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ABSTRACT 

This document provides the justification for the quantification of the major 
input parameters that were not quantifiEd by expert panels. The majority of this 
work was performed at SNL and has been documented as internal memos. By its very 
nature, this document is a fragmented set of letters, memos, and notes. The 
intention of this document is not to provide a cohesive well-organized 
dissertation on a specific study, but is to complete the comprehensive ~IUREG-1150 
documentation by providing the justification for all major parameters quantified 
by the project staff. 
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FOREWORD 

This is one of many documents that constitute the technical basis for the NUREG-
1150 document produced by the NRC Office of Nuclear Regulatory Research. This 
document's purpose is to document the rationale for the parameter values used 
that were not quantified by formal expert panels. The intan~ion of this document 
is to complete the comprehensive justification for parameter values provided in 
NUREG/CR-4551 Volume 2 so that all justification (howev~r strong or weak) is 
visible to the reader. 

Figure 1 illustrates the documentation of the accident progression, source term, 
consequence, and risk analyses. The direct supporting documents for the first 
draft of NUREG-1150 and for the revised draft of NUREG-1150 are given in Table 
1. They were produced by the three interfacing programs that performed the work 

the Accident Sequence Evaluation Program (ASEP) at Sandia National 
Laboratories, the Severe Accident Risk Reduction Program (SARRP), and the PRA 
Phenomenology and Risk Uncertainty Evaluation Program (PRUEP). The Zion volumes 
were written by Brookhaven National Lab~ratory and Idaho National Engineering 
Laboratory. 

The Accident Frequency Analysis, and its constituent analyses, such as the 
Systems Analysis and the Initiating Event Analysis, are reported in 
NUREG/CR-4550. Originally, NUREG/CR-4550 was published without the designation 
"Draft for Comment." Thus, the current revision of NUREG/CR-4550 is designated 
Revision 1. The label Revision 1 is used consistently on all volumes, including 
Volume 2 which was not part of the original documentation. NUREG/CR-4551 was 
originally published as a "Draft for Comment." While the current version could 
have been issued without a revision indication, all volumes of NUREG/CR-4551 have 
been designated Revision 1 for consistency with NUREG/CR-4550. 

The material contained in NUREG/CR-4700 in the original documentation is now 
contained in NUREG/CR-4551; NUREG/CR-4700 is not being revised. The contents of 
the volumes in both NUREG/CR-4550 and NUREG/CR-4551 have been altered. In both 
documents now, Volume 1 describes the methods used in the analyses, Volwne 2 
presents the elicitation of expert judgment, Volume 3 concerns the analyses for 
Surry, Volume 4 concerns the analyses for Peach Bottom, and so on as shown in 
Table 1. 

In addition to NUREG/CR-4550 and NUREG/CR-4551, there are several other reports 
published in association with NUREG-1150 that explain the methods used, document 
the computer codes that implement these methods, or present the results of 
calculations performed to obtain information specifically for this project. 
These reports include: 

NUREG/CR- 5032, SAND87- 2428, Modeling Time to Recovery and Initiating 
Event Frequency for Loss of Off-site Power Incidents at Nuclear Power 
Plints, R. L. lman and S. C. Hora, Sandia National Laboratories, 
Albuquerque, NM, January 1988. 

NUREG/CR-4840, SAND88- 3102, Procedures for Externd Core Damage 
Frequency Analysis for NVREG-1150, H. P. Bohn and J. A. Lambright, 
Sandia National Laboratories, Albuquerque, NM, December 1988. 

vii 



NUREG/CR-5174, SANDBS-1607, J. K. Griesmeyer and L. N. Smith, A 
Rpference Manual for the Event Progres§ion and Analysis Coge 
<EVNIRE>, Sandia National Laboratories, Albuquerque, NM, September 
1989. 

NUREG/CR-5380, SAND88-2988, S. J. Higgins, A User's Manual for the 
~ Processing Program PSTEYNT, Sandia National Laboratories, 
Albuquerque, NM, November 1989. 

NUREG/CR-4624, BMI-2139, R. S. Denning et al., Radionuclide Release 
Cplculatiqng for Selected Severe Accigent Scenariqs, Volumes I-V, 
Battelle Columbus Division, Columbus, OH, 1986. 

NUREG/CR-5062, BMI-2160, M. T. Leonard et al., Supplemental 
Radionyclide Release Calculatiqns for Selected Severe Accident 
Scenarios, Battelle Columbus Division, Columbus, OH, 1988. 

NUREG/CR-5331, SAND89-0072, S. E. Dingman et al., MELCOR Analya;es for 
Accident Progression Issues, Sandia National Laboratories, 
Albuquerque, NK, November 1990. 

NUREG/CR- 5253, SAND88- 2940, R. L. Iman, J. C. Helton, and J. D. 
Johnson, i?ARiliiON: A Prqgrg for Defining the Source 
Ierm/Consegyence Analysis Interfpces in the NVREG-1150 Probabilistic 
Risk Assessments User's Gyide, Sandia National Laboratories, 
Albuquerque, NM, May 1990. 

NUREG/CR-5350, SAND89-0943, H.-N. Jow, W. B. Murfin, and J. D. Johnson, 
XSOR Codes User's Manual, Sandia National Laboratories, Albuquerque, NM, 
August 1993. 

NUREG/CR-5262, SANDSB-3093, R. L. Iman, J. D. Johnson, and J. C. Helton, 
PRAMIS: PrqbpbUistic Risk Assessment Mqdel Integration System User's 
~. Sandia National Laboratories, A!.buquerque, NM, May 1990. 
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Table 1. NUREG-1150 Analysis Documentation 

Original Documentation 
NUREG/CR-4550 NUR.EG/CR-4551 NUREG/CR-4700 

Analysis of Core Damage Frequency 
From Internal Events 

Evaluation of Severe Accident Risks 
and the Potential for Risk Reduction 

Containment Event Analysis 
for Potential Severe Accidents 

Vol. 1 Methodology 
2 Summary (Not Published) 
3 Surry Unit 1 
4 Peach Bottom Unit 2 
5 Sequoyah Unit 1 
6 Grand Gulf Unit 1 
7 Zion Unit 1 

Revised Documentation 

Vol. 1 Surry Unit 1 
2 Sequoyah Unit 1 
3 Peach Bottom Unit 2 
4 Grand Gulf Unit 1 

Vol. 1 Surry Unit 1 
2 Sequoyah Unit 1 
3 Peach Bottom Unit 2 
4 Grand Gulf Unit 1 

NUREG/CR-4550, Rev. 1, Analysis of Core Damage Frequency NUREG/CR-4551, Rev. 1, Eval. of Severe Accident Risks 

Vol. 1 
2 

3 

4 

5 

6 

7 

Methodology 
Part 1 Expert Judgment Elicit. Expert Panel 
Part 2 Expert Judgment Elicit. Project Staff 

Part 1 Surry Unit 1 Internal Events 
Part 2 Surry Unit 1 Internal Events App. 
Part 3 Surry External Events 
Part 1 Peach Bottom Unit 2 Internal Events 
Part 2 Peach Bottom Unit 2 Int. Events App. 
Part 3 Peach Bottom Unit 2 External Events 
Part 1 Sequoyah Unit 1 Internal Events 
Part 2 Sequoyah Unit 1 Internal Events App. 
Part 1 Grand Gulf Unit 1 Internal Events 
Part 2 Grand Gulf Unit 1 Internal Events App. 
Zion Unit 1 Internal Events 

Vol. 1 
2 

3 

4 

5 

6 

7 

Part 1 
Part 1 
Part 2 
Part 3 
Part 4 
Part 5 
Part 6 
Part 7 
Part 1 
Part 2 

Part 1 
Part 2 

Part 1 
Part 2 
Part 1 
Part 2 
Part 1 
Part 2 

Methodology 
In-Vessel Issues 
Containment Loads and MCCI Issues 
Structural Issues 
Source Term Issues 
Supporting Calculations 
Other Issues 
MACCS Input 
Surry Analysis and Results 
Surry Appendices 

Peach Bottom Analysis and Results 
Peach Bottom Appendices 

Sequoyah Analysis and Results 
Sequoyah Appendices 
Grand Gulf Analysis and Results 
Grand Gulf Appendices 
Zion Analysis and Results 
Appendices 
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1.0 INTRODUCTION 

The Unitrd States Nuclear Regulatory Commission (NRC) has prepared NUREG-llSOt 
to examine the 1dsk of accidents in a selected group of nuclear power plants. 
The three main objectives of NUREG-1150 are given below. 

1. Prepare a current assessment of the sev€re accident risks of five nuclear 
power plants which will: 

• Provide a "snapshot" of risks reflecting plant design and operational 
characteristics, related failure data, and severe accident 
phenomenological information extant in March 1988; 

• Update the estimates of NRC's 1975 risk assessment, the Reactor Safety 
Study; 

• Include quantitative estimates of risk uncertainty, in response to a 
principal criticism of the Reactor Safety Study; and 

• Identify plant-specific risk vulnerabilities, in context of the NRC's 
individual plant examination process. 

2. Summarize the perspectives gained in performing these risk analyses, with 
respect to: 

• Issues significant to severe accident frequencies, consequences, and 
risks; 

• Uncertainties for which the risk is significant and which may merit 
further research; 

• Comparisons with NRC's safety goals; 

• The potential benefits of a severe accident management program in 
reducing risk; and 

• The potential benefit of other plant modifications in reducing risk. 

3 Provide a set of methods for the prioritization of potential safety issues 
and related research. 

In support of NUREG-1150 and as part of the Accident Sequence Evaluation Program 
(ASEP) and the Severe Acciden~ Risk Reduction Program (SARRP), Sandia National 
Laboratories (SNL) has directed the production of Level 3 probabilistic risk 
assessments (PRAs) for the Surry, Sequoyah, Peach Bottom, and Grand Gulf nuclear 
power plants. (Level 1 PRAs contain accident sequence analyses developed to the 
point of core damage; Level 2 PRAs include Level 1 and accident progression 
analyses; and Level 3 PRAs include Level 1, Level 2, and consequence analyses.) 
A PRA for the fifth NUREG-1150 plant, Zion, has been prepared by EG&G Idaho, 
Inc. , of the Idaho National Engineering Laboratory ( INEL) (Level 1) and 
Brookhaven National Laboratory (BNL) (Levels 2 and 3). Two of these analyses 
(Surry and Peach Bottom) include external 
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Expert judgment elicitation is an integral part of the methods us~d to produce 
the PRAs in support of NUREG-1150. Expert judgment is used where applicable 
experimental data or complete analyses are inadequate. Such situations are 
common in analysis of rare events and complicated severe accident phenomena. 

Expert judgment is necessarily used in all technical fields. Because these 
judgments are often implicit, they are sometimes not acknowledged as being expert 
judgments. For example, expert judgment is frequently used implicitly, even 
unconsciously, when researchers make decisions about defining problems, 
establishing boundary conditions, or screening data. By contrast, expert 
judgment is obtained explicitly, through formal processes. 

Risk assessment frequently needs explicit expert judgment as a source of data, 
particularly if one or more of the following situations exist: 

1. No other data {analytical or experimental) for predicting the outcome of 
phenomena are available; 

2. High variability characterizes the data; 

3. Experts question the applicability of the dat5; 

4. Existing data needs to be supplemented, interpreted, or incorporated with 
model or code calculations; 

5. Analysts need to det~rmine the state of knowledge about what is currently 
known, what is not known, and what is worth learning. 

The issue selection process consisted of accumulating an extensive list of 
potential issues by plant or across plants and then evaluating the significant~ 
of each issue. Expert panel members participated in the issue selection by 
reviewing the issues selected and rejected for the expert judgment process and 
recommended the addition, deletion, or modification of issues from the initial 
list. The issues that were presented to the experts are presented in the 
following tables. The issues that were not presented are documented in this 
report and follow the tables of the expert issues. 
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Issue No. 

1 

2 

3 

4 

5 

6 

Table 1-1 
Issues Presented to the In-Vessel Panel 

Title 

Temperature-induced PWR 
hot leg failure 

Temperature-induced PWR 
SGTR 

In-vessel hydrogen 
production in BWRs 

Temperature-induced 
bottom head failure 
in BWRs 

In-vessel hydrogen 
production in PWRs 

Temperature-induced 
bottom head failures 
in PWRs 

1.5 

Reaspn fpr Inclusion 

Large hot leg failure could 
preclude direct containment 
heating; depressurizes RCS and 
precludes SGTR 

SGTR gives direct path to 
environment, with large release 
of radionuclides 

Hydrogen burning has potential for 
causing release to environment 

Mode of bottom head failure 
determines subsequent accident 
progression 

Hydrogen burning has potential for 
causing release to environment 

Mode of bottom head failure 
determines subsequent accident 
progression 



Iuue No. 

1 

2 

3 

4 

5 

6 

7 

Table 1·2 
Issues Presented to the Containment Loads Panel 

Title 

Hydrogen phenomena at 
Grand Gulf 

Hydrogen burn at 
vessel breach 
at Sequoyah 

BWR reactor building 
failure due to 
hydrogen burns 

Loads at vessel breach 
at Grand Gulf 

Loads aL vessel breach 
at Sequoyah 

Loads at vessel bn•ach 
at Surry 

Loads at vessel breach 
at Zion 

1.6 

Reason for Inclusion 

Early failure of drywell or 
wetwell has potential for 
causing large source term 

Early failure of containment 
or bypass of ice condenser has 
potential for causing large source 
term 

Bypass of reactor building has 
potential for increasing source 
terms 

Failure of containment at vessel 
breach has potential for causing 
large source terms 

Same as Issue 4 

Same as Issue 4 

Same as Issue 4 



Issue No. 

1 

2 

3 

4 

5 

6 

7 

8 

Table 1· 3 
Issues Presented to the Structural Response Panel 

Title 

Static failure pressure 
and mode at Zion 

Static failure pressure 
and mode at Surry 

Static failure pressure 
and mode at Peach 
Bottom 

Reactor Building bypass 
at Peach Bottom 

Static failure pressure 
and mode at Sequoyah 

Ice condenser failure 
due to detonations 
at Sequoyah 

Drywell and wetwell 
failure due to 
detonations at Grand 
Gulf 

Pedestal failure due to 
erosion at Grand Gulf 

Reason for Inclysion 

Containment failure is the 
most important determinant 
of source terms 

Same as L:;sue 1 

Same as Issue 1 

Bypass of Reactor Buildi~g 
has potential for allowing 
large release of radionuclides 

Same as Issue 1 

Failure or bypass of ice condenser 
has potential for large source 
terms 

Failure of drywell bypasses 
suppression pool. Failure of wet· 
well allows large release to 
environment 

~edestal failure is a major factor 
in subsequent accident progression 

Table 1-4 
Issues Presented to the Molten Core-Concrete Interaction Panel 

lssu~ No. 

1 

2 

Title 

Mark I drywell melt· 
through at Peach Bottom 

Mark Ill pedestal 
failure at Grand Gulf 

1.7 

Reason for Inclusion 

Drywell meltthrough bypasses 
suppression pool; controversial 
issue 

Pedestal failure could lead to 
early containment failure; 
controversial issue 



Table 1-5 
Issues Presented to the Source Term Panel 

Issue N«4 Title 

1 In-vessel fission product 
release and retention 

2 Ice condenser DF at 
Sequoyah 

3 Revolatilization from 
RCS/RPV 

4 CCI release 

5 

6 

7 

8 

Release of RCS and CCI 
species from contain
ment 

LatP sources of iodine 
at Grand Gulf 

Reactor Building DF at 
Peach Bottom 

Release during direct 
containment heating 

Reason for Inclusion 

Release and retention are major 
determinants of source term 

lee condenser is principal 
decontamination mechanism in 
blackouts 

Revolatilization could negate 
effects of high retention; highly 
uncertain issue 

If in-vessel release is low, CCI 
release could be high; uncertain 
issue 

Aerosol agglomeration may be major 
source of cleanup in blackout; 
highly uncertain issue 

Appeared as important issue in Draft 
NUREG-1150 

Natural decontamination processes 
could reduce source term; uncertain 
and controversial issue 

rncertain and controversial issue; 
direct heating is also associated 
with early containment failure 

This document provides the justification for the quantification of the major 
input parameters that were not quantified by expert panels. The majority of this 
work was performed at SNL and has been documented as internal memos. By its' very 
nature, this document is a fragmented set of letters, memos, and notes. The 
intention of this document 1s not to provide a cohesive well organized 
dissertatiop on a specific study, but is to complete the comprehensive NUREG-1150 
documentation by providing the justification for all major parameters quantified 
by the SNL staff. 

The issues that were chosen to document in this report are listed below. 

Justification for issues that impact both PWRs and BWRs 
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1) Approach for treatment of steam explosions in NUREG-1150 
a) Probability of steam explosions (F. Harper, SNL) 
b) Probability of containment failure from impulsive loads caused 

by ex-vessel steam explosions (F. Harper, SNL) 
c) Letter from E. Gorham Bergeron (SNL) to D. Pyatt (NRC) with 

attachment by W. Murfin (Technadyne) ~iscussing Alpha 
containment failure mode. 

d) Memo from M. Berman (SNL) to J. Walker (SNL) entitled 
Treatment of a-Mode Failure in NUREG-1150. 

2) Probability of debris coolability (F. Harper, SNL). 

Justification for issues that impact PWRs 

1) RCS pressure at vessel breach (internal SNL memo from J. Kelly toR. 
Breeding) 

2) PWR bottom head hole size probabilities (internal SNL memo from M. 
Pilch to E. Gorham-Bergeron) 

3) Core damage arrest for station blackout at Surry (internal SNL memo 
from E. Boucheron toR. Breeding). 

4) CONTAIN analysis of late containment failures in Surry (internal SNL 
memo from D. Williams toR. Breeding). 

5) Source term for steam generator tube rupture 
a) Description of expert elicitation results (R. Breeding) 
b) Internal SNL memo from D. Powers to distribution entitled 

Source Term for the HINY/NXY Accident. 
6) Rocket mode failure at Surry (internal SNL memo from R. Breeding to 

E. Gorham-Bergeron) 
7} Probability of submergence of the break location for Event V 

(internal SNL memo from R. Breeding to F. Harper) 

Justification for issues that impact BWRs 

1) BWR bottom head failure, core damage arrest probability, and 
mobility at vessel breach question 
a) Internal SNL memo from M. Pilch to E. Gorham-Bergeron entitled 

"Support for NUREG-1150: BWR RPV Failure Mode Probabilities." 
b) Letter from S. Hodge (ORNL) to E. Gorham-Bergeron presenting 

results of BWRSAR calcul~tions. 
c) Internal SNL memo from J. Kelly to E. Corham-Bergeron entitled 

"Mobility at Vessel Breach Question." 
2) Grand Gulf containment and drywell structural failure probabilities 

a) Summary of Grand Gulf containment and drywell structural 
failure probabilities written by T. Brown (SNL) based on 
discussion with W. Von Riesemann (SNL). 

b) Summary of MELCOR calculations performed by S. Dingman (SNL) 
to assess the sensitivity of wetwell and drywell peak pressure 
rises to containment leakage prior to a hydrogen burn. 

3) BWR recriticality, 
a) Working notes from F. Harper (SNL). 
b) Internal SNL memo from J. Kelly to D. Kunsman on BWR 

recriticality. 
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4) Comb •stible gas generation during core concrete . interactions 
(working notes from T. Brown (SNL) based on CORCON calculations by 
D. Bradley {SNL)). 
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2.0 TECHNICAL BASIS FOR PARAMETER QUANTIFICATION 



2.1 Justification for Issues that Impact Both PWRs and BWRs 
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2.1.1 APPROACH FOR TREATMENT OF STEAM EXPLOSIONS IN NUREG-1150 

2.1.la Probability of Steam Explosion 
F. T. Harper -- 1/30/89 

1) In-vessel steam explosion probability -- BWRs 

a) Low Pressure (50-200 psia) - .86 
.14 

explosion occurs 
no explosion 

Rationale -- Of 37 FITS tests conducted at ambient pressure and water 
temperature, 32 (86X) resulted in spontaneously triggered steam explosions. Of 
17 FITS tests at ambient pressure with saturated water, 4 (24%) [Ref. 1,2] 
spontaneous explosions occurred. Some experimentalists (Buxton and Benedick) [Ref. 
3] have reported that saturated or boiling water does not inhibit explosions. 

NUREG/CR-2718 (Fig 18) illustrates the impact of ambient pressure on threshold 
peak trigpering pressure. If the temperature is held constant, the triggering 
threshold is at a minimum between an ambient pressure of .2 MPa (29 psi) and .8 
MPa (116 psi). It is higher at pressures below .2 MPa and above .8 MPa. The 
pressure range for minimum trigger threshold falls within the limits defined for 
our low pressure case (SO - 200 psi). This result is dependent on the temperature 
of the water. 

b) High Pressure (>1000 psia) - .1 
.9 

explosion occurs 
no explosion 

Rationale -- A spontaneous explosion occurred at Winfrith with an ambient 
pressure of 735 psia. 1 Of 5 FITS tests conducted at high pressure, no 
spontaneously triggered steam explosions occurred. However, high pressure 
explosions have been externally triggered in the FITS facility. 

2) Alpha mode PWRs & BWRs 

a) PWRs An aggregate distribution from tr~ SERG panel will be used 
for the PWRs. 

b) BWRs -- Use same distribution as Surry. 

Rationale -- 2 of the SERG panel estimated that the probability of Alpha 
for BWRs is .1 that of the PWRs, 1 estimated that the probability is 10 times 
that of the PWl's. A case can be made bor', ways. Not enough 1 nformation to alter 
distribution from PWRs. 

1R. B. Tattersal, Winfrith, UKAEA, private communication. 
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3) Mode of vessel breach <BWBs> -- given that no alpha has occurred 

a) Bottom head failure - .2 
Large hole .2 
Small hole .3 
No failure .3 

Rationale -- Maximum uncertainty. We believe that this ques~ion is not 
extremely important to risk (preliminary results support this position.). We can 
not find adequate justification for altering tho probabilities of the events 
important to containment integrity that follow steam explosion induced vessel 
breach (DCH, drywell melt-through, ex-vess~l steam explosion, etc.) 
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2.l.lb Probability of ContLinment Failure from Impulsive 
Loada Caused by Ez-Veaael Steam Ezplosiona 

Sandia Staff Consulted: 

Marshall Berman 
John Kelly 

Billy Y. Marshall, Jr. 
Walter A. von Riesemann 

Rupert K. Byers 

Qthers Consulted: 

Dick Anderson, ANL 
Mike Corradini, U of Y 

George Greene, BNL 
Will Baker, Will Baker Associates 

Issue Description: 

The probabilities of containment failure due to impulsive loads from ex-vessel 
steam explosions in PWR reactor cavities or BWR pedestals were assessed. Both the 
impulsive loads created by the steam explosion and the structural capacity of the 
structures important to containment failure were considered. 

The static and quasistatic loads from steam explosions were included in the 
assessment of loads .11t vessel bre.11ch by the containment loads panel a·,,j were not 
considered as part of this issue. 

The possibility of containment failure for each of the plants was considered 
individually. No containment failurt mechanisms due to impulsive loads from ex
vessel steam explosions i.n the Surry and Zion cavities were identified. Indirect 
containment failures were identified and assessed at Grand Gulf, Sequoyah, and 
Peach Bottom (indirect containment failures are those in which the impulsive 
loads interact with something other than the containment structure ltself, but 
cause subsequent failure of the containment.) A direct containment failure was 
identified at Peach Bottom, but was assessed to be improbable (as was the 
indirect failure at Peach Bottom) due to the depth of water in the pedestal 
region. 

Summary of Rationale: 

I) CALCULATION OF PROBABILITY OF EX-VESSEL STEAM EXPLOSIONS 

1) Case in which the drywell is dry "'r the case in which an alpha mnde 
containment failure has already occurred 

Probability - 0.0 

The rationale is that there is no water in which a steam ex~losion could occur 
in the dry drywell case and no additional consequence in the alpha case. 
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2) Case in which the debris is expelled from the vessel at high p~essure 

Probability- 0.8 that an explosion occurs (0.2 that no explosion occurs} 

The rationale is that 4 of 5 tests in the SURTSEY facility in which high pressure 
melt was ejected inco water resulted in steam explosions (Ref. W. Tarbell private 
communications toM. Berman.) 

3) Case in which the vessel fails at low pressure 

Probability- 0.86 that an explosion occurs (0.14 that no explosion occurs} 

.86 ·· explosion occurs 
.14 ·· no explosion 

Of 37 FITS tests conducted at ambient pressure and water temperature, 32 (86X) 
resulted in spontaneously triggered steam explosions. (Ref. 1,2] The water in 
the pedestal region is expected to be subcooled in the cases of interest. Of 17 
FITS tests at ambient pressure with saturated water, 4 (24X) spontaneous 
explosions occurred. Some experimentalists (Buxton and Benedick) [Ref. 3] have 
reported that saturated or boiling water does not inhibit explosions. 

NUREG/CR-2718 (Fig 18) illustrates the impact of ambient pressure on threshold 
peak triggerf.ng pressure. If the temperature is held constant, the triggering 
threshold is at a minimum between an ambient pressure of .2 MPa (29 psi) and .8 
MPa (116 psi). It is higher at pressures below .2 MPa and above .8 MPa. The 
pressure range for minimum trigger threshol~ falls within the limits defined for 
our low pressure case (50 · 200 psi). This result is dependent on the temperature 
of the water. 

2.6 



II) CALCUlATION OF LOADS TO S1RUCTUR.ES FROK EX·VESSEL STEAM EXPLOSIONS 

1) Definition of ex-vessel steam explosion problems at specific plants 

a) Surry and Zion 

The geometries of the Surry and Zion containments are such that dynamic loads 
from steam explosions in either reactor cavity would not fail any structures that 
would lead to containment failure. No specific problems were analyzed for Surry 
or Zion. 

b) Sequoyah 

Two distinct contai\~nt failure mechanisms due to dynamic loads from ex-vessel 
steam explosions were postulated for Sequoyah. Both mechanisms were believed to 
be a threat only in the deeply flooded cases (water level near the hot leg 
levf" 1). 

The ficst mechanism ce.n be described as follows: 1) the dynamic impulse 
propagates throuch water from the cavity up the keyway to the room below the seal 
table (a distance of ~bout 24 meters) and is transferred to the wall; 2) the 2.5 
ft. reinforced concrete wall in the room below the seal table fails and chunks 
of concrete are spalled off the back of the wall into the steel containment; 3) 
these chunks of concrete penetrate and fail the steel containment. 

The second mechanism postulated is the failure of the missile shield and the 
·containment by the reactor vessel which has been propelled upward by the large 
dynamic loads imposed on the vessel from below. 

c) Peach Bot tom 

Two containment failure mechanisms due to dynamic loads were postulated for Peach 
Bottom: 1) The pedestal that supports the weight of the reactor vessel fails due 
to dynamic loading and either causes the reactor vessel to topple resulting in 
drywell failure or causes the steam lines or feeowater lines to put an 
unacceptable load on the drywell wall resulting in drywell failure; 2) The shock 
wave propagates through the door in the pedestal and fails the drywell directly. 
(It is important to note that the maximum depth of the water in the pedestal 
region and on the drywell floor is about 0. 7 meters.) 

d) Grand Gulf 

There is only one containment failure mechanism postulated for Grand Gulf and it 
is indirect. The pedestal that supports the weight of the reactor vessel fails 
due to dynamic loading and either causes the reactor vessel to topple resulting 
in drywell failure or causes the steam lines or feedwater lines to put an 
unacceptable load on the drywell wall resulting in drywell failure. (The depth 
of the water can range from two to seven meters.) 
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2) Methods for calculation of impulsive loads 

Two different methods were used to calculate impulsive loads in the problems 
described above: 

1) Calculations were made using correlations that were developed using 
data from COMET tests performed at Sandia and compared to correlations based on 
a comparison of steam explosions with iron-alumina thermite to equivalent volumes 
of TNT. (Reference for both equations ··Beck, D. F., Berman, K, Nelson L. S., 
"Steam Explosion Studies with Molten Iron-Alumina Generated by Thermite 
Reactions," abstract of a paper submitted to the 12th International Colloquium 
on the Dynamics of Explosions and Reactive Systems (ICDERS), University of 
Michigan, July 23-28, 1989.) 

ii) Material response calculations using the CSQ code were performed by 
R. K. Byers, SNL. 

The two methods for calculation are discussed below. 

a) Correlational Approach 

Impulses were calculated using the principle of similarity. The principle is 
described in Underwater Explosions (Robert H. Cole, 1948). A general equation 
representing the principle of similarity as applied to impulse is given below: 

I ·· Impulse 
Y ·· mass of charge 

R distance from charge 
1 -- empirically derived coefficient 
~ ·· empirically derived exponent 

Correlations of this type are generally applicable to high explosives 
several charge radii away from the detonation and are representative of spherical 
charges. The ex-vessel case is not usually comparable to this case. In fact, it 
is rare that the ex-vessel case could be assumed to represent this case. For 
cases with small explosions in deep pools this approach is valid. Nevertheless, 
this approach has the advantage of representing the scalable parameters in some 
regimes. 

The principle of similarity was applied to the reactor situations using the two 
correlations. The first one recommended by Berman is: 

I-4.0*Y1n*(W113/R)" KPa-S 
(for corium) 

I ·- impulse 
W mass of cori~ involved in steam explosion (Kg) 
R distance from explosion center to structure (m) 
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This correlation represents the underwater scaling law for impulses produced by 
TNT that has been transformed to equivalent corium mass. Hydrodynamic code 
calculations were used to verify this transformation. The second correlation was 
developed by assuming the exponent ~ is equal to 1.0 and then determining the 
constant by using an experiment funded by DOD and DOE (COMET 1-27). 

l•lO*W111* (W1
1l /R) 

(for thermite) 

1 -- 10 
~ -- 1 

NOTE-- These values do not represent physical upper bounds. The physical upper 
bounds would be calculated using a Hicks Menzies approach and approach SOX in the 
highest case. 

Impulses were calculated for many different values of the debris mass involved 
in the steam explosions. Some interesting insights come from the perspective that 
the entire amount of liquefied debris that is released from the vessel could be 
involved in a steam explosion. (This might be appropriate for very large vessel 
breaches and/or stratified mode steam explosions with a delayed trigger.} 
Calculations were also made assuming mixing depth limitations to the amount of 
debris involved in the steam explosions. 

b) CSQ calculations 

CSQ is a flexible code with broad applicability for computation of material 
motion in two spatial dimensions. The finite difference analogs of the Lagrangian 
equations of motion with material strength are employed with continuous rezoning 
to construct an Eulerian program. 

Two calculations were made that are of interest. The first calculation was 
performed to verify the similitude equation results. We chose to do a calculation 
in which lOX of the core was involv~d in the steam explosion. We released the 
energy calculated by subtracting the debris enthalpy at 1500 degrees K from the 
debris enthalpy at 2500 degrees K (6 GJ) into a volume 1 meter diameter and 7 
meter high. The energy was released into the volume in 1 milli-second. This 
simulated the Grand Gulf deeply flooded case with lOX of the core involved. The 
CSQ calculation resulted in an initial impulse a factor of 7 lower than the 
impulse generated by the TNT based similitude equation -- a factor of more than 
10 lower than the COMET based similitude equation. 

Another calculation was made in which all variables remained the same except the 
time in which the energy was put into the volume (10 milli-seconds.) This 
calculation resulted in no observable initial impulse in the region of interest -
- relief waves arrived while energy was still being released to the volume. This 
shows an important dependence on the time in which the energy can be transferred 
from the debris to the water. 

The final calculation was made to simulate the .7 mP.ter shallow pool case (Peach 
Bottom). It was felt that the CSQ calculation would represent this case better 
than the similitude equations. 
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Ill) Calculation of structural capabilities from ex-vessel steam explosions 

1) Methods for calculation of structural impulsive loading responses 

a) Peach Bottom pedestal (3' thick): the distribution provided by the 
structural response pane for impulsive loads to the Grand Gulf containment 
wall (3.5' thick)"" was used. The distribution used encompassed the 
distribution developed informdlly (and independently) at Sandia (ref. Walt 
von Riesemann) . 

b) Peach Bottom containment: originally the distribution provided by the 
structural response panel for the impulsive loads to the Sequoyah steel 
shell was used. The Peach Bottom shell is thicker than the Sequoyah so the 
values from the distribution have been scaled appropriately. The final 
value will reflect the fact that the Peach Bottom steel shell is backed by 
a concrete shield wall with a 2 inch gap in between. The distribution used 
encompassed the distribution developed informally (and independently) at 
Sandia (ref. Walt von Riesemann). 

c) Grand Gulf pedestal (5' thick): the distribution provided by the 
structural response pane for impulsive loads to the Grand Gulf drywell 
wall (5' thick)'' was used. The distribution used encompassed the 
distribution developed informally (and independently) at Sandia. 

d) Sequoyah loads on room below seal table: impulses calculated at wall were 
compared to to impulses in SNL tests of deformable missiles on reinforced 
concrete (ref. Walt's Japanese set study •· if possible). The impact of 
the highest energy concrete projectiles that were scabbed off of the back 
of the wall (rear spallation) on the steel containment were assessed. The 
penetration into the steel containment was calculated. This calculation 
assumed bullet shaped steel projectiles and was used for bounding 
insights. 

e) Seq~!oyah loads on reactor vessel: calculated the initial and final 
velocity of the reactor vessel making four assumptions: 

1) that the impulse acts on the projected area of the bottom of the vessel, 

ii) that there is no energy loss in compressing structures on the vessel, 

iii) that the impulse is directed straight up (this may be unlikely -- in 
the deeply flooded case, the failure of the ve·ssel will most probably occur on 
the side of the vessel), 

iv) that the steam explosion took place on the cavity floor (an alternate 
contact mode explosion is probably the only way to get impulses large enough to 
consider in this scenario.) 

The stopping force of the reactor vessel was compared to the resistive force of 
the piping. 

** NOTE -- the expert elicitations considered failure as a leak or a rupture, 

2.10 



not as failure to support the weight of a structure (the vessel). As far as I can 
tell, the predicted numbers for this type of failure mode would not differ 
greatly from the ones quoted above. 

f) Probability of drywell failure following pedestal failure in BWRs 

Probability- 0.175 

This value was obtained by averaging the responses of two of the structural 
response experts while assessing the failure of the Grand Gulf drywell after 
pedestal erosion. The probability is low because the steam line and feedwater 
pipit'·. makes several 90 degree bends between the vessel and the tryvell wall. 
Failure of the pipes would be expected to occur at one of tnese lt~cations prior 
to failure of the drywell at the wall. The probability includes the failure of 
the drywell from toppling of the reactor vessel. 
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Results: 

I) RESULTS OF LOADS CALCULATIONS 

1) Summary of Impulse Loading Calculations 

Plant Case (X CSQ TNT Based COMET Based 
debris, Impulse Similitude Similitude 

depth water, (KPa-S) Impulse Impulse 
location) (KPa-S) (KPa-S) 

GG (lOX, 7m, ped) 125 846 

GG (40%, 7m, ped) 2030 

GG (lOX, 2m, ped) 846 

GG (40%' 2m, ped) 2030 

PB (lOX, .7m, 4 441 
ped) 

PB 1050 
(40%, . 7m, 

PB ped) 0 213 

PB (lOX, .7m, 509 
dry) 

Seq (40%, .7m, 465 733 
dry) 

Seq 929 1524 

Seq (lOX, FL, ves) 1440 2425 

Seq (30%, FL, ves) 111 147 

Seq (60%. FL, ves) 222 305 

Seq (lOX, FL. wal) 344 485 

(30X, FL, wal) 

(60%, FL. wal) 
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II) RESULTS OF STRUCTURAL RESPONSE CALCULATIONS 

1) Ranges of Structural Capabilities 

Peach Bottom Pedestal ·· 15 · 100 KPa-S 

Peach Bottom Drywell (steel structure only, does not include concrete shielding) 
15 · 125 KP~ 

Grand Gulf Pedestal 25 · 125 KPa·S 

2) Initial and Final Velocities of Sequoyah Reactor Vessel for Given Impulses 
·- Using similitude equations 

Eq. 
Used 

COMET 
based 

TNT 
based 

X core 

10 
30 
60 

10 
30 
60 

Initial Velocity 
(at point of 

impact) 
(m/sec) 

24 
53 
94 

15 
33 
56 

Final Velocity 
(at top of cont) 

(m/sec) 

0 
24 
90 

0 
15 
48 

** Assumes no resistance other than gravity (no missil\ shield, no pipe 
restraint, no polar crane.) Impulse is applied over 18. 3 m2 in the upward 
direction. 

