptions and Data for the Time Period Start to 8 Hours

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability

JA00JB00 Common Failure of Power Buses 10 1x10-2* 1.0

JB00 FAIL Power Bus 4160-lH Fails 10 3.7x10-2* 1.0

JA00 FAIL Power Bus 4160-lJ Fails 10 3.7x10-2* 1.0

PPMTURBF Turbine Pump Fails to Run 29 1x10-3 1.0

PPMFW3AF Electric Pump A Fails to Run 29 2.4x10-4 1.0
$

PPMFW3BF Electric Pump B Fails to Run 29 2.4x10-4 1.0

TURBSOVF Solenoid Operated Valve to Turbine Closed NA** lx10-3 NA**

SGLEFAIL Single Failures NA 3.05x10-5 NA
***

PXVTESTY All Normally Open Manual Valves Closed for NA 3x10-5 NA
Pump Test are Inadvertently Left Closed

PTKCONDF COND TK (1-CN-TK-1) Does Not Supply Water NA 3.6x10-8 NA

PCPH02CR Weld Cap on End of No. 2 Header (Cont. NA 1x10-7 NA
Side) Comes Off t

PCPH02PR Weld Cap on End of No. 2 Header (MSVH NA lx10-7 NA

Side) Comes Off
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Table B.1 Continued
,

.

Basic Event Basic Event Vulnerapi'ity Unflooded Failure Flooded Failure

Code Description Elevation Probability Probability

PCPH01CR Weld Cap on End of No. 1 Header (Cont. NA 1x10-7 m
Side) Comes Off

PCP110lPR Weld Cap on End of No. 1 Header (MSVH NA lx10-7 m
Side) Comes Off

PPPilD02R No. 2 6" Header Ruptures NA 3.6x10-8 NA

@ PPPilD01R No. 1 6" Header Ruptures NA 3.6x10-8 g

_

DBLEFAIL Double Failures NA 4x10-8 NA

PCV0133C Check Valve 133 in Header No. 1 Fails NA 1x10-4 g

Closed on Demand

PCV0131C Check Valve 131 in Header No. 1 Fails NA lx10-4 NA

Closed on Demand

PCV0137C Check Valve 137 in Header No. 2 Fails NA lx10-4 NA

Closed on Demand

PCV0138C Check Valve 138 in lleader No. 2 Fails NA lx10-4 M
'

Closed on Demand

I

k

!

I
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Table B.1 Continued

Basic Event Basic Event Vulnersbility Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability

TURBSCLE Turbine Pump Single Failures NA 6.2x10-3 NA

PXV4041Y Turbine Pump Manual Valve 4041 Does NA 3x10-3 m
Not Open

PCV0142C Turbine Pump Check Valve 142 Closed NA 1x10-4 g

PXV0153C Turbine Pump Manual Valve 153 Closes NA 1x10-4 g

PXV0153Y Turbine Pump Manual Valve 153 Not Open NA 3x10-3 m

PPPMSVHR Pipe Break in MSVH NA 1.5x10-5 NA

PMPASGLE Electric Pump A Single Failures NA 1.09x10-2 NA

PXV5556Y Electric Pump A Manual Valve 5556 Not Open NA 3x10-3 m

PCV0157C Electric Pump A Check Valve 157 Closed NA 1x10-4 NA

PPMFW3AA Electric Pump A Fails to Start NA 1x10-3 g

PXV0168C Electric Pump A Manual Valve 168 Closes NA 1x10-4 NA

PXV0168Y Electric Pump A Manual Valve 168 Not Open NA 3x10-3 NA



Table B.1 Continued

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Pr:bability Probability

PST3ACNT Electric Pump A Control Circuit Fails NA 3.7x10-3 NA

PMPBSGLE Electric Pump B Single Failures NA 1.09x10-2 NA

PXV7071Y Electric Pump B Manual Valve 7071 Not Open NA 3x10-3 NA

m PCV0172C Electric Pump B Check Valve 172 Closed NA 1x10-4 NA

PPMFW3BA Electric Pump B Fails to Start NA lxlG-3 NA

PXV0183C Electric Pump B Manual Valve 183 Closes NA 1x10-4 NA

PXV0183Y Electric Pump B Manual Valve 183 Not Open NA 3x10-3 NA

PST3BCNT Electric Pump B Control Circuit Fails NA 3.7x10-3 NA

PUMPAT&M Electric Pump A Test and Maintenance NA 7.9x10-3 NA

PUMPBT&M Electric Pump B Test and titintenance NA ' 9xlC-3 NA.