3) Comparison of Sequoyah Reactor Vessel Stopping Force to Pipe Restraint 
Resistive Force -- Using similitude equations 

Pipe Restraint Resistive Force -- .485 GN 

Stopping Force over .2 ft (GN) 

X core COMET based TNT based 
equation equation 

10 5.3 2.1 

30 24.4 9.1 

60 68.7 24.3 
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4) Penetration Depths of Proj~cti!es Scabbed off of Reinforced Concrete Wall 
(2.5 foot wall, impulse -- 1~0 - 500 KPa-S) 

Mass of Velocity Penetration 
Projectile (m/s) Depth 
(Kg) (in) 

1 so 1. 79 
3 47.5 2.42 
9 42.5 3.04 
17 30 2.45 
30 18 1. 59 
100 1 .07 

Penetration depths were calculated using the following equation: 

PO ·· penetration depth (in) 
Wr -- fragment weight (oz) 

v. -- striking velocity (ft/sec) 

This formula is used for design purposes and assumes a bullet shaped steel 
projectile. [Ref. 4] 

The concrete fragments in thP. Sequoyah calculation would be expected to be much 
softer than the fragments for which the equation was designed. 
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5) Amount of Debris Involved in Steam Explosion Necessary to Reach a Critical 
Level ·- Using inverse similitude equati.ons 

Critical 
Level 

Grand Gulf --
25 KPa-S at ped 

Grand Gulf - · 
125 KPa-S at ped 

Sequoyah · · 
.485 GN stopping 
power on vessel 

Sequoyah - · 
100 KPa-S at room 
below seal table 

Sequoyah --
500 KPa-S at room 
below seal table 

Amount 
of debris 
needed in 
steam 
explosion 
to reach 
level 
(COMET 
based) 
(Kg) 

2934 

9914 

110851 

III) SUMMARY OF CONTAINMENT FAILURE PROBABILITIES 

1) Peach Bottom 

Failure of pedestal - 0.0 

Failure of drywell - 0.0 

Amount 
of debris 
needed 
(TNT 
based) 

96 

1243 

5385 

14749 

189777 

Because of the shallow pool, the shock wave is unable to propagate in water to 
the structures in question. The CSQ calculations take this into account, the 
similitude equations do not. There is no overlap between the loads predicted and 
the structural capacity. 

2) Grand Gulf 

Failure of pedestal- 0.5 conditional on a steam explosion occurring (all cases) 

Both CSQ and similitude equation approaches predict values above the upper bound 
of the structural capacity range if lOX of the core ihteracts in the steam 
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explosion. Using the TNT baaed similitude equation, only 90 Kg of debris is 
needed to interact to reach the lower bound of the structural capacity range -
the COMET based similitude equation would predict even less required. There are 
many phenomena that could prevent the failure of the pedestal (limitations on 
mass involved in the explosion, trigger timing, multiple "small" steam 
explosions, etc.) We believe that pedestal failures are possible at Grand Gulf, 
but have no basis to choose a distribution peaked toward the high end or the low 
end. We therefore assign a maximum uncertainty distribution to the probability 
of pedestal failure given a steam explosion. 

3) Sequoyah 

Failure of containment given deeply flooded case - 0.01 
Ice bypass level 1 (no containment failure) - 0.01 
Ice bypass ·- level 2 (no containment failure) • 0.01 

The assessed probability of failing the containment from concrete scabbing off 
of the back of the seal table room wall is small for several reasons: i) The 
penetration depth calculated using a design equation and assuming a bullet shaped 
steel projectile was no more than a factor of three times the thickness of the 
containment. When one considers that the predamaged concrete will be much softer 
than steel and that the deslgn equation is conservative by nature, one comes to 
the conclusion that the containment will probably not fail. ii) The impulse to 
the wall can be reduced dramatically if there is an air/water interface in the 
room below the seal table. This is a strong possibility. iii) According to 
c~lculations based on the similitude equations, it would require more than 10000 
Kg of debris to be involved in the steam explosion to get an impulse of 100 KPa
S. (This is the lower bound of the impulse observed in the Sandia tests. It would 
be difficult to get that much debris in one steam explosion in the deeply flooded 
case. 

It was felt that the probability of failing the containment from launching the 
vessel by an ex-vessel steam explosion for several reasons: i) According to 
calculations based on the similitude equations, it would require more than 3000 
Kg of debris to be involved in the steam explosion to get an impulse strong 
enough to break the pipe restraints. It would be difficult to get that much 
debris in one steam explosion in the deeply flooded case. ii) If the force was 
not directed directly upward, the vessel would be expected to lose much of its 
upward momentum crashing into adjacent walls. In the deeply flooded r.ase, because 
of bottom cooling from the water, the vessel breach would be expected on the side 
of the vessel. iii) Energy would be lost by the plastic deformation of the 
vessel. iv) The vessel must penetrate the missile shield to get to the 
containment. 
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2 .1. 1 c Letter from E. Gorham-Bergeron < SNL) to Sandia National Laboratories 
D. Pyatt (NRC) with attachment by w. Murfin 
(Technadyne) discussing Alpha containment AlbuQuerQue. New Me•,co 87185 

failure mode 

D. w. Pyatt 
Probabilirtic Risk Analysis Branch 
Division of Reactor Accident Analysis 
Office of Nuclear Regulatory Research 
u. s. Nuclear Regulatory Commission 
MS: NL007 
Washington, D. c. 20555 

Dear Dave, 

october 17, 1988 

Attached is a short paper describing a probability distribution for 
the frequency of a-mode failure that we propose to use for NUREG-
1150. The paper's references are also attached. It was written by 
Walt Murfin, but the methods he has used to come up with his 
distribution have been agreed upon by most of the project staff. 
The averaging techniques and the distributions used are consistent 
with the methods used for the other quantifications in the study. 

In other respects a-mode failure is being treated differently from 
all other unknown phenomena in this study. Firstly, the 
probability of a-mode failure is highly contested and highly 
unknown. Yet it was not considered by an expert panel. Second, we 
propotte not to include the uncertainty in a-mode failure in our 
risk uncertainty study. We do, however, intend, as a sensitivity 
study, to calculate and report in a prominent place in our 
documentation what the uncertainty in risk would be if uncertainty 
in a-mode failure were included in the analysis. For the 
sensitivity study we will use Walt's suggested distribution. 
Third, the sensitivity study will certainly show a-mode failure to 
be very important to uncertainty in risk. 

To repeat some of Walt's points, the justification for our 
treatment of a-mode failure is 

1. The expert panel. believed that they could contribute 
little toward resolution of the issue, and refused to add 
this question to their list of issues. 

2. The issue is too important to ignore. For example, 
primary depressurization is being advocated by almost all 
industry representatives, in the us and abroad, as a means to 
decrease the likelihood of DCH. Primary system 
depressurization increases the likelihood of a-mode failure. 
Our study should sho:-~ the relationship between the two 
issues. 

9412210046 941208 
PDR NUREQ 
1150 R PDR 
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3. Uncertainty in a-mode failure should not be included in 
the main uncertainty study t,ecause the probabi 1 i ty 
distribution derived for it was obtained in a substantially 
different way from that in which the other important 
distributiohs were derived. (Kastenberg won this point.) 

4. A large number of researchers in the us and abroad believe 
that 1. e-4, the frequency I originally proposed to use, is 
not a technically defensible number to represent the average 
frequency of a-mode failure. The SERG panel did not come to 
any consensus about the average probability of a-mode 
failure. In keeping with the objectives of NUREG-1150, 
Walt's distribution was derived by averaging the published 
frequency estimates of a diverse and representative group of 
researchers in the area. 

Please let us know soon your opinion of our proposal for treating 
this issue. Barring comment from you we will proceed as outlined 
above. 

Copies to: 

6400 D. J. McCloskey 
6410 N. R. Ortiz 
6413 F. T. Harper 
6420 J. v. Walker 
6427 M. Berman 
6429 X. D. Bergeron 
NRC J. Hopenfeld 
NRC M. Cunningham 
Technadyne w. B. Murfin 

Sincerely, 

tt~G4_~ 
Elaine Gorham-Bergeron, Supervisor 
Reactor Modeling and Regulatory 
Applications Division 6413 
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Distribution of Alfa-Mode Failures for NUREG-1150 

Berman (1,2} presented a suggestion for treating the distribution 
of a-mode failures for NUREG-1150. He suggested that six 
published estimates of the frequency of a-mode failure, each by a 
recognized expert or aet of experts, be aggregated as if each 
report were a aeparate entity, or "quasi-expert". Berman also 
indicated his belief that there would be no value in convening a 
aeparate expert panel to examine this issue because there is so 
little new information that the quasi-experts could not 
defensibly make aaterial changes in their previous estimate1; we 
agree with this conclusion. Berman's memos on this aubject are 
attached. 

Although we are in general agreement with Berman's method, there 
are a few details in which we believe improvements can be made. 
First, Berman presented triangular distributions for some quasi
~xperts. However, uncertainty is maximized by the use of 
"maximum entropy" distributions. The distributions of the quasi
experts naturally lend themselves to maximum-entropy, or .n some 
cases, discrete distributions and we see no advantage in the use 
of triangular distributions. The skewed log-normal distribution 
was retained for quasi-expert 6, however, because it was 
specifically intended by its developers. Second, Berman included 
the SARRP pre-elicitation estimate in quasi-expert S. The 
estimate was intended as a strawman or point of departure for 
discussion; the personnel making the estimate were not expert in 
steam explosions. This datum was removed from quasi-eApert 5 
prior to aggregation. 

Subject to these minor changes, we aggregated Berman's six quasi
experts by numerical averaging. Averaging is equivalent to 
assuming that each of the quasi-experts is equally reliable. We 
recognized that this was not necessarily the case. However, 
equal weighting was part of our protocol for dealing with the 
expert panels on all other issues, and we believ~ that a change 
for this issue alone would be indefensible. The results are 
shown in Table 1. 

If our importance study shows steam explosions to be very 
important for risk, we will attempt to refine the distribution 
for frequency of a-mode. However, as Berman states in Reference 
[1), the paucity of new data makes the task of determining an 
improved distribution quite difficult. 

Berman also suggested that the effect of using one of the 
individual distributions as well as the aggregate should be 
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investigated. We plan to include this in a sensitivity study if 
time permits. 

In a private communication, Berman stated that o-mode failure 
could be ruled out if the RCS was at high pressure. Low pressure 
sequences in which o-mode failure is possible are expected to 
include transient sequences in which a large temperature-induced 
hot leg LOCA occurs. According to the in-vessel expert panel, an 
induced LOCA is expected quite often. The experts believed that 
the pressurizer surge line was the most li~ely site for an 
induced LOCA. The pressure in the RCS at the time of core 
collapse has not been reliably calculated for a surge line 
failure; we have made the conservative assumption that the 
pressure would be low enough for an energetic steam explosion to 
occur. Also, the containment event tree lumps large and 
intermediate sized LOCAs as "low pressure" sequences. we will 
necessarily assume that an a-mode failure is as likely for an 
intermtdiate sized LOCA as for a large LOCA. We believe that the 
assumptions are defensible, gi~en that the distribution for o
mode failure is extremely ~·ide, and that the form of the 
distribution is in considerable doubt. 

Hopenfeld (3) presented arguments t~ the effect that so little 
was known about steam explisions that the frequency for NUREG-
1150 should range from 10- t) 1. We are basically in agreement 
with this contention; the distribution which is being used covers 
an even w~der range. We disagree vigorously that the 
distribution ~hould be flat over this range. The philosophy of 
NUREG-1150 is that the informed opinions of experts--provided 
that the experts cover a sufficiently broad range of viewpoints-
is a good indicator of the current state of knowledge. 
Apparently Hopenfeld based his arguments on the misconception 
that a "hard" number of 10-4 would be used in NUREG-1150, whereas 
that value was recog~lzed to be a lower bound, and was only used 
in checking out the containment event tree. 

Hopenfeld also based his arguments on discussions with the 
participants in the SERG Group (quasi-expert 3). Many of the 
experts stated after the panel that they had been reluctant to 
provide estimates or even bounds on the frequency. This attitude 
is not unexpected. It has been our experience in NUREG-1150 that 
all scientists are reluctant or even obstinate about providing 
subjective distributions prior to normative training, 
calibration, and extensive discussions. An essential ingredient 
of increased willingness to participate is discussion of the 
technical issues involved, plus complete privacy (even the 
promise of anonymity) for the elicitation. We have found that 
several days of technical discussion followed by lengthy 

2.21 



elicitation sessions are required. However, the reluctance of 
the scientiata involved in the SERG panel does not make their 
elicited results invalid. The effect of normative training is 
usually to increase the participants uncertainty (that is, to 
widen their bounds) but does not seem to change estimates of the 
central measure appreciably. The bounds in the present case are 
so wide that it is unlikely that radically different results 
would have been obtained even if the SERG panel elicitation had 
been differently conducted. 

We believe the foregoing arguments amply substantiate our 
decision to uae the distribution of Table 1 for the importance 
•tudy. We also believe that some refinement of the distribution 
may be required if u-mode failure proves to be a very important 
phenomenon, but we agree with Berman that convening a full scale 
panel of experts cannot be justified. Our present recommendation 
is to conduct a prominently featured sensitivity study in which 
we will show the distribution of risk using the «-mode 
distribution of Table 1 (as improved), and a fixed value which 
would be the mean of the distribution. The center of the risk 
distributions will scarcely change, but the shape and extent of 
the uncertainty might or might not be considerably different. We 
recognize that this is not the ~ost desirable solution. However, 
given the present state of knowledge, a more sophisticated 
approach is not justifiable. 
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Table 1 
Aggregated R•sults for Six Quasi-Experts 

Freql..ency of 
«-mode Failure, f 
1.0£-6 
1.0£-4 
1.6£-4 
4.0£-4 
3.2!-3 
7.4£-1 
1.0!:-2 
3.2£-2 
l.OE-1 
2.0!-1 
3.2E-l 
S.OE-1 
8.7E-1 
l.OE+O 

cumulative Probability, 
Pr(F~fi 
0.294 
0.297 
0.301 
0.317 
0.445 
0.538 
0.569 
0.670 
0.847 
0.937 
0.953 
0.966 
0.991 
1.000 
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2.1.ld Memos fr~m M. Berman (SNL) to J. Walker (SNL) entitled Treatment 
of a-Mode Failure in NUR.EG-1150 

Sandia Nlltlonal Laboratories 

Albuquer~·Ht, New Mexk:c 87185 
date: May 16, 1988 

»: Jack v. Walker, 6420 

b~ Marshall Berman, 6427 

w~: Treataent of a-Mode Failure in NUREG-1150 

I have prepared this memorandum in response to your 
request for suggestions for treating a-mode failure in the 
context of the final version of NUREG-1150. Although my 
concerns with the use of expert prophecies are well known, I 
agree that the exclusion of one of the highest consequence 
accident scenarios would be an indefensible technical 
om]ssion. Neglecting a-mode failure could subject the study 
to criticisms of non-conservative biases, neglect of one of 
the three possible causes for early containment failure, and 
even possible political influence. However, I also think that 
the formation of yet another expert panel to address this 
question would be a waste of time and money, since no 
significant technical progress has been made since the work 
discussed in this memo. Advances in this field would require 
an increase in our understanding of the phenomenological 
issues, and of the accident scenarios and the initial 
conditions they generate, far beyond where we are today. 
Hence, this ~emo proposes that only published studies and 
previous panel elicitations be employed. 

EAHEL OF QUASI-EXPERTS 

I suggest that previous work be aggregated into a panel of 
six surrogate or quasi-experts that reasonably and fairly 
conveys the divergence of current opinions in this highly 
controversial area. There are an infinite number of ways in 
which such a quasi-panel could be selected and evaluated. I 
have chosen the following guidelines: 1. Use existing 
published reports wherever possible, and present these results 
with little or no manipulation; 2. Aggregate collections of 
opinions into quasi-probability distributions to represent the 
experts' original intent as much as possible; 3. Preserve the 
uncertainty ranges of the individual experts and of the expert 
groups as •uch as possible; and 4. Use arithmetic averaging 
and uniform or triangular PDFs (or combinations thereof) on 
linear scales in all cases, except when such usage conflicts 
with published results. 
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The six quasi-experts are: 

Quasi-Expert 1: Theofanous et al. as represented in the 
discrete probability distribution shown in Figure 32 (p.279) 
of Reference 1 (reproduced here). 

Quasi-Expert 2: Theofanous et al. as represented in the 
discrete probability distribution shown in Figure 34 (p.280) 
of Reference 1 (reproduced here). 

Quasi-Expert 3: SERG [2] panel (excluding five experts as 
discussed in the following) as aggregated by me. 

Quasi-Expert 4: Berman et al. [3] as aggregated by me. 

Quasi-Expert 5: Draft NUREG-1150/SARRP panel (4] as aggregated 
by me. 

Quasi-Expert ': WASH-1400 [SJ as published. 

Results of three of the quasi-experts (1,2,6) are 
presented as published. The remaining three require 
aggregation and interpretation as discussed in the following. 

QUASI-EXPERTS 1 AND 2: Reference 1. Figures 32 and 34 

NUREG-1150, as currently configured, frequently elicits a 
continuous or discrete range of degrees of belief that a 
particular outcome will occur in a population of accidents 
with a particular frequency between 0 and 1. This is a 
~assive generalization of the concept of eliciting a single 
personal opinion probability (POP) that an event will or will 
not occur. eerman [6] defined two types of subjective 
probabilities or POPs. Psc represented betting odds that an 
expert would give concerning the occurrence of an event. Psf 
was a prediction of the outcome of a future set of trials or 
experiments. The 1150 treatment can be considered as 
soliciting the expert's range of betting odds concerning ~ 
frequency that might be measured if a population of accidents 
existed. This range of odds assigned to the outcomes of 
future experiments represents the creation of an entire 
probability density function (PDF) based on belief and 
prophecy. To date, only one study (1] of o-mode failure 
attempted to create a complete subjective PDF of this type. 
Hence, those results are particularly well-suited to the 
methodology of NUREG-1150, regardless of whether they are 
accurate, technically defensible, or fairly represent the 
existing state of uncertainty. 

Figure 32 [1], represents the Reference 1 authors' degrees 
of belief that o-mode failure will occur with a given 
frequency. The authors have used discrete probability 
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distributions [1], rather than continuous POFs. Hence, each 
point in Figure 32 represents the probability (not probability 
density) that a frequency in the neigbbprbood of the point 
will occur: i.e., the points represent the integral degree of 
belief that the frequency will lie in a specified interval 
about the point. The points in Figure 32 JYm to one. For 
example, the single point at the farthest right implies that 
the subjective probability that the frequency of o-mode fail
ure lies (approximately) between .a and 1 is about .9xlo-4. 

Figure 32 (quasi-expert 1) represents that part of the 
reactor safety community that believes that o-mode failure is 
of negligible probability, although the reasons for this 
belief vary among this group of experts. Berman [7] and 
Marshall [8] have discussed their reservations concerning some 
of the technical assumptions made in Reference 1. Berman [7] 
has also shown that very modest alterations (of the order of 
5-lot changes) in some of the underlying calculations and 
approximations could raise the computed probabilities by 
factors of up to ten million. Hence, the POP distribution 
shown in Figure 32 could easily be wrong by 6-7 orders of 
magnitude. Berman [7) raised twenty technical objections to 
the analysis in (1], one of which was actually analyzed in 
Reference 1. This dealt with the possibility that the 
benefits of lower head venting might be overstated. Figure 34 
shows the POP distribution that results when this single 
assumption is altered: i.e., the distribution in Fiqure 34 is 
based on inputs identical to Figure 32 in all respects except 
for lower head venting (same mixing, same conversion ratios, 
etc.). Based on the detailed review in [7], the POP 
distribution in Figure 34 is not conservative: hundreds of 
similar distributions could in fact have been created by a 
large number of other technically defensible input 
assumptions. Indeed, it is easy to cre~te and defend many 
delta-function distributions that as~lgn a probability of one 
to a frequency of one. 

The extremely low probabilities shown in Fiqure 32 
represent a very high degree of belief by the Reference 1 
authors in the validity and applicability of codes and models 
that have not been independently checked by peers or assessed 
against experimental data: nor have the authors shown that the 
cases they investigated are applicable or representative of 
the wide variety of possible accident scenarios. Furthermore, 
steam explosion experiments, prior to their truncation, were 
beginning to demonstrate an increase in explosion intensity as 
the scale, geometry, and degree of confinement of the 
experiments became more prototypical of reactor accidents. 
These observations and limitations indicate that Fiqure 32 
does not encompass existing uncertainties or recent 
experimental trends. 

Based on the above discussion, we define quasi-expert 2 by 
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the POP distribution shown in Fiqure 34 of Reference 1. "He" 
represents a small fraction of the total uncertainty 
associated with Fiqure 32. 

It is possible that basing two quasi-experts on the study 
by Theofanous et al. (1] may overemphasize the contribution of 
that work. As discussed in References 7 and s, Reference 1 
may be seriously flawed technically. However, it is the only 
available study that presents probabilities of frequencies in 
the fashion of current NUREG-1150 usa~e. Furthermore, 
Reference 1 also represents the views of many non-experts that 
a-mode failure is of low probability. Hence, while I 
recognize the serious technical flaws in Reference 1, I 
believe that including the two published distributions will 
recognize an important segment of popular opinion. 

QUASI-EXPERT 3; AGGREGATED SERG PAHEL [2] 

All studies of a-mode failure except Reference 1 produced 
point-estimate subjective probabilities of a-mode failure. 
Hence, those studies must be manipulated in order to convert 
the collection of single estimates into approximations of 
subjective PDFs. The probability estimates and decompositions 
of the SERG panel members are shown in Table 3 of Reference 2 
(reproduced here). Of the twelve experts listed, seven 
provided decompositions of their probabilities that were 
roughly comparable, and separable into three categories: 
initial conditions, mixing and conversion ratio, and slug 
dynamics. These seven experts will be aggregated into quasi
expert 3. 

Of the five remaining SERG experts, Bankoff employed a 
computer code to determine that the failure probability was 
low. He later discovered an error in his code [9] that 
invalidated his conclusions. Theofanous et al. ~1] 
subsequently interpreted Bankoff'a calculations as indicating 
a very high probability of failure. 

Cho refused to provide a numerical POP, but indicated a 
belief that a-mode failure was unlikely. Similarly, Fauske, 
Mayinger, and Theofanous believed that the probability was 
low. These experts' opinions have been subsumed in the 
distribution of quasi-expert 1 above, •who" of course also 
happens to accurately convey the opinions of Tbeofanous et al. 

Mosleh et al. [10] evaluated the contributions of the 
seven SERG experts. They raised the question "should the 
estiaatea of tbe various experts be aggregated at the subevent 
level and then multiplied to obtain the overall containment 
failure probability, or should the individual expert's 
containment failure probabilities be obtained first and the 
results then aggregated at that level?" [10] Table 2 from 
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Table 3 r-wa Low-Pressure Sequence Subjective Conditional Probability Su.aary - 1 

FAILURE PIOBAJILlTY 

' lNlTlAL MlXtNC & SLUG BEST UPPER. 
tNVESTlCATOR CONDITIONS CONVERSION DYNAMICS ESTIMATE LIMIT 

Jankoff 1/1//1/ll/1/l <to-" 

lohl/lutler .1 - 1.0 .01- .to to-" - 1 lxlo-" ro- 1 

Bria&• 0.8 o.os 0.) <to-2 

cat ton Jxlo-3 lxlo-2 0.6 5xlo-s 

WASH-1400 very conserva-
N Cho . ll/1/lll/1111 tlve. Failure extremely 
w .... unlikely. 

Corradlni 1.0 to-.. - to-2 1.0 to-" - to-2 

Cybulakll 0,9 9xJo-3 to-2 10_ .. to-2 

Fauake //IIIII 1/111111//1 Vanishingly s•all (•0) 

Cinaber1 .75 5xlo-3 4xlo- 3 4xlo-2 

Kayinger llll/11111//11 11/1/l!/11/1 
No endangerment of FRC/ 

PWR containment 

Squarer to-2 - to-• to- 1 to-2 to-5 - to-" 

tbeofanoua IIIII II II/IIIII/II (l(J .. <to-" 

WASII-1400 I "-1.0 10-1<+ .s. -1) to-•< + .s, -1) to-2 to- 1 

---- ·--~ --·---

Note: "lwsh marks~ indicate strong emphasis in investigator argu.ents. 
Solid lines indicate that investigator considered phenomena in this state of sequence. 
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TABLE 2 
Rest Estirm~tc of PWR Low Pressure Sequence Suhjcctivc Condition~! Probability 

Exp~rt Subevcm Containment failure 
pmbabilitirJ pmbabili I)' 

luitiaf /.1 ixing and Slug I'= f11P2f13 £;-:pcrls' 

conditions conversion dynamic:; bcsr 

Pa fll PJ estimates 

I. Bankoff < 1·0-4 

2. Uohi/Buller 3-2-t• 3·2-2. 1-Q-2• 1·0-4 3·(}-.4 

3. Briggs 8-{}-1 5·0-2 3-0-1 1·2-2 < 1-{}-2 

4. Catton 3-{}-3 3-0-2 6-0-1 5·4-5 5-G-5 
5. Cho Extremely 

unlikely 
6. Corradini r-o 1-<> .J• 1-Q 1-G-3 t-o-3• 
7. Cybulskis 9-{}-1 9-{)-3 1-0-2 8·1-5 1-{)-4 

K Fauskc 0 
9. Ginsberg 7·5-1 5-0-3 ·-o·· 3·8-3 4-G-3 

10. Mayingcr 0 
II. Squarer 3·2-2• J{)-1 J-()-2 3·2-5 3·5-5• 
12. nu:ofanous < J-()-4 

Arithmetic avcraget 5-4-1 3·2-2 4·2-1 7-4-3ft 2·2-3 

Geometric avcraget 2·1-1 1-6-2 1·1-1 3·5-4 4·1-4 

RSS -1-o 1-6-1 1-6-1 1-G-2 1{)-2 

Exponential notation is indicated in abbreviated form: i.e .. Hl-4 = 1-() x ao-•. 
• Geometric average of the range provided by the expert. 
•• This value is inferred from the observation that the best estimate of this expert is 
approximately equal to the product of p, and p1• 

t Estimates of experts I. S. 8. 10, and 12 were excluded because they did not provide subevcnt 
probabilities. 
tt Product of the averages of p,. PJ· and PJ· 
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Reference 10 is reproduced here. As shown, "using arithmetic 
averaging, the aggregated containm~nt failure probability is 
about a factor of 3 greater when the aggregation is performed 
at the subevent level (7.4x1o-3) than when results are 
aggregated at the level of containment failure (2.2x1o-3) •••• 
currently, there is no firm theoretical guidance on the most 
appropriate level and form of aggregation." [10] 

Berman [11,12] analyzed the decomposition of the panel's 
probabilities more from the point of view of technical 
uncertainties rather than probabilistic averaging schemes. As 
can be seen from either Table 3 [2] or Table 2 [10], the 
probability of P1 ranges from .003 to 1; the probability of P2 
from .0001 to .1: and the probability of P3 from .0001 to 1. 
Hence, the aggregated probabilities range from 3x1o-ll to .1! 
The only probability that does not have an uncertainty range 
extending to 1 is that dealing with mixing and conversion; 
however, this belief has not been validated by any 
experimental data to date! 

There is no unequivocal method of aggregating the seven 
SERG experts. I suggest the following simple approach. 
Assume that the PDF is bounded by frequencies of 0 and .1, and 
that the most probable frequency is 7.4 x lo-3, the arithmetic 
average. This then defines a triangular distribution. The 
distribution is correctly normalized if 

.5xPOmpx.1 = 1, or POmp • 20. 

This PDF is plotted in Figure 1 (dashed lines). 

QUASI-EXPERT 4: AGGREGATED BEBMAN. SWENSON. WICKETT· [3] 

Berman et al. [3] developed a probabilistic model that 
treated uncertainties by dividing the plausible ranges into 
three parts, high, middle and low. Probabilities resulting 
from aggregating all high, middle and low input PDFs were 
.999, lo-4, and 0 respectively. Hence, one possible approach 
to aggregation would assign equal weights to each of these 
probabilities, as though each were produced by a separate 
expert. However, the probabilities are so disparate that it 
would be difficult to define a reasonable interval. It is 
also clear that assigning a probability of 1/3 to a failure 
frequency of 1 may be considered as overly conservative by 
some, regardless of whether or not such high probabilities are 
within the range of today'• uncertainti.es. 

Assuming that all portions of the ranges are equally 
likely results in a probability of .046 (calculation 1 of 
Reference 3). This number could serve as either the mean or 
median of a frequency distribution, or its most probable 
value. Berman [6] further investigated various ways of 
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aggregating the probabilities of Reference 3, especially for 
frequency values above .2. By investigating various 
combinations of the ranges for the different input PDFs, he 
concluded that the probability of a frequency between .s and 1 
was .041; and that the probability of a frequency between .2 
and .5 was .029. Given these analyses, I can construct a PDF 
as follows. Rased on Reference 6, there is a 7t probability 
that the frequency exceeds .2, and a 4.lt probability that it 
exceeds .5. Using the analyses of (6], a uniform PD of .082 
between frequencies of .5 and 1 will yield a total probability 
of .041 for frequencies lying between .s and 1. Similarly, a 
uniform PO of .097 will yield a total probability of .029 fot· 
frequencies lying between .2 and .5. Let the most probable 
frequency be .046; letting the distribution between 0 and .046 
be triangular, and trapezoidal between .046 and .2 determines 
the maximum probability density to be PD(.046) = 9.225. This 
PDF is also plotted in Fiqure 1 (solid lines). 

QUASI-EXPERT 5; DRAFT NUBEG-1150/SARRP PAHIL [4] 

In the original SARRP study, nine experts were polled for 
their best-estimate subjective probabilities concerning a-mode 
failure. The experts were W. Murfin, G. Greene, s. Hodge, A. 
Tori, M. Berman, M. Corradini, R. Denning, K. Perkins, and K. 
Bergeron. The nine POPs of concern here are shown in Table B-
4 [from Reference 4, and reproduced here] under "Case 2, 1. 
In-vessel steaa explosion that fails containment." The 
experts were nat asked for their uncertainty ranges. Four 
experts selected a POP of .001, four selected .01, and one 
selected 0.1. I will assume that these three point-estimate 
POPs represent geometric midpoints of a logarithmic interval 
an order of magnitude wide, and assiqn proportional weiqhts 
(treating all experts equally) in order to create a 
probability density function. Hence, zero probability is 
assigned to th .. interval from o to .00032; an unnormalized 
weight of 4 is assigned to the interval from .00032 to .0032; 
a weiqht of 4 to the interval froa .0032 to .032; and a weight 
of 1 to the interval from .032 to .32. The normalization 
factor is given by 

4x(.0032-.00032) + 4x(.032-.0032) + lx(.32-.032)• .41472. 

Fiqure 2 shows the normalized probability density function 
where the unnoraalized weiqhting factors (4,4,1) have been 
•ultiplied by 1/.41472 • 2.4113. 

OUASI-EXP~6: WASH-1400, [5) 

The expert panel elicited in the WASH-1400 study quessed a 
best estiaate probability of a-mode failure as .01, with an 
upper limit of .1, and a lower limit of .0004; these limits 
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Table B-4 

OT.ITCOMES AND WEIGHTING FACfORS FOR ISSUE 2: MODE OF 
REACfOR· VESSEL BREACH 

WEIGHTING FACfORS 
B,ri,wtr 

LEVELS SARRP 1 2 3 4 5 6 7 

Case l; Hi~b :fJ:cssu~ eri2r lQ Vessel Br.ca~b (~500 usi~l 
In-vessel steam explosion .01 .001 .001 .0001 .01 .001 .001 .001 
that fails containment 

Steam explosion that fails the .1 .05 .05 .01 .05 .02 .01 .1 
vessel but not containment 

:High pressure ejection of .89 .949 .949 .9899 .94 .979 .989 .899 
molten debris 

Cas' 2; Law fr'ssu~ eriar IQ Vessel Btea'b (-100 asi2l 
In-vessel steam explosion .01 .01 .001 .001 .01 .001 .001 .01 
that fails containment 

Steam explosion that fails the .1 .29 .1 .1 .2 .1 .1 .15 
vessel but not containment . 
High pressure ejection of 
significant molten debris* 

0.0 0.0 .1 0.0 0.0 .001 .1 0.0 

RCS depressurizes and melt .89 .7 .799 .899 .79 .898 .799 .84 
flows out by gravity 

*Not to bC applied to litge LOCA leak sizes. 
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represented the fifth and 95th percentiles of a skew log
normal distribut1on whose median was .01. 

YSE OF QUASI-EXPIBTS IN NQREG-1150 

The most obvious way to use the distributions "elicited" 
from the six quasi-experts would be to average them: sum all 
the distribution functions and normalize by dividing by 6. 
This "average" would then be used in the limited Latin 
hypercube analyses. As I've aggregated the results, however, 
the average distribution will be heavily weighted towards 
higher probabilities for lower frequencies. I strongly 
suggest that the 1150 staff also statistically analyze the 
contribution to risk if only one of the distributions is used. 
For this parametric, I suggest quasi-expert 2. "His" 
distribution results from altering only a single assumption in 
the base-case analysis of Reference 1. Other technically 
defensible assumptions could generate many PDFs like that of 
quasi-expert 2, or even much more pessimistic- i.e., produce 
PDFs with very high p~obabilities for very high frequencies. 

Copy to: 

6400 D. J. McCloskey 
6410 N. R. Ortiz 
6413 E. o. Bergeron 
6413 W. Murfin 
6423 B. w. Marshall, Jr. 
6425 w. J. Camp 
6427 M. P. Sherman 
6429 R. o. Bergeron 
6427 M. Berman 
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Sandia National Laboratories 

-.: May 23, 1988 

~: Jack Walker, 6420 

~ Marshall Berman, 6427 

~~ Correction to Treatment of a-Mode Failure in NUREG-1150 

In my memo of May 16, 1988, entitled "Treatment of a-Mode 
Failure in NUREG-1150." Figure 1 was incorrectly plotted for 
Quasi-Expert 4. The corrected Figure 1 is attached. 

Copy to: 

6400 o. J. McCloskey 
6410 N. R. Ortiz 
6413 E. D. Bergeron 
6413 w. Murfin 
6423 B. w. Marshall, Jr. 
6425 w. J. camp 
6427 M. P. Sherman 
6429 1(. D. Bergeron 
6427 M. Berman 
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2.1.1e Me110 from J. Murphy {NRC) to J. Hopenfeld ·... -~f?¥ < .. 

(NRC) entitled RecOllllllendation for Changes in the Assigai!d 
.;."t .. ~ ••o'J'•· Probability of the Alpha Mode Failure in NUREG-1150 

.i ~ UNITED STATES ... . ~ ; W""''( ~ NUCLEAR REGULATORY COMMISSION 
#. •. I WASHINGTON. 0. c. 20555 
e .. 
~ .... ~ 

-... ., '4, .,.:s-
••••• 

i1Ht0RAUCUI l FOR: 

FRON: 

St:BJEC7: 

?URPOS£ 

Josepn A. i-turphy, !Jcputy U i r~ctor 
Division of ~ystems kes~arch 

SEPia• 

Jorar:J 11openield 
Reactor and Pldnt Saf~tr :~sues Br~nch 
Divisivn uf SJfety Issue Resoiution, ?.ES 

RECOI·:ftENDATION FCR CHANGES ill THE ASSiLi;Eo PROB~i31UTY 
0F THE ALPHA iiOD£ F~;lLUi\£ 1 ;i llUR£G-ll50 

.. 

This r.letll(J is uoelrt'!S::,cd to JOU in dCCOrOdtll.:e ilith ~. Glynn instructlOIIS. It is 
recoll'VIl€rlaed that I.UREG-1150 ass1gn ..t f)fobat.i lity rdnge or 10-4 tv 1 for the 
alpha hiOOc fdiiurt'!. To do otht:rwise ~10uld seriouslj compromise the intt:naca 
purpose: of NUREG-1150 to utililt !:>tatt:-of-the-drt techuology. 

INTRODUCTION 

The Reactor Safety Stud), Ref. l, identifi~d o c.ure melt ur:cident sequeuce 
where the containment fail~d as J result of steam ~xplusion (dlptta mode 
failur~). Because vf lack uf data, WASH-1400 arbitr~ry assigned a probability 
of 10-2 p~r core n1eit to this failure mooe. Consid~rable ottiount ot resedrch on 
stedm ~xplosions, mostly at Sandia, has been conducted since then in order to 
improve the prediction of this probability. The soon to b~ ~ublisheu 
HUREG-1150, presents PRAs ror five cifferent plants using c probdbility (JT 10-4 
for the alp~a wode failure. 

Following completion vf a certain phase of th~ir study, San~id, R~f. i, 
conciudea that stedm explvsions dre 'COO comple;{, oud thereilire it is nut 
possible to assign any probability to the dlpho mode of failure. in respons.:: 
to this conclu~iun, "RC polled a panel of experts who provided d rdnge of 
probabilities, 10-4 to 10-1 for the dlpho mode failure, (Ref. 3). 

Cousiderable amount of new information on steam explosious has been generated 
from the time the SERG report \NUREG-1116) was puol~shed wh1ch appears to 
suppurt the Sandia conclusions. This providea ttw incentiv~ for th1s hlc:H.lu 
which concludes that liUREG-1150 incorpordt~ the Sanciii:l results, dnc:l therefore: 
dSS ign dn uncerta i oty range uf lC-4. to 1 to the u lpnil raooc: f c. i lure. Tht 
folloi~iir.g discusSlOf• ~rov1des the" r~th;nalc fvr T.rns cvnclu~lUrt. 

LiiSCU:iSliJn 

Since tht: SERG r~suits \~ere iSSUt!Cl tnc:rc: lio.) cecil ~~.~~~slarri:lole a .. :vur.t ..Ji r'on;c.l 
.lnd illivrr.ol alldljSi~ uf th~ SERG (JO(.;Unuwt. ;;r~cre ridS tnt: Cllt:rnOu)"'i ui..C1aent. 
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...... i.urpny 

:1~w acta ott 1naustria I experH:rr<..t: ndv~:: Ot:c:r. reieased, .. lllcJ iic\1 c:xpt::rir:Jent:a 1 
resu1ts have oeen vbtained at hNL. These are very britdly sunr.tcJriZt!d b~lo\"1: 

a. Qualification oi th~ Particicc.nt::; in SEJ\G 

In f\derence 4 Hopenf~ ld txcmi n~:a t:acn of the 13 expert up11duns and cone lu"~d 
that none of the1:1 providea dr. ~:stimate cf containment failure which is 
technically defenstble. Some of the exper~s were strongly biased, uthers \4t:re 

poorly fom1liar with the problem dnd stiil others were very relu~.:tant to come 
up with a probability esti~ate yet i~lt ccmpelled to do so. 

i;ne uf the SERG members ind1cated at a meeting that if it was not for peer 
pres~ure he would not havt: assigned a probability to steam explosio11S. St1i: 
u.ot11er SEi\G r;oember concludt:d, Ref.:, that "developments of subject1vt
prooabilist1C modt:!ls 1s useless." 

b. Industrial Experier.<..e 

iiRC sponsored studies ..:.n large-scale sr~Jelt/wdter c::<plosions, Referenc~ 5, 
;rov1d~:a actual data on th~ ~nergttics of stear:i explosiurts dS opposed to 
;aboratory ttsts or analytical stuoies. The application vf tillS data to the 
alpha hlode fa1lure, Referenc~ 7, indicates containment failure. This 
industndl experience cannot pr~dlct th~: prubability vf steam ~xplosion givtn a 
core n~lt but it does predict containment failure should a steam explos1on 
occur. 

c. Chernoby l 

It is coiTITlon ly accepted that an en~ryet i c steam ~xp los ion Clio uccur 111 

Chernobyl ano <.lid not occur in Three Hiie Island. One may cunclud~ from this 
that the probability of an energetic stear.1 explosions occurring per reactor 
core melt is 0.5. However, since the Chernobyl reactor a1d not ha\te a 
containment, similar to USA re~ctors, it is not possible to relate directly tne 
Ch~rnobyl experieuce to tht! ~lpha mode failure. If one gives creoit to the 
Sov1et view that no contdinment building could have withstood the mechanical 
effects dudng ttte initia 1 stagts of th~ dctident than tht probab1 1 ity of the 
alpha 111ode failure, based on reactor experience, becomes 0.5. 

The above probability estimate ignores the differences between 
initiated steam explosions dOd ~egradea core steam explosions. 
considerable inforr.'IGtion in the literature indicating that the 
th~ initial mixing between fuel and melt 1.1ay have little or no 
ultimate energy relt:ase auring the explosion. 

;..riL Experir11ents 

reactivity 
There is 

t:ffectiveness uf 
efft!ct on the 

Alll nos recently completed, ~:~:terencE t, a set of e;q;erirnents on steam 
~xph,sions in stratifi~a gtor.lttries which ;now tn<=t such geometri~s lild.Y r·t:sults 
111 t:ific1ent explusiuns. llhut is t!Spt!Cia;:.l S19111Ticant about :l~c rli~L r~su·.t~ 
15 that r1u11e oi th1: SERG members has .:onsn.:rcd su~.:n expiu~wns u:i aell1ole. 
7his, <.an ~Jr1111arily be attnuuteo tu the ~·rcvailir.g i.itlief thdt effici~nt 
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... l:urpny 

explos1ons c:.3r; unly 1·ts.uit fulJC,\\lrlg fragmt:ntatlUn ana ul~IJ~rsa·, \..·f ..r~ 1ioulu 
in the other. SepardtE 1oburatory .:xperir.,euts, .-~c~ntly compi~t~d ,H tt~e 
l.ollforr.id Institute A T~CIIIh.Jl09Y. (Reft:r~llC\! 9) Q~IIIOOStratt:d then cxpluSlVe 
vaporizilt1on or crvcs ,,,ay occur \ilthuut dr,y vior frasmt:utation v;' :hi? bulk of 
the Jrc,p. 

The: iuct that none oi the pr~:5ent theorH!$ Gr. ~team ~xplosions recognizes tne 
above t:xpt:rimental ooservat1uns points out th<it tile oe1ief that stean 
Explosions •re pr~dlLtablt: is a t~th rJther than science. 

COI~CLUS IONS 

Ioken as a Hhole the ite1.r~ a1scussed dOuve strongly suggest thdt stt:ulil 
e,(plvs1ons are not ~:..fficl~nt1; ~"derstcca to Harrant the use of a probdbllltj' 
of 10-4 for the: uliJfid urooe fuilure. 

;... ~robability d vr.t: for tt1e alpha mode fal1urc will not comprmi11S!? the ability 
vf the five riliR£G-ll:G plants frorr l.ictn1ng the rlRC's Safety Gual Po.11cy. This 
,s because the analysis aln:ady 1ncludes an eariy t.:ontd1nm~r,t failure du~ to 
dir~ct hedting. Th~: resuits however may havt: an impdCt on the suggested 
guidc:lines wt1ich c0r,s1d~r uue ur rr.ore earl,r iatalltl~:S. The eff~cts un pldnts 
other th•n those coos ide red in IIUREG ·1150 is unknown., / 

l: c: K. 
P. 
b. 
II. 
R. 
R. 
J. 
w. 
L. 
1·1. 
E. 
T. 

Knitl 
tlori an 
She ron 
l•linners 
w. Houston 
Anderson, A!IL 
Glynn 
Beckner 
Shot kin 
Silberberg 
Eeckjord 
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2.1.2 PROBABILITY OF DEBRIS COOLABILITY IN NUREG-1150 
1/20/89 

F. T. Harper (from discussion~ with B. Marshall, SNL) 

Working Notes 

DEBRIS COOLABILITY 

Scenarios to consider 

Surry -- 4 ft deep, accumulators only -- water arrives after 
debris 

14 ft deep 

Floor ares -- 620 ftl 

Basaltic concrete 

Peach Bottom · · 2 ft deep before debris arrives -· replenished 

2 ft deep, debris arrives coincident with 3000 • 
12000 gpm of water (LPI) 

2 ft deep, debris arrives coincident with 200 gpm 
(CRD) 

Dry, debris arrives, sprays come on soon after 
vessel breach 

2 ft deep, debris arrives, not replenished 

remember to account for debris depth 

Grand Gulf 6 ft deep, debris arrives, replenished 

Sequoyah 

Deeply flooded, debris arrives, replenished 

Dry, debris ~rrives coincident with 12000 gpm 
(LPI) 

Dry, debris arrives, LPI comes on late ( 1 hr) 

11 ft deep, debris arrives, replenished 

Deeply flooded, debris arrives, replenished 

Dry, debris arrives coincident with 4500 gpm 
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&ationalt for probabil1atic valuta: 

1) There are two situations in which the debris will not be coolable: 

1 If the debris ~ is finely fragmented 

2 If the debris reagglomerates after vessel breach. One would expect 
this to occur if the debris had a high degree of superheat. 

2) If there is a small amount of superheat in the debris, and the debris is 
released at low pressure, the debris bed will most likely be coolable. The 
assumption here is that the debris particles would be larger, perhaps not 
entirely molten -- as in the BWRSAR instrument tube failure scenario. 

3) If there is a large amount of superheat in the debris, the debris will most 
likely agglomerate and be non-coolable. The chances for coolability increase with 
the depth of the water available. The reasons for this •re that the increased 
depth l) will allow the debris to loose more energy on the way to the floor, 2) 
will provide additional hydrostatic head to drive water into the debris, and 3) 
will increase the saturation temperature at the floor (this will increase the 
power necessary to cause dryout.) 

4) If a high pressure melt ejection or a steam explosion occurs, most of the 
debris involved in the event will be expelled from the cavity or the pedestal 
region. Even though the debris is finely fragmented, it will be coolable because 
most of it will be spread about in a thin layer. The debris that will come out 
after vessel breach (the rest of the core), will come out with a small amount of 
superheat and at low pressure. This debris will be mostly coolable for the reason 
given in 2. 

5) When the failure occurs at high pressure, gases that are dissolved in the 
debris flash and fragment the jet. 

6) If the debris falls into a dry cavity it will most likely be non-coolable 
for both high and low super heat cases -- even considering reflood. Thete will 
be no mechanism to reduce the temperature of the debris. The debris will hit the 
floor at 2500 degrees K and will initiate CCI. CCI will oxidize the metals and 
add additional heat to the debris. The problem will look much like the hot solid 
with rverlaying water experiments that were conducted by Irv Copus. 

7) If the debris released at vessel breach is non-coolable and forms a crust, 
it is possible for some of the debris not released at vessel breach to drop into 
the water, cause a disturbance that would break the crust (small FCI), and result 
in the alternate contact mode steam explosion. 

8) Most of the debris that is released later than vessel breach will be 
released with low superheat and at low pressure. This will generally be coolable 
for the same reason given in 2. We may need to worry about FCls from this delris 
and interaction with crusts -- see 6. 
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9) Once significant CCI begins, the debris will not be coolable. The Zr 
oxidation will heat the debris up, and the noncondensible gases will combine with 
the rising steam to prevent water from reaching the debris. 

SURRY 

Case 1 •• Debris released at vessel breach arrives in dry cavity, 4 ft of water 
i.s dumped on debris during and after -- accumulator dump. I am assuming that the 
water ls replenished. If not, the coolable cases will be cooled temporarily 
resulting in delayed CCI. 

Coolability of Debris released at nessel Breach 

Case Cool able Not coolab1e 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat .2 .8 
Low pressure, low superheat .2 .8 

Rationale for high pressure numbers debris is blown out of cavity 
Rationale for low pressure numbers ·· debris hits dry floor 

Coolability of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat .8 .2 

(Assumes water in the cavity) 

The amount available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME•(Hass involved in HPME)/(tota1 mass) 
FEXVESSTEAMEXP•(Hass involved in ex-vessel steam explosion)/(total mass) 

Surry Case 2 -· Debris arrives in 14 ft of water, water is replenished 

Coolability of Debris released at Vessel Breach 

Case Coolab1e Not coolable 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat .2 .8 
Low pressure, low superheat .5 . 5 

Rationale for high pressure numbers debris is blown out of cavity 
Rationale for low pressure, high superheat number -- reagglomeration, 

depth of water > 6 ft. 
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Rationale for low pressure, low superheat number ·· large particles 

Cool&Jility of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat .8 .2 

The amount available for CCI in the non-cnolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME-(Mass involved in HPME)/(total mass) 
FEXVESSTEAMEXP-(Mass involve~ in ex-vessel steam explosion)/(total mass) 

PEACH BOTTOM 

Case 1 -· Debris arrives in dry cavity, sprays come on soon after, 2 ft water 
maximum 

Coolability of Debris released at Vessel Breac' 

Case 

High pressure, high superheat 
High pressure, low superheat 
Low pressure, high superheat 
Low pressure, low superheat 

Coolable 

.9 

.9 

.2 

. 2 

Not coolable 

.1 

.1 

.8 

.8 

Rationale for high pressure numbers debris is blown out of ca.ity 
Rationale for low pressure numbers -- debris hits dry floor 

Coolability of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat .8 .2 

Th~ amnunt available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME•(Mass involved in HPME)/(total mass) 
FEX'JESSTEAMEXP•(Mass involved in ex-vessel steam explosion)/(total mass) 
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To get the mass involved in the ex-vessel steam explosions you will have to back 
calculate from the impulse obtained in the LHS sample using the following 
equation. 

W-((l/4)**1.59)*R**l.41 

W -- mass involved in ex-vessel steam explosion (kg) 

I i~pulse at a specific point (pedestal, vessel) KPa·S 
from steam explosion at vessel breach 

Ibis is a sampled value as it stands nor 

R ·- distance to the specific point where I Tt.i·as taken 

Peach Bottom Case 2 -- Debris arrives in 2 ft of water, and is replenished (this 
includes all wet cases in which water arrives coincident with the debris). 

Coo lability of Debris released at Vessel Breach 

Case Coolable Not coolable 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat .2 .8 
Loll.• pressure, low superheat . 2 .8 

Rationale for high pressure numbers debris is blown out of cavity 
Rationale for low pressure, high superheat number -- reagglomeration, 
depth of water Rationale for low pressure, low superheat number ·- large 
particles 

Coolability of Debris released after Vessel Breach 

Case Cool able Not coolable 

Low pressure, low superheat .8 .2 

The amount available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME•(Mass involved in HPME)/(total mass) 
FEX~ESSTEAMEXP-(Mass involved in ex-vessel steam explosion)/(total mass) 

For the case in which the debris arrives in 2 ft of water and the t~ater is not 
replenished, the coolable cases for case 2 would be classified as delayed CCI. 

GRAND GULF 

Case 1 -· Debris arrives in dry cavity, coincident with 12000 gpm of wat~r that 
is replenished ·- dept:1 of water will be > 6 ft. 
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Coolability of Debris released at Vessel Breach 

Case Cool able Not coolable 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat .2 .8 
Low pressure, low superheat .2 .8 

Rationale for high pressure numbers debris is blown out of cavity 
Rationale for low pressure numbers -- debri~ hits dry floor 

Coolability of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat .8 .2 

The amount available for CCI in the non·coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME-(Mass involved in HPME)/(total mass) 
FEXVESSTEAMEXP•(Mass involved in ex-vessel steam explosion)/(total mass) 

To get the mass involved in the ex-vessel steam explosions you will have to back 
calculate from the impulse obtained in the IllS sample using the following 
equation. 

W-((I/4)**1.59)*R**l.41 

W ·- mass involved in ex-vessel steam explosion (kg) 

I impulse at a specific point (pedestal, vessel) KPa-S 
from steam explosion at vessel breach 

Ibis is a sarnpled value as it stands now 

R ·- distance to the speci.fic point where I was taken 

Grand Gulf Case 2 -- Debris arrives in 6 ft of water or in a deeply flooded 
pedestal region is replenished (this includes all cases in which water arrives 
coincident with the debris into a wet cavity). 

Coo lability of Debris released at Vessel Breach 

Case Coolable Not cool able 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat .2 .8 
Low pressure, low superheat .5 .5 
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Rationale for high pressure numbers -- debris is blown out of cavity 
Rationale for low pressure, high superheat number -- reagglo· 1ration, 

depth of water > 6 ft. 
Rationale for low pressure, low superheat number -· large particles 

Coolability of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat .8 .2 

The amount available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESST~P 

FHPME•(Mass involved in HPME)/(total mass) 
FEXVESSTEAMEXP•(Mass involved in ex-vessel steam explosion)/(total mass) 

Grand Gulf case 3 -- Debris arrives in a dry cavity, LPI comes on late (after 1 
hr) 

NOT COOLABLE ·· significant CCI has begun 

SEQUOYAH 

Case 1 -- Debris arrives in dry cavity, coincident with 4500 gpm 

Coolability of Debris released at Vessel Breach 

Case 

High pressure, high superheat 
High pressure, low superheat 
Low pressure, high superhee~ 
Low pressure, low superheat 

Coolable 

.9 

.9 

.2 

.2 

Not coolable 

.1 

.1 

.8 

.8 

Rationale for h:gh pressure numbers debris is blown out of cavity 
Rationale for low pressure numbers -- debris hits dry floor 

Coolability of Debris released after Vessel Breach 

Case Cool able Not coolable 

Low pressure, low superheat .8 .2 

The amount available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the FHPME and FEXVESSTEAMEXP 

FHPME•(Mass involved in HPME)/(total mass) 
FEXVESSTEAMEXP-(Mass involved in ex-vessel steam explosion)/(total mass) 
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To get the mass involved in the ex-vessel steam explosions you will h•ve to back 
calculate from the impulse obtained in the IllS sample usin.g the following 
equation. 

V•((I/4)**1.59)*R**l.41 

W -- mass involved in ex-vessel steam explosion (kg) 

I impulse at a specific point (pedestal, vessel) KPa·S 
from steam explosion at vessel breach 

Ibis is a sampled yalue as it stands now 

R -- distance to the specific point where I was taken 

Sequoyah Case 2 ·- Debris arrives in> 6 ft of water, and is replenished (this 
includes all cases in which water arrives coincident with the debris). 

Coolability of Debris released at Vessel Breach 

Case Coolable Not coolable 

High pressure, high superheat .9 .1 
High pressure, low superheat .9 .1 
Low pressure, high superheat . 2 8 
Low pressure, low superheat . 5 .5 

Rationale for high pressure numbers debris is blown out of cavity 
Rationale for low pressure, high superheat number -- reagglomeration, 

depth of water > 6 ft. 
Rationale for low pressure, low superheat number -- large particles 

Coolability of Debris released after Vessel Breach 

Case Coolable Not coolable 

Low pressure, low superheat . 8 .2 

The amount available for CCI in the non-coolable cases will be the total amount 
released from vessel minus the fliPME and FEXVESSTEAMEXP 

FHPME-(Mass involved in HPME)/(total mass) 
FEXVESSTEAMEXP•(Mass involved in ex-vessel steam explosion)/(total mass) 

Additional Notes 

1) If the debris released at vessel breach is non-coolable and is followed by 
debris that is coolable, the entire debris bed should be considered non
coolable. 
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Rationale • • once CCI is established, gases and steam flow upwarn through the 
debris and create a resistance to water that would penetrate and cool the debris. 
Also, the additional ZR/Steam reaction will keep the debris hot. 

2) If the debris relesqed at vessel breach is coolable and is followed by 
debris that is non-~oolable, the entire debris bed should be considered 
non-coolable. 

Rationale ·- the non-coolable debris would prevent water from reachwg the 
coolable debris forcing it to reheat. 

3) Question -- Do we need to consider steam explosions of the material that 
drops into the water after vessel breach? 

Opinion ·· No -- the probability that steam explosions will fail structures is 
high at vessel breach. The impact ~f additional steam explosions involving the 
debris that dribbles into the water following vessel breach will probably be 
insignificant compared to the steam explosions modeled at vessel breach. 

There is one special case: no ex-vessel steam explosion has occurred at vessel 
breach -- dyrwell or containment is intact, debris released at ves~el breach is 
non-coolable, plenty of water · · crust will form, new debris entering water could 
rupture crust causing altPrnate mode contact steam explosion. 

We have already addressed this problem, the alternate contact mode has been 
considered as •art of the contribution to the impulses calculated at vessel 
breach. 
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2.2 Justification for Issues that Impact PWRs 

2.2.1 RCS Pressure at Vessel Breach (internal SNL 
memos from J. Kelly to R. Breeding} Salda National laboratories 

date January 27, 1989 Albuquerque. New Mexico 87185 

to 

from 

SUbJeCt 

R. J. Breeding • 6413 

J. E. Kelly - 6418 ~t.K4 

RCS Pressure at Vessel Breach 

I have reviewed STCP and MELPROG/TRAC calculations for various 53 break 
sequences in order to form a basis for determining the pressure at 
vessel breach, specifically for the S3B sequence. While it is difficult 
to make a firm quantitative assessment of the exact pressure at vessel 
breach, the current analyses would tend to support the judgment that the 
pressure at vessel breach will be low rather than high. In terms of the 
pressure ranges specified, I would assign the following values: 

System Set-point 0. 
High Pressure .11 
Intermediate Pressure .42 
Low Pressure .47 

The bases for these values are presented below. 

In formulating my recommendations, I factored in a number of separate 
analyses. First, there are the STCP calculations for Surry and Sequoyah 
documented in References 1 and 2. These calculations cover a variety of 
accident scenarios. St::ond, there is the MELPROG/TRAC calculation 
documented in Reference 3. This calculation is basically an S3B 
scenario for Surry and can be directly compared to a calculation 
reported in Reference 1. Third, there are the TMl-2 post-accident 
disassembly results (Reference 4) that provide insight into the melt 
progression. Fourth, there are lower head/melt interaction analyses 
performed by Ed Boucheron for NUREG-1150 that are documented in 
Reference 5. Finally, there are the lower head thermal analyses 
performed in the Zion Probabilistic Safety Study From 
all of these analyses, I have synthesized the relevant aspects that 
influence this question. 

To begin, 1 t iJ ins.tructive to compare the sequence calculations that we 
have. Table 1 lists the calculations and gives various time differen· 
tials as well as the calculated pressure at vessel breach. The first 
thing to note is that all S3B sequences have approximately the same 
total time to vessel breach. This indicates some consistency in the 
mass and energy b•lances. The STCP S3B cases are nearly identical for 
each of the time differentials. The KELPROG/TRAC case differs from the 
STCP runs in each of the time periods, but these differences can be 
underttood in ter11s of the different •odeling and accident scenario 

2.56 



... 

R. J . Breeding January 27, 1989 

understood in terms of the different nr.odeling and accident scenario 
assumptions. It can also be seen that aomd STCP 53 sequences are at low 
pressure before vessel breach. As it turns out, the S3 cases that have 
long times from vessel dryout to head failure are always at low 
pressure. 

In order to understand the situation better, it ia useful to examine the 
similarities and differences between the cases. The MELPROG/TRAC case 
is quite aimUar to the STCP Surry S3B. However, in the scenario 
description, the pump seal LOCA begins at 60 minutes in the STCP cases 
and at 100 minutes in the MELPROG/TRAC case. Also, the secondary side 
is depressurized in the STCP runs. These differences have the effect of 
causing the accumulators to discharge before core uncovering in the STCP 
cases (because they attain lower pressure before mass loss). In the 
MELPROG/TRAC case, the accumulators discharge after core uncovering, 
which leads to the difference in the first two time intervals. 

Even with these differences the primary system pressure response after 
core re locadon is similar between all cases. Figures 1· 3 show the 
calculated results for the S3B cases. (Core relocation time is when 
core material begins to relocate into the lower plenum). The key 
characteristic is the rapid pressure rise followed by a exponential 
decay in the pressure. In both STCP S3B cases, the vessel fails before 
the pressure is low, while in the MELPROG/TRAC case the pressure is low 
before vessel breach. In the MELPROG/TRAC run, the pressure is down to 
4MPa (600 psi) in approximately 30 minutes after core relocation. 
Extrapolating the STCP runs would indicate that the pressure would be 
below 600 psi in 60 to 70 minutes after core relocation. Hence, a 
modest delay in the time to vessel failure in the STCP runs would result 
in much lower pressures. The Surry S3DZ and the Sequoyah S3D cases show 
this behavior. It should be obvious then that there is a race between 
vessel depressurization and vessel failure. 

What this means is that the modeling of lower head region phenomena is 
extremely important. In fact, for this specific ~uestion, the details 
of the melt progression prior to core relocation do not appear to have a 
major effect. There are at least six aspects that need to be 
considered. First is the mode and magnitude of core relocation. This 
determines the thermal loading on the vessel head and is the energy 
source that vaporizes the remaining water. Second is the interaction of 
the melt as it transverses the water. Some crusting and fragmentation 
are likely, and some re-agglomeration on the lower head may al1o occur. 
Third 1• the type of configuration on the lower head after relocation. 
This could range from a melt layer in good contact with the vessel to a 
rubble bed (perhaps cohesive) laying on the head. Fourth h the heat 
transfer from the relocated core material to the head. Thl1 will depend 
on geometry, composition, and morphology. Next is the head failure 
mechanhm. This could be either a gross failure or a penetration 
failure. 1 believe we can estimate gross head failure. but the 
prediction of penetration failure is not yet deterministic. Finally, 
there is the rate of depreaaurization. Depressurization h via heat 
transfer and mass loss. Let me summarize the modeling of these in each 
code. 
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The core relocation model in STCP is very parametric; when a l'llelt 
fraction criterion is attained the entire core is relocated. (Note that 
the S3DX for Surry deviates significantly from the S3D for Sequoyah due 
to this threshold being exceeded in one case and not in the othe;). In 
MELPROG/TRAC a more mechanist!~ model is employed that allows for 
discontinuous pours of melt to c.ccur. At present the model tends to 
give .. lt pours that are on the !;&me order of magnitude as the TKI-2 
pour. In this MELPROG/TR.AC calculation, approximately 25000 kg 
relocated in the initial pour. (As time progresses, more material is 
added to the lover plenum.) Physically, the relocation of the entire 
core into the lover plenum is overly conservative and a "best-estimate" 
would be on the order of 25t. However, for the question being 
addressed, the magnitude of the pour does not matter too much, since 
even modest pours {>25\) will vaporize the remaining water and can lead 
to vessel failure. 

As the melt transverses the water, both KELPROG/TRAC and STCP calculate 
heat transfer from the debris to the water. Due to the low inventory of 
water and large melt pours, the water is quickly vaporized and the 
system rapidly pressurizes. At this point in time, it is difficult to 
assess the applicability of any particular model, but it does seem 
likely that the remaining water in the vessel will be vaporized rapidly 
and the system will pressurize. 

After interacting with the water, MELPROG,ITRAC models a debris bed on 
the vessel head if the debris is solid or a lay~r of melt if the debris 
h mol ten. Spatially non-uniform debris temperatures are poas tble. 
With either configurat~on a fine-node heat transfer mesh is overlaid on 
the debris to perform a finite difference heat transfer calculation. 
This calculation is directly coupled to a finite difference calculation 
of the head. Given initial conditions, the time-dependent thermal 
rtsponse of the debris and head are then calculated. 

In STCP, there is no detailed representation of the debris. Rather, one 
temperature is used to characterize the thermal state of the debris. 
Heat transfer to the head is calculated using a thermal penetration 
model. A thermal penetration model is also used to calculate the 
crusting of the molten debris. 

In the MELPROC/TRAC calculation, a debris bed forms on the head. As a 
result, the heat transfer to the lower head is relatively low and the 
head heats ll.owly. In fact, the inside surface of the head reaches 
1200 K 110 minutes after core relocation. In the STCP calculations, 
there is a more rapid heating of the head. Within 20 minutes after 
vessel dryout, the inner vessel surface exceeds 1140 K. While the 
models in each code are different, the key parameters are the degree to 
which the debris ia in good contact with the lower head and the mode of 
heat transfer. 

To assess the heating of the lover head, Ed Boucheron and I performed 
numerical simulations of the heat transfer from an oxidic molten region 
to a steel plate that simulated the lower head. We allowed simultaneous 
crusting and melting and calculated the thermal response of the plate 
and aolten region assuming conduction. In these simulations we varied 
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aelt superheat, .. tt solidus, and contact area fraction. The contact 
area fraction is used to simulate imperfect contact between the melt and 
the plate. We began the simulation by initializing the melt at a given 
temperature and the plate at 585 K. 

The result• of thia study are summarized in Table 2. We list here the 
tiae when the temperature one inch into the plate r4.'aches the assumed 
weld failure temperature of 1370 K for the various assumed initial 
conditions. (Instrument tube failure is discuss•d below). In all cases 
the instantaneous contact temperature is below 1370 K. The shortest 
time for the surface to reach this temperature is 30 minutes. This is 
for the case where 3000 K 11elt is assUIIled to be in very good contact 
(0.5) with the plate. Based on recent aelt water interaction testa, it 
seems very unlikely that the melt will form a layer in good contact with 
the vessel head. The more likely case is that the contact would be poor 
and the melt would tend to self-cruciblize. A realistic estimate of the 
contact area fraction is 20t. lbe evidence from TMI and these fuel· 
coolant interaction tests is that the contact is imperfect and verifies 
these estimates. If this contact is assumed, then the time to reach the 
assumed failure temperature is 45 minutes. Our conclusion is that the 
time to reach weld failure is long (at least 45 minutes). My 
recommendation would be to use a linearly connected CDF that is zero at 
30 minutes and increases to 50\ at 45 minutes, to 75t at 60 minutes, and 
to 100\ at 80 minutes. 

The relatively short times to failure (10-20 minutes after vessel 
dryout) predicted by STCP are due to two assumptions. First, perfect 
contact is assumed between the melt and the head. This seems unlikely 
to occur and clearly promotes good heat transfer. The second and more 
important assumption concerns the mode of heat transfer. The STCP 
thermal penetration model is limited in applicability. In particular, 
the assumption that steady-state convection heat transfer from the pool 
to the vall is the rate limiting heat transfer process is really not 
valid for two reasons. First, "teady-state convection cannot be 
established quickly in the pool. The work of Kulacki (Reference 7) 
indicatea that at least an hour is required to establish a fully· 
developed convection cell. Up to this time, conduction heat transfer 
would be more appropriate to use. Second, the original convection 
correlation is defined in terms of heat flux from the pool to the pool 
surface (crust) and D2,k fro11 the pool to the wall. Obviously, if a 
crust forms, the temperature difference will be reduced (Tpoo1 - Tcl'\lat. < 
Tpoo1 - T •• 11 ) and this will reduce the heat transfer out of the pool. 
The pool cruciblizes and heat being generated is translated into 
sensible heat of the melt. The current model will underestimate the 
crust thickness and over-predict the heat transfer out of the pool. 

The STCP will therefore predict very rapid heating of the head. On the 
other hand, MELPROG/TRAC may predict too slow of a heating, but this 
will depend on the debris configuration. Based on the time scales of 
interest (45 minutes), the heat transfer to the head will be primarily 
conduction controlled. Furthermore, imperfect contact between the melt 
and the head is most likely. Therefore, the head would not be expected 
to failure for a relatively long time. 
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At this point, it is useful to examine the head failure mechanisms. In 
the above discussion, it is implied that a temperature limit is used. 
This 1s in fact the case, but only because we have simplified the 
problem. It should be noted that the analyai' of Marty Pilch 
(Reference 8) has shown that a creep rupture failure of the vessel will 
occur approximately 15 minutes after the inner vessel surface attains 
1700 K (the lteel melting temperature). In our cases we are assuming 
that an instrumentation tube weld will fail at 1370 K (2000 •r), which 
is based on the information in Reference 6, represents a lower limit on 
the failure temperature of Inconel at pressure. (Note that if the 
instrumentation tubes are stainless steel, then differential thermal 
expansion will hold the tubes in place, even with weld failure.) We 
further assume that weld failure will lead to tube ejection and vessel 
failure and this event will occur well before a massive vessel failure. 
Please note that a weld failure will not necessarily lead to a tube 
ejection. In STCP a failure tempAr,ature of 160o•r at a depth of 1 inch 
is used. Based on the stren[ ~ data for Inconel, the earliest the 
vessel will fail is when the weld temperature reaches 1370 K. 

A failure mechanism postulated in the Zion Probabilistic Safety Study 
involves a corium jet impinging on the head, which leads to rapid 
heating of the head and failure of an instrumentation tube weld ( <10 
minutes). As indicated above, conduction heat transfer will not heat 
the head fast enough for this to happen. Hence, convective heat 
transfer is needed and this is possible if a jet impacts the head. 
Therefore, if jet impingement could occur it is possible ~o fail the 
head rapidly. In fact, our analysis indicates that this mechanism 1s 
the only way to fail the head rapidly. 

However, we find it difficult to support the jet impingement mechanism. 
Basically, the assumptions in this mechanism cannot be justified. 
First, e·~;·en though a large pour. of melt occurred at TMI, there is no 
evidenc~ that the welds were attacked. There is evidence that the 
instrum~:;c tubes were melted. It may be argued that a larger pour would 
have reuul ted in failure, but we believe that the magnitude of the TKI 
pour would be characteristic of a severe accident pour. Also note that 
the flow distributor plate, which the melt poured through, was barely 
damaged. 

The second problem we have with the jet impingement mechanism 1s that 
the assumed characteristics of the jet are very unlikely. Firtt, it is 
assumed that no mixing of jet occurs. Recent tests at Sandia indicate 
that mixing is likely (Referer,ce 9). Second, the contact between the 
jet and the head is assumed to be perfect. In view of the facts that 
solidifying oxides tend to foam and probably do not wet the steel, it 
b difficult to see how perfect contact can be achieved. Third, and 
more important, the necessary pours greatly exceed the available mass. 
A quick calculation shows that with the assumed jet characteristics 
(namely, 0.3 m diameter and 4.4 m/s velocity) the entire core would 
relocate in approximately 30 seconds. This just cannot be true. TMI 
indicated that about 25\ uf the core relocated in about one minute. 
This would give an average velocity of approximately 0. 5 m/s and the 
heat transfer would be 3 times lower. Alternatively, we could assume 
that the pour was not continuous. If it is not continuous, then it is 
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not a jet. The pour is not long enough to heat the head significantly. 
A final point is that the pour through the lowest plate will be through 
a hole that cannot be physically located above a weld. Since the 
stagnation point heat transfer is very localized, even with a high 
thermal load on the vessel wall, it is hard to see how the weld will be 
heated. The more likely situation is that limited heating of the weld 
will take place by conduction, but the instrument tube itself will be 
ablated due to its low heat capacitance. In summary, if a constant jet 
of corium impinged on a weld in the head, then a penetration failure 
might result. However, the necessary characteristics of the jet are 
very doubtful. 

In terms of the pressure response, both MELPROG/TRAC and STCP show 
similar trends. In each case the rapid vaporization of the remaining 
water leads to pressurization of the system. I checked the amount of 
water vaporized in each calculation and found it to be nearly identical. 
However, MELPROG/TRAC vaporizes the water faster. This is because water 
that is displaced from the lower plenum vaporizes as it contacts hot 
surfaces (due to film boiling and radiation) in the core and piping. 
The pressure rise in MELPROG/TRAC is larger and exceeds both the SRV and 
PORV set-points because there is delay for these valves to open. The 
pressures in the STCP cases only reach the PORV ~et-point. 

While these pressurization differences exist, the more important aspect 
here is the rate of depressurization. The MELPROG/TRAC case 
depressurizes at a rate of 60 psi/min, while the STCP cases depressurize 
at a rate of 35 psi/min. Hence, there is approximately a factor of two 
difference in these rates. 

In order to assess the range of poss!ble depressurization rates, we 
examined the depressurization mechanism. The rate of depressurization 
for a volume full of gas is basir.ally a function of the volumetric flow 
rate. For critical flow, this will depend on the product of the sonic 
velocity and the flow area. Comparing flow areas shows that 
HELPROG/TRAC used an area of 0. 0043ft2 while STCP used a value of 
0. 005lft2. Hence, these are comparable. A close look at the 
MELPROG/TRAC exit flow showed that it was approximately 50' hydrogen. 
Since the sonic velocity of hydrogen is a factor of three higher than 
that for steam, it became clear that the depressurization rate would be 
sensitive to the hydrogen concentration in the break flow. 

The big difference in volumetric flow rates (and hence depressurization 
rate) can be understood in terms of the primary system nodalization. In 
STCP, the single volume primary will have only a single hydrogen 
concentration. As ateam h added, the hydrogen concentration is 
reduced. In MELPROGfTRAC, a detailed nodalization is used and this will 
preserve the hydrogen spatial distribution. As steam is added, hydrogen 
rich gas is lost out the break, No instantaneous mixing of the entire 
primary gases occur. Hence, STCP ¥ill dilute the hydrogen and this will 
lead to a slower depressuriz4tion than in the MELPROG/TRAC cases. 