* = *a g .

.___ _ --
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Table B.1 Continued

Basic Eveat Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Probability

TPSOVT&M Solenoid Operated Valve to Turbine Test NA 5.8x10-3 gg
and Maintenance

'PUMPT&M Turbine Pump Test and Maintenance NA 7.9x10-3 NA

* This basic event is considered only for the initiating transient Loss of Offsite Power. Its

$ contribution is negligible for the Small Pipe Break transients. ,

** NA signifies that the basic event is either unaffected by submeJsion or isolated from the flood.
Therefore, no vulnerability elevation or flooded failure probability is tequired.

*** The basic events contained within the bracket were represented throughout the analysis by the event
name immediately preceding the bracket.
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Table B.2 AFWS Basic Event Descriptions and Data for the Time Pariod 8 to 24 Hours

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Description Elevation Probability Prabability

JB00 FAIL Power Bus 4160-1H Fails 10 4.8x10-2* 1.0

JA00 FAIL Power Bus 4160-1J Fails 10 4.8x10-2* 1.0

PPMFW3AF Electric Pump A Fails to Run 29 2.4x10-4 1.0

PPMFW3BF Electric Pump B Fails to Run 29 2.4x10-4 1.0

PXV0169C Manual Valve 169 Closed NA** 5.4x10-4 M* *
$

PXV0184C Manual Valve 184 Closed MA 5.4x10-4 m

PXV0185C Manual Valve 185 Closed NA 5.4x10-4 E

PXV0120C Manual Valve 120 Closed NA 5.4x10-4 n

PPPMSVHR Pipe break in MSVH NA 7.5x10-5 g

PCPH02CR Weld Cap on End of No. 2 Header (Cont. NA 1x10-7 NA

Side) Comes off

PCPH02PR Weld Cap on End of No. 2 Header (MSVH NA 1x10-7 NA

Side) Comes Off

PCPH01CR Weld Cap on End of No. 1 Header (Cont. NA 1x10-7 NA

Side) Comes Off

,

' '$ e
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Table B.2 Continued

Basic Event Basic Event Vulnerability Unflooded Failure Flooded Failure
Code Descr iption Elevation Probability Probability

PCPH01PR Weld Cap on . End of No. 1 Header (MSVH NA lx10-7 NA

Side) Comes Off

PPPHD02R No. 2 6" Header Ruptures NA 3.6x10-8 NA

PPPHDOIR No. I 6" Header Ruptures NA 3.6x10-8 NA

$ * See footnote to Table B.1.
** See footnote to Table B.l .

;
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Table C.1 Minimal Cut Sets for the AFWS for the Time Period
Start to 8 Hours

.

AFWS Flood Minimal Cut Sets

Level (Feet),

>29 PPMTURBF PPHFW3AF PPMFW3BF
PPMFW3BF PPMTURBF JB00 FAIL
PPMTURBF PPMFW3AF JA00 FAIL
PPMTURBF JB00 FAIL JA00 FAIL

i

NA* SCLEFAIL
' DBLEFAIL

PPPMSVHR TURBSGLE
PPPMSVHR TURBSOVF
PPPMSVHR PPMTURBF
TURBSGLE PMPASGLE PPMFW3BF
PPMFW3BF TURBSGLE JB00 FAIL
PPMTURBF PMPASGLE PPMFW3BF
TURBSGLE PPMFW3AF PPMFW3BF
TURBSGLE PMPASGLE JA00 FAIL
TURBSGLE PMPASGLE PMPBSGLE

PMPBSGLE TURBSOVF JB00 FAIL
PPMTURBF PMPASGLE JA00 FAIL-

PPMTURBF PMPASGLE PMPBSGLE
TURBSCLE PPMFW3AF JA00 FAIL
TURBSGLE PPMFW3AF PMPBSGLE*

TURBSGLE JB00 FAIL JA00 FAIL
TURBSGLE JB00 FAIL PMPBSGLE

PPMTURBF PPMFW3AF PPMBSGLE
PPMTURBF JB00 FAIL PMPBSGLE

! PPHFW3BF TURBSOVF JB00 FAIL
JA00 FAIL TURBSOVF JB00 FAIL

!
__

* NA - At least one basic event in the minimal cut set is not affected
by submersion or is not submerged by the flood.

.

A
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|
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Table C.2 Minimal Cut Sets for the AFWS for the Time Period
8 to 24 Hours

*>

AFWS Flood Minimal Cut Sets

Level (Feet) .

!

10 JB00 FAIL JA00 FAIL,

i

; >29 PPMFW3AF PPMFW3BF
JB00 FAIL PPMFW3BF
PPMFW3AF JA00 FAIL-

NA* PXV0185C
PPPMSVHR
PCPH02CR

j PCPH02PR
PCPH01CR

} PCPH01PR
PPPHD02R

I PPPHD01R
PXV0120C
PXV0169C PPMFW3BF
PPMFW3AF PXV0184C

'
+ PXV0169C PXV0184C
| PXV0169C JA00 FAIL

JB00 FAIL PXV0184C-
,

* NA - At least one basic event in the minimal cut set is not
affected by submersion or is not submerged by the flood.

i

b

.

' .
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Table C.3 Minimal Cut Sets for the AFWS Test and Maintenance
Fault Tree

"

1. PPPMSVMR TPSOVT&M1

2. PPPl!SVHR TPUMPT&M
i 3. PPMTURBF PUMPBT&M PPMFW3AF.

4. PPMTURBF PUt1PBT&M JB00 FAIL
5. JA00 FAIL TPSOVT&M JB00 FAIL
6. PMPBSCLE TPSOVT&M JB00 FAIL
7. PPMFW3AF TPUMPT&M PPMFW3BF

8. JB00 FAIL TPUMPT&M PPMFW3BF

9. PMPASGLE TPUMPT&M JA00 FAIL
10. PMPASGLE TPUMPT&M PMPBSGLE

11. PPMFW3AF TPUMPT&M JA00 FAIL
i 12. PPMFW3AF TPUMPT&M PMPBSCLE

13. JB00 FAIL TPUMPT&M JA00 FAIL
14. JB00 FAIL TPUMPT&M PMPBSGLE

15. PPMTURBF PUMPAT&M PPMFW3EF

16. TURBSGLE PUMPAT&M JA00 FAIL
17. TURBSCLE PUMPAT&M PMPBSGLE

18. PPMTURBF PUMPBT&M PMPASGLE

19. TURBSGLE PUMPBT&M PPMFW3AF

20. TURBSGLE PUMPBT&M JB00 FAIL
21. PPJFW3BF TPSOVT&M JB00 FAIL
22. PMPASGLE TPUMPT&M PPMFW3BF

23. PPMTUR3F PUMPAT&M JA00 FAIL*

24. PPMTURLF PUMPAT&M PMPBSCLE

25. TURBSCLE PUMPBT&M PMPASGLE
' 26. TURBSGLE PUMPAT&M FPMFW3BF

|
!

|

!
.

| .
1

|

|

!
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APPENDIX D

GRAPHS OF THE INDIVIDUAL ACCIDENT SEQUENCE RESULTS

AS A FUNCTION OF FLOOD PROBABILITY

FOR THE SURRY AFWS FLOOD ANALYSIS
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E.1 INTRODUCTION

This appendix describes the second example application of the
flood risk analysis methodology. This example differs from the first

, analysis (Apper. dix A) in that the flood considered is the result of an
internal source rather than an external source. Also, the flood risk

analysis methodology is more fully developed as a result of FY81.

tasks.

The analysis centers on the Surry Power Station so that

information from the results of the pressurized water reactor (PWR)
evaluation presented in the Reactor Safety Study (l) can be used. The
Surry Power Station is the PWR plant in the Reactor Safety Study. The
Nuclear Regulatory Commission provided additional plant design

information and layout diagrams for the Surry Power Station.

The analysis makes no attempt to quantify the probability of the
flood considered although the analysis identifies a specific flood
source. Instead, a range of flood probabilities are considered, and
the results are presented as a function of the flood probability.

.

.