To verify this effect, we calculated the time to depressurize from 
2200 psi to either 600 psi or 200 psi. In these calculations we used 
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either pure hydrogen or pure steam and used two models, either 
isothermal expansion or isentropic expansion. The rasul ts of these 
calculations are given in Table 3. It is seen that pure hydrogen 
depressurizes a factor of three faster than steam. The MELPROG/TRAC 
results lie between the two limits, while the STCP result is very close 
to the pure steam case. Based on this analysis, the time to reach 
intermediate pressure ranges from 14 to 45 minutes, and the time to 
reach low pressure ranges from 25 to 80 minutes. (Note that I have 
ignored the pure hydrogen isentropic ease.) Since the hydrogen 
distribution is unknown, I would recommend a flat distribution over 
these time intervals. 

The above discussion has identified the processes that have been 
considered in formulating my judgement. The two most important 
parameters are the time from vessel dryout to failure and the time to 
reach either low or intermediate pressure. Using the ~stimated ranges 
for these parameters as stated above, Julie Gregory calculated the 
probabilities of being at low pressure, intermediate pressure and high 
pressure. Her results are that 11\ of the time the pressure will be 
high, 42\ of the time the pressure will be intermediate, and 47% of the 
time the pressure will be low. I believe that uncertainties have been 
bounded by this analysis and I recommend that these values be used. 

I should add that the above analysef; have neglected some asp0cts that 
could lead to lower pressure. For instance, hot leg (or surge line) 
failure is likely to occur due to the high temperature and pressure 
conditions. If this were to occur, then rapid depressurization would be 
expected. Also, the heating of the lower head is probably over
estimated even in our analysis. Slower heating will allow the pressure 
to be reduced. Hence, more detailed analysis should driv~ the 
probability of low pressure up. 

Yh1le I have looked mainly at Surry and Sequoyah, I have considered 
Zion. 1 have not identified anything yet that would change these 
results for Zion. For depL"essurization, the ratio of break area to 
primary system volume is the key parameter. For loop seal LOCAs that 
affect all pumps, this ratio should be constant. A comparison between 
Surry and Sequoyah shows that the depressurization rates are very 
similar. Hence, Zion should be the same. If for some reason, other S3 
breaks do not scale, then some of the results may change. 

In summary, the pressure at vessel breach for the S3B sequence is 
primarily dependent on the heating of the vessel head and on the rate of 
depressurization following core relocation. Even with a bounding 
estimate that over-estimates th:! heat transfer, time to vessel failure 
is long (at least 45 minutes). For this time interval it is likely that 
the pressure will be reduced to an intermediate or low level. 
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Table 1: Comparison Of Calculations 

Core Head 
Initiation Uncovery Dry out Pressure 

to to to at 
Core Head Head Total Vessel 

Uncovery Dry out Failure Time Breach 
(min) (min) (min) (min) (psia) 

MELPROG/TRAC 133 362 85 580 40 
Surry S3B 

STCP 521 95 12 628 1900 
Surry 538 

STCP 506 90 21 617 1510 
Sequoyah S3B 

STCP 525 289 21 835 1660 
Surry S3DX 

STCP 525 215 109 849 22 
Surry S3DZ 

STCP 542 278 142 962 32 
Sequoyah S3D 

STCP 114 95 105 314 16 
Surry S2DY 
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Table 2: llesults of Lower Head Thermal Analysis 

T .. lt<K> Taol.idua(K) Contact Area Time to 
Fraction Temperature (min)* 

3000 2800 . 5 30 

3000 2800 . 3 36 

3000 2800 . 2 47 

3000 2800 .1 78 

2700 2500 .5 37 

2700 2500 .1 89 

2500 2500 .5 45 

2500 2500 .1 97 

* Time when temperature one inch into steel is 1370K (2000°F) 
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Table 3: Summary Of Depressurization Analysis 

Case Time to Time to 
600 psia 200 paia 

(min) (min) 

Isothermal 14 26 
H2 Only 

Isothermal 42 78 
H20 Only 

Isentropic 10 18 
H2 Only 

Isentropic 32 59 
H20 Only 

STCP 45. 65. 

Surry 

MELPROG/TRAC 30 35 
Surry 

• Estimated 
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Sandia National Laboratories 
dete February 15, 1939 Albuquerque. New Muieo 87185 

to R. J. Breeding, 6413 

from. J. E. Kelly, 6418 J:(.(~ 

subJect Errata to RCS Pressure at Vessel Breach Memorandum 

After receiving review comments from Peter Cybulski& of BCD I have 
modified my probability distributions for the pressure at vessel breach 
question (Reference memo toR. J. Breeding from J. E. Kelly dated January 
27 1 1989 1 Subject: RCS Pressure at Vessel Breach]. Basically 

1 
I agree 

with Peter in that the uncertainties may be larger than I ·originally 
ascribed. Consequently, I have modified my distribution to be 

System Set-point 
High Pressure 
Intermediate Pressure 
Low Pressure 

2. 70 

0. 
0.33 
0.33 
0.33 



2.2.2 PWR Bottom Bead Bole Size Probabilities (internal SNL memo from 
M. Pilch to E. Gorham--Bergeron) 

Sandia National Laboratories 

date December 1, 1988 
Albuquerque. Nt?w Me>.•:o 8 "ii: 

to Elaine Gorham-Bergeron, 6413 

from Marty Pilch, 6425 ~ 

r. •. :::,ec: Support for NUREG-1150: £HE Bottom Head Hole Size 
Probabilities 

I recommend that you assign an arbitrarily high probability 
(-.999) that ejection of an incore instrument guide tube 
will result in a hole (after ablation} that is less than 
.45 m2. 

Analysis 

I have used the GASBLOW2 code (Pilch & Tarbell, 1985} to 
analyze the coupled melt ejection and hole ablation process. 
I looked at two melt masses (25 and 75 MT) and four system 
pressures (17, 10, 3.4, .7 MPa). Table 1 shows the final 
hole area following failure of a single guide tube. In all 
cases, the computed area is less than .45 m2. It is my 
belief that uncertainties in the phenomenological modeling 
would favor smaller holes than presented here. 

One mechanism for getting a larger hole area is to consider 
simultaneous failure of multiple guide tubes. Two things 
need to be considered: the time frame for simultaneity and 
the total flow area following ablation in multiple tubes. 

Table 2 shows the discharge times for a single guide tube 
failure. The time window for multiple failures must be 
small compared to the discharge time for a single failure. 
I think this is unlikely. 

Table J shows the total flow area following an assumed 10 
simultaneous tube failures. The high mass cases show total 
hole areas that are comparable with your threshold value of 
.45 m2. However, given the unliklihood of multiple failures 
and given that uncertainties in the phenomenological 
modeling favor smaller holes, I would assign an arbitrarily 
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Decemb..;;: . , 

high ~robability that the total area will be less then 
.45 m . 

Conclusion 

I hope this quick analysis meets your needs. Feel free to 
give me a call if you have any questions. For the record, 
this exercise took 1 man-day. 

MP:6425:st 

Copies to: 
6418 J. E. Kelly 
6420 J. V. Walker 
6422 D. A. Powers 
6425 TBA 
6429 K. 0. Bergeron 
6425 M. Pilch 
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TABLE 1 

Single Hole Failure 

Hole Area (m2) 

December _, lSc:( 

Pressure Melt Mass (MT) 

MPa 25 75 

17 .081 .17 

10 .085 .18 

3.4 .091 .19 

• 7 .099 .2.G 

TABLE 2 

Ablation Time(&) 

Pressure Melt Mass (MT) 
MPa 25 75 

17 2.7 4.1 

10 3.5 5.1 

3.4 5.6 8.3 

.7 13.2 19.0 
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system 
Pressure (MPa) 

17 

. 7 

Oecernlbe r : , ; : 

T~BLE 3 

Total Flow Area (m2) 
Following Multiple Failures (10) 

Total Hole Area (m2) 

Melt Mass (MT) 

25 

Mass/Hole (MT) 

2.5 

.18 

.20 

2.75 

75 

7.5 

.35 

.46 



2.2.3 Core Damage Arrest for Station Blackout at Surry '(internal SNL memo from 
E. Boucheron to R. Breeding} 

date: January 24, 1989 

to: Roger J. Breeding 

~lC!. t_?. / __ 
from: Edward A. Bouche~ 

subject: Core Damage Arrest for SBO at Surry 

The attached report describes the analyses I performed in order to answer the 
question concerning arresting core damage and preventing vessel breach. As 
might be suspected, timing of ECCS recovery is key to establishing the 
probability of vessel breach occurring. 

The results are presented as a "window" of time, during which the probability of 
vessel breach rapidly escalates. If ECCS is restored before the window, the 
probability of vessel breach is low. During the window the probability steadily 
increases and after the window the proba:Jility of vessel breach is high. For an 
82 accident sequence, with initial core uncovering at 10C minutes, the window 
was calculated to be from 147 to 163 minutes after the accident initiation. If the 
ECCS is recovered within 47 minutes after uncovering top of active fuel, the 
accident will probably be terminated with no vessel breach. tf the ECCS is 
recovered after 63 minutt..~ there is a good probability of vessel breach. I would 
assign a probability for vessel failure to be 0.1 for ECCS recovery times before 
the window, 0.9 for times after the window with the probability of vessel breach 
varying linearly from 0.1 to 0.9 over the window. 

This window time depends in part on the lower head thermal response. An 
analysis of lower head thermal response was used to establish bounds for 
probable failure assuming the lower head geometry of Surry (4 m diameter, 
0.127 m thick). For this case, less than 15 metric tons of molten core debris will 
probably not fail the lower head. As the amount of debris Increases from 15 
metric tons to 30 metric tons the probability of failure increases from low to high. 

Of course, the timing and length of the window is a function of the particular 
accident sequence considered, as well as the specific plant design, since the 
decay heat, system pressure and core/lower head sizing are important 
parameters. Nevertheless, the results can be generalized to other accident 
sequences by scaling according to the decay heat level, latent heat of 
vaporization at RCS pressure and ratio of core mass to lower head area. 
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Core Damage Arrest for SBO at Suny 

Edward A. Boucheron 

1.0 INTRODUCTION 

In considering a station blackout accident sequence the question arises: Will core 
damage be arrested (and subsequent lower head failure be averted) if the core 
cooling systems are recovered before some particular time? The question is of 
interest since averting lower head failure would mean retaining the bulk of decay 
product radionuclides in the Af 1ctor Coolant System (RCS) and furthermore, the 
containment would not be challenged through core-concrete interactions, fuel-coolant 
interactions or direct containment heating processes. 

The analysis presented here is intended to address the stated question in a timely 
manner. Many areas of uncertainty exist and further refinements could be made to u-.e 
calculAtions presented. Nevertheless, the method of approach used is believed to be 
sound and to represent the current knowledge base well. There are three distinct 
parts to the analysis: 1.) Interpreting and applying the information provided by the 
Three Mile Island - 2 (TMI-2) accident. 2.) A series of finite difference heat transfer 
analyses of the lower head thermal response to core debris. 3.) A MELCOR 
calculation of an accident sequence to establish core debris mass formation as a 
function of time. 

2.0 RATIONALE 

There exists one full scale "experiment" of core melt progression with subsequent 
Emergency Core Cooling System (ECCS} recovery, complete with a challenge to the 
lower head by molten core debris, namely the TMI-2 accident. Investigations of the 
TMI-2 accident have therefore produced significant information relevant to this subject 
(1,2,3]. Using this information in conjunction with other analyses can fnrm the basis 
for an answer to the question: Is core damage arrested and vessel breach prevented 
if ECCS is recovered? For the purposes of this analysis the TMI-2 accident is treated 
as prototypical for Pressurized Water Reactor (PWR) core damage progression. 

The question of whether vessel breach occurs is a function of the amount of debris 
deposited on the lower head. It is now estimated that 14·19 metric tons of formerly 
molten debris relocated onto the lower head during the accident (4). Simple heat 
transfer analyses suggest that this amount of core debris represent a significant 
challenge to the lower head Integrity. Although all the data pertinent to the lower head 
have not been collected yet, one salient fact is clear; the lower head did not fail. 
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Two different analyses were used in conjunction with the TMI-2 data. The first was a 
heat transfer calculation of the thermal response of the lower head. This established 
limits on the amount of debris that could be relocated to the tower head without 
causing failure. The second was a MELCOR calculation used to establish the 
formation of core debris as a function of time during the accident sequence. With 
these two pieces of information the answer to the question of lower head failure can 
be answered by examining the amount of debris at a point in time and determining if it 
is sufficiently large to fail the lower head. 

One-dimensional, transient, moving bour:d9.')' finite difference heat transfer 
calculations were performed to find the iower head thermal response to core debris 
deposited on it. Sensitivity studies using this r.pproach were used to establish 
re lsonable upper and lower bounds to the amount of core debris required to tail the 
lower head. These results should only be interpreted within the limitations of the 
analysis, but by using the TMI-2 data point as a threshold failure criterion the lower 
head response could be determined with some measure of certainty. These 
sensitivity resu:~s present a range of core debris amounts and the calculated effects 
on vessel breach thr(\ugh the lower head. 

According to the analysis performed it appears that during the accident at TM1·2 the 
lower head may have been strongly challenged, perhaps close to failure. Actually, as 
will be seen in the results presented later, many of the calculat' ns would predict 
failure for the amount of debris relocated in the TMI-2 accident. This then forms the 
basis of estimating how much core debris a lower head can sustain. The TMI-2 
accident is assumod to give the upper bound of the amount of core debris that can 
relocate to U1e lower head and still be cooled, and thus prevent vessel breach. 

With this information in hand a MELCOR ~lculation was performed to characterize 
how much rot d debris exists as a function of time. The idea is that when ECCS is 
restored core ~amage will be arrested and the debris that exists at that point in time is 
in an uncoolable configuration. This is the total debris amount, from which a molten 
fraction will later relocate and challenge the lower head. Not all the debris can 
relocate to the lower head, some will exist in the form of a crust around the molten 
debris pool and some will refreeze on lower core and plenum structures during 
relocation. The MELCOR calculation gives a reasonably good estimate of axial melt 
progression and corresponding debris amounts, although details of the debris models 
are not as good with respect to such features as crust formation and molten debris 
holdup and natural convection. 

3.0 TMI-2 ACCIDENT SYNOPSIS 

The TMI-2 accident can be classified as a small break Loss Of Coolant Accident 
(LOCA), caused by the Pilct C!ierated Relief Valve (PORV) becoming stuck open at 
the time of reactor SCRAM (1 ,2). The ECCS was throttled back to a minimum flow by 

2.78 



January 24, 1989 

the operators who erroneously believed the RCS was over-full, basad on pressurizer 
level readings. (The pressurizer level was high, due to the leaking PORV.) 

Top of active fuel was uncovered approximately 100 minutes after SCRAM. The core 
uncovered and attained a minimum level of 0.5 meters above the bottom of active 
core core. (This level rb, sents the balance between the latent heat of vaporization 
of the throttled ECCS flow and the decay heat generated in core.) The uncovered 
portion of core heated up, initiating exothermic zircaloy oxidation with subsequent 
core melting and relocation. 

A cup-shaped lower crust layer formed around the minimum water level in core. The 
cup shape is most probably due to the core radial power profile. That. is, the center 
region became hotter due to larger decay heat load and melted down faster and lower 
than the outer perimeter which was cooler, hence higher. This lower crust primarily 
consisted of metallic phase lower melting pvint materials that had relocated early in 
the core melt and relocation seauence. The lower crust supported a consolidated 
debris bed consisting primarily of ceramic materials (i.e. U02. Zr02). This "crucible'' 
formation made a virtually uncoolable geometry for the core debris within it. 

At approximately 17 4 minutes the operators turned on one of the RCS coolant pumps 
and pushed a slug of cold water into the core. It is believed that this transient 
shattered the highly oxidized upper core region and converted it to a rubble bed that 
lay on top of the consolidated debris region. A short time later (200·217 minutes) the 
full ECCS flow was restored and the core volume filled to the normal top of active fuel 
level. The core debris was no longer in a coolabte configuration at this point in time 
so heating and melting continued in the debris, now held In the cup shaped "crucible" 
formed by the lower crust. A significant point is that consolidation and melting 
continued after ECCS was restored. 

At 224-226 minutes the "crucible" breached at an outer edge and a fraction of the 
molten debris was relocated to the lower plenum. The side breach is consistent with a 
highly convective melt region, that is to say the maximum heat flux occurs where the 
convection cell flow impinges the outer edge. It is now known that approximately 25 
metric tons were relocated in this event (4]. Of this 25 metric tons, a to 11 were held 
up and refrozen in other lower plenum structures. This leaves 14-19 metric tons 
directly deposited on the lower head, where the debris resolidified and formed rubble. 

At this point the debris assumed coolable configurations, both at the lower head and 
in the upper "crucible" regions. This is evidenced in the plant data showing overall 
temperature decreases throughout the RCS and confirmed by the fact that the 
accident was terminated without lower head failure or subsequent relocation events. 
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4.0 LOWER HEAD ANALYSIS 

The thermal response of the lower head with core debris deposited on it was analyzed 
using a transient one-Jimenslonal moving boundary finite difference algorithm [5,6]. A 
one dimensional model was chosen for simplicity of analysis, although the method is 
fully applicable to multi-dimensional problems. The mapped contours of the debris 
bed (3] show that a one dimensional assumption is a fair approximation, particularly in 
the central region of the lower head. The analysis included the following assumptions: 

1.) The lower head consists of a 0.127 meter (5·1/21nches) thick SA-302 Grade 
8 low alloy steel hemisphere, 4 meters in diameter. The internal stainless 
steel cladding was ignored in this analysis. Instrument guide tube 
penetrations were also not considered. 

2.) The molten core debris mass is evenly distributed over the surface area of 
the lower head. A lower head area of 25 square meters was used, 
corresponding to a 4 meter hemisphere. Although the core debris at TMI-2 
was actually more concentrated in the center region, the effect of tw:>· 
dimensional heat transfer radially outward and upward in the lower head 
steel would act to compensate the effect of thicker debris in the center. This 
allows the simplification of performing a one-dimensional calculation. There 
is enough uncenainty in debris therma' characteristics that a multi· 
dimensional calculation is unwarranted. 

3.) The thermal contact between the head and core debris is treated as a 
variable that represents the fraction of perfect thermal contact at the 
interf~ce. The stainless steel liner was ignored. The numerical technique 
used is to calculate the heat transfer for the first debris node in contact with 
the lower head using an altered thermal conductivity. This can be viewed as 
equivalent to lowering the effective contact area between the debris node 
and the lower head node at the interface. 

4.) The outer boundary of the lower head is treated as adiabatic. Since the 
outer surface Is insulated with little opportunity for developing any significant 
heat transfer during the transient this can be viewed as a conservative 
assumption. 

5.) Nucleate boiling heat transfer at the RCS saturation temperature is assumed 
at the upper surface of the core debris. 

6.) Core debris is assumed to in:tially contain 200 K superheat w.~;, a fusion 
temperature of 2800 K. This is based on observations and materials 
analyses from TMI-2 (3,4). 

7.) Core debris remains consolidated throughout the cooling process. No 
rubble formation/porous bed cooling is considered. Again this is a 
conservative assumption; heat transfer to the lower head is maximized. 
Some rubble formation has been observed in the lower plenum area at 
TMI·2 and a rubble bed would speed cooling of the debris through coolant 
penetration and increased surface area of debris. 
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8.) The lower head faifure mechanism is assumed to be by creep-rupture, 
occurring when the outermost node reaches 1273 K (1000 degrees C). This 
can be lnterpret\1d as a simple loss of strength temperature for the steel. 
(This criterion could easily be modified to be interpreted in terms of an inner 
surface or penetration weld temperature.) 

9.) Two cases of decay heat in the debris were considered, zero and a constant 
163 W/kg, representing 1% decay heat, dilution by other core materials and 
a 40% loss of volatile fission products. 

10.) The assumed thermal properties of core debris and lower head steel are 
given in Table I. 

Results of the full sets of moving boundary finite difference calculations for cases 
without and with decay heat are presented in Tables II and Ill respectively. 

The calculations can be interpreted as giving a bounding estimate of approximately 15 
metric tons of relocated core debris on the lower head required to cause vessel 
breach. lesser amount:; are cooled by boiling from above before they overheat the 
lowei nead. (The only effect of interfacial resistance is to delay the lower head failure 
time.) Even in the case of 15 metric tons no molten fraction remains, with or without 
decay heat considered. This result must further be considered in light of the fact that 
TMI-2 sustained a pour of 14-19 metric tons with no failure. If the TM1·2 data is then 
interpreted as an upper threshold. as is suggested by this heat transfer analysis, then 
greater amounts of core debris retocating to the lower head would fail the lower head 
with increasing certainty. A comparison of the molten fraction remaining for the cases 
with and without decay heat, as presented in Tables II and Ill. suggest that with more 
than 30 metric tons of debris the internal heating rate will be greater than the removal 
rate by boiling above and as a consequence IOwl.r head failure will very probably 
occur. In the cases with decay heat note how the molten fraction at lower t .ead failure 
increases as a function of time. i.e. higher Interfacial resistance delays the vessel 
breach time but the molten fraction at breach increases. 

It should be noted that through the course of running these calculations the inner head 
surface temperature was always checked for ablation. In none of the catculations did 
the Inner surface temperature ever reach 1700 K, the assumed steel melting 
temperature. The reason is that the melt, being ceramic in nature, has a low thermal 
conductivity and tends to form a self-insulating crust. The thermal conductivity of the 
head steel is so much larger than the debris crust over it that large thermal gradients 
do not develop during the transient. This is one reason why a penetration failure 
criterion based on temperature at some assumed weld penetration depth will not 
generate significantly different result from the gross head failure criterion used in this 
analysis, only a small difference in timing of failure would be expected. (This is not to 
say that failure mode Is an unimportant distinction for containment response, just that 
for the purposes of this analysis lower head failure or not is the question.) 
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The conclusion reached through this analysis was that a pour of at least 15 metric tons 
of core debris is required to cause lower heed failure. This is certainly in agreement 
with the TMI·2 data. Below a 15 metric ton pour there is a low probability of lower 
head failure. Above 15 metric tons of pour to the lower head, failure becomes 
increasingly probable. For core debris pours greater than 30 metric tons there is a 
high probability of lower head failure. 

5.0 MELCOR ANALYSIS 

The MELCOR computer code is being developed by Sandia National laboratories for 
the Nuclear Regulatory Commission for the purpose of analyzing severe accidents in 
nuclear power plants (7]. The primary role of MELCOR is to provide realistic 
predictions of severe accident phenomena and the radiologi..;al source term. The 
results of these calculations are intended as an integral part of probabilistic risk 
assessment studies. 

MELCOR is a fully integrated code that models all phases of the progression of severe 
accidents in light water reactors. An entire spectrum of severe accident phenomena 
and important reactor systems is modeled in MELCOR covering both in-vessel and 
ex-vessel processes. MELCOR uses a combination of parametric and mechanistic 
modeling to treat the complex phenomena expected during a severe accident. This 
type of treatment allows for realistic modelinp of the key phenomena and at the same 
time allows for reasonably fast run times. 

To put the information gained from the lower head analysis to use, the time frames at 
which certain amounts of core debris exist must be known. A MELCOR calculation 
was made from time of uncovering active fuel to calculate debris formation as a 
function of time. The MELCOR calculation utilized an existing TMI-2 plant input deck, 
originally used to simulate the accident sequence [8] The deck was simplified to 
calculate an 92 break accident sequence. The reactor core is modeled with 42 core 
cells, I.e., three radial rings at 14 axial levels. The upper 12 levels are fueled, with the 
lower two sections representing support structure and lower head volume. The 
reactor vessel and internals are modeled w~h 26 heat structures. The reactor 
containment is modeled by one control volume. Uncovering the top of active fuel was 
fnput as occurring 100 minutes after SCRAM. The results of the calculation are 
presented in Table IV. 

For purposes of this analysis it is assumed that all core damage is arrested seven 
minutes after the ECCS is restored. This is simply the time required to refill the reactor 
pressure vessel to the normal top of active fuel level. The core debris existing at this 
time is assume to be in an uncoolable configuration so it will continue to heat, 
consolidate and melt together. Further, it is assumed that at a later point in time a 
50% fraction pour of this debris will take place. The estimate from TMI-2 is that a 40% 
fraction of the molten debris relocated, so a 50% fraction pour Is not unreasonable 
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and can be viewed as a somewhat conservative assumption. Core damage will 
always be arrested after ECCS is restored since the intact geometry sections of the 
core will be coolable. Restoring the ECCS is not sufficient to guarantee vessel breach 
is prevented. Vessel breach is still possible since uncoolable core debris may exist 
and eventually challenge the lower head by a molten pour. 

With these criteria in hand the answer to the question is clearly read from Table IV. 
The threshold masses of 30 and 60 metric tons (15 and 30 metric tons divided by 50% 
fraction pour) have clearly been generated at 54 and 70 minutes respectively in the 
MELCOR calculation. (Stated times are relative to uncovering top of active fuel) 
Allowing seven minutes for vessel refill gives times of 47 and 63 minutes. Therefore, 
based on these analyses, if ECCS is recovered before 47 minutes from uncovering top 
of active fuel there is a low probability of vessel breach. With recovery of ECCS 
between 47 and 63 minutes there is an increasing probability of vessel breach. If 
ECCS is recovered after 63 minutes there is a high probability of vessel breach. 

Of course these times are only correct for the particular S2 accident calculated. Since 
the timing of core damage progression is directly related to the timing of the core 
uncovering the results can be easily extended to to other accident sequences. This is 
done by Including the effect of decay heat level at the time of uncovering active fuel 
and the effect of different latent heats of vaporization based on the RCS pressure 
during the o,~cident. With these factors the times associated with potential vessel 
breach can be effectively scaled to fit the particular accident sequence. 

6.0 UNCERTAINTIES 

A number of uncertainties exist in the analyses presented here. Given the constraint 
of providing an expeditious answer, the results presented are a good engineering 
estimate. These results should be interpreted with this in mind in order to properly 
apply the information given. Some uncertainties can be improved through use of 
future data, improved analyses and new experimental results. Others will be more 
difficult to resolve. As the final data from analysis of the TMI-2 lower head and the 
debris bed become available the thermal models can be refined. Some of the 
Important areas of uncertainty in these analyses are: 

1.) Core debris thermal properties, solid and liquid. The actual composition of 
core debris must be known and for that composition appropriate thermal 
properties found. 

2.) Core debris relocation with respect to timing; How long It pours, how the 
debris is affected by passing through water (cooling, fragmentation} and 
how it is distributed onto the lower head. 

3.) The debris bed thermal behavior; Does it act, at least partially, like a porous 
bed medium rather than a continuous mass? What is a reasonable value of 
debris to head interfacial resistance? 
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4.) Appropriate head failure criteria. Models exist for instrument guide tube 
penetration failures as well as gross head failure through creep rupture. The 
appropriate model to use will largely depend on the head transient thermal 
interaction with debris. 

5.) Core melt progression. Is the TMI-2 accident truly prototypical? The 
"crucible" formation with an uncoolable configuration debris mass further 
resulting in a fraction poured to the lower plenum region Is central to 
answering the question of vessel breach. 

7.0 CONCLUSIONS 

The analyses presented here are intended to provide an expeditious answer to the 
question of whether ECCS recovery will arrest core damage and prevent vessel 
breach in an 580 sequence. To this end, and within the stated limitations and 
uncertainties, the analyses presented here have answered that question. No doubt 
with new information and more refined analyses a better answer to the question can 
be reached, but in understanding the overall framework that the answer is intended for 
the analysis ;.-resented here should be adequate. 
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TABLE I 

Core Debris: 

Fusion Temperature 2800 K 
Initial Debris Temperature 3000 K (200 K superheat) 

Solid Conductivity 2 W /m K 
Liquid Conductivity 10 W /m K 
Solid Specific Heat 550 J/kg K 
Liquid Specific Heat 550 J/kg K 
Density, Solid 10,000 kg/m3 
Density, Liquid 10,000 kg/m3 
Latent Heat of Fusion 300,000 J/kg 

Lower Head Steel: 

Fusion Temperature 
Failure Temperature 
Initial Head Temperature 

1700 K 
1273 K 

585 K 

Solid Conductivity 
Solid Specific Heat 
Density, Solid 

35W/m K 
465 J/kg K 

7800 kg/m3 

Thermal Properties and Initial Conditions for 
Core Debris and lower Head used in the Analysis 
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TABLE II 

Initial Interface Failure Molten Fraction 
Pour Conductivity Time Remaining 
(Metric Tons) Ratio (Minutes) at Failure 

7.9 1.0 none 0% 

15.9 1.0 34 0% 
15.9 0.5 50 0% 
15.9 0.1 none 0% 

23.8 1.0 32 0% 
23.8 0.5 40 0% 
23.8 0.1 126 0% 
23.8 0.05 none 0% 

31.7 1.0 31 25% 
31.7 0.5 40 15% 
31.7 0.1 107 0% 

63.5 1.0 31 65% 
63.5 0.5 39 60% 
63.5 0.1 102 50% 

Results of the Moving Boundary Analysis with Decay Heat= 0 W/kg. 
Predicted Time of Lower Head Failure and Fraction of Initial Pour 

Remaining as a Function of Interfacial Resistance and lnital Pour Size. 
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TABLE Ill 

Initial ~nterface Failure Molten Fraction 
Pour Conductivity Time Remaining 
(Metric Tons) Ratio (Minutes) at Failure 

7.9 1.0 none 0% 

15.9 1.0 30 0% 
15.9 0.5 39 0% 
15.9 0.1 142 0% 
15.9 0.05 none 0% 

23.8 1.0 28 25% 
23.8 0.5 35 20% 
23.8 0.1 91 20% 
23.8 0.05 162 25% 

31.7 1.0 28 50% 
31.7 0.5 34 55% 
31.7 0.1 83 65% 
31.7 0.05 146 65% 

63.5 1.0 27 80% 
63.5 0.5 34 80% 
63.5 0.1 76 85% 
63.5 0.05 125 87% 

Results of the Moving Boundary Analysis with Decay Heat = 136 W/kg. 
Predicted Time of Lower Head Failure and Fraction of Initial Pour 

Remaining as a Function of Interfacial Resistance and lnital Pour Size. 
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Time 
(Minutes) 

0 
42 
46 
50 
54 
58 
62 
67 
71 
75 
79 
83 
87 
92 
96 
100 

TABLE IV 

Debris 
(Metric Tons) 

0 
0 
4.7 
18.4 
34.6 
58.5 
58.5 
58.5 
60.1 
70.0 
86.1 
93.8 
93.8 
93.8 
93.8 
93.8 

Results of the MELCOR Calculation; 
Total Core Debris Mass as a Function of Time. 
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2.2.4 CONTAIN Analysis of Late Containment Failures in Surry (internal 
SNL memo from D. Williams to R. Breeding) 

Sandia National Laboratories 
da~e February 3, 1989 Albuquerqufil, New Me~ico 87185 

to n. J. Breeding, 6423 . 

from 0. C. Williams, 6429 

subJect CONTAIN Analysis of Late Containment Failures in Surry 

I have attached a revised draft of the summary of the CONTAIN 
calculations which I have performed in order to assess the 
plausibility of failure of the Surry containment at very late 
times(> 1 day). The most significant change with respect to 
the earlier draft is the addition of a comparison between the 
results of the CONTAIN-CORCON calculations with the results of 
the stand-alone CORCON calculations. I have also added a few 
caveats; e.g., concerning basernat penetration and uncertain
ties in the transport of energy by natural convection. 

This draft replaces the earlier version (dated 1/13/89), which 
now may be discarded. 

DCW:6429:mrn 
Attachment 

Distribution w;attachrnent: 
6400 D. J. McCloskey 
6413 E. o. Bergeron 
6413 F. T. Harper 
6418 J. E. Kelly 
6420 J. v. Walker 
6425 D. R. Bradley 
6429 K. D. Bergeron 
6429 o. E. carroll 
6429 K. K. Murata 
6429 K. E. Washington 
6429 D. c. Williams 
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CONTAIN Analyses of the Response of the Surry Containment at 
Very Late Times in Severe Accidents 

David C. Williams 
Containment Modeling Divsion 

SUMMAllY 

Calculations using a developmental version of CONTAIN 1.11 
have been carried out to assess the likelihood of containment 
failure at very late times (> 1 day) in the Surry plant for 
station blackout accidents without recovery of containment heat 
removal. Calculations with the versions of CORCON and VAN£SA 
incorporated in CONTAIN were included, but these could not be 
extended beyond about 1 day of problem time. 

Results indicate that containment failure due to slow over· 
pressurization is quite likely on time scales of the order of 
three days to a week, possibly longer. The dominant effects are 
steam generation in pools due to radionuclide decay heat and heat 
transfer from the atmosphere, concret• outgasing, and transport of 
energy from the cavity to the remainder of the containment by 
natural convection. Noncondensible gas generation due to core
concrete interactions (CCI) does not play an important role in 
determining when and whether the containment fails. Extrapola· 
tion of the CORCON results would suggest that basemat penetration 
would require at least five days and probably considerably more, 
if it would occur at all; however, there are large uncertainties 
in the modeling of the late-time ablation rates and conclusions 
concerning basemat penetration should not be based upon the 
present results alone. 

During the first several hours of core-concrete interactions, 
steam concentrations within containment may be low enough to 
permit global hydrogen burns to occur. The results suggest that, 
in station blackout accidents without recovery of containment heat 
removal, the probahility of failure due to a burn during this 
period is low but it may not be zero. 

If very late failure due to slow overpressurization does 
occur, the calculations indicate that the source term will be 
small(< 1' for all species except the noble gases). Phenomena 
not modeled (e.g., resuspension and volatile iodine formation) 
could increase this source term, how~ver. 
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CONTAIN Analyaea of the lesponae of the Surry Containment at 
Very Late Timet in Severe Accidents 

1. INTRODUCTION 

Although there have been numerous applications of systems codes to the 
analysis of severe accid~nts in recent years, most of these have not ex· 
tended into the late time frame (e.g., times greater than one day after the 
onset of core melt). For example, the STCP calculations performed in sup· 
port of the NUREG·llSO effort generally vera not carried out further than 
about 10 hours after the onset of core-concrete interactions (CCI). There 
are no doubt several reasons for this neglect of late times: high computa· 
tional costs associated with long computer runs, failure of some of the 
codes involved to run (or to run correctly) at very late times, and a belief 
that very late containment failures (if they do occur) ri,ay not matter much 
because of the small source terms expected for such scenarios. 

It seems desirable, however, to put the analysis of late containment 
failures on a firmer footing. For one thing, there are processes not ~ell 
modeled in most of the accident analysis codes which might enhance the late 
time source term; examples include resuspension, revolatilization from the 
RCS, and volatile iodine formation within containment. Furthermore, any 
kind of containment failure in a core melt accident would likely hsve 
serious psychological and political consequences, and hence could have 
serious secondary economic consequences. 

The CONTAIN code has some attractive features for the analysis of this 
problem because of its ability to provide an integrated analysis of contain· 
ment thermal-hydraulics and intercell flow, aerosol and radionuclide behav· 
ior, decay heating, and core-concrete interactions with associated aerosol 
and radionuclide release. The long time scales involved result in the total 
decay energy released during the problem becoming very large, and careful 
accounting of this energy (including its location) proves to be important. 

The present report provides a summary of a preliminary look at the late 
failure problem. Since this work involved a regime of parameter space that 
has hitherto been little explored, it is not surprising that some computa
tional difficulties were encountered. Time available for this work was 
quite limited, which meant that code modifications to overcome computational 
difficulties vere not feasible, sensitivity studies to explore the dominant 
uncertainties vere very limited, and it was not possible to perform as much 
~hecking of the results as would normally be done in a major campaign of 
CONTAIN calculations. Clearly, the present results must be considered 
preliminary and should be used only with caution. Despite these caveats, 
there are no known anomalies in the results which are large enough to 
invalidate the major conclusions which are offered in the discussion that 
follows. 
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The next section describes some of the input and modeling assumptions 
used, while Section 3 describes some of the results obtained for containment 
pressures and temperatures, basemat attack, hydrogen behavior, and aerosol 
and radionuclide behavior. The last section briefly summarizes the major 
conclusions. The discussion in this report is ntcessarily brief due co 
limitations of time; it is hoped that a more detailed treatment of this 
problem can be carried out in the future. 

2. INPUT AND MODELING ASSUMPTIONS 

Code Yerston. All ~alculations reported here were performed using a 
developmental version of CONTAIN 1.11, which is to be the n~xt released 
version of CONTAIN. For present purposes, the most important enhancement 
over CONTAIN 1.10 (the most recently released version) is the incorporation 
of modeling for the outgasing of heated concrete. 

Accident Scenario. Very late containment failures are primarily of 
concern in scenarios in which containment heat removal is unavailable, ana 
station blackouts are the domina~~ accident class for which there may be no 
cont~inment heat removal. Hence, treatment was limited to station blackout 
accidents in this work. 