*

,

.
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i

| E.2 PROBLFM DESCRIPTION

! This section describes the internal flood scenario at the Surry
4 Pisat and the systems affected by the flood. Appendix A (Section I

A.2.2) gives a general description of the Surry Plant site and the*

plant layout.

*
j

E.2.1 Flood Source ,

i

This analysis considers the effects of an internal flood source,

! on the results of the Reactor Safety Study's PWR risk assessment. The
! internal flood source considered here is a main steam or feedwater

pipe rupture in the main steam valve housing (MSVH) area of the Surry
Power Station. The Reactor Safety Study identifies this event as a

; potential source of component failure due to flooding or extreme
'

environment.

E.2.2 Systems Affected

The analysis considers three separate systems susceptible to
potential flood damage from the postulated pipe rupture in the MSVH.

4

These systems are:

e the Main Feedwater System,

.

the Auxtliary Feedwater System, ande

* e the Containment Spray Injection System.
;

.

E.2.2.1 Main Feedwater System

! The analysis considers the Main Feedwater System susceptible to
the postulated internal flood source. This susceptibility is due to
the assumption that the pipe rupture involves a main steam or

i feedwater line, rather than flooding of Main Feedwater System
; components. For this reason, the analysis assumas that the Main
| Feedwater System is failed for the duration of the event.
I

E.2.2.2 Auxiliary Feedwater System

All three Auxiliary Feedwater System (AFWS) pumps reside in the
MSVH area and are exposed to the effects of the postulated flood
event. The analysis assumes that all electrical components in the
MSVH fall due to the flood. This results in the AFWS's being totally

,

dependent on the turbine-driven pump train of the system. Appendix A
(Section A.2.1) contains a description of the AFWS.

.
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E.2.2.3 Containment Spray Injection System

The analysis considers the Containment Spray Injection System
(CSIS) susceptible to the postulated flood because the two containment ,

spray pumps are located in a roon adjoining the AFWS pump room (Figure

E.1). A doorway joins the two pump rooms and provides a degree of
protection to the CSIS pumps if the door is secured. The analysis .

considers a range of effects on the CSIS pumps.

The principal function of the Containment Spray Injection System
is to reduce the pressure of the containment by delivering cold water
through spray heads to the containment volume. The CSIS consists of
two essentially identical subsystems, each fully capable of delivering
sufficient spray to the containment. Both subsystems draw suction
from the refueling water storage tank (RWST) and are required to
operate only until the water supply in the RWST is exhausted. Figure
E.2 is a simplified flow diagram of the CSIS.

E.2.2.4 Internal Flood Scenario

This analysis considers a variety of flood ef fects arising from
the flood effects of the postulated pipe rupture in the !!SVil area.
Three specific cases are defined for analysis. These cases are:

Case A - Only Main and Auxiliary Feedwatere
*Systems equipment receive damage due

to the flood event. Case A assumes
that the Containment Spray Injection ,

System is fully protected from the
flood.

e Case 8 - In addition to the flood effects to
the Main and Auxiliary Feedwate r
Systems , Case B assumes flood damage
to one of the two CSIS pumps.

e Case C - Case C assumes flood damage to both
CSIS pumps , in addition to Main and
Auxiliary Feedwater System fatture.

The following sections describe the analysis of these three internal
flood scenarios.

.

.

.

104



_ _ _ _ _ - _ _ . ._-__ _ _ ___ . - . . . - . - __ . ._ _ _ _.-_

. . . * ..

i
.

I

-s, e"
hWh [e] #,$aCo q m

-Q Main Steam and Feedwater Pipes

g\gg y_ _

\
' n a e.

: N
Main Steam Nii 5 ss- X M M \ No N

Valve Housing \* ; y
.

I N (MSVH) N
.\N

^' - *i s

; g g ? y 2 2
Ns

_- -_- TT

AFWS Pumps \'
,

.

CSIS Pumps [N ;

kn\W\MWWW\DhWW\M\MYI. cs x x x x x x x x x x m x m x x ws
:

i

Figure E.1 Main Steam Valve Housing (MSVH) Area Showing CSIS and AFWS Pump Locations
,

i

i

. _ _ .