The base case assumed was the "early" station blackout scenario used for 
the ~~REG-1150 DCH studiesl, in which the primary system remains fully 
pressurized up until vessel breach (VB). In the present work, however, no 
DCH was assumed to occur and the full corium inventory was assumed to be 
discharged to the reactor cavity and to participate in the subsequent CCI. 
In the base case, it was assumed that the accumulator dis~harge would follo~ 
corium discharge, and that debris beds would be non·coolable (nCDB) and tha~ 
CCI t·eleases would be scrubbed by the overlying water until the latter 
boiled away. 

Several variations on this scenario were considered. These included 
debris beds that were initially coolable (COB), a fully-flooded cavity with 
CDB, and a dry-cavity case. 

Representation of the Surry Containment. In the NUREG-1150 DCH analyses 
of Reference 1, a rather detailed 18-cell deck was constructed to represent 
the Surry containment. However, use of this deck for the present analysis 
would have consumed excessive computer resources, in view of the long 
problem times involved. An earlier 5·cell deck was available, but 
comparison with the 18-cell deck revealed some significant differences in 
such parameters as flow path configuration and total heat sink areas and 
masses. Since the lB·cell deck is based upon more recent information and 
has been subjected to better QA, and since such parameters as heat sink 
characteristics are important to the present study, the older 5-cell deck 
was not used and a new 5-cell deck was derived by collapsing the 18-cell 
deck. Although the new 5·cell deck necessarily involves some 
oversimplification of the containment configuration and of the flow paths, 
the heat sinks in the 5·cell deck are essentially identical to those assumed 
in the 18-cell deck. 
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The 5·cell Surry representation is sketched in Figure 1. Cell and flo~ 
path dimensions and elevations are reproduced in Table 1. ln the latter, 
"area(i,j)" is the cross sectional area of the flow path connecting cells i 
and j, and "avl(i,j)" is the ratio of the area to the flow path length. 
"£levfp(i,j)" is the elevation of the flow path at the end connected to cell 
j. The cell and flow path elevations are important in calculating natural 
circulation flows, which in turn are important to the present problem 
because natural circulation is the principle means by which energy is 
tran~ported from the cavity to the rest of the containment once cavity water 
has boiled off. 

There is some ambiguity in specifying the elevation for some of the flo~ 
paths, especially those with the larger flow areas. The values specified in 
Table 1 were chosen after consideration of some of the uncertainties in 
natural C~Lculation modeling that were discussed in a recent memorandum.2 
These uncertainties were shown in Ref. 2 to be important in some cases; 
however, it is believed that their effects are not too severe in the present 
work. In addition to these modeling uncertainties, there is significant 
uncertainty as to the flow path between Cell 1 and 4 (i.e., through the 
vessel annulus) that would be available under accident conditions; this path 
is very important in establishing natural circulation through the cavity. 

The flow paths connecting the cavity (Cell 1) to both the upper and 
lower containments (Cells 4 and 2, respectively) are defined in part by 
obstructions that are not expected to be particularly robust. As in the 
~~REG-1150 DCH study of Ref. 1, it was assumed that removal of these 
obstructions would result in irreversibly enlarging these paths from the 
smaller to the larger of the two values given in Table 1 whenever the 
pressure differential across the flow paths exceeded 1 bar. The choice of 1 
bar as the critical pressure differential is essentially arbitrary. 

Primary System Sources. Sources of steam and hydrogen from the primary 
system were taken from STCP calculations, and blowdown from the primary 
system at vessel breach was calculated by CONTAIN using 4n additional cell 
filled with steam and hydrogen to represen~ the RCS. The approach used for 
obtaining these sources was the same as that described in Ref. 1. 

The STCP analysis (actually, a MARCH analysis) of the fully-pressurized 
station blackout accident that was used here did not include a full aerosol 
and fission product transport calculation. Hence, aerosol and fission prod
uct sources from the RCS to the containment were based upon results of a 
full STCP treatment of a Surry 538 sequence reported in BMI-2160.3 Al
though this sequence was not fully pressurized, RCS pressures were in the 
range 1200-2500 psi during the period of interest and the sequence was 
sufficiently similar to the fully-pressurized case so that qualitatively 
similar behavior results. 

Prior to vessel breach, releases of steam, hydrogen, aerosols, and 
fission products to the containment were assumed to be into the pressurizer 
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T.able 1 

Cell and flow path data for the 5-cell Surry containment model 
configuration used in the late containment failure study. 

Cell Volume Mean £lev. 
No. Description (ml) (m) 

1 Reactor Cavity 330.7 4.85 
2 Lower Containmtnt 10015. 5.58 
3 Annulus 8589.9 24.48 
4 Upper Cont., Op. Floor 29151.1 34.63 
5 Press., Quench Tank 1~12~~ 15.61 

49406.0 

Flow Junction area(i,j) avl(i,j) elevfp(i ,j) (j 'i) 
( i 'j) 

(m2) (m) {m) (m) 
(1,2) 0.836- 7.78 0.182 4.44 4.44 
(1,4) 2.873 - 4.334 0.46 12.6 5.5 (2,3) 102.2 9.98 24.48 5.58 (2,4) 4.92 0.468 8.24 8.24 
(2,5) 5.29 0.678 7.85 7.85 (3,4) 526. 40.0 34.63 24.48 
(3,4) 5.39 0.51 15.07 15.07 
( 3. 5) 1.951 0.207 14.94 14.94 
(4,5) 6.60 0.74 12.57 12.57 

quench tank room, which is part of Cell 5 in Figure 1. The aerosol and 
fission product releases were assumed to occur largely at the time of core 
slump, as is generally indicated by STCP calculations for high-pressure 
accident sequences. 

Fission Products and Decay Heatin&. Fission products were represented 
using the nine fission product groups used in the Battelle STCP analyses 
performed for NUREG-1150; i.e., they were represented as consisting of the 
noble gas (NC), I, Cs, Te, Ba, Ru, La, Ce and Ba groups. It was assumed 
that all noble gas, iodine, Cs, Te, and Ba released from the fuel during the 
in-vessel phase of the accident (as calculated in Ref. 3) would be released 
to the containment; in-vessel release from fuel of other species in Ref. 3 
was very small and was neglected. For some purposes, crediting no in·vessel 
retention ia clearly conservative. However, it is not as excessively con· 
servative as might be supposed for several reasons: 
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• The STCP may overeatimate the in·vessel retention of iodine (the 
dominant apecies, in terms of decay heat). 

• If iodine is initially retained in the RCS, significant revolatilization 
may occur over the time scales of interest in this study. 

• Even for radionuclides permanently retained within the RCS, their decay 
heat will eventually find its way into the containment; for aome 
purpoaes, total decay heat to the containment is a key parameter. 

In the bate case, it was assumed that l, Cs, and Te deposited upon 
containment structures would be soluble; hence, when water condensed upon 
these structure• is calculated to drain to pools, washdown of these fission 
products into the containment sump (pool in Cell 2) was calculated to occur. 
Other fission product species were assumed to be insoluble with no washdo~~ 
occurring. Those fission products which do drain to the sump heat the pool 
and contribute to steam generation, even when the cavity itself is dry. 

It is primarily in the context of the steam generated by fission product 
heating of pools that the assumption of no RCS retention of iodine is 
conservative. If the fission products are not tra~sported to a location 
where they can generate steam, the principle parameter of interest is the 
total decay heat released within containment. In this event, ~:probably 
matters less whether they are released from the RCS, since the decay heat is 
still released within the containment, as noted above. Sensitivty studies 
were performed in which fission product washdown and transport to the pool 
were assumed not to occur, in order to investigate the sensitivity of the 
results to this issue. 

The decay heat of each of the nine fission product groups was calculated 
using a two·term exponential fit to the summed decay pvwers of all the 
nuclides represented by each group. J. L. Tills calculated the parameters 
required for the two-term exponential representations by fitting to the 
results of an ORICEN calculation for a standard Yestinghouse PWR (3/3 cycle, 
89.1 HTU core operating at 3412 MW(th)). For the present calculations, 
these decay powers were renormalized to the Surry operating power, taken to 
be 2441 MW(th). 

Decay heat generated by the debris in the cavity was calculated using 
the CONTAIN "makeup power" option,• in which total core decay heat is 
calculated using the ANSI decay power curve, the decay heat of radionuclides 
represented explicitly (i.e., the the decay heat of the nine fission product 
groups) 11 1ubtracted out, and the remainder is assumed to be in the debris. 
When CORCON was used, this power was apportioned among the debri• layers 
according to CORCON's internal decay power representation, but the latter 
was not used to obtain the total decay power, except in 1ome sensitvity 
studies. 

When CORCON was used, the VANESA model was also used to evaluate release 
of radionuclide& associated with CCI. VANESA also evaluated scrubbing by 
any water overlying the debris. 
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Core·Concrett Interactions. It was the intent of this work to employ 
the CORCON and VANESA models as incorporated into CONTAIN to model core· 
concrete interactions and the associated releases of radionuclides and 
aerosols. Although some difficulties were encountered that precluded use of 
CORCON (and hence use of VANESA) for some calculations. enough results were 
obtained to provide useful insights, including insights as to when use of 
CORCON might not be necessary. 

When CORCON was used, the melt composition input to CORCON was taken 
directly from Table 4.2.7 of Ref. 3. The same melt composition was input to 
VANESA except that the substantial FeO content (12660 kg) reported in Ref. 3 
was not input to VANESA. The reason is that VANESA assumes that the oxygen 
potential of the oxide layer is equal to that of the metallic layer, and the 
latter is very low so long as metallic Zr is present; this is incompatible 
with the presence of FeO and can lead to anomalously large aerosol genera· 
tion when easily-reduced oxides such as FeO are specified as being present 
at the start of a VANESA calculation. 

The cavity radius specified in CORCON was taken to be 3.35 m, corre· 
sponding to the area of the cavity floor without the instrument tunnel floor 
area being included. Concrete composition specified for both CORCON and 
VANESA was the CONTAIN default composition for basaltic concrete. The rebar 
rontent was taken to be 0.0757 kg rebar per kg concrete. During this work, 
information on the Surry concrete composition from EPRI NP-4096 was provided 
by R. J. Breeding. Although this information may be more accurate, calcu· 
lations were already underway, and it was therefore decided not to change 
the concrete composition assumed in subsequent calculations, except that the 
base case rebar content noted above is the NP·4096 value. In any case, the 
differences between the NP-4096 composition and the default basaltic compo· 
sition are not large enough to make a substantial impact upon the results of 
interest. 

A number of "shakedown" runs were made in order to check out the deck 
and try to determine whether the code (especially CORCON) was running 
properly. Input for these differed from the base case input in a number of 
(often minor) ways; potentially-significant differences will be noted 
wherever these results are cited. As will be noted later, some of the 
CORCON results appear to be somewhat "anomalous" in comparison with CORCON 
results cited elsewhere (e.g., in STCP analyses) and :he reasons for these 
differences have not been fully identified. A comparison was therefore made 
with a stand-alone CORCON calcuJation of a closely equivalent problem 
(Section 3.2.2). 

The furthest out that CORCON was successfully run for the base case used 
in this work was to about 95000 1 after shutdown (about 85000 1 after initi· 
ation of CORCON). At this point, the CORCON calculation aborted. CONTAIN 
itself has a much simpler debris model in which decay heat is released 
within a debris layer and heat transfer to concrete, structures, and the 
atmosphere are calculated to ( .tur, but there is no modeling of concrete 
ablation, chemical reactions, or release of gases, aerosols, and radio· 
nuclides. In the base case, after CORCON aborted, the calculation was 
re»tarted with the CONTAIN debris model activated and continued out to 2.5e5 
1 (about 2.9 days). In thi1 calculation, the CORCON and VANESA sources of 
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gases, radionuclides, and aerosols which had been present at 90000 s were 
assumed to remain on indefinitely, with no subsequent changes. In reality, 
it would be expected that these sources would continue to slowly decline in 
magnitude; in this sense, therefore, the calculation is conservative. 

In the aerosol calculations, the aerosols released from the RCS were 
defined to be one aerosol component, and all species released by VANESA 
other than tellurium were defined to constitute a second aerosol component. 
Tellurium was defined as a separate, third component because it is released 
with a time-dependence that differs significantly from that of the other CCI 
releases. The aerosol calculations therefore included three solid aerosol 
components plus condensed water, making a total of four aerosol components. 

The CORCON·VANESA calculations were ess~ntial in evaluating sources of 
combustible gas and sources of aerosols and radionuclides to containment, 
but they also showed that noncondensible gases generated by CCI were 
insufficient to contribute greatly to the slow overpressurization of the 
containment. The results also showed that, after the first few hours, CCI 
chemical energy release was not very important. It appeared, therefore, 
that slow overpressurization at late times might be analyzable usi11g the 
simple CONTAIN debris model, and a number of calculations were therefore 
performed with this model. Some of these calculations were carried out to 
~.Oe5 s (about 5.8 days) after reactor shutdo~~. 

3. RESULTS OF CALCULATIONS 

A principle motivation for the present work was the question of whether 
slow overpressurization could cause eventual failure of the Surry contain· 
ment, and results bearing upon this issue will be discussed first. This 
discussion will then be followed by very brief summaries of the available 
results related to basemat melt-through, hydrogen burns, and aerosol and 
radionuclide behavior. It is hoped that the latter subjects can be dis· 
cussed in more detail at a later time. 

3.1. Slow Overpressurization. 

3.1.1. Results with CORCON and VANESA Active. 

As noted previously, CORCON was not successfully run for problem times 
later than about 95000 s in the base case. In this subsection, results 
obtained with CORCON (and VANESA) active will be considered. 

In Figures 2a and 2b, pressure histories are given for the base case 
over the time intervals 9000 to 15000 1 and 15000 to 90000 a, respectively. 
(VB is at 10090 s, and prior to 9000 1 there are only steam sources to the 
containment; the interval 0 to 9000 1 is not very interesting and plots are 
not given.) The first peak in the pressure curve for early times represents 
vessel blowdown at the time of VB, while the second peak represents a hydro· 
gen burn (see Section 3.3 for further discussion of hydrogen burns). Al· 
though it is not shown in the figures, the initial blowdown following VB 
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produces a sharp pressure spike in the cavity which opens up the cavity flo~ 
path areaa to the larger of the values shown in Table l. 

Small hydrogen burns occur on the time interval 15000 • 30000 s, but 
they have little effect upon containment pressures (Figure 2b). At times 
later than about 30000 s, a slow pressure rise begins. The dominant reason 
for this pressure rise is steam generation in pools, not gases from CCI, and 
this source of pressurization can ultimately cause containment failure, as 
will be discsaed later in this section. 

Masses of CORCON ablation products are shown in Figure 3. It is evident 
that H20 and C02 released from the concrete are largely reduced to Hz and 
CO, respectively, by the debris. Although these gases are significant in 
the context of possible combustion events, they are not very important in 
the context of slow overpressurization; e.g., they contribute only about 0.2 
bar to the containment pressurization at 90000 s. If it were assumed that 
gas evolution could continue indefinitely at the mean rate calculated on the 
time interval 70000·90000 s, subsequent pressure rises would be of the order 
of 0.1 bar/day. Clearly, this rate is much too slow to pose a significant 
threat to containment integrity on any reasonable time seale, especially in 
view of the fact that the actual gas evolution rate is expected to continue 
to decline. 

CORCON energies (decay heat, reaction heat, etc.) are given in Figures 
4a and 4b for early and later times, respectively. The early time variation 
is very complex as is often observed in CORCON calculations, and presumably 
is related to the interplay of such parameters as layer flip, freezing and 
remelting of crusts, zirconium burn-out, etc; however, no attempt has been 
made to explain in detail the complex variations calculated. At later 
times, the behavior becomes more regular. Key features of the late·time 
results are that the energy being lost from the top surface of the debris is 
almost equal to the energy being generated by decay, chemical reaction 
energies are much lets than decay energies, and only relatively small 
amounts of energy are going into ablating concrete. 

At late times, therefore, the CORCON calculations indicate that noncon· 
densible gas generation is too slow to contribute substantially to slow 
overpressurization, decay heat dominates chemical reaction energies by large 
factors, and most of the debris energy ia being lost from the top surface 
rather than through the ablation of concrete. This pattern of results 
strongly suggests that it is worthwhile to continue the calculation out to 
later times using the simpler CONTAIN debris model, since the processes for 
which CORCON is required play a distinctly secondary role in comparison with 
the heat transfer processes which the CONTAIN thermal model does treat. 

~xtension Yitbput CORCON. After CORCON aborted, the calculation was 
restarted at 90000 1 without CORCON and VANESA, but with all gas, aerosol, 
and radionuclide aources left on at the values existing at 90000 1. The 
simple CONTAIN debris model (heat transfer only is modeled) was used, with 
the decay beat based upon the ANSI decay power curve as before. This calcu· 
lation was run out to 2.5e5 s after shutdown. 
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The solid curve in Figure 5 gives the resulting pressure history. (Other 
curves in Figure 5 are for calculations in which the simple CONTAIN debris 
model is used from the start, with CORCON never active; the1e are discussed 
in Section 3.1.2.) It is seen that steady pressurization continues to the 
end of the calculation. Although containment-threatening pressures are not 
achieved at 2.5e5 1, the trend is highly suggestive. 

The reason for the steady pressurization is suggested in Figure 6, in 
which water evaporated (or boiled) from containment pools, and the corre· 
sponding energy transfer to the atmosphere, are plotted as a function of 
time. Pools are present only in Cell 1 (the cavity) and Cell 2 (the base· 
ment, including the sump); water in other cells is assumed to drain to Cell 
2. The Cell 1 pool (representing the accumulator water) evaporates rela· 
tively quickly. It does not directly result in a large degree of contain· 
ment pressurization because it largely condenses on the containment heat 
sinks. The slowe: evaporation of water from the containment sump (in part 
due to heating by radionuclides) at later times does result in steady 
pressurization because, by then, the heat sinks are too warm to effectively 
condense the steam. 

The latter point is illustrated in Figures 7 and 8, whir.h show, 
respectively, the cumulative masses of condensed •ater drained from the 
various structures and the masses of the water films remaining. By 2.5e5 s, 
the curves for drained water have leveled out and the remaining water films 
have evaporated. Given that the heat sinks have lost all capability for 
condensing steam, the steam from the Cell 2 pool is for all practical 
purposes equivalent to a noncondensible gas. From Figures 3 and 6, it is 
apparent that this steaming rate is much greater than the rate of noncon· 
densible gas generation by CORCON. Again, the conclusion is that the CCI 
processes modeled by CORCON are not dominant in governing the late-time 
behavior. 

Although detailed discussion will not be given here, it is beleived that 
sensible heat convected out of the cavity plays a key role in obtaining 
these results. The reason is that heat sinks in the cavity are relatively 
limited and cavity temperatures rise until convective flows are large enough 
to transport most of ~he heat being generated into the remainder of the 
containment. This heat is taken up by the same heat aink structures which 
are initially responsible for condensing steam in the containment. Even· 
tually, this heat drives the structure temperatures to values hig~er than 
the atmosphere saturation temperature, terminating condensation. (It should 
be noted that time has not permitted all the analysis needed to put this 
interpretation on a more rigorous basis, but the probability that it is 
essentially correct 1s believed to be high.) 

Since convection of heat out of the cavity plays auch an important role 
in the results obtained, the results could be sensitive to uncertainties in 
the modeling of natural convection, •• well as uncertainties in the flow 
paths conn~cting the cavity to other parts of the containment. 
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3.1.2. Calculatipns Without CORCON. 

Since the CORCON result; themselves suggest that CORCON is not needed to 
model the processes which dominate the late-time nressurization behavior, 
some additional CONTAIN calculations were performed without CORCON being 
used at all. Some of these r~sults are illustrated in Figure 5. The dashed 
curve gives results for a case without CORCON, but with input otherwise 
similar (but not identical) to the case with CORCON. In particular, the 
accumulator water (7.6e4 kg) is assumed to be dumped onto the debris in the 
cavity, as in the CORCON case (although the modeling used corresponds more 
nearly to the assumption that the debris is initially coolable in the no· 
CORCON case). It is evident that the pressurization is very similar to the 
case with CORCON, further strengthening the argument for the applicability 
of CONTAIN without CORCON to this problem. 

The chain-dot curve in Figure 5 gives results obtained when it is 
assumed that, immediately after VB, the cavity is fully flooded (water 
inventory- 3.36e5 kg), with coolable debris assumed so long as water is 
present. Initially, pressures are higher in this case, because of the 
greater steam generation. However, this steam is subject to condensation 
upon the heat sinks, which are still relatively cool; after the cavity dries 
out, the curve for this case follows the other curves quite closely. At 
late times, the behavior is governed largely by the total heat load that has 
been delivered to the heat sinks, which in turn is governed primarily by the 
integrated decay heat in both cases. Hence, at late times, it does not much 
matter whether. the mechanism for transporting energy to the heat sinks at 
earlier times was the generation and recondensation of steam or whether it 
was the convective transport of hot gases. 

Some of the calculations without CORCON were extended out as far as 
5.e5 s (5.8 days), and some of the results are given in Figure 9. The top 
three curves are for the same cases as those considered in Figure 5. As 
anticipated, containment·threatening pressures are reached if the calcula· 
tions are extended far enough. If the failure pressure is taken to be 9.5 
bars, failure would occur at about 3.8e5 s (4.4 days). 

lhe dotted curve gives the results obtained when it is assumed that no 
fission products are transported with condensed water when the latter drains 
to the sump in Cell 2. Pressurization is considerably slower, and the 
pressure reached at 5.e5 s, about 7.8 bars, is below the expected failure 
pressure. However , the trend strongly suggests that the failure pressure 
would be reached if the calculation were to be continued out somewhat 
further. As before, steam generated in the Cell 2 pool combined with a 
large sensible heat load to the heat sinks is the dominant mechanism for 
pressurization. Since the pool does not contain radionuclides in this cese, 
direct heat transfer from the atmosphere to the pool is presumably the 
dominant source of the energy required to generate the steam. Atmosphere 
temperatures become fairly high throughout the containment at late times in 
this scenario, as is indicated in Figure 10. (The off·scale excursions at 
early times in this figure is an artifact of the ~lotting system used and 
1hould be ignored.) 
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In interpreting these results, it should be remembered that-the eases 
with radionuelide transport to the sump are dependent upon the amount of 
radionuelide release from d.e RCS, as well as upon the liquid transport 
assumption, and the assumption of zero retention for iodine in the RCS is 
undoubtedly conservative to at least some degree. The ease without radio· 
nuclide transport to the sump is probably less dependent upon the amount of 
radionuelide release from the RCS; however, it 11 dependent upon the ability 
of CONTAIN to model tovnward heat transfer from the atmosphere to the some· 
what cooler pool at a time when the pool is generating steam. There are 
several questions concerning the heat and mass transfer correlations used by 
CONTAIN in this particular situation, and it ia possible that the code is 
overestimating the rate of heat transfer and, hence, the rate of steam 
g•neration. Nonetheless, it remains true that aome significant quantities 
of steam may be generated, and it also remains true that this steam cannot 
be condensed due to the overloading of the heat sink structures by the large 
amount of sensible heat convected out of the cavity. Hence, ultimate con· 
tainment failure does seem likely, though it may not be quite as certain as 
implied by the results cited here. 

Effect of Concrete Qutsasin&· In Figure 11, the inner surface tempera· 
tures of selected structures are plotted as a function of time for the case 
without liquid transport of fission products that was discussed above. The 
dashed and dotted curves, respectively, give the temperatures of the first 
nodes in the concrete cavity wall of the cavity and in a thin steel $true· 
ture. The chain dot curve gives the temperature of the first node of a 
concrete structure in the interior of the basement (Cell 2), while the solid 
curve gives the temperature of the first node of the containment dome (Cell 
4). 

The version of CONTAIN used here includes a developmental model for the 
outgasing of heated concrete. (Some caution is warranted, since the model 
is still undergoing testing.) Outgasing of evaporable water is expected to 
commence at temperatures of the order of 400 K; at considerably higher 
temperatures, there can be significant loss of chemically bound water and 
C02 • From Figure 11, it is evident that the iurfaces of cavity structures 
can greatly exceed the values required to initiate the loss of evaporable 
water, and may lose significant chemically bound water. Hence, the outgas· 
ing model was used for Cell 1 concrete structures in all the calculations 
reported here. Its effect, however, is not believed to be very large, since 
only limited amounts of concrete are available for heating in the cavity. 

The temperatures plotted in Figure 11 also indicate that concrete else· 
where in the containment may undergo significant loss of evaporable water. 
This fact is potentially very important, because the total mass of concrete 
within containment is very large, and, on the time scales of the present 
work, the thermal wave has time to penetrate to considerable depths. 
The CONTAIN model is likely to overestimate loss of evaporable water in 
containment regions other than the cavity because it calculates a loss of 
water that depends only upon the concrete temperature. In reality, it 
should also depend upon the total atmospheric pressure in containment and 
perhaps also upon the water vapor partial pressure in the adjacent atmos· 
phere, unless temperatures are extremely high. Hence the outgasing model 
was not used outside of Cell 1 in the base case. 
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In order to inv•stigate the potential significance of outgasing in cells 
other than the cavity, a calculation vas run with the model invoked for all 
concrete structures in all cells. (It vaa subsequently recognized that the 
containment dome and outer vall probably should not have been included in 
the outgasing calculation, since the liner ahould prevent the released steam 
from entering the containment; if this is the case, the amount of concrete 
subject to outgasing ahould be reduced by about 30,.) The problem vas 
otherwise the aame as the case without liquid transport of fission products 
that vas diacuaeed above. Results are compared with the case without out· 
gaaing (except in Cell 1) in Figure 12. The effect of outgaaing is quite 
dramatic, shortening the time to reach a pressure of 9.5 bars to about 
2.8eS 1 even though radionucllde transport to the sump is assumed not to 
occur in this calculation. The large amounts of concrete which become 
heated over these long times are illuatrated in Figure 13, which gives 
temperature profiles (histogram format) at representative times through the 
thickness of the containment dome. It is seen that substantial amounts of 
concrete are heated above 400 K; by the time the calculation is terminated, 
even the outer surface is considerably warmer than the ambient external 
temperature (assumed to be 280 K). 

Unlike the previous cases, evaporation from the sump in Cell 2 does not 
play an important role in the pressurization of the case with outgasing. 
The amounts of water vapor released by outgasing were so large that the 
tendency was for steam to condense into the pool, not evaporate from it. On 
the other hand, pool evaporation could still be important if substantial 
quantities of radionuclides were transported to the pool, even in the case 
with outgasing. 

As noted above, the CONTAIN outgasing model does not presently take into 
account the effects of total atmospheric pressure or of water vapor in the 
atmosphere, which could actually reduce or even prevent outgasing. In 
Figure 14, the mass of water present in films upon structures is plotted as 
a function of time for the outgasing case. It is seen that not all the 
films completely evaporate, even at late times. Although not every struc· 
ture has a water film at late times (i.e., many are completely dry), the 
presence of water films does illustrate a potential inconsistency in the 
model, since it is hardly plausible that a concrete structure will be losing 
evaporable water under conditions for which the front surface still has a 
water film. It is expected, therefore, that this calculation may signifi· 
cantly overestimate the effects of outgasing. On the other hand, it does 
not seem likely that outgasing is a negligible effect; it probably does 
contribute to the likelihood that the containment will eventually fail at 
some late time. 

Finally, it should be acknowledged that the calculation with outgasing 
showed some signs of instability in the gas-structure heat transfer calcula· 
tion, probably due to use of too large a timestep. Re-running the last 
50000 • of the calculation with a smaller timestep indicated that the 
effects of the instability are not large. (About 8400 s of CRAY XMP time 
are required to run a complete calculation out to 5.e5 s, even with the 
larger timestep; hence, the entire ~alculation was not re-run with the 
reduced timestep.) 
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3.2. Baaemat Meltthrouah. 

3.2.1. CONTAIN·COBGQN Results. 

Cavity dimensions (depth and radius) as a function of time are shown in 
Figure 15. Radial ablation virtually stops after a short time, while axial 
ablation slows but does not stop. The radial ablation behavior is different 
from that often observed in CORCON calculations; e.g., the STCP calculations 
performed by &atclle for NUBEG·ll50 generally showed radial ablation to be 
of the aame order of magnitude as the axial ablation. Although there is no 
known A ~riori reason why the latter behavior should be considered more 
reasonable than the behavior exhibited in Figure 4, the fact that the reason 
for the differences is not known indicates that caution is warranted in 
using these results. 

During the time interval 70000·90000 s, the average axial ablation rate 
is slightly under 2 em/hr. At 90000 s, just over l m of concrete has been 
ablated, and about 2 m of additional ablation would be required for basemat 
penetration. Even if ablation continued at this rate without any further 
reduction in the rate, at least four more days would be required for basemat 
penetration. In reality, it is expected that the axial penetration rate 
would continue to decline (note the flattening of the curve for cavity depth 
in Figure 15). Hence, the CORCON calculations suggest that many days would 
be required before basemat penetration could occur, if it could occur at 
all. If it did occur, the results on overpressurization suggest, but do not 
prove, that overpressurization failure would occur before basemat penetra· 
tion. 

Any conclusions concerning basemat penetration must be considered very 
uncertain in view of the large uncertainties in the modeling of the late· 
time ablation rates. As noted previously, only a small fraction of the 
total available energy is going into ab1ating concrete at late times, and it 
is likely that the relative uncertainty in this fraction is large. Doubling 
or trebling the ablation rate could permit basemat penetration within a few 
days, possibly prior to the overpressure failure. Scenarios have been pro· 
posed (e.g., insulation of the debris by a large amount of overlying slag 
from concrete decomposition) which could reduce the amo~tnt of upward heat 
transfer and thereby increase the amount of energy g(ing to concrete abla· 
tion. Hence conclusions as to basemat penetration should not be based upon 
the present results alone. 

A number of •ensitivity calculations were run out to 50000 s problem 
time, largely in an effort to study sensitivity of the calculated ablation 
rat~s. Parameters varied included certain parameters specifying the cavity 
geometry in CORCON, parameters governing the decay heat, the concrete abla· 
tion temperature, and the debris emissivity; a run vas also made without any 
water in the cavity. Variations in the amount of ablation calculated in the 
radial direction were up to the urder of 30' (which means radial ablation 
was still small in all cases); axial ablation varied no more than a few 
percent. Clearly, conclusions concerning basemat penetration would not be 
altered by the limited sensitivity studies that were carried out. None of 
the variations yielded radial ablations that were nearly as large 1s those 
reported in typical STCP calculations. 
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3.2.2. Compa[ison yitb Stand-Alone CORCQN Calculttions. 

Since the results of the calculations discussed above have somewhat 
anomalous features (e.g., the very limited radial ablation), some calcula· 
tions were performed for a similar 1cenario using the released version of 
the stand-alone CORCON 2.04 code', which is the most recent version of the 
c,de to be released. The ANSI decay heat option 11 not available in the 
stand•alone veraion of CORCON. Hence, for the purpoaes of the comparison, 
the CONTAIN·CORCON calculation vas rerun using the ttandard CORCON decay 
heat model. In addition, it was found that the stand-alone CORCON code 
would not run with the 25 1 timestep that had been used for CONTAlN·CORCON; 
hence, tomewhat smaller values were used and the sensitivity to the timestep 
was investigated. In order to further improve the comparison, approximate 
boundary conditions (pressure and surroundings temperatures) based upon the 
CONTAIN calculations were input to the CORCON calculations. Nonetheless, 
some differences be~ween the scenarios remain; specifying a totally equiva· 
lent problem for the stand-alone calculation was not feasible. 

Some results are compared in T,ble 2 for problem times of about 50000 s, 
140000 s, and 196000 s (0.6, 1.6, and 2.3 days, respectively). Quantities 
compared include radial and axial ablation, H2 and CO production, and 
several energy-related quantities: decay power, power from chemical reac· 
tions, power going to ablate concrete. and power lost at the top surface. 
The second and third columns give results obtained using stand-alone CORCON 
2.04 and show that the sensitivity to the timestep is slight. The last two 
columns give the CONTAIN·CORCON results for the two different decay power 
curves, i.e., ANSI and standard CORCON. Blank spaces appear in the table 
for calculations which were not run out to the indicated times (unlike the 
ca~e with the ANSI decay power, CONTAIN·CORCON with the standard CORCON 
decay power did not abort and was successfully run out to 2.e5 s). 

Comparison of the last two columns shows that the effect of the altered 
decay power is not large. The best indication of the possible differences 
between CONTAlN·CORCON and stand·alone CORCON is obtained by comparing the 
results in the third column (CORCON 2.04 with 20 s timestep) with the last 
column. There are some noticeable differences; e.g. I some radial ablation 
does continue after 50000 s in CORCON 2.04 while virtually none occurs after 
the first 50000 1 fn CONTAIN·CORCON. However, in none of the calculations 
does radial ablation approach axial ablation in magnitude; i.e. I the stand· 
alone CORCON calculation is considerably closer to the CONTAIN-CORCON calcu· 
lation in this regard than it is to typical STCP CORCON results that gave 
radial ablation comparable to the axial ablation. 

At the end of the calculations, the two codes agree to within about 5\ 
on both the extent of axial ablation and on flammable gas production, with 
somewhat larger differences being evident at earlier times. The codes also 
give simi~ar results as to the disposition of the available energy supply: 
for all the calculations, energy loss at the top surface is over an order of 
magnitude greater than the energy going to ablate concrete at late times, 
and chemical energy release is negligible in comparison with decay power at 
these times. 
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Table 2 

Summary • CORCON 2.04 va. CONTAIN-CORCON Compariaons 

Output Parameter 

Radial Ablation 
Axial Ablation 
H2 Produced (l<g) 
CO Produced (l<g) 
Decay Power 
Chern Reaction Power 
Power to Concrete 
Power to Surface 

Radial Ablation 
Axial Ablation 
H2 Produced (Kg) 

CO Produced (l<g) 
Decay Power 
Chern Reaction Power 
Power to Concrete 
Power to Surface 

Radial Ablation 
Axial Ablation 
Hz Produced (Kg) 

CO Produced (l<g) 
Decay Power 
Chern Reaction Power 
Power to Concrete 
Power to Surface 

CORCON starts at 10090s 

CORCON 2.04 
lOs Timestep 20s Timestep 

• 
Problem time • 50200s 

0.1909 0.188 
0.825 0.825 
461.3 462.0 
204.3 205.9 
1.015e7 1.015e7 
2.6e5 2.61e5 
1.80e6 1.8le6 
8.98e6 8.96e6 

Problem time = 140700s 

0.3077 0.3078 
1. 348 1.350 
696.8 698.0 
992.4 994.7 
7.72e6 7. 72e6 
1. 64e3 1.58e3 
4.28e5 3.97e5 
8.25e6 8.18e6 

Problem time • 196000s 

0.3078 
1.415 
720.5 
1028.7 
7.08e6 
9.28e2 
1. 21e5 
7.00e6 
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CONTAIN-CORCON 
25t Timestep 

ANSI Decay CORCON Decay 

0.144 
0.801 
450.0 
176.0 
1.115e7 
2.30e5 
1. 26e6 
1.118e7 

0.182 
0.787 
442.3 
168.5 
1.015e7 
2.6le5 
1. 8le6 
8.96e6 

0.184 
1.213 
647.2 
882.8 
7. 72e6 

·8.18e3 
4.2le5 
7.41•e6 

0.184 
1. 345 
692.3 
972.8 
7.079e6 
1. 23e3 
2.78e5 
6.89e6 



It is concluded, therefore, that the major conclusions dravn previously 
from the CONTAIN·CORCON calculations are also in agreement with the results 
of the stand·alone CORCON 2.C4 calculations, even though some of the differ· 
ences between the results &iven by the two codes are not entirely negligi
ble. 

3.3. Bydroaen Burna. 

When the CONTAIN default burn model is employed, hydrogen burns do occur 
in the runs involving CORCON. The resulting pressure rises are generally 
quite Dild (Figures 2a and 2b), in part because the burns are very slow (the 
steam eoncentra~ions are just below the 55\ inerting limit, and the default 
burn model correlations give very low flame speeds under these conditions). 
A major reason for the low pressure rises, however, is that only small 
amounts of hydrogen burn. The cumulative amount& cf hyd1ogen consumed in 
the various cells are plotted in Figure 16 for the base case. Note that 
zero hydrogen is b~rned in Cell 4, which constitutes almost 60\ of the to~al 
containment volume; steam fractions in this cell remain slightly above 55t 
throughout the time over which oxygen and hydrogen concentrations might 
otherwise permit a burn. Hence, much hydrogen remains unconsumed. At times 
later than about 40000 s, steam concentrations begin to rise and the entire 
containment eventually becomes strongly inerted. 

Despite these results, it is not difficult to define modifications of 
the scenario vhich permit considerably more vigorous burns to occur. Since 
this is a station blackout accident, it might be reasonable to assume that 
there are no ignitions sources other than the hot corium itself. At the 
time of VB, corium contacts the atmosphere, but the atmos~heric composition 
lies outside the flammability region at this time and, in the absence of 
direct heating, a global hydrogen burn is not initiated at this time. 
Subsequently, the accumulator water covers the debris, preventing direct 
debris-gas contact, and steam generated by boiling off the water keeps 
cavity steam concentrations at about 70\, well above the inerting limit. 
Hence, it is likely that the corium cannot ignite a burn until the water 
boils off and steam concentrations in the cavity decline. 

A calculation corresponding to this scenario was defined by assuming 
that burns could not initiate in any cell except Cell 1, and that they could 
not initiate there when the debris was covered with water. After water 
boil-off occurred, the normal ignition criteria were allowed in Cell l, and 
normal propagation criteria were assumed for all cells. All other burn 
parameters were left at their default values except for the flame speed, 
which was specified to be 5 m/s (considerably faster than the default 
correlations give at high steam fractions). This change was made because 
there are larg~ uncertainties in the flame speed at high steam fractions, 
and not all the available data 1upport the use of flame speeds as low as 
those given by the default model. 

When this "cavity ignition" assumption is used, a strong burn initiates 
in the cavity ;hortly after dryout, with the burn propagating rapidly 
throughout the containment. Results are compared with the base case results 
in Figure 17 for the upper containment pressure history, and the hydrogen 
consumed is shown in Figure 18. Obviously, this burn is much more vigorous 
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than any burn in the base case. Nonetheless, th$ maximum pressure, about 
6.7 bars, is well below the estimated Surry containment failure pressure. 
Still stronser burns could be obtained if there were more hydrosen present 
at the time of burn ini~istion, but only more detailed study could determine 
whether burns posin& a severe threat to containment are possible. It does 
seem that one would have to choose the relevant accident parameters rather 
carefully in order to obtain such burns, and it is therefore likely that the 
probability of containment failure due to a hydrogen burn is low in this 
accident aequence. (This statement does not necessarily apply to scenarios 
involvin& de·inertin& associated with spray recovery.) 

3.3. Aerosols and Radionuclides. 

As noted previously, all aerosol materials released by VANESA in these 
calculations except Te were treated as makin& up a single CONTAIN aerosol 
component designated "CCI aerosol", while Te was treated as a separate 
component. In Figure 19, the amount of CCI aerosol airborne in the various 
cells is plotted as a function of time for the base case. The spikes in the 
curves reflect times when hydrogen burns cause abrupt transport of aerosol 
from one cell to another. It is evident that intercell circulation is ade
quate to ~ix the atmosphere fairly well, since the aerosol quantities are 
roughly proportional to the cell volumes. Cell 4, in particular, contains 
over half the total aerosol, and the behavior of the aerosol (and radio· 
nuclide) quantities in Cell 4 may be taken as being reasonably representa
tive of the behavior of the total aerosol within the containment. Similar 
considerations hold for individual radionuclides. 

In Figure 20, CCI aerosol in Cell 4 for the base ease is compared with 
the amounts for various sensitivity cases. Differences in the results for 
most of the cases are slight and they will not be discussed here except for 
the case designated "SYL42", which was run assuming a dry cavity. For this 
case, aerosol concentrations are considerably higher at early times, as 
would be expected. At later times, after the water has boiled off in the 
base case (at about 25000 s), the dry·cavity case and the other cases tend 
to converge. 

The quantities of the I, Cs, Te, Sr, and Ce radionuclide groups airborne 
in Cell 4 are shown as a function of time in Figure 21. Cs and 1, which are 
predominantly released from the RCS prior to VB, decrease the most rapidly. 
Airborne Te initially declines rapidly also, representing the deposition of 
Te r~leased from the RCS; the curve forTe then levels out, reflecting the 
tendency of Te releases to continue into the late stages of core-concrete 
interactions. Sr is releaaed from the melt primarily during the early stages 
of CCI, and it therefore exhibits an intermediate behavior. For all the 
radionuelide species, it 11 evident that the quantities of radionuclides 
airborne at late times are quite small. Hence, if very late containment 
failures are to be associated with tubstantial source terms, processes not 
modeled in these calculations (e.g., aerosol resuspension within contain· 
ment, revolatilization from the RCS, formation of volatile iodine species) 
would have to be involved. 
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4. CONCLUSIONS 

The calculations reported here suggest that eventual failure of the 
Surry containment is quite likely in any station blackout scenario for which 
containment heat removal is never recovered. The time required to reach 
failure pressures in the calculations presented 11 from three to about seven 
days; however, a more extensive consideration of the uncertainties involved 
would likely extend this range, especially on the upper end. Noncondensible 
gas generation as calculated by CORCON does not play an important role in 
the pressurization process and the dominant uncertainties are not those 
involved in core-concrete interactions, nor are uncertainties in debris bed 
coolability or the amount of water in the cavity important (provided the 
water is not replenished). Instead, the dominant uncertainties involve 
factors governing the amount of decay heating in the containment sump and 
any other pools, heat transfer to pools and the associated steaming rates, 
and the outgasing of concrete structures. The transport of energy from the 
cavity region to the rest of the containment by natural convection plays a 
key role in the results obtained, and major uncertainties in this energy 
transport (including uncertainties in the flow paths available for convec
tion) would also affect the conclusions reached. 

Difficulty ~as encountered in extending the COR~ON calculations beyond 
about one day of problem time, and time constraints on this work did not 
permit a serious attempt to resolve this difficulty. After the first fe~ 
hours, concrete ablation rates calculated by CORCON were quite low and 
extrapolation of the results suggests that at least five days would be 
required for ba£emat melt-through, and probably longer. Unless CORCON is 
substantially underpredicting the late-time ablation rates, it seems likely 
(though far from certain) that overpressurization failure will precede 
basemat melt·through. 

During the first several hours of core-concrete interactions, steam 
concentrations are marginally low enough to permit hydrogen burns to occur. 
ln the base case, these burns were very mild, due to both the small quanti· 
ties of hydrogen consumed and the slow flame speeds calculated by the 
default burn model. Plausible modifications to the scenario permit much 
stronger burns to occur, but it is not clear that burns strong enough to 
seriously threaten containment are pl&usible for thia class of accident 
scenarios. Very tentatively, it is suggested the the probability of such 
burns is fairly low in station blackout accidents without recovery of con
tainment heat removal. Burns cannot occur at very late times, because the 
containment becomes strongly steam·inerted, 

The calculations performed here imply that the source term (other than 
noble gas) associated with a slow overpressurization failure would be quite 
small, with release fractions under 1\ for all species (<< 1\ for all 
species except Te). However, various phenomena not modeled in these calcu
lations could increase the source term significantly. 
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2.2.5 Source Term for Steam Generator Tube Rupture 

2.2.5a Description of Expert Elicitation Results (R. Breeding) 
NUREG·llSO 

Summary of Expert Elicitation 

Source Terms for PWR PDS HINY·NXY 

lNTROOUCTION 

A lc.rge port~ on of the risk at Surry and at Sequoyah is due to the plant 
damar,,. statr' HINY·NXY. This PDS is initiated by an SGTR, and the secondary 
system SRVs are stuck open. The transmission factors used for HINY-NXY in 
SURSOR and SEQSOR were selected internally when this PDS was not thought to 
Le particularly ,important. To obtain a more broadly-based set of 
distributions, the opinions of three "Experts" were solicited on this 
problem. The three were: 

Hans Jordan, Battelle Columbus Laboratories, 
Dana Powers, Sandia National Laboratories (6422), dnd 
Davi~ Williams, Sandia National Laboratories (6429). 

A meetlng was held in Albuquerque on 2 February 1989, in which the three 
r·.<char.

0
ed the information available to thenr and presented their vie\-:s on 

the fission product transmission factors that might bP. expected between thf, 
reactor vessel and the er1vironment for HINY·NXY. 

As currently constructed, SURSOR and SEQSOR use two factors in computing 
the fission product releases for HINY-NXY: FISG, the transmission factor 
from the vessel to the rupture location and; FOSG, the transmission factor 
from t:he rupture location to the environment. As only the product FISC ~·.
FOSG is utilizec in SURSOR and SEQSOR, the Experts could specify a separate 
distribution for each factor, or distributions for their product. The 
combined transmission factor, FISG * FOSG, is denoted FSGH. Two of the 
three Experts provided distributions chose to provide distr-ibutions for :.he 
product FSGH. Rather than split their results into separate distributions 
for FISG and FOSG, the distributions of the third expert have been combinPct 
before aggregation. 

Some of the Experts concluded that the transmission factor would depend 
markedly on the location of the break in the SG tube. Therefore, each 
Expert provided distributions for two break locations: SGTR at the hot-side 
(inlet plenum) tube sheet; and SGTR at or past the U-bend in the tube. The 
distributions were provided for I, Cs, Te, and 'aerosols'. The noble gases 
will all escape, and the fission products other than the three listed 

explicitly will behave as aerosols. 

LOCATION OF SGTRS 

If the break is at the U-bend of the tube, or at the cold-side tube sheet, 
there will be a long passage through the tube before the fission products 
escape into the secondary side of the SG. Some calculations predict that 
considerable deposition will occur in the tube, and that the tube may plug. 

9·MAR·89 
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The tube has an insi•le diameter of 0. 75-inch, and the distance from the 
tube sheet to the U-bend is on the order of 30 feet. 

There have been six SGT~s to date in operating commercial PWRs, all LT. 

Westinghouse SGs: 

Date Reactor Location Initial flow rate 

Feb 1975 Point .Beach #1 Tube Sheet 125 gpm 
Sep 1976 Surry #2 U-.Bend 80 gpm 
Jun 1979 Doel #2 U-.Bend 135 gpm 
Oct 1979 Prairie Island Tube Sheet 390 gpm 
Jan 1982 Ginna Tube Sheet 630 gpm 
Jul 1987 North Anna #l U-.Bend 600 gpm 

This information was obtained by telephone from Westinghouse. More 
information may be obtained about the first four SGTRs in NUREG-0651, and 
about the fifth SGTR in NUREG-0909. The only source of information for the 
last accident was given as the NRC Inspection Team Report dated 15 July 
1987, but there must be something m0re current. I have not had time to 
obtain these sources. The Prairie Island and Ginna SGTRs were due to a 
loose part that had been left in the SG after a maintenance outage. The 
other failures were due to intergranular stress-corrosion cracking (IGSC) 
or something similar. Flow out the SGTR is about 800 gpm for a double
ended guillotine break with the ends offset, i.e., full flow out both ends 
of a complete break. Thus, the first three SGTRs may be seen to be fairly 
small cracks. There was no information immediately available as to whether 
the tube sheet failure were at the h~t side or the cold s~de. My informant 
stated that an analysis of tube failures which had resulted in leakage 
below the Tech. Spec. limit (and thus are not considered to be SGTRs) had 
not shown any preference for one side or the other. 

As there is no definite preference for the the SGTRs to occur at the tube 
sheet or at the U-.Bend in the SGTRs to date, and as much of the deposition 
in the U-bend break may occur in the bend itself, the distributions of the 
experts for the two locations will be averaged. This amounts to assuming 
that the SGTR is as likely to occur at the tube sheet as at the U-bend; and 
t~·~at the failures at the tube sheet are as lit<ely to be on the hot side as 
on the cold side; and that the failures at the U-bend are randomly 
distributed in the bend. 

BACKGROUND 

The largest PDS in the SGTR group is HINY ·NXY (Surry mean core damage 
frequency (MCDF) • 1. 2E-6/yr). It constitutes about 3% of the total MCDF 
at Surry and is about an order of magnitude larger than the other PDSs in 
the SGTR group. [There is also an SGTR-initiated PDS in the ATWS group for 
Surry; it also .&.S about an order of magnitude less than HINY -NXY.] The "H" 
SGTR PDSs differ from the "G" SGTR PDSs in that the secondary system SRVs 
stuck open in the "H" PDSs and they reclosed in the "G" PDSs. 

HINY-NXY is a long scenario of events, initiated by the double-ended 
guillotine rupture of one SG tube. The operators fail to depressurize the 
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primary system in a timely manner, and the SRVs on the steam line from thP
affected SG stick open. The SRVs can be closed by a local, manual action, 
but the operators fail to do this. In the case of an SGTR, the procedures 
direct the operators to isolate the affected SG from all feedwater and from 
the condenDer, so it is estimated that the affected SG will be dry when the 
the core uncovers. HPIS operates initially, and the sw1 tch to 
recirculation from the containment sump is made successfully. As the 
pressures in the RCS and the affected SG are not equalized, flow out of the 
RCS through the broken tube continues. Eventually enough water is lost out 
the brBak that there is insufficient water in the sump for HPR to continue 
and it fails. As the entire contents of the RYST will be pumped through 
the broken SG tube before the core uncovers, the onset of core degradation 
is not expected until at least 10 hours after the start of the accident. 
In the STCP run made for HINY-NXY at Surry, the uncovering of the top of 
active fuel occurred about 800 minutes (13.33 hours) after the start of the 
accident. A summary of the plant conditions when the core uncovers 
follows: 

HINY-NXY [ T7-QS-OD MCDF • 1.2E-6/yr (Surry) 

Initiator - SGTR (one tube, double ended guillotine break) 
Secondary SRVs - Stuck Open 
RCS PORVs · Closed 
SG with break · Isolated from AFW and condenser 
Other SGs - have heat removal, AFW operating, not depressurized 
HPI · Operated 
HPR · Failed due to lack of water in sump 
LPR · Failed due to lack of water in sump 
Sprays · never operate: by the time core degradation causes a high 

radiation alarm, the contents of the RWST have been pumped 
out the ruptured tube 

Sumps - dry 
Reactor Cavity - dry 
RWST - contents not injected into Containment, reactor cavity dry 
RCS pressure at uncovering - high 

There are many possible ways to avert the accident through retutn to the 
procedures or by innovative actions, such as refilling the RWST, but as the 
operators failed to deal with the initiator successfully in the beginning 
of the accident, the systems analysts gave little or no credit for these 
actions. The operators do not open the PORVs to depressurize the RCS due 
to this operator error. 

RESULTS 

As stated above, the location of the SGTR was as likely to be just above 
the tube sheet on the hot or inlet plenum side as it is to be past the U
bend in the tube. Thus, the distribution for each expert for each location 
is treated as equally likely, and the six distributions were aggregated to 
form the final distribution for the overall transmission factor, FSGH, for 
radionuclide release from and SGTR with the secondary side SRVs stuck open. 
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The six distributions, and their source in the summaries of the elicitation 
of each individual expert that follow, are: 

Distribution Expert SGTR Location Source 

1 A U·Bend Table A4 
2 A Tube Sheet Table AS 
3 B U·Bend Table Bl 
4 B Tube Sheet Table B2 
5 c U·Bend Table CS 
6 c Tube Sheet Table Cl 

For each radionuclide species considered, the six distributions and the 
aggregate are plotted in Figures 1 thrOUf 1

l 4. The aggregate distributions 
are given in Table 1. 

Table 1 
Aggregate Distributions for FSGH 

Cumulative Transmission factor FSGH 
Probability I Cs Te Aerosols 

1.00 1.00 1.00 1. 00 1.00 
0. 99 0.96 0. 95 0.94 0.91 
0.95 0.80 0. 78 0. 77 0. 76 
0. 75 0.56 0.55 0.43 0.55 
0. 50 0.27 0. 26 0.17 0. 24 
0. 25 0.073 0.062 0.040 0.030 
0.05 2. BE· 5 2.8E-7 3.8E·5 3.8E-5 
0.01 4.9E·7 4. 9E- 7 5. 2E· 7 5.2E·7 
0.00 0.00 0.00 0.00 0.00 
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Elicitation of Expert A 

Rationale 

The data Expert A used to generate his distributions for FISG and FOSG 
consisted primarily of the output of the MARCH·TRAPMELT runs made at BCL 
for this problem. One run modeled the RCS and the primary side of the SG, 
and another, complementary run, modeled the secondary side of the SG. 
Expert A also considered the LACE3 test at Hanford, various aerosol 
transport tests at Oak Ridge, and other MARCH·TRAPMELT runs made for 
various accidents and for various reactors. He further took into account 
the experiments on aerosol deposition in BWR steam separators and dryers 
performed at BCL (see EPRI·RP-5597). 

The MARCH·TRAPMELT runs for this problem assumed that the double-ended 
guillotine break of the SG tube was at the hot-side tube sheet. No runs 
were made for breaks at or past the U-bend in the tube. 

For FISG, Expert A took the median FISC values for each fission product 
group to be the transmission factors predicted by MARCH·TRAPMELT. The 2o 
bounds were taken to be the bounding values observed for all the previous 
MARCH·TRAPMELT runs for all reactors and all scenarios, a range of about 
30% transmission to 80\ transmission. Expert A assumed that the ensemble 
of these predictions is isomorphic to the ensemble that would be produced 
by an uncertainty analysis of the codes. 

It was Expert A's conclusion that there was some uncertainty about thE' 
behavior of the volatile fission products. In TRAPMELT, the volatile 
fission products are allowed to condense onto particles and to evaporate 
from them without allowance for chemical interaction. At the meeting, Dana 
Powers stated that he felt that it was more likely that Te, being highly 
reactive, would chemically bond to the particle on which it condensed. Te 
is likely to condense onto a particle near the core region. If this 
chemical bonding occurs, Te will transport as an aerosol, and the value of 
FISG, 0.6, calculated in the MARCH·TRAPMELT run is appropriate. Expert A 
considered this value sufficiently probable that he assigned a cumulative 
probability of 0.75 to it. 

Expert A placed the extremes of the distribution close to the the 2a 
v.alues; he considered it implausible that the FISG values would like 
outs ide the 0. 30 to 0. 80 range, based on his experience with aerosol 
transport systems. 

For the break at the hot-side tube sheet, Expert A took the median values 
for FOSG to be the transmission factors predicted by MARCH·TRAPMELT. 
Disallowing vapor-phase transport as above for Te yielded the 0. 75 
probability value. Based on BCL' s experimental investigations of 
transmission factors for BWR steam separators and dryers, which are 
analogous to the steam separators and dryers in the upper portion of the 
secondary side of PWR SGs, Expert A concluded that transmission factors as 
high as 0. 50 for fission products being transported as aerosols are 
realistic. Thus he obtained his 0.25 probability value of 0.50 for FOSG 
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for the break at the hot·side tube sheet. As above, the extremes of the 
distribution were chosen on the basis of experiential judgment. 

No MARCH·TRAPMELT runs were made for breaks at or past the U-bend in the 
tube, so Expert A based his FOSG values for this case on other material. 
Based on previous MARCH·TRAPMELT runs for V sequences, he considered it 
likely that large amounts of deposition would take place in the broken 
tube. He considered it possible that the tube would melt through where the 
deposit was thickest, due to decay heating from the deposited material. If 
the deposited material is resuspended, it is likely to be in the form of 
particles that are larger than the original particles. Hence there be 
greater retentions in the upper internals of the SG. 

For simplicity, all behavior past the hot-side tube sheet is considered to 
contribute to FOSG, although technically the inside of the broken tube is 
part of the RCS. The net result of the high deposition in the tube and 
resuspension in the form of larger particles is a reduction in the FOSG 
trar1..>mission factor. Expert A formed his distribution for FOSG for a break 
at or past the U-bend by translating his distribution for FOSG for a break 
at the hot·side tube sheet so that the median transmission factor was 0.50. 

Conclusions 

Expert A provided the following tables which contained his conclusions 
about the transmission of the fission products from the reactor vessel to 
the environment for PDS HINY-NXY: 

Table Al 
FISG for tube rupture at the hot-side tube sheet 

or tube rupture at the U-bend 

IriD§m1u12n EB~tOI f:ISG 
Cum. Prob. I Cs Te Aerosols 

1.00 .82 .82 .82 .82 
0.95 .80 .80 .80 .80 
0.75 .60 
0.50 .60 .60 .30 .60 
0.25 
0.05 .30 .30 .29 .30 
0.00 .27 .27 .27 .27 

Expert A provided only the 0.95, 0.50, and 0.05 cumulative probability 
values, and the value forTe for 0.75 cumulative probability, in the above 
table. The bounding values at 1.00 and 0.00 cumulative probability were 
obtained by linear extrapolation. 
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Table A2 
FOSG for tube rupture at the hot·side tube sheet 

Inn1mhii2n [A~t2I fQSQ 
Cum. Prob. I Cs Te Aerosols 

1.00 .95 .95 .95 .95 
0.95 
0.75 .90 
0.50 .90 .90 .80 .90 
0.25 .5'> .50 .50 .50 
0.05 
0.00 . '45 .45 .45 .45 

Expert A provided only the 0.50 and 0.25 cumulative probability values, and 
the value forTe for 0.75 cumulative probability, in the above table. The 
bounding values at 1.00 and 0.00 cumulative probability were selected based 
on Expert A's statement that he thought the largest value he provided for 
each species was about the largest value that would be observed, and that 
the lowest value he provided for each species was about the lowest value 
that would be observed. 

Table A3 
FOSG for tu~~e rupture at the U-bend 

Iran§miss1on [actQI fQSG 
Cum. Prob. I Cs Te Aerosols 

1.00 .95 .95 .95 .95 
0.95 
0.75 .90 .90 .90 .90 
0.50 .50 .50 .50 .60 
0. 25 .30 .30 .30 .10 
0.05 
0.00 .25 .25 .25 .05 

Expert A provided only the 0.75, 0.50, and 0.25 cumulative probability 
values in the above table. The bounding values at 1.00 and 0.00 cumulative 
probability were selected based on Expert A's statement that he thought the 
largest value he provided for each species was about the largest value that 
would be observed, and that the lowest value he provided for each species 
was about the lowest value that would be observed. In each of the three 
tables above, Expert A took the median values to be those of the TRAP run 
recently made at BCL for this scenario. 

The distributions provided by Expert A were combined to provide combi.ned 
distributions for FSGH. Where values required in the above tables were 
missing, they were obtained by linear interpolation. Table A4 gives the 
combined transmission factor for the break location at or past the U-Bend, 
and Table AS gives the combined transmission factor when the break is just 
above the hot-side (inlet plenum) tube sheet. 
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Table A4 
FSGH for tube rupture at the U-Bend 

II1Dim111i2D [l~t2I ESQI:J 
Cwn. Prob. I Cs Te Aerosols 

1.00 .78 .78 .78 .95 
0.9C:. .75 .75 .75 .75 
0. 75 .64 .64 .54 .64 
0. 50 .30 .30 .15 .36 
0. 25 .13 .13 .13 .043 
0.05 .078 .078 .075 .018 
0.00 .067 .068 .068 .014 

Table AS 
FSGH for tube rupture at the hot-side tube sheet 

IIID§mis§12D [l~toi f:S~I:i 
Cum. Prob. I Cs Te Aerosols 

1.00 .78 . 78 .78 .95 
0.95 .75 .75 .75 .75 
0. 75 .66 .66 .54 .66 
0. 50 . 51· .54 .24 . 54 
0. 25 .22 .22 .15 .22 
0.05 .14 .14 .13 .14 
0.00 .12 .12 .12 .12 

Elicitation of Expert B 

Rationale 

See attached paper by D I Powers and J E Brockman. 

Conclusions 

Expert B provided the following tables which contained h] s conclusions 
about the transmission of the fission products from the reactor vessel to 
the environment for PDS HINY ·NXY. He provided values for FSGH - FISC )'r 

FOSG. The tables in the attached document contain more values than listed 
here; the tables below contain enough points to define his distributions 
accurately. 
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Table Bl 
FSGH for Tube Rupture at the U·Bend 

f.iYmYliUv~ ft212AJ21l1t:z: 
FSGH Value I Cs Te Aerosols 

0.05 1.00 1.00 1.00 1.00 
0.01 0.98 0.98 0.98 0.98 
0.003 0.945 0.945 0.93 0.93 
0.001 0.86 0.86 0. 81· 0.84 
3E·4 0.70 0. 70 0.67 0.67 
lE·4 0.50 0.50 U.45 0.45 
3E-5 0.31 0.31 0.28 0.28 
lE-5 0.22 0.22 0.21 0.21 
lE-6 0.14 0.14 0.13 0.13 
1E·7 0.00 0.00 0.00 0.00 

Table B2 
FSGH for Tube Rupture at the Hot-Side Tube Sheet 

C~mulas;~v~ ~ro:QabUi t): 
FSGH Value I Cs Te Aerosols 

1.00 1.00 1.00 1.00 1. 00 
0.90 0.96 0.95 0.96 0.96 
0.80 0.90 0.89 0.90 0.90 
0.6" 0.80 0.80 0.81 0.81 
0. 54 0. 71 0. 70 0. 72 0. 72 
0.45 0.61 0.60 0.61 0.61 
0. 38 0.50 0. so 0.53 0.53 
0.33 0.41 0.41 0.44 0.44 
0.25 0.21 0. 20 0.25 0.25 
0.21 0.097 0.093 0.124 0.124 
0.15 0.015 0.013 0.026 0.026 
0.12 0.00 0.00 0.00 0.00 

Note that whereas the other two experts gave FSGH values for each of the 
four fission product species for specified values of the cumulative 
probability, Expert B provided cumulative probabilities for each species 
for specified values of FSGH. This requires a different format for the 
tables, but causes no difficulty in the aggregation as the computer program 
used interpolates as required starting from either format. 

Elicitation of Expert C 

Rationale 

Expert C started from three pieces of information: 

1. the distribution for the product FISG * FOSG - FSGH that was derived 
earlier and was used in the preliminary evaluations before the elicitation 
meeting; 
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2. the results of Dana Powers' evaluations of aerosol behavior made with 
the ASTEC code for numerous aerosol size distributions; and 

3. the information from the MARCH and TRAP-MELT runs 'llade at Battelle 
recently for HINY·NXY. 

He: thought tha1.: the general distributions used earlier had approximately 
the correct shape and breadth, and he obtained his final distributions by 
modifying these distributions, and then shifting them. From the TRAP-MELT 
run he obtained the temperature and flow conditions which he used in his 
analysis. He also used the amounts deposited in the TRAP-MELT run as a 
data point. Expert C found the ASTEC results particularly helpful since 
they contained a detailed treatment of aerosol behavior, and because a wide 
variety of aerosol distributions were evaluated. 

He observed that the Battelle computer simulation showed that almost all 
the release occurred in the first 45 minutes following the first release. 
The deposition calculated by the code also occurred during this period as 
well. During this time the mean mass particle diameter was between 5 and 6 
~m, the gas temperatures on the primary side of the tube wall were between 
700 and 850K, and the wall temperatures were between 625 and 725K. In the 
STCP calculation, vessel failure did not occur until over an hour after the 
radionuclide release from the RCS was largely complete. Thus, considerable 
time would be available for decay heating and for the revolatilization of 
radionuclides deposited early in the release. 

Expert C then worked out general values for the total gas flow, the vapor 
pressure of the important fission product species, and estimated the 
temperatures required to vaporize significant amounts of I, Cs and Te from 
the tube wall. If I and Cs are assumed to be present as Csi and CsOH, he 
concluded that temperatures on the order of 850K to lOOOK would be required 
on the primary side (p- 60 bars), and about 770K to 900K on the secondary 
side (p- 8 bars). He then considered in some detail the various chemical 
forms in which I, Cs, and Te might be present, and noted that that these 
could have large effects on the amounts of revaporization to be expected. 

Expert C made a rough calculation of the decay power density in the 
deposited material, taking into account the amount of decay energy in each 
isotope and where it might be deposited. He. noted that P.STEC predicted 
that aerosols would be efficiently deposited in the broken tube if the 
break were at or past the U-bend. He therefore gave considerable attention 
to analyzing the decay heating of the broken tube by the deposited material 
for this case. 

Because the tube diameter is small (about 0.75 inch) and the tube walls are 
thin, the bulk of the gamma decay energy will not be deposited in the tube 
on which the fission products are deposited. Thus, Expert C estimated that 
all the fJ and one tenth of the 'Y energy was deposited in the tube 
containing the deposit. (In assessing the revolatilization from thicker 
structures, he allowed for higher 7 energy deposition fractions.) He then 
calculated the rate of heat loss from the tube wall to the secondary side 
of the SG, assuming the tube was plugged. 

Expert C concluded that: 
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a) A single tube, if fully plugged, can only hold a small fraction, about 
U or less, of the total aerosol produced during the accident. Thus, 
unless the deposited material resuspends quickly, the tube will plug if the 
deposition in the tube is substantial, as predicted by ASTEC. 

b) Given a t)~ical aerosol as computed by TRAP-MELT, the plugged tube will 
heat at a rate in the 2 to 6 K/s range. 

c) Heat loss mechanisms will probably limit this rapid heating stage, so 
that the tube wall temperatures will not exceed 1000 to 1200K at the end of 
this stage of the accident. Additional heating may occur, but at a slower 
rate. Even lOOOK is likely to lead to wall failure, however. 

d) Since only about 100 s may be requf.red to heat the tube wall to failure 
temperature, there could be time for dozens of plug-fail cycles. The 
plugged tube case could therefore result in migration of the failure point 
back t~ the tube sheet in the time available. 

e) If resuspension from the tube wall prevents plugging, the now rate 
computed by MARCH, 200 to 250 g-mole/s, is sufficient to remove heat at an 
approximate rate of 9000 J /K- s. This is enough to remove the heat 
deposited in the tube by wall deposits which do not block the tube, 
assuming reasonable heat transfer coefficients. 

f) The resuspended particles are likely to be in the tens-of-microns size 
range, so the fraction deposited in the secondary side of the SG is likely 
to be quite high, even allowing for some particle breakup in the shock wave 
downstream of the SG rupture location. 

Expert C then went on to consider revolatilization from the deposited 
material on the secondary side of the tube sheet around the entrance to the 
ruptured tube. He concluded that, if the initial deposition was large. the 
tube sheet would probably heat up to the point where a significant amount 
of revolatilization would occur. For the steam separators and dryers, he 
made similar order-of·magnitude calculations and concluded that 
revolatilization from material deposited on these surfaces was possible, 
but not likely to be complete. 

Expert C then observed that the distribution for FVES for the dry V 
sequence was as follows: 

I[amm!h:i1sm Lf!CtO[ FVE~ f2[ V·J2[~ 
Cum. Prob. I Cs Te Ae"'.osols 

1.00 1.0 1.0 1.0 LO 
0.99 .99 .99 .98 .80 
0.95 .98 .97 .93 .78 
0. 75 .79 .78 .55 .66 
0.50 .61 .61 .25 .35 
0.25 .40 .40 .11 .17 
0.05 .16 .15 .07 .10 
0.01 .10 .14 .06 .09 
0.00 .006 .06 .OS .08 

9·MAR-89 

2.144 



He felt that this distribution provided a reasonable starting point, since 
it was based upon the conclusions of several experts in the area. In 
particular, the width and form of the distribution should be preserved. He 
then modified this distribution somewhat to increase the downward 
uncertainty 1 obtaining tho following distribution which he used as his 
starting point for the calculation of other distributions for the various 
scenarios and cases: 

____ Starting Distribution for Expert c_ 
Cum. Prob. I Cs Te Aerosols 

1.00 1.0 1.0 1.0 1.0 
0.99 .99 .99 .98 .80 
0.95 .98 .97 .93 .78 
0. 75 .79 .78 .55 .66 
0.50 .61 .61 .25 .35 
0.25 .40 .40 .11 .17 
0.05 .12 .12 .03 .07 
0.01 .04 .04 .01 .02 
0.00 .01 .01 .003 .006 

Expert C obtained other distributions from this base distribution by the 
application of a scaling process based on the median values. This scaling 
process operates as follows: if the old distribution has median value Xm, 
and any other point in that distribution is given by Xi, and the median 
value of the new distribution is Zm 1 then the equivalent point in the new 
distribution may be calculated from: 

where 

and 

Zi • [ (SF) * Yt ] I [ 1 + (SF) * Yi ] 

SF • [ Zm I ( 1 ~ Zm ) ) I [ Xm I ( l · Xrn ) ) 

Y i • Xi I ( l • Xi ) . 

That is, if Xi is the 5th percentile value in the original distribution, 
applying the equations above will give the 5th percentile value in the new 
distribution. 

Before starting to modify his base distribution for the various cases, he 
noted that the the MARCH and TRAP·MELT calculations run at Battelle gave 
the followinb transmission factors: 

FISG 
FOSG 
FISG*FOSG 

Csl 

0.60 
0.90 
0. 54 

CsOH 

0.58 
0.89 
0.52 

Te 

0.32 
0.80 
0.26 

Aerosols 

0.56 
0.90 
0.50 

For the case where the SG tube ruptures at the hot·side tube sheet, Expert 
C considered this information along with the results of the ASTEC code as 
presented by Dana Powers. This code, which considered all fission products 
as aerosols 1 was evaluated for many different aerosol distributions, 

9·MAP.~89 

2.145 



resulting in a distribution fot the transmission factor into the SG that 
has a mode at 0.375. He concluded that this code treated aerosol behavior 
near the entrance to the broken SG tube in a more detailed and complete 
fashion than TRAP-MELT. ASTEC also had been evaluated for a wide range of 
aerosol size distributions. He thus took his median for each distribution 
for FSGH - FlSG * FOSG to be the TRAP-MELT FISG * FOSG values, reduced by 
the ratio of the mode from ASTEC to the TRAP-MELT FISG value for aerosols: 
( 0.375 1 0.56- 0.67 ). Thus, he obtained the median values for FSGH for 
the case where the break is at the hot-side tube sheet: 

Iodine Cesium Tellurium Aerosols 

FSGH Median o .. 36 0.35 0.17 0.34 

Expert C acknowledged that there were several additional uncertainties not 
considered in this treatment. For example, he believed that the ASTEC 
results might underestimate the transmission factor FSGH because it 
ne'!glected the possible existence of volatile species. There is also the 
possibility of revolatilization from the material deposited in the inlet 
plenum. While there might be a large revolatilization effect if all the 
deposited material is close to the tube inlet, there is also the 
possibility that the deposited material is not concentrated near the tube 
entrance. 

The factors just noted could increase FSGH. However, enhanced deposition 
in turbulent eddies downstream of the break, also neglected, could decrease 
FSGH. FSGH was not reduced for this deposition mechanism in the secondary 
side of the SG because: 

a) there are no reliable calculations available for the present scenario. 

b) the information that is available suggests that the DF in the secondary 
side is likely to be less than 2. 

c) the particles most susceptible to deposition in the secondary side are 
those for which depositicn is most likely on the primary side at the tube 
entrance or in the inlet plenum. This applies to the initial deposition; 
particles deposited in the tube and resuspended will be much larger and are 
considered separately. 

While FSGH may be overestimated by neglecting enhanced deposition on the 
secondary side, it may be underestimated by neglecting revolatili7'1tion 
from the material deposited on both sides. Expert C was unwilling to give 
credit for substantial deposition on the secondary side unless he had a 
better method of treating revolatilization as well. 

In evaluating the net effects of these additional uncertainties, Expert C 
noted that there were no quantitative calculations available for the 
scenario of interest that indicated the magnitude of these effects; that h~ 
had no strong reasons for believing that any of these effects were very 
large; and that the net effect of all these neglected mechanisms could 
increase or decrease FSGH. He therefore concluded that there was not 
enough information available to warrant changing the median values given 
above in either direction. 
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Conelus.lons 

Expert C provided the following tables which contained his conclusions 
about the transmission of the fission products from the reactor vessel to 
the environment for PDS HINY-NXY: 

Table Cl 
FSGH for tube rupture at the hot-side tube sheet 

I£1Dam1111san [ICt!;!t ES~H 
Cum. Prob. I Cs Te Aerosols 

1.00 1.0 1.0 1.0 1.0 
0.99 .97 .97 .97 . 79 
0.95 .95 .92 .89 .77 
0.75 .58 .55 .43 .65 
0.50 .36 .35 .17 .34 
0.25 .19 .19 .071 .16 
0.05 .038 .037 .019 .067 
0.01 .015 .014 .006 .019 
0.00 .004 .003 .002 .006 

For a break at the U-bend, Expert c concluded that there were four possible 
outcomes: 

Case A: the tube plugs and stays plugged; 
Case B: the tube plugs and then repeatedly fails again closer 

to the tube sheet; 
Case C: the deposited material strips off the interior tube wall so the 

tube does not plug - there is no revolatilization of 
fission products from this material; 

Case 0: the deposited material strips off the interior tube wall so the 
tube does not plug - there is revolatilization of 
fission products from this material; 

In cases C and D, the deposited material that strips off the tube wall is 
largely redeposited in the SG due to the large particle sizes of this 
material. Cases C and D differ as to whether there is effective 
revolatilization from this material. 