_ _

8' VENT goy
CS101D

S CONTA28MENI
REFUELNG |YI 8WATER n n n 4 ,3

STORAGE A 'a .a i hC y SPRAY NozztggW 7 ' reTANK

| vCW 1sx (1II f "v"AI"v$' v2 A MOTOR

i CHECm vatvEVGj jsx M [ ,MANuat vatvE
vow is' CSiotC I

y ' CSes I
\ PUMPB |w MOVo CSto08 CS o B

| vCw tax (1A)
m

|
g CHECE VALVE
I a a a a n
b< > SPRAY NOZZLES

g

i u o , u ,

I
. MOTOR

C L---Mov
CSioiA

CSmMov PUMP ACS100A

I

Figure E.2 Surry CSIS Simplified Flow Diagram

*
- . . , .

_ _ _ _



_ _ _ _ _ - . _ _ _ _ _ _ _ - . . -- - - _- _ - _ _ _ _ - . - _

;

i

E.3 ACCIDENT SEQUENCE SCREENING t

The analysis used the ESP computer program (4) to screen all
accident sequences from the Reactor Safety Study event trees for,

significance in the event of the postulated flood. The ESP computer
program screens accident sequences within a consequence category to
determine potentially significant accident sequences for further, .

analysis. The analysis screening criterion is five percent of the
consequence category's occurrence frequency for each type of
initiating event (transient, small LOCA, etc.). That is, any accident
sequence that has a potential flooded occurrence frequency greater,

i than five percent of its consequence category occurrence frequency is
i identified as a potentially significant accident sequence. The flood

probability chosen for the screening criterion (7 5 x 10-5 per year)
is the Reactor Safety Study's probability estimate for a pipe rupture
in the MSVil area.

Table E.1 lists the 14 potentially significant cccident sequences
identified in the screening analysis. All 14 sequences are from the
Reactor Safety Study transient event tree. This is because the
postulated flood event introduces a transient event (loss of main
feedwater) with a probability of one. The flood event has little or

no effect on loss of coolant accident (LOCA) initiating event
frequencies, and therefore, the LOCA accident sequence flooded
occurrence frequencies are insignificant contributors for the flood

I under consideration.
,

None of the transient event accident sequences identified in
Table E.1 are dominant accident sequences as identified in the Reactor,

Safety Study. The dominant transient event accident sequences in the-

Reactor Safety Study result from the initiating transient " loss of
of f-site power" . As with the LOCA sequences, the negligible effect of
the flood event on the initiating transient " loss of off-site power"
prevented the identification of the dominant transient event accident
sequences as potentially significant accident sequences. Loss of main
feedwater initiates all the accident sequences listed in Table E.1.*

The screening analysis did not eliminate any of the flood
susceptible systems (Section E.2.2) at this stage of the analysis.
Section E.4 describes the qualitative flood analysis of these systems.
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Table E.1 Potentially Significant Accident Sequences Identified in
the Accident Sequence Screening Analysis

*

Unflooded ESP Estimated
Occurrence Flooded

Consequence Accident Frer 'cy Occurrence .

Category * Sequence ** (WASL .400) Frequency

1 TMLC-u 8.9x10-Il 7.5x10-7
1 TMLQC-a 8.9x10-13 7.5x10-9
2 TMLC-y 2.1x10-9 1.8x10-5
2 ELC- 6 5x10-9 4.2x10-5
2 ELQC-y 2.1x10-Il 1.8x10-7
2 TMLQC- 6 5x10-Il 4.2x10-7
3 EL- u 3.7x10-8 7.5x10-7
3 mLQ-a 3.7x10-10 7.5x10-9
5 mL- S 1.9x10-10 3.8x10-9
5 WLQ-S 1.9x10-12 3.8x10-11
6 TMLC- c 1.7x10-9 1.4x10-5
6 TMLQC- c 1.7x10-11 1.4x10-7
7 TML- c 3.7x10-6 7.4x10-5
7 mLQ- c 3.7x10-8 7.4x10-7

*There are no category 4 accident sequences resulting from *

transient initiating events.