Expert C concluded that the tube was as likely to plug as not, and that, if 
it plugged, it was as likely to stay plugged as to fail again further back 
toward the hot- side tube sheet. Thus he concluded that Cases A and B 
together were as probable as Cases C and D together; and, further, that 
Cases A and B were equally likely. In distinguishing between cases C and 
D, Expert C concluded that no revolatilization and significant revolatil
ization were equ.Jily likely for iodine, that no revolatilizat:ion was three 
times more likely than significant revolatilization for cesiwn, and that no 
revolatilization was about six time more likely than significant 
revolatilization for tellurium. For the fission products other than the!'e 
three, there is no revolatilization. 

Expert C summarized his conclusions about the case where the break is past 
the U-bend in the following table which gives his median value and the 
probability of the case for each of the four cases: 
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Case Iodine Cesium Tellurium Aerosols 
Ked. Prob. Ked. Prob. Ked. Prob. Med. Prob . 

A .01 .25 .01 .25 . 005 .25 .0075 .25 
B .36 .25 .35 .25 .17 .25 . 34 .25 
c .05 .25 .05 .375 .05 .425 .OS .50 
D .?5 .25 .25 .125 .25 .075 

That is, for Case A, Expert C concluded that the median value for the 
iodine distribution is 0.01 (total transmission factor) and that the 
probability of Case A is 25%. Similarly, for Case C, he concluded that the 
~edian value of the tellurium distribution is 0.05 and that the probability 
of Case C is 42. 5%. For all cases, Table Cl was cons ide red to give an 
adequate representation of the breadth and shape of the distributions 
desired. The final distributions were constructed from the distributions 
in Table Cl using the shifting formulae given above. 

In Case A, r:he scenario is essentially converted to a non· SGTR accident. 
Expert C gave transmission factors for the release throug'-1 the SGTR for 
this case, but stated that if the containment failed the resulting releases 
migr.t dominate the total release. As the source term calculation takes 
vlace in a separate calculation after containment failure has been 
considered, it is not possible in this calculation to go back and consider 
other modes of containment failure or bypass. As the bulk of the core melt 
accidents at Surry did not. result in containment failure, the releases 
given by Expert C for Case A, given below in Table C2, are used as given. 

For Case B, Expert C concluded that the tube would quickly fail back past 
the U·bend and that the transmission factors for failure at the hot-side 
tube sheet would apply. These distributions were given above in Table Cl. 
For case C, the large particles that result when the deposited material is 
stripped off the inside of the SG tube by the flow are unlikely to leave 
the secondary side of the SG. There may be some de-agglomeration in the 
shock wave just downstream of the break, but even so the resulting 
particles are expected to be large enough to remain in the SG. The 
question is how mur.h revolatilization of I, Cs, and Te will occur from 
these particles. Cases C and D differ is this respect. Expert C • s 
distributions for the total transmission factor with no revolatilization 
are given below in Table C3, and his distributions for the total 
transmission factor with revolatilization are given below in Table C4. 
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Cwn. Prob. 

1.00 
0.99 
0.95 
0.75 
0.50 
0.L5 
0.05 
0.01 
0.00 

Table C2 
FSGH for tube rupture past the U-Bend 

Case A · Tube plugs permanently 

I 

1.0 
.39 
.24 
.024 
.010 
.004 
.0007 
.0003 
.0001 

Transmission Factor FSGH 
Cs Te Aerosols 

1.0 
.39 
.17 
.022 
.010 
.004 
.0007 
.0003 
.0001 

Table C3 

1.0 
.43 
.17 
.018 
.005 
.002 
.0005 
.0002 
.00005 

1.0 
.054 
.048 
.027 
.008 
.003 
.0011 
.0003 
.0001 

FSCH for tube rupture at the U-bend 
Case C · Deposited Material Strips Off, No Revolatilization 

Cwn. Prob. 

1.00 
0.99 
0.95 
0.75 
0.50 
0.25 
0.05 
0.01 
0.00 

I 

1.0 
.77 
.62 
.11 
.050 
.022 
.004 
.001 
.0001 

Transmission Factor FSGH 
Cs Te Aerosols 

1.0 
. 77 
.52 
.11 
.050 
.022 
.004 
.001 
.0001 

Table C4 

1.0 
.89 
.68 
.16 
.050 
.019 
.005 
.002 
.0005 

1.0 
.28 
.26 
.16 
.050 
.020 
.007 
.002 
.0005 

FSGH for tube rupture at the U·bend 
CaseD · Deposited Material Strips Off, Revolatilization 

Cwn. Prob. 

1.00 
0.99 
0.95 
0. 75 
0.50 
0.25 
0.05 
0.01 
0.00 
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1 

1.0 
.96 
.91 
.44 
.25 
.12 
.023 
.009 
.002 

Transmission Factor FSGH 
Cs Te 

1.0 
.96 
.87 
.43 
.25 
.12 
.023 
.009 
.002 
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The four cases were weighted as explained above and combined. The 
resultant distributions for FSGH for the situation in which the SGTR was at 
or past che U·bend are given in Table CS. 

Table C5 
Resultant FSGH for tube rupture at the U-bend 

I'iDim1iii2D [l,t2t [~gH 
Cwn. Prob. l Cs Te Aerosols 

1.00 1.0 1.0 1.0 1.0 
0.99 .96 .95 .95 .78 
0.95 .84 .77 .78 .69 
0. 75 .37 .32 .24 .21 
0.50 .12 .084 .067 .050 
0. 25 .021 .018 .014 .016 
0.05 .0026 .0024 .0015 .0023 
0.01 5.4£-4 5. 2E-4 4.0E-4 9.0E-4 
0.00 0.00 0.00 0.00 0.00 

9 -MAR-89 

2.150 



HINY -NXY SOURCE TERM TRANSMISSION FACTOR-FSGH 
IODINE 

1.0~~--------------------------------------~P-------~~ 

0.9 

0.8 

II) 

g 0.7 

~± 
c; :0 0.6 
., 0 
~..0 
r E 

~ ~ Q.. 0.5 
- E • ~ ~ > 

c:---I ~ o.• 
~ E 
- :J iU 
4f 03 
~ 

~ 0.2 

~ 
c: 

; 
2 

"" ... 

0.1 

0.0 ~ • I ..-: I I I I I I I I ' 

a= A-BEND 
o = A-TS 
t:. = 8-BEND 
v = 8-iS 
a= C-BENO 
~ = C-TS 
• = AGGR. 

- 0.0 0.1 0.2 0.3 OA 0.5 0.6 0.7 0.8 0.9 1.0 

Transmission Factor, FSGH -
~ 

Figure 1 



H1NY -NXY SOURCE TERM TRANSMISSION FACTOR-FSf3H 
CESIUM 

1.0F 
0.9 

0.8 

'" 2 0.7 
c 

fi~ 
c; :0 0.6 

~_g 
r ~ 

N ~ Q.. 0.5 
:... ~ Q) 
V1 z > 
N c •-·--I ~ o.• . E 

! ::1 I (.) 0.3 

~ 0.2 
" 
~ 
c 

0.1 
~ 
-.,. 
~ 0.0 " f!6 i V I I I I i i i i ' 

o =A-BEND 
o = A-TS 
A= 8-BENO 
v = 8-TS 
s = C-BENO 
~ = C-TS 
• = AGGR. 

,... 0.0 0.1 0.2 0.3 0.4 L.S 0.6 0.7 0.8 0.9 1.0 

Transmission Factor, FSGH 

~ 

Figure 2 



HINY-NXY SOURCE TERM TRANSMISSION FACTOR-FSGH 
TELLURIUM 

1.0 I?'* ~-:> T 
0.9 

0.8 

., 
2 0.7 

i~ 
Q :g 0.6 
.. 0 
~.a 
.! e 

N lj Q. 0.5 :.... = Q) 
V1 ~ > 
\,..,)c:---I ~ o.• 

..; E 
!: :::J :z::u 
' 0.3 ~ 

~ 0.2 .. 
~ 
G 

~ 
s -,., 

0.1 

0.0 • • I .. I I I I I I I I f 

a= A-BE 
o = A-TS 
t1 = 8-BENO 
v = B-TS 
a= C-BEND 
* = C-TS • = AGGR • 

...; 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Transmission Foetor, FSGH 

~ 

Figure 3 



HINY -NXY SOURCE TERM TRANSMISSION FACTOR-FSGH 
AEROSOLS 

1.0 p 

0.9 

0.8 

"' ~ 0.7 
c 
_. ;>... 

!t-·-0 :a 0.6 
... 0 
~.0 
; ~ 

N 8 0.. 0.5 
:.... i Cl) 
V1 > 
..r:- c ·---~ ~ 0.4 

"E 
~ ::J 

t u 0.3 
~ 

I o.2 

~ 
C) 

0.1 
~ 
:; 

----- ::YT 

... ... 0.0 "' I .... I I I I I I I I ' 

a= A-BEND 
o = A-TS 
6 = 8-BEND 
v = B-TS 
rm = C-BEND 
~ = C-TS 
• = AGGR. 

"' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Transmission Foetor, FSGH 

~ 

Figure 4 



2.2.5b Internal SNL memo from D. Powers to distribution entitled Source 
Term for the HINY/NXY Accident 

Sandia National Laboratories 
dale February 13, 1989 Albuquerque. New Mexico 8718') 

10 Distribution 

from 0. A. Powers, 6422 

Source Term for the HINY/NXY Accident 

Enclosed is the rationalization prepared by J. E. Brockmann 
and me for the HINY-NXY accident sequence. I believe the 
analysis raises several essential points: 

1. Release of radionuclides from fuel during core 
degradation can produce substantial source terms 
when the containment is by-passed. 

2. Careful definition of the flow paths and 
radionuclide retention mechanisms is essential if a 
determination of the source term is to be made. 

3. Concentration of the radionuclides on surfaces as a 
result of deposition processes needs to be 
recognized as a factor which can alter the nature 
of accidents. 

4. Revaporization of deposited radionuclides needs to 
be considered in the definition of accident source 
terms and is strongly affected by the deposition of 
radionuclides. 

OAP:6422:svr 

Distribution: 
L. Chan, NRC 
C, Ryder, NRC 
R. Denning, BCL 
6413 E. Bergeron 
6413 R. Breeding 
6413 F. Harper 
6422 J. Brockmann 
6422 D. Powers 
6427 D. Williams 
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All UALYSIS OF AEROSOL TRAIISPORT 

THROUGH A RUPTURED STEAM 

GENERATOR TUBB 

o. A. Powers 
J. E. Brockmann 

Sandia National Laboratories 
Albuquerque, NM 

This paper is a response to a request from E. Bergeron 

(division 6413 Sandia National Laboratories) to apply 

methods used in our analysis of aerosol transport 

uncertainty for NUREG-1150 to a specific accident sequence. 

The specific sequence is the so-called HINY-NXY accident at 

the surry plant. This accident is initiated by a rupture to 

one steam generator tube. The objective of the analysis is 

to determine FVES - the fraction of released radionuclides 

that pass through the reactor coolant system prior to core 

debris penetrating the reactor vessel. 

We had previously supplied estimates of FVES for more 

generic accident conditions using computational tools 

developed as part of the u. s. Nuclear Regulatory 

Commission's severe Accident Research program. The approach 

adopted for the generic estimates of FVES was based on the 

assumption radionuclide transport in the reactor coolant 

system could be adequately described as an aerosol transport 

issue. That is, vapor interactions with structural surfaces 
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along the flow pathway could be neglected. A computer code 

called ASTEC developed to analyze aerosol transport in 

piping networks was used for the analysis. The ASTEC code 

calculates aerosol transport efficiency considering 

gravitational settling, thermophoresis, diffusion, turbulent 

inertial impaction, and impaction in flow bends. Results 

obtained from the code are sensitive to particle size, gas

surface temperature differences, flow velocities, gas 

composition, as well as the piping system geometry. The 

analyses for the generic estimates of FVES began with a 

·definition of uncertainty ranges for these sensitive 

features of the model. Inputs were randomly selected from 

tnese uncertainty ranges in accordance with assumed 

probability distributions and the transport efficiency model 

was repetitively executed. Results were then accumulated to 

form a distribution function for the estimated efficiency of 

radionuclide transport through the reactor coolant system. 

A typical result submitted to the NUREG-1150 project is 

shown in Figure 1. 

The methods employed in the generic analysis are 

applied here for a specific sequence. For the specific 

accident sequence HINY-NXY many factors considered uncertain 

for the generic ac~ident sequence are taken here to be 

adequately specified by results from the Source Term Code 

Package analyses. These specifications are summarized in 

Table 1. 
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Table 1. Summary of the surry HINY-NXY Accident Data 

Primary Gas Molar Gas Molecular Release Fractions 
Time System Pressure Temp Flow Rate Weight I Cs Te 
(min) (atms) (K) (g-molesjs) (gjmole) 

796.3 77.48 567 402 18.0 
801.3 74.69 589 380 18.0 
841.3 62.72 661 300 17.9 
850.5 Start of core melting 

N 851.3 54.29 699 255 17.1 0.035 0.052 8.8 x 1o-4 . 
...... 861.3 45.71 727 225 14.2 0.46 0.47 0.082 VI 
\0 871.3 37.48 770 204 10.7 0.82 0.82 0.45 

874.3 Start of core slumping 
874.5 47.14 931 237 8.9 
876.3 Core collapse 
876.3 63.54 1085 278 8.6 0.91 0.92 0.60 
881.5 106.7 812 453 15.6 
896.1 86.19 721 426 16.7 
897.1 Vessel head dryout 
915.6 48.23 729 222 19.9 
933.7 44.56 755 185 17.5 0.92 0.92 0.61 
933.7 Head failure 



Uncertainty was assumed, then, to arise in the analysis 

of this specific accident sequence only from the uncertainty 

in the size distribution of aerosols entering the piping 

system. The size distribution of aerosols produced during 

core degradation depends in complicated fashions on the 

total concentration of aerosol particles, the amount of 

condensible vapor accompanying the aerosols, the temperature 

history of the aerosoljvapor mixture, kinetics of 

nucleation, mass transport and chemical reactions within the 

mixture. We do not believe a satisfactory model of these 

processes has been developed nor do we believe the release 

models in the Source Term Code Package are highly accurate. 

Consequently, we ascribe very large uncertainties to the 

size distribution of aerosols entering the piping system. 

It is assumed here that the aerosol size distribution 

is log-normal in shape. This is, almost assuredly, wrong, 

but the log-normal distribution does approximate adequately 

for the purposes of the analyses here more complicated and 

realistic distributions. The aerodynamic mass mean of the 

log-normal distribution was taken to be uncertain within the 

range of 0.3 to 7.8 ~m. The geometric standard deviation 

for the log-normal size distribution was taken to be 

uncertain within the range of 1.2 to 3.2. The range for 

mean size was selected based on past experiences with 

aerosol transport through piping systems connected to tests 

of high temperature melt and molten sodium interactions with 
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• 

concrete. The r~nge for the geometric standat.·d deviation 

was chosen to include the possibility of a very sharply 

peaked size distribution as well as a distribution that was 

actually multimodal and only approximately described by a 

log-normal distribution. 

We have treated uncertainties in the mean and the 

geometric standard deviation of the aerosol size 

distribution as independent uncertainties. We are not, 

however, persuaded of this independence of uncertainties in 

the mean and the geometric standard deviation. We are not 

able at this point to provide a defensible description of 

correlation between the mean and the geometric standard 

deviation. Some auxiliary calculations are presented below 

to illustrate the effects of a hypothesized correlation 

between the mean and the geometric standard deviation. 

The shape factor of the aerosols was arbitrarily fixed 

at about 2. Though we consider the shape factor for 

aerosols in the reactor coolant system to be quite 

uncertain, we did not feel this uncertainty would add 

greatly to the uncertainty arising from the size 

distribution. 

There is no firm quantitative basis for selecting a 

probability distribution for values of the mean and 

geometric standard deviation within their respective 
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uncertainty rang••· As a base case we have assumed the 

probability density function to be constant over these 

ranges. As an adjunct analysis, we examine the consequences 

of assuming other probability density functions. 

Nodalization of the piping system used in the ASTEC 

analysis of aerosol transport efficiency is shown in 

Figure 2. The nodes are: 

Nodes 1-3 

Note 4 

Node 5 

Node 6 

Node 7 

Node 8 

Node 9 

Node 10 

Horizontal pipe sections each 221 ern 
long, 74 em diameter. 

45• bend 

Length of bend region • 100 em 
Diameter of pipe = 79 em 

Vertical plenum 122 em long, 150 em 
diameter 

Aspiration node to characterize inlet 
efficiency to 1.97 em diameter steam 
generator tube. zero length. 

Vertical section of steam generator tube 
829 em long, 197 em diameter 

180• bend in steam generator tube 

Length of lao• bend ~ 208 em 
Diameter of pipe • 1.97 em 

Note that nodes 4, 7 and 9 are of zero length. Nodes 4 and 

9 are used to characterize th~ inertial impaction that 

occurs when aerosol-laden gases pass around bends. Node 7 

characterizes the inlet or sampling efficiency as the gas 

flow goes from a 150 em diameter entrance plenum to a 1.97 

em diameter steam generator tube. 
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•two analyses were done. In the first, all 10 nodes 

were considered. In the second, nodes 8, 9 and 10 were 

omitted. The first analysis, then, considers a case in 

which the rupture to the steam generator tube is at the end 

of a bend. This second analysis amounted to assuming the 

entire, ruptured, steam generator tube was removed from the 

flow path as would be the case for a rupture at the so

called "tube sheet". 

It should be noted that in our previous, generic 

analysis of transport efficiency the location of a break in 

the piping system was taken to be uncertain. When thi£ 

break was predicted to be in the steam generator tubes or 

beyond, it was assumed that the loop seal had been 

displaced. Consequently, there could be flow in all of the 

steam generator tubes. We were informed, however, that for 

the specific case of interest here the loop seal was still 

present. All flow, then, was through the ruptured tube. 

our calculations indicated choked conditions and, indeed, 

the accident specifications too indicated choked flow 

conditions had arisen in the Source Term Code Package 

analyses. 

Procedures used for the analysis were generally the 

same as used for the generic analysis. The model was 

repetitively e~~cuted using values for the uncertain 

parameters randomly selected from their respective 
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uncertainty ranges. Results were accumulated to obtain 

probability density functions and cumulative probabilities 

for the transport efficiency-or FVES in the NUREG-1150 

nomenclature. Separate values for the transport efficiency 

were kept for iodine, cesium and tellurium because each of 

these species had slightly different release rates. We did 

not attempt to account explicitly for other radionuclides 

grouped as "aerosols", but we believe transport efficiencies 

for these other radionuclides are well represented by 

results for tellurium. 

RESUJ~. 

Results were obtained for two cases. In the first, a 

rupture was assumed to exist in the bend of the steam 

generator tube. In the second, the steam generator tube was 

assumed completely missing from the flow path as befits the 

description of the HINY-NXY sequence initiator as a double

ended guillotine break. These results are discussed 

separately below. 

case l 

Probability density functions for the transport 

efficiencies of ioaine, cesium and tellurium in Case 1 are 

shown in Figures 3, 5 and 7, respectively. The cumulative 

r-robability curves are shown in Figures 4, 6 and 8. Some 
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cumulative probabilities are listed in Table 2. Means, 

medians and standard deviations• for these probability 

distributi~ns are: 

Mean 
'l.ransport Standard 

Radionuclide Efficiency Deviation Median 

Iodine 8.oo x lo-4 0.00282 1 X lo-4 
Cesium 8.17 x lo-4 0.00288 1 X lo-4 
Tellurium 0.00102 0.00356 1 X lo-4 

Small differences in the transport efficiencies for these 

models arise from differences in the release rates for these 

three species. 

Detailed examinations of the code calculations show 

that very little aerosol deposition occurs in nodes l-3. In 

these nodes some small gravitational setting of large 

particles and diffusional deposition of very small particles 

occurs. A similar situation arises in node 5. In node 4 

some inertial deposition of particles larger than about 14 

~m occurs. Flow velocities in the vertical section of node 

6 are, during some periods, less than the settling velocity 

of particles larger than about 60 pro. 

• The mean is the numerical average of transport 
efficiencies calculated in the multiple model executions. 
The standard deviation is calculated from 

[ 

N ] 1/2 
standard deviation • t (xi- x) 2/(N-l) 

i•l 

-where x is the mean, xi is the transport efficiency 

calculated in the ith model execution, and N is the total 

number of model executions. 
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Table 2. Cumulative Probabilities of FVES Values for 

case l - Rupture in the Bend of the Steam 

Generator Tube 

Cumulative Probability of a Lower Value 

of FVES for: 

FVES 
Value J:odine Cesium Tellurium 

10-6 0.1385 0.1370 0.1296 
3 x 1o-6 0.1723 0.1703 0.1568 
1o-5 0.2242 0.2223 0.2057 
3 x 10-5 0.3120 0.3095 0.2820 
1o-4 0.5044 0.4996 0.4514 
3 x 10-4 0.7036 0.6995 0.6657 
1o-3 0.8574 0.8565 0.8353 
3 x 1o-3 0.9453 0.9448 0.9320 
0.01 0.9840 0.9831 0.9768 
0.02 0.9941 0.9939 0. 9908 
0.03 0.9982 0.9982 0.9968 
0.04 0.9993 0.9993 0.9984 
0.05 1.00 1. 00 0.9995 
0.06 1. 00 1. 00 1.00 
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Major inefficiencies in aerosol transport occu~ at node 

7-the inlet to the steam generator tube. Only particles 

less than about 2 ~m are efficiently drawn into the steam 

generator tube. Larger particles are unable to follow the 

stream lines. The exact fate of these larger particles is 

not predicted by the ASTEC model. It is assumed here that 

they deposit on walls or settle out of the plenum 

atmosphere. 

Flow in the steam generator tube is sonic and wildly 

turbulent. Turbulent impaction on the tube walls rather 

efficiently removes particles from the flow along the length 

of the tube. Combinations of inertial and turbulent 

impaction remove matecials from the flow in n~des 9 and 10. 

Though the ASTEC model indicates a substantial fraction 

of the particulate mass is thrown against the tube walls, 

the model does not predict the subsequent fate of this 

deposited material. Our experience suggests: 

1. there will be a very significant accretion of 
material. 

2. the flow cross-section will be rapidly 
constricted. 

3. particle masses stripped from the walls may 
redeposit or be shot out the tube rupture. 

4. some deagglomeration of material expelled through 
the tube rupture may occur in the standing shock 
wave outside the rupture. 

Crude analyses considering pneumatic atomization suggest 
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that macroscopic masses of deposited material expell1ed 

through a rupture will not be deagglomerated to size:s much 

less than 30 ~m. Turbulent flow through a nozzle, h1:lwever, 

is often used to deagglomerate particles. The behav.ior of 

aerosols in steam generator tube breaks is, however, 

unknown. Though we have not attempted to analyze ae1::-osol 

behavior in the secondary side of the steam generato1~ in 

detail, it appears that flow velocities will be too low to 

prevent gravitational settling of larger particle site 

material. Very fine aerosols tl1at succeed in passing 

'through the steam generator tube will not be efficiently 

trapped by structures in the secondary side of the steam 

generator. Consequently, we assume that deagglomeration can 

be ignored and that actions on the secondary side will 

little perturb results presented here. This belief is 

consistent with some preliminary findings by H. Jordan 

(Battelle Columbus Laboratory) that decontamination on the 

secondary side predicted with the TRAPMELT code remove~s 

about 10% of the particulate material. 

Deposition of particles in the steam generator tube 

would place a tremendous thermal load on the thin-wall,ed 

tube. It is, then, possible that the tube would fail at 

other locations as the deposition progresses. A limiting 

case for this would be case 2 in which the tube rupturt! was 

taken to occur at the tube sheet immediately adjacent t:o the 

entrance region. 
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car;e 2 

In Case 2 only nodes l-7 were considered in the 

calculation. That is, the break in the steam generator was 

hypothesized to occur at the tube sheet. Flows and aerosol 

behavior in nodgs 1-6 were identical to those in Case 1 

where the break occurred high in the tube. The sampling 

efficiency characterized by node 7 was also the same in this 

case as in Case 1. Means, medians and standard deviations 

for the transport efficiencies in this case are; 

Mean 
Transport Standard 

Species Efficiency Deviation Median 

Iodine 0.4415 0.2203 0.38 
Cesium 0.4465 0.2227 0.385 
Tellurium 0.4297 0. 2215 0.36 

The probability density functions and cumulative 

probabilities are shown in Figures 9-14. Selected 

cumulative probabilities for FVES values are also presented 

in Table J. 
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Table 3., CUliulative Probabilities tor Values of FVES -
The R~dionuclide Transmission Efficiency in 
the Reactor Coolant System - for case 2 -
Rupture at the Tube Sheet 

cumulative Probability 
of a Lower FVES Value for 

FVES 
Value Iodine Cesium Tellurium 

0.13 0.00073 0.00058 0.00716 
0.14 0.0070 0.00599 0.0152 
0.15 0.0149 0.0130 0.0260 

0.18 0.0492 0.0462 0.0648 
0.19 0.0621 0.0593 0.0815 

0.21 0.0971 0.09319 0.124 
0.22 0.1189 0.1136 0.1529 

0.24 0.1802 0.1715 0.2134 
0.25 0.2095 0.2004 0.2463 

0.28 0.2990 0.2902 0.3326 
0.29 0.3256 0.3157 0.3542 

0.32 0.3929 0.3853 0.4185 
0.33 0.4119 0.4058 0.4368 

0.37 0.4874 0.4794 0.5120 
0.38 0.5045 0.4977 0.5275 

0.44 0.5946 0.58878 0.6109 
0.45 0.6059 0.6011 0.6109 

0.53 0.6986 0.6930 0.7131 
0.54 0.7095 0.7024 0.7235 

0.64 0.7939 0.7882 0.8039 
0.65 0.8016 0.7959 0.8105 

0.80 0.8979 0.8919 0.9027 
0.81 0.9030 0.8988 0.9078 

0.89 0.9498 0.9440 0.9533 
0.90 0.956) 0.9498 0.9604 
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It is clear from these results that without the 

decontamination produced by flow through the steam generator 

tube itself, much less retention of radionuclides in the 

reactor coolant system occurs. A very careful definition of 

where the tube rupture occurs is necessary to obtain some 

resolution between the retention predicted in this case and 

that predicted in the previous case where the steam 

generator tube was a part of the flow path. 

Though less material is retained in this case than in 

the previous case, there is still a very significant 

deposition of radioactive material in the inlet plenum to 

the steam generator tubes. The heat load imparted to this 

structure may well have ramifications on the behavior of 

radionuclides later in an accident such as during the period 

radionuclides revaporize from surfaces in the reactor 

coolant system. 

In both cases there is a significant concentration of 

radionuclides in regions of the reactor coolant system. The 

very significant heat load that can be created by the 

retained radionuclides will create conditions conducive to 

revaporization of radionuclides. In case 1 in which 

radionuclides are being collected in the steam generator 

tube, revaporization may become important even during the 

period radionuclides are being released from the reactor 

core. No attempt has been made here to estimate the extent 
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to which revaporization before core debris penetrates the 

vessel might reverse the retention of radionuclides 

calculated here. Revaporization cannot, however, be 

neglected in the overall evaluation of radionuclide source 

terms from this accident. 

Auxiliary OuestiQns 

In developing our analyses for the Surry HINY-NXY 

accident, two questions arose that merit computational 

attention. The first question concerned the effect of 

correlation between the uncertainty in the mean of ~he 

aerosol particle-size distribution and the uncertainty in 

the geometric standard deviation of this distribution. We 

have been unable to define a technically defensible 

correlation. Analyses were, however, rerun assuming a 

hypothetical correlation. The mean of the size distribution 

was still assumed to be uniformly distributed between 0.3 

and 7.8 ~m. The geometric standard deviation was assumed to 

be uniformly distributed over an interval dependent on the 

mean: 

1.2 + O.lU to 3.2 

where U is the mean. The analysis assuming this correlation 

between the mean and the geometric standard deviation 
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yielded results rather similar to the uncorrelated 

calculations for Case 1: 

FVES 
Mean 

Transport Standard 
Species Efficiency Deviation Median 

Iodine 8.31 x lo-4 0.00290 2 X lo-4 
Cesium 8.48 x lo-4 0.00296 2 X lo-4 
Tellurium 1.05 x lo-3 0.00366 2 X lo-4 

There was a somewhat larger effect on the results for 
case 2: 

FVES 
Mean 

Transport Standard 
Species Efficiency Deviation Median 

Iodine 0.4506 0.2104 0.38 
Cesium 0.4557 0.2127 0.38 
Tellurium 0.4391 0.2114 0.37 

But, correlation of the uncertaintias did not produce 

qualitative changes in the results of the calculations. 

Conclusions reached from the results of calculations with 

uncorrelated uncertainties are still applicable. 

The second question that arose concerned the 

probability density functions assumed for the uncertain 

parameters in the calculations. We know of no technically 

defensible way to define these probability density 

functions. For the base calculations we have assumed 

uniform probability density functions over defensible 

intervals. The assumption of uniform probability density, 
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the so-called maximum entropy assumption, maximizes 

uncertainty in the calculated results. For this particular 

analysis, the major uncertainty has nothing to do with the 

uncertain parameters - rather, it has to do with the 

definition of the break location. This break location 

sensitivity is sufficiently large that separate 

calculational cases were defined. It is ;f interest, still, 

to see if the qualitative conc~usions of the base 

calculations are sensitive to the a~sumed probability 

density functions for the uncertain parameters. 

To examine the sensitivity to the assumed probability 

density functions, the mean and the geometric standard 

deviations of the aerosol particle size distributions were 

assumed to be approximately normally distributed. The 

ranges defined for these parameters were taken to define the 

95% confidence intervals for the parameters. Thus the 

density function for the mean size was itself taken to have 

n mean of 4.05 ~m with a stanjard deviation of 2.28. To 

avoid impossible circumstances mean values less than 0.2 ~rr. 

were neglected in the Monte Carlo simulations. The 

truncation of this distribution at low values means the 

distribution was not exactly normal. The probability 

density function for the geometric standard deviation was 

taken to have a mean of 2.2 with a standard deviation of 

0.608. To avoid impossible circumstances geometric standard 

deviations less than 1.1 were neglected in the Monte Carlo 
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simulations. Again, the truncation distorted the assumed 

distribution from normal. 

Results obtained for case 1 and Case 2 with nearly 

normally distributed uncertainties in the parameters for the 

aerosol particle size distribution are shown in Table 4. 

The probability density functions for transport efficiencies 

of cesium-bearing aerosols with uniformly distributed and 

nearly normally distributed parameter uncertainties are 

compared in Figures 15 and 16 for cases 1 and 2, 

respectively. 

It can be seen that the assumption of normally 

distributed uncertainties somewhat reduced the mean 

transmission of aerosols through the reactor coolant system 

in both cases relative to results obtained when uniformly 

distributed parameter uncertainties were assumed. Also, as 

expected, the probability density functions for the aerosol 

transmission in both cases were sharpened - that is the 

calculated uncertainties in aerosol transmission were 

reduced. But, neither of these effects affected the 

qualitative conclusions of the base calculations. 

Substantial retention of aerosols is calculated in both 

cases and in the case in which the steam generator tube ~s 

part of the flow path a very great amount of retention of 

aerosols is predicted. 
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Table 4. Results of Calculations in which Parameter 
Uncertainties were Assumed to be Normally 
Distributed. 

Case 1. Tube Rupture in Bend 

Mean 
Transport Standard 

Species Efficiency Deviation Median 

Iodine 4.67 X lo-4 0.00273 4 X lo-5 
Cesium 4.77 X 1o-4 0.00278 4 X lo-5 
Tellurium 5.89 X lo-4 0.00349 1 X lo-4 

Case 2: Tube Rupture at the Tube Sheet 

Mean 
Transport Standard 

Species Efficiency Deviation Median 

Iodine 0.4126 0.1688 0.37 
cesium 0.4173 0.1706 0.38 
Tellurium 0.4001 0.1691 0.36 
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2.2.6 Rocket Mode Failure at Surry (internal memo from R. Breeding 
to E. Gorham-Bergeron) 

Sandia National laboratories 
AlbUQUtfQUt, New MtlriCO 87185 

Date: 16 November 1988 

Memo to: E D Bergeron, 6413 

from: R J Breeding, 6413 ~ 
copies: M Cunningham, NRC D Pyatt, NRC 

R Denning, JCL T Pratt, BNL 

Subject: "Rocket" Mode Failure at Surry 

Although there is great uncertainty as to the possibility of a "Rocket" 
mode of vesse 1 and containment failure, it is included in the Surry 
Accident Progression Event Tree (APET). The reasoning is that it is better 
to have it considered and visible than to have it omitted and have to 
explain why it was omitted. 

There have been two brief looks at the Rocket mode of vessel and 
containment failure. The one study concluded that it was at least credible 
based on gross assumptions, and the other ltudy diugreed with the first 
one. Thus there is little to go on. Division 6420 will be taking a more 
detailed look at this problem, but the results will not be available for a 
month or two. 

The logic no ... · in the Surry AFET requires gross bottom head failure with 
system setpoint pressure {2500 psia) in the RCS for the rocket mode to be 
nonzero. The probability of Rocket when the above conditions are mE't is 
currently set at 0.001. As a probability of 0.0001 is essentially 
incredible or impossible, this probability cannot be set significantly 
lower. As the mean of the current S£RG group results for Alpha mode is 
around 0.01, and Rocket is considered to be less likely than Alpha mode, 
the Rocket probability cannot be signif1c1:ntly hi&}ler than 0.001 either. 

The overall probability of Rocket in the naults of the APET eviluation 
depend on the probability of the Rocket mod• itself (just discussed), the 
probability of system setpoint presaure (SSPr). and the probability of 
gross bottom head failure (BtmHd) et SSPr. The mode of vessel failure for 
PWRs was part of In-Vessel Issue 6. The •Experts• told us, in the 
aggregate, that, at SSPr, the probability of BtmHd was 0.02. Thus, given 
that the kCS is intact when the core uncover1, the relative probability of 
the Rocket failure mode can be no t.igher than 21-5. 

It is possible to have the RCS at SSPr at vessel failure only if the RCS 
pressure boundary h intact when the core uncoven and remains intact. 
There are only five Plant Damage States (PDSa) at Surry {internal events 
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' 
only) with the RCS intact at the on.et of core damage: TRRR·RDY, TRRR·RDR, 
TRRR·RSR, TLYY·YNY. and TLYY·YXY. They account for between one third and 
one balf of the total core damage frequency at Surry. However, only a 
fraction of these reach vessel breach and have the RCS intact just before 
vessel breach. For the blackout PDS1 (TRRR·RDY, TRRR·RDR, TRRR·RSR), power 
may be recovered before vessel breach and core damage arrested, thus 
preventing vusel failure at all. For all these PDSs, the APET contains 
five possible means of depreaaurization: 

The PORVa stick open: 
The reactor coolant pump seals fail; 
The operators open the PORVs deliberately; 
The hot leg or surge line fails, and 
A steam generator tube fails. 

Four of then possibilities are temperature-induced failures that do not 
depend upon human intervention. For all the PDSs in question, no cr.edit is 
given for the operators opening the PORVs. For the blackout PDSs, opening 
the PORVs is prohibited in the procedures unless power is available. For 
TLYY·YNY and TLYY·YXY, LPIS is av11.Uable and the operators have already 
failed to depressurize the RCS. 

The net result appears to be, at this time, that only about one tenth of 
the time do the PDSs with SSPr at core uncovering have SSPr at the time of 
vessel breach. Thus the relative probability of a Rocket mode failure, for 
PDSs with the RCS intact at the onset of core damage, is on the order of 
2E-6. 
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2.2.7 Probability of Submergence of the Break Location for Event V (internal 
memo from R. Breeding to F. Harper) 

date November 11, 1989 

to F. T. Harper, 6413 

from R. J. Breeding, 6411 

Sandia National Laboratories 
Albuquerque. New Me.Kico 87185 

subJect Probability of Submergence of the Break Location for Event V. 