'

**T = Transient Event, loss of Main Feedwater
M = Failure of the Main Feedwater System
L = Failure of the Auxiliary Feedwater System
Q = Failure of the primary system safety relief valves to

reclose after opening
C = Failure of the Containment Spray Injection System
a = Containment rupture due to reactor vessel steam explosion
S = Containment failure resulting from inadequate isolation of

containment openings and penetrations
y - Containment failure due to hydrogen burning
6 - Containment failure due to overpressure
c = Containment vessel melt-through

.
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a

; E.4 QUALITATIVE FLOOD ANALYSIS

The NOAll computer program (4) performed the qualitative flood
simulation for both the Auxiliary Feedwater System (AFWS) and the
Containment Spray Injection System (CSIS). Appendix A contains the*

fault trees used in the AFWS analysis. Figure E.3 shows the fault
tree used in the CSIS analysis.

,

The Auxiliary Feedwater System contains only partially flooded
minimal cut sets for the postulated flood event. This is true for all

1

three cases defined in Section E.2.2.4. The flood-damaged components
are the two electric motor-driven AFWS pumps. These two events

,'combine with the failure of the turbine-driven AFWS pump and the
failure of the solenoid operated valve that admits steam to the

I turbine to form the important partially flooded minimal cut sets.

For Case A, the Containment Spray Injection System has no
flood-damaged components and remains unaffected by the flocd event.
The analysis considers one CSIS pump flood-damaged in Case B. This
results in partially flooded minimal cut sets when combined with

.l failures in the second train of the CSIS. In Case C, the analysis
assumes both CSIS pumps are flood-damaged, resulting in a single
flooded minimal cut set for the system.

No qualitative flood analysis is required for the Main Feedwater
System since the analysis assumes that the postulated flood event
disables the Main Feedwater System..

.
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E.5 QUANTITATIVE EVALUATION

The quantitative evaluation determined the AFWS and CSIS failure
probabilities for each of the three cases defined in Section E.2.2.4..

Appendix II of the Reactor Safety Study provided the component failure
probability estimates used in the quantitative evaluation of the AFWS
and CSIS. Therefore, all assumptions in the Reactor Safety Study that-

apply to the failure data are also applicable to this analysis.

This evaluation assumes a failure probability of one for the
flood-damaged components in each case. The anal / sis also assumes a
failure probability of one for the Main Feedwater System and the
occurrence of the transient event, given the postulated flood event
has occurred.

E.5.1 Systen Failure Probabilities

Tabla E.2 gives the AFWS and CSIS failure probabilities for the
unflooded case and for each of the three flood-damaged cases. In each
of the three cases, the AFWS relies totally on the turbine-driven AFWS
pump to deliver feedwater to the steam generators. The CSIS is
undamaged in Case A and relies on a single CSIS pump in Case B. For
Case C, both CSIS pumps are flood-damaged and the system is failed
with a probability of one.

.

E.5.2 Accident Sequence Quantification
.

The accident sequence quantification step evaluated the
potentially significant accident sequences identified in the accident
sequence screening analysis (Section E.3) using the system
flood-damaged failure probabilities for each of the three cases. The
analysis used the single-state flood equations of Section 5 to
determine the flood contribution to each consequence category as a
function of flood probability. In each case, the unfluoded

| contribution is the value for the consequence category occurrence
f requency due to transient initiating events, prior to application of'

the category smoothing technique used in the Reactor Safety Study.
Figures E.4 through E.6 show the flood contribution to each
consequence category for each of the three cases, respectively,

; assuming a flood probability of 7.5 x 10 > per year, the Reactor
Safety Study estimate for the pipe rupture in the main steam valve
housing area. Figures E.7 through E.9 display the same information
for a flood probability of 7.5 x 10-4 per year. Figure E.10 is a
graph of the total flooded contribution (sum of the consequence

j

| categories' flooded contributions) to the probability of core melt an
-

' a function of flood probability. Figure E.11 shows the total core .
-

j melt probability resulting from all transient event accident sequences
as a function of flood probability, including both flooded and

,

unflooded contributions, for all three cases. Figure E.12 shows the

,
111
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total core melt probability resulting frota all accident sequences
considered in the Reactor Safety Study as a function of flood
probability, including both flooded and unflooded contributions.

.
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Table E.2 Failure Probabilities for the AFWS and the CSIS for Each
of the Three Cases

Failure Probabilitya

(Per Year)
; Case AFWS CSIS

,

Unflooded (WASil-1400 value) 3.7x10-5 2.4x10-3

Case A 2.2x10-2 2.4x10-3

Case B 2.2x10-2 2.4x10-2

Case C 2.2x10-2 1,o
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