The problem is to determine the probability that the break location in Event V will be 
under water when the fission products release commences. If the break location is 
covered by a few feet of water. the releases to the atmosphere are likely to be 
substantially reduced relative to those from a break location that is not submerged. 
The LPIS piping in the safeguards building at Surry is located so that there is a 
substantial chance that the break location will be under water when the releases start. 
The water comes from •he RCS inventory which escapes out the break, and the 
RWST, which is diverted out the break from the LPIS pumps. A definitive resolution 
of this problem might be obtained by detailed thermal-hydraulic and structural analysis 
of the low pressure piping. As resources did not permit this, four experts were 
consulted on this proJiem for the first draft of NUREG-1150. The treatment of this 
problem at that time is described in Appendix B. 9 of the February 1987 Draft for 
Comment of NUREG/CR-4551, Vol. I. 

When the analyses for the Second Draft of NUREG-1150 were being revised, it was 
determined that there was no new information on this issue, and that the information 
avaih1ble was sufficient. The conclusions of the four experts who considered this issue 
were treated somewhat differently for the revised analyses, so this issue is discussed 
here. 

Event V is the failure of the check valves in one of the six-inch cold ler ECCS 
injection lines and the subsequent failure of LPIS piping outside the containment. The 
check valves separate the high pressure RCS piping from the LPIS piping which is 10-
inch, ASME Class 2, designed for 600 psi and 200F. The check valve failures expose 
this low pressure piping to full RCS pressure (about 2500 psi), and the low pressure 
piping fails. Because the three LPIS trains all feed a single header, the LPIS failure 
simultaneously creates a break in the RCS, fails the safety system required to supply 
water to the core, and bypasses the containment. 

The four experts who considered the problem of the probability that the break location 
would be submerged by the water flowing out the break are: 
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F. T. Harper, 6413 

Peter R. Davis, Intermountain Technology Corp. 
James E. Metcalf, Stone & Webster Engineering 
Robert L. Ritzman, Electric Power Research Institute 
Walter A. von Riesemann, Sandia National Laboratories 

Novembe! 11 , 1989 

These experts reviewed the location of the LPIS piping in the safeguards building and 
determined that about 80% of the piping is located within 2 feet of the floor, and so 
would be covered by several feet of water by the time core damage commenced. The 
other approximately 20% of the piping is located higher, and break in this portion of 
the piping would result in the break location being covered by only 0.5 foot of water 
or less. 

Expert A reasoned that the 'llost likely 1 ~ation for a pipe rupture would be the first 
elbow on the low pressure ;ide of the transition from high pressure pipe to low 
pressure pipe. This elbow would be the first to experience high stress levels, and is 
restrained in a manner which would increase the stress. Expert A also drew on an 
analysis of operating stresses on the system in question. Although the flow direction, 
velocity, and thermodynamic conditions are different from those for Event V, he found 
the insights from that study helpful. In this study, the fh st elbow on the low pressure 
side of the transition from high pressure pipe to low pressure pipe was the second 
highest stress location. The highest stress location was another elbow which is at the 
same location, so a break at this elbow would also result in a submerged release 
location. Expert A's views are summarized in Ref. I. He concluded that the 
probability of the break location being submerged by several feet of water was 0. 90. 

Expert B. agreed in general with the observations and conclusions of Expert A. Given 
the uncertainty in the basic accident scenario, he thought that a submergence 
probability of 0.90 was too high, but he did not offer a specific probability. 

Expert C performed his own assessment of the accident based on a visit to the plant, 
review of the drawings, and discussions with utility personnel and with engineers at 
the architect-engineering firm that designed and constructed the plant. He concluded 
that the submergence probability was 0. 80. 

Expert D had previously analyzed this accident for Surry (Ref. 2). In that report, the 
authors could justify no cunclusions regarding the break location. Based on the 
Jer,gths of LPIS piping at different levels, he estimated the submergence probability 
to be 0.80. But, he noted that if a clean, double-ended guillotine break occurred, 
bubble collapse or break-up before the bubbles reach the pool surface is unlikely, thus 
rendering effective pool scrubbing improbable. However, the confined nature of the 
safeguards building would result in considerable two-phase mixing and turbulence 
above the pool surface, and Expert D was of the opinion that this would result in 
considerable fis!.ion product removal (decontamination factors on the order of 10) in 
the safeguards building if nt.-L in the pool itself. 
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F. T. Harper, 6413 November 11 , 1989 

Based on this information from the four experts, a uniform distribution from 0. 70 to 
1.0 was selected for the probability that the break location would be submerged under 
several feet of water when the fission product release starts in Event Vat Surry. This 
distribution captures the uncertainty expressed by the experts, and the mean value 
(0.85) reflects the submergence probabilities of the three experts who provided 
quantitative values. The removal mechanism is referred to as pool scrubbing, even 
though the mechanisms described by Expert D might be more effective. 

Ref. I. A. Drozd, et al, "The V Sequence: An Engineering Viewpoint", ANS Topical Meeting on 
Fission Product Behavior and Source Term Research, Snowbird, UT, July 15·19, 1984. 

Ref. 2. R. L Ritzman, et al, "Surry Source Term and Consequence Analysis", EPRI4096, Electric 
Power Research Institute, Palo Alto, CA, June 1985. 
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2.3 Justification for Issues that Impact ?WRs 



2.3.1 BWR Bottom Head Failure, Core Damage Arrest Probability, and 
Mobility at Vessel Breach Question 

2.3.1a Internal SNL memo from M. Pilch to E. Gorham-Bergeron entitled 
Support for NUREG01150: BWR RPV Failure Mode Probabilities 

Sandia National Laboratories 
November 30, 1988 

to Elaine Gorham-Bergeron, 6413 

•·:')m Mar .~ )llch, 6425 

Support for NUREG-1150: BWR RPV Failure Mode Probabilities 

Summary 

for reference, I have included a copy of the Grand Gulf 
Draft CET (Table 1) which formed a basis for my task. Tatle 
2 summarizes the results of my analysis. As requested, 1 
analyzed cases 4-9, which do not consider steam explosions. 
The first row of probabilities for each case represents ~ 
draft ~robabilities for each of the five failure modes that 
you specified. The second row represents my estimated prob
abilities for each case. My results differ from your draft 
values in that I have assigned a low probability for a large 
break and correspondingly higher probabilities for the small 
break and bottom head failure modes. The following sections 
document my reasoning and analysis. 

Likely Hole Sizes for Variou& Bottom Head failure Mechan!s-g 

Based on a review of the literature (Hodge & Ott, 1988 and 
Kim, et al., 1988) and conversations with knowledgeable 
persons {S. Hodge, ORNL, J. Kelly, SNL, and M. Podows~:i, 
RPI), I have considered the following modes of BWR bettor
head failure: 

1. Steam explosion leading to o mode type failure; 

2. Global thermally-induced fracture/creep-rupture of 
the lower head; 

3. Ejection of an incore instrument guide tube or CRD, 
and 

4. Flow of molten core materials through a guide tube, 
CRO, or drain line leading to their thermally
induced rupture below the bottom head. 
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As requested, my analysis is conditie>nal on no stear. 
explosion; consequently, the first failure mode was not 
analyzed and Table 2 shows a zero probability for this mode 
for all cases. 

The second failure mode corresponds to your bottom head 
category and is, by assumption, thought to lead to a very 
large hole. 

The third and fourth failure mechanisms initially lead to a 
small hole which grows by ablation during the melt ejection 
process. The final hole size, following ablation, could 
potentially fall into your large break or small break 
categories. 

I used the GASBLOW2 code to P"'rform coupled melt ejection 
and hole ablation (Pilch & Tarbell, 1985) calculations for 
two system pressures (1.4 and 7.5 MP~) and two melt masses 
(26 MT and 104 MT representing 10% and 40% of the core). 
Table 3 summarizes the results, assuming only a single hole. 
For a broad spectrum of conditions, the final hole size 
strongly favors small break hole size (0.1 m2). In r..y 
opinion, the major uncertainties in the ejection;ablat jon 
calculations would favor smaller hole sizes. 

A larger flow area could occur if multiple tubes fail simul
taneously. The discharge time for a single hole associated 
with Table 3 is 5-10 s. Thus, if the condition for 
simultaneity is to be satisfied, thEm multiple tubes must 
fail on a time scale that is small compared to the discharge 
time for a single hole. This seems unlikely to me. 

Nonetheless, I have repeated the ejection/ablation 
calculations assuming 10 simultaneous failures with an 
initial mass of 104 MT at both low and high system 
pressures. The largest hole area (total) is predicted to be 
0. 4 7 m2. This again is much closer to your small breach 
category than the large breach category. 

Given that the major phenomenological uncertainties in the 
ejection/ablation calculation favor smaller holes, given 
that the time window for simultaneity is very small, 'tnd 
given that the total flow area following ejection/ablation 
through 10 holes is only 0. 4 7 m2, I have assigned an 
arbitrarily small probability of 0.005 in Table 2 for a 
large break. This result is conditional upon the 
probability that this typG of failure can occur in the first 
place. This latter point will be addressed in a later 
section. 

2.199 



E. Gorham-Bergeron November 3 c, 

Note that my conclusions concerning the probability for a 
large break differ significantly from your draft 
probabilities for cases 5, 6, 8. 

The Mitigative Effect of Water Inigction 

In this section I try to assess the possibility that water 
injection will quench the debris on the lower head and 
prevent vessel failure. There are two schools of thought 
concerning debris relocation to the lower head: 

1. Early failure of a lorier support plate that allowed 
most of the material to drip into the lower plenu~ 
(Hodge & Ott, 1988); and 

2. Buildup of material on the plate or in the core 
culminatir,q in a massive pour of molten material 
into the 1ower plenum (Kim, et al., 1988). 

The first scenario is likely to produce a debris bed while 
the second scenario could lead (in the extremes) to either a 
debris bed or a dense c.:ust 011 the lower head. The 
coolability of the two geometries is now assessed. 

Figur~ 1 shows the dryout heat flux as a functior. of 
particle size (Lipinski, 1982) at 1 atmosphere. T!ie 
critical size of drops falling through a second fluid can be 
calculated from a Bond number criteria: 

2 Bo == L.rgd == 16 
0 

For thermit~ melts in water, the computed particle size is 
2. 4 em. This predicted size is in qualitative agreement 
with many SNLA-A5 steam explosion experiments where an 
explosion is not observed to occur. A 1 em particle size is 
predicted for a corium type melt. 

Figure 1 shows that, for a wide range about this particle 
size, the dryout heat flux is about 3 MW/m2 and is insensi
tive to bed depth. Figure 2 (from Lipinski, 1982) shows 
that the dryout heat flux is at least a factor of 2 higher 
at the system pressures considered here (1.4 and 7.5 MPa). 
For a 1000 MW reactor at 1' delay power, the dryout heat 
flux is an order of magnitude greater than what is necessary 
to remove delay power. 

The maximum thickness of a dense crust of fuel that could be 
cooled from above is calculated by equating the delay 
heating to what can be conducted to the top surface of the 
crust: 
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where 

q = Decay power (1%) - 107 w 

p = Density of fuel - 9 x 10J l<g/m3 

M = Mass of fuel - 172 X 103 Kg 

k = Thermal conductivity of fuel - 5 W/(m·K) 

Tc = Coolant temperature - 500 J(. 

To prevent thermal weakening of the lower head, the buH: 
fuel temperature (Tf) should be kept below about 1000 K. 
For these conditions, about 25-30 MT of fuel (as a dense 
crust) could be top cooled by water. This is consistent 
with TMI where 20 MT was top cooled by water. 

Figures 3, 4 depict the rationale for assigning a 
probability of coolability for cases 4, 7. I assign an 
equal probability of achieving a debris bed or a dense 
crust. This clearly is an area requiring a better under
standing of core melt progression. For both cases, analysis 
suggests that a debris bed is cool able, so I assign an 
arbitrary high probability to coolability. Case 4 assumes a 
high mass ( -100 MT) ; analysis suggests that this is not 
coolable as a dense crust, so I assign an arbitrarily lm\· 
probability of coolability to this branch. Case 7 assumes a 
low mass {-25 MT) which is right in the range of the 
threshold for predicted coolability; consequently, I assign 
equal probability to coolability and non-coolability. 

With these considerations in mind, I compute probabi 1 it ies 
of coolability of 0.5 and 0.745 for cases 4 and 7 
respectively, and I equate the probability of coolability to 
the probabiJ.ity that the vessel will not fail if water is 
added to the system. 

Ejection of a CRP or Incor@ Instrument Guide Tube 

A thermally induced failure of the welds holding the CRDs or 
guide tubes in the vessel could lead to possible pressurized 
ejection of the component. In the case of the CRDs, the 
motion is severely limjted by an external retaining device 
designed to prevent a CRO ejection induced reactor 
transient. No such restraining device exists for the guide 
tubes. Furthermore, the guide tubes are installed with a 
2. 54-S. 08 x 1o-4 clearance through the lower head at the 
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time of manufacture, so that tube ejection. remains a 
possibility given weld failure. 

The problem was analyzed using an undocumented program 
(HEAD) that is being developed in support of MELPROG 
validation experiments dealing specifically with the 
ejection. The code pits global fracture/creep-rupture 
against weld failure and tube ejection. Both failure 
mechanisms are evaluated for a transient heatup of the lower 
head. As an approximation to MELCOR calculations, the 
transient heatup is characterized by a fixed inside surface 
temperature of 1700 K and an adiabatic outside boundary. 

The :racture;creep rupture is evaluated using a Larson
Miller correlation. The correlation is evaluated at the 
temperature and stress on the outside surface of the 
pressure vessel. The calculation includes the effect of 
stress redistribution which results in a higher stress on 
the outside of the vessel due to heating (and weakening) of 
the inside of the vessel. A lifetime rule is used to 
account for transient effects. 

Failure of the weld 's handled in an identical manner; 
however, weld failure does not assure that tube ejection 
w.:ill follow if the vessel is operating temperature or 
hotter. The guide tube at Grand Gulf is made from stainless 
steel while the vessel is a mild steel. There is a 
difference in the coefficients of thermal expansion which 
closes the manufactured clearance as the vessel temperature 
increases from ambient to no~al operating temperature, and 
under accident conditions. The resulting binding hinders 
ejection of the tube. By analogy with force fits, a model 
is used to predict whether the system pressure is large 
enough to overcome the binding. 

Table 4 summarizes the computed time to vessel rupture and 
tube ejection for two system pressures. High and low bounds 
for the room temperature clearance were used. The first 
number is the time to rupture and the second number 
represents the time to tube ejection. The first case 
included both the effects of the weld and binding. Tube 
ejection was never predicted to occur. In the second case, 
the weld was assumed to fail promptly upon contact with core 
debris. once again, tube ejection is never predicted to 
occur. Thus, even under nc..C'mal operating conditions, 
binding due to differential thermal expansion is sufficient 
to prevent ejection of a guide tube. This conclusion is 
extremely sensitive to the material of the guide tube. In 
some reactors Inconel is used (instead of stainless) and 
tube ejection woul~ be predicted for this material. 
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Flgw Ioduge~ Ihermal fa~luxe of tbe Guige Tube Qr Qroin 

Either during initial melt relocation or following remelting 
of a debris bed, molten material can enter a guide tube or 
the drain at the bottom of the vessel and flow beyond the 
vessel wall. Thermal weakening followed by rupture of the 
wall can occur if the melt gives up its latent and sensible 
heat to the guide tube or drain walls. The equilibrium 
temperature between the melt and the tube walls is given by 

M C T + M C T + M hf 
T = m pm m w pm w m m 

M C + M C m pm w pw 

The equilibrium wall temperatures for steel (1700 K) a .. d 
oxiditic melts (2500 K) are 1325 K and 1725 K respectively. 
At these t~mperatures, the tube material will lose most or 
a 11 its strength, and it is reasonable to assume that 
rupture will occur at the pressures considered in this 
analysis. Both Hodge & Ott, 1988, and J<im, et al., 1988, 
consider this as the most likely mode of failure. 

The question then arises as to whether the melt can flov.· 
sufficiently far through the tubes to pass beyond the 
vessel. Unpublished calculations done by myself using the 
PLUGM code {Pilch & Mast, 1984) for the TMI geometry 
indicate that it is quite likely, provided water is not in 
tubes during melt flow. 

You can speculate (i.e., no data base) that water in the 
tubes w.i11 quench the melt, arresting its progress, tha:. 
boiling will blow the melt out of the tube, or in some other 
manner influence the progress of melt into the tube, thus 
preventing failure. I don't know if water will be in the 
tube, or given water in the tube, if it will somehow prevent 
failure. Clearly this is another area for research. 

Given ignorance, I have arbitrarily assigned a probability 
of . 50 to water being in the tube and a conditional 
probability of . 50 that water will pt·event failure. The 
conditional probability that tube failure leading to a small 
break i~ given by 

P = (l- (.s; (.S)} fl- Pno - Plarge} 
1 break break 

The probability of gross failure of the bottom head is 
easily COI.ipUted since all other probabilities have been 
computed in Table 2. This then cc,mpletes my entries in 
Table 2. 
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konglufiion 

I believe that the results of this analysis represent a 
justifiable refinement of your draft probabilities. I hope 
the results have been presented in a format that is directly 
useful to your exercise. Please feel free to call me if you 
have any future quest ions. For the record, this exercise 
involved 2.5 man-weeks of effort. 

MP:6425:st 

Copies to: 
6420 J. v. Walker 
6418 J. E. Kelly 
6422 D. A. Powers 
6425 TBA 
6429 K. D. Bergeron 
6425 M. Pilch 
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N 

N 
0 ...., 

case 
No. 

4 

5 

6 

7 

8 

9 

B. H. 
a Fail 

0 .005 
0 .124 

0 .001 
0 .249 

0 .005 
0 .249 

0 .005 
0 .062 

0 .005 
0 .249 

0 .000 
0 .249 

TABLE 2 

BWR RPV Failure Mode Probabilities 

Larqe Small No Comments 
Break Break Break Pres. Water Melt 

.05 .445 .5 low LPI high 

.005 .371 . 5 

.989 .001 0 hiqh no high 

.005 • 74 6 0 

.4950 . 5 0 low no hiqh 

.005 . 74(, 0 

. oc:. 4 ,. • :::> .5 low LPI sm 

.005 .lAB .745 

.5 .475 0 high no sm 

.005 .746 0 

. 1 .9 0 low no sm 

.005 .746 0 



Mass 

(HT) 

26 

104 

TABLE 3 

Final Hole Area 
After ~blttion (m2) 

-
Pressure (HPa) 

1.4 7.5 

.089 .078 

• 2 2 . 19 
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TABLE 4 

Time(s) to Vessel Rupture 
An~ Guide tube Ejecti2n 

Pressure (MPa) 
1.4 7.5 

With Weld 

Low Clearance 2950/«> 2200!~ 

High Clearance 2950/rz: 2200ja 

Withgut Weld 

Low Clearance: 2950/<r· 2200/u. 

High Clearance 2200/a 
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2.3.lb Letter from S. Hodge {ORNL) to E. Gorham-Bergeron presenting results 
of BWRSAR calculations 

OAK RtDGI NATIOtW. LABORATORY 

Dr. Elaine Bergeron 
Division 6~13 
Sandia National Laboratories 
P.o. Box 5800 
Albuquerque, New Mexico 87185 

Dear Elaine: 

fiOST OfFICE lOX 2009 
OAK IIIOG£. TENNESSEE 37131 

J ul y , 3. 1 988 

Per your verbal request of July 7, BWRSAR calculations have been per
formed in support or the NUREG-1150 effort to provide the predicted de
br 1 s pours from the reactor vessel for two cases of the Peach Bottom 
short-term station blacKout accident sequence. Code output and po1.1r 
plots for the case without reactor vessel depressurization were for
warded to Mr. Arthur Payne of your staff on July 8; output for the case 
with ADS actuation in accordance with the BWR Owner's Group '$ergency 
Procedures Guidelines was forwarded on July 11. ·~, 

Table 1 provjdes a comparison of the calcJlated sequences of events for 
the two cases. The effect of ADS actuation is to temporarily cool the 
core before r.maway z1 rconi urn oxidation temperatur·es are reached and 
this delays the onset of debris relocation. However, ADS actuation also 
causes the loss of a large portion of the water in the vessel bottom 
head which causes the bottom head debris temperature to be higher at the 
time of bot tom head dryout, leading to penetration failure immediately 
thereafter. On the other hand, about ~8 minutes is required after bot
tom head dryoiJt for the debrls temperature to increase sufficiently to 
cause bottom head pen~tration failure for the case without ADS. Thus, 
the predicted times to bottom head penetration failure for the two cases 
are almost the same. 

As indicated in Table 2, hydrogen generation within the reactor vessel 
is predicted to be much greater for the case w1 thout ADS actuation. 
Much of the hydrogen generation in the bottom head in the pressurized 
case occurs during vessel blowduwn, as the steam passes through the 
debris bed. The aasociated energy release causes rapid melting of the 
metals in the bed and a large initial pour rate, as shown in Fig. la. 
This might be compared with the initial pour for the depressurized case 
shown in Fig. lb. 
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Dr. Elaine Bergeron 
Page 2 
July 13, 1988 

Table 1. Comparison or Event Timing for Peach Botton 
Short-Term Station Blackout With and Without 

Vessel Depressurization 

Event 

Swollen level falls b~low 
top of core 

Open 1 SRV 
Man~Jo.lly actuate ADS 
Core plate dryout 
Debris relocation begins 
Core plate dryout 
First core plate failure 
Collapse of central core 
Bottom head dryout 
Bottom head penetration fails 
Pour of molten debris begins 

Time, Min. 

With AD$ 

~0.2 

77 .o 
80.0 
80.9 

, 32.4 

132.7 
220.4 
252.5 
252.6 
260.7 

Without ADS 

40.2 

95.0 
, 2 3., 
140.0 
, 84.4 
207.7 
255.2 
255.4 

Table 2. Comparison of Hydrogen Generation and Zirconium 
Metal Po'ff for Peach Bottom Short-Term Station Blackout 

With and Without Vessel Depressurization 

Hydrogen Generation Invessel (lbs) 
ln core region 
In bottom head 

Unoxidlzed zirconium leaving 
vessel (l bs) 
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With ADS 

1150 
511 

1661 

101,266 

Without ADS 

1869 
1613 

3482 

591, 01 



tOOOO 

I HOOO 
280 

11000 140 

! 11000 
200 

~ i' 14000 -4(-

at. ~ 10000 
110 ~ ll2 ~ 

~~ 11000 IZO 
Cf) -"' 12000 

~ 
80 

1000 
...:1 

~ 
40 

4000 

0 0 
200 270 340 410 480 6&o 820 180 780 830 1100 

TIME (MJNS) 

(a) Reactor vessel not depressurized. 

11000 10 

...:1 w 10 

~ 10000 
> 
2 

10 

Q 

f 1000 eo 
wz-
!C- 60 

~ =~ 1000 
~ 

~~ 
40 -

r/J .woo 30 -A: 

! 10 

...:1 1000 

~ 10 

0 0 
aoo 170 140 4Ul ..ao 610 eao tto 710 l:lO too 

TUIE (•UNS) 

(b) ADS actuated in accordance with Emaraency Procadura Guidelines. 

Fig. 1. Debris pour rates for Peach Bottom Short-Term Station Blackout. 
The bottom head debris is modeled to separate into a mixture of metals melting 
at 2750°F (1783K) and a mixture of oxid~• melting at 4350°F (2672K). 
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Dr. Elaine Berger·)n 
Page 3 
July 13, 1988 

It should also be noted from Table 2 that there is significantly more 
zirconium metal available for oxidation on the drywell floor for the 
case with ADS. Thus, although much 1 ess hydrogen is predicted to be 
generated invessel, vessel depressurization leads to a greater challenge 
to containment 1 ntegr1ty should the accident sequence continue through 
the point of bottom head penetration failure. 

I hope this material will be or use to you. Please let me know if you 
desire additional information concerning these results. 

SAH: j em 

cc: M. A. Cunningha~. NRC 
M. Silberberg, NRC 
T. J. Walker, NRC 
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S-/-~t~ . ...<._ 
Stephen A. Hodge 
BWRSAT Program Manager 



2.3.1c Internal SNL memo from J. Kelly to E. Gorham-Bergeron entitled 
Mobility at Vessel Breach Question 

Sandia National Laboratories 
oe:e February 8, 1989 

Albuquerque. New Muico 8718& 

10 

from 

E. D. Gorham·Bergeron, 6413 

J. E. Kelly, 6418 8{._ ~ 

Mobility at Vessel Breach Question 

This memorandum documents the analysis performed to address the mobility 
at vessel breach que6tion for Grand Gulf. Ed Boucheron and Mike Carmel 
assisted me in this analysis. The question being addressed is, "what is 
the probability of having a small amount of core debris at vessel breach 
for Grand Gulf?" The approach in answering the question was to review 
existing calculations and use a bounding analysis together with MELCOR 
calculations. The results of this analysis give the following 
probabilities for the three cases in the Grand Gulf CET: 

Low Mobili~ Hi&h Mobility 

Case 1 .975 .025 

Case 2 .90 .10 

Case 3 .90 .10 

In the remainder of this memorandum, Lhe basis for these values is 
provided. 

In order to answer this question, we needed to interpret the question. 
The answer to this question provides input to containment loads and 
fission product release questions. Based on discussions with the plant 
leaders, we decided that low ~ability would be characterized with 10\ of 
the core debris molten and high mobility would represent 40t of the core 
debris mol ten. The 10' value would represent the range fro~ 0 to 20\ 
molten and the 401 value would repreaent any larger quantities. These 
value• are properly used throughout the CETs and the SOR code analyses. 

We then looked at the three cases under consideration. Case 1 is when 
water 1a delivered to the RPV by either CRD injection or low pressure 
injection. Case 2 is when there is no water injection and the vessel is 
at high pressure. Case 3 is when there is no water injection and the 
vessel is at low pressure. 
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Mt high pressure. Case 3 is when there is no water injection nnd the 
vessel is at low pressure. 

We could see little reason to differentiate between Case 2 and ~. That 
h, we fe 1 t that the amount mol ten at vessel breach would be a weak 
function of system pressure. Question 1 has the potential to be differ
ent and so we considered it separately. 

We then looked at available MELCOR calculations for this plant. While 
no one should use code calculations without appropriate revie~. for the 
problem under consideration we believe these calculations offer useful 
information. That is, we focused on the heating of the debris in the 
lower plenum as well as the heatinJ of the lower head. For analyzing 
this behavior, we believe the MELCOR analysis to be satisfactory. 

In the MELCOR calculations the core heats and at some point a signi · 
ficant relocation of material to the lower plenum occurs. Since there 
is water in the lower plenum, this material will partially quench and 
solidify before reheating. Once the water is depleted (i.e. for cases 
with no make-up), the core debris will heat and some energy will be 
transferred ~- surrounding structures. Eventually, the lower head will 
heat to a ,)~"'; nt where vessel failure occurs. 

In the specific MELCOR calculation under consideration, an instrument 
tube failure is predicted to occur before massive head failure. Failure 
of the tube means that molten r..aterial can exit the vessel (via the 
tube). The BWR tubes are larger than the PWR ones and, hence, freezing 
in the tubes is less likely. Also note that Marty Pilch's analysis 
indicates that tube ejection is not likely for BWRs. For this MELCOR 
calculation the mobility is low ( 1\ ). 

We do not intend to address the vessel failure question here, as Marty 
Pilch has already done this. However, the mobility question and the 
vessel failure question are tightly coupled. If the vessel fails early, 
then the mobility will be low. In BWRs, early vessel failure would be 
due to melt flowing through an instrument tube and failing the tube 
outside of the vessel. If the melt were to freeze and plug the tube, 
then vessel failure will be delayed until a massive creep rupture. 
Hence, a major uncertainty is whether the melt flowing in the instrument 
tube will freeze. 

Pilch estimated that 25\ of th6 time the melt will freeze and not fail 
the tube. For the remaining 75\ of the time, the mobility will be low 
since tube failure will occur shortly after melt formation. Hence, low 
mobility would be expected at least 75' of the time for all cases. 
Based on available knowledge, these estimates are reasonable. For the 
25\ of the time that the tubes do not fail, the vessel will then fail 
due to a massive creep rupture mechanism. Hence, the problem at hand is 
determining the mobility for a massive head failure. 

In performing our analysis we considered the various ways that melt 
would enter the lover plenum and how it would interact with struct~ral 
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material and the water. In all cases there will be water in the lower 
plenum. For blackout cases there will be a large quantity of water. In 
terms of structural interactions, we have considered thermal and 
ablative effects and have relied on Marty Pilch to provide us with 
information on mechanical effects. 

\Je have abo considered two primary methods for core relocation. The 
first is the so-called axial drop that is represented in most computer 
codes. In this relocation mode, the core relocation begins in a radial 
ring when the core plate in that ring failc:. The core debris relocates 
axially downward into the lower plenum. In BWRSAR calculations, the 
core debris is generally still solid when it relocates. In MARCH, the 
debris is mostly liquid. ln MELCOR, the debris will generally be a 
mixture of molten and solid. 

In the second case, the core relocation occurs in a manner similar to 
that at TMl. That is, a crusted mol ten pool forms in the core region 
and expands radially outward until 1 t intersects the baffle/former 
region. Due to shape of the molten region, we envision that only half 
of the melt could pour outward into the by-pass region and be 
transported into the lower plenum. Subsequent to the initial pour, more 
material will relocate, provided there is no cooling. 

With these relocation paths defined, we then considered lower plenum 
interactions. If the material that relocates is primarily solid, it 
will partially quench and the water will either be vaporized or 
displaced. If no water is added, then the debris will reheat and melt. 
The molten mass at vessel breach will depend on the timing and effective 
heat loss from the debris. 

If the relocating material is primarily molten, then either the melt 
will fragment and crust or it will form a stratified layer in the lower 
plenum. (Obviously, there are an infinite number of combinations. but 
we have chosen these two as representative). Our scoping calculations 
indicate that oxidic melt contacting the steel ve~sel will crust and not 
ablate the vessel unless there are extremely strong convective forces. 
Therefore, we do not believe it is possible for the melt to "go right 
through" the vessel head. 

In ~hese cases with molten material relocating, there is a question as 
to what degree the melt will quench. We believe that the TMI pour was 
one that partially fragmented and probably solidified rather quickly. 
There is evidence that the debris bed was barely coolable. Conse· 
quently, the magnitude of the TMl pour was close to the threshold that 
would have caused vessel failure. If the cooling systems were not 
active, then it is possible that vessel failure would have occurred. 

To scope out this question, Ed Boucheron performed a conduction analysis 
of the problem. This problem is one in which a molten layer of oxidic 
melt is placed on top of a steel plate. The bottom of the plate is 
adiabatic and there is a convective boundary condition at the top of the 
molten layer. The model performs a conduction calculation coupled with 
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melting and freezing. Variations in the melt mass, the decay power in 
the melt, and the effective contact area betveen the melt and the steel 
were uaed in the senaitivity study. 

The results of the tensitivity study are shown in Table 1. For each 
amount of molten mass we show the failure time and fraction molten for 
casu with various interface resistances. Only cues with decay heat 
are presented as the non-heated cases have very low melt fractions. In 
this analysis, failure was assumed to occur when the lowest node of 
steel reached 1273 K, the ·uumed loss of strength point. (Recall that 
we are only addressing the. creep rupture mechanism here.) One finds 
that there is a threshold for vessel failure at around 16\ of the core. 
That is, for melt masses below this limit vessel failure will not occur. 
Note that these results are obtained without any credit for the 
possibility of water intermixing or debris bed coolability. Also, we 
did not treat the possibility that more material would be added later. 

The results show that for a given contact area the failure time is 
nearly independent of initial pour mass. Also, for a given melt pour 
the amount mo 1 ten at failure is independent of the contact area. 
However, as the pour mass increases, the molten fraction also increases. 
To determine the amount mol ten at vesse 1 failure only requires 
specifying the magnitude of the pour. In our view, a best· estimate 
value for initial pour would be 25\ of the core (approximately 75 Mg). 

We have used these results to estimate the molten mass at vessel breach. 
The low mobility boundary (20\) can be estimated to be when 35\ of the 
core is in the lower plenum and 60\ of this is molten. If some water is 
available (case 1) then we expect that the vessel will fail with low 
f!lobility most of the time (90\). If wster is not available, then we 
would expect that failure would occur at least 50\ of the time with low 
mobility. In fact, we expect that the failure will occur with low 
mobility more than high and would give a 60\ probability to low mobility 
for cases when water is not present. 

If we combine the above results for all cases we can determine the 
probability of having low mobility. We find that for case 1, we expect 
low mobility 97.5\ of the time ( 75\ + 0.9* 25\). For cases 2 and 3, we 
find the low mobility probability is 90\ ( 75\ + .6*25\ ). These values 
are the ones 1 recommend for the BWR CETs. 

JEK:6418:skt 

Copy to: 

6413 T. D. Brown 
6413 F. T. Harper 
64~2 A. C. Payne 
6410 D. J. McCloskey, Acting 
6418 File 

2.221 



• 
. ' 

E. Gorham·Bergeron February 8, 1989 

Table 1: Results of Lower Head Thermal Analysis 

Melt Contact Area 
Layer • Fraction 
<• of core) 

8 1.0 

16 1.0 

16 0.5 

16 0.1 

24 1. 0 

24 0.5 

32 0.1 

32 1.0 

32 0.5 

32 0.1 

64 1.0 

64 0.5 

6t. 0.1 

Time to 
Failure 

(min) 

None 

30 

39 

142 

28 

36 

91 

28 

34 

83 

27 

34 

76 

Percent Mol ten 
at Failure 

None 

None 

None 

None 

25\ 

20\ 

20% 

50\ 

55\ 

65\ 

80\ 

80\ 

85\ 

• Initial Melt Temperature is 3000 K and Decay Heat is 136 Y/kg 
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2. 3.2a 

IACKCRQVND 

Grand Gulf Containment and Drywell Structural Failure Probabilities 

Summary of Grand Gulf Containment and Drywell Structural Failure 
Probabilities written by T. D. Brown (SNL) based on discussions with 
Walt von Riesemann (SNL). 

The structural failure of the containment and the drywell from static loads was 
assessed internally at Sandia National Laboratories by Walt Von Riesemann. Walt 
was a member of the Structural Response Expert Panel. He is not only technically 
qualified to provide an assessment of this issue but is also experienced in 
providing distributions for these types of issues and is familiar with the 
context in which these issues will be used. 

These issues were not assessed by the formal Structural Expert Panel because only 
a limited number of issues for each plant could be presented to the panel. The 
issues that were selected for review by the expert panel were those issues that 
were perceived by the NUREG-1150 analysis team to have large uncertainties and 
were impottant to risk based in part on the results from the first draft of 
NUREG-1150 . 1 

The containment failure pressure at Grand Gulf has been previously assessed and 
it is fairly low with respect to the potential loads that may occur during a 
severe ace ident. Because there were previous assessments and there is a 
significant overlap between the contdinment failure pressures and the expected 
loads, it was felt that the expert panel should expend there effort on issues 
that would have · l~rger impact on the uncertainty in risk. Although this issue 
was not addressea by the expert panel, it is still necessary to have a 
distributions that characterizes the uncertainty in the structural response of 
the containment to static loads. 

Based on the first draft of the Grand ~ulf analysis for NUREG-11501 it was felt 
that the drywell structure would not be threatened by static or even quasi-static 
loads (i.e., hydrogen deflagrations). Therefore, this issue was not included as 
F~ expert issue. However, based on information received during the In-Vessel 
Expert Panel meetings on the amount of in- vessel hydrogen production and during 
the Containment Loads Expert Panel meetings on the potential loads from hydrogen 
combustions, it became apparent that very rapid hydrogen ·leflagrations were 
possible and that these events could threaten the integriLy of the drywell. 
Thus, a distribution that characterizes the uncertainty in the structural 
response of the drywell to quasi- static loads is required. 

STRUCTUIA~ RESPONSE OF THE CONTAINMENT TO STATIC LQAPS 

Issue Pescription 

This issue addresses the structural response of the containment to static loads. 
The static loads can arise from the accumulation of steam and noncondensibles in 
the containment or from the fast pressurization of the containment from hydrogen 
deflagrations. More explicitly, this issue addresses the following questions: 
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1. What distribution characterf zes the uncertainty in tr)e pressure at which 
the Grand Gulf containment \ ill fail from static load~ng? 

2. For a given failure pressure, what is the uncertainty in the mode of 
containment failure (i.e., leak or rupture)? 

The Grand Gulf containment, depicted in Figure 1, is a reinforced concrete 
structure with a steel liner. The containment is composed essentially of a right 
cylindrical shell closed on top with a hemispherical dome and founded on a 11 
foot thick basemat. The design pressure of the containment is 15 psig and it has 
a volume of 1.67 million cubic feet. The containment has an inside diameter of 
124 feet and its maximum internal height is roughly 207 feet. The spring line 
is located approximately 145 feet above the containment floor. The shell wall 
thickness is 3. 5 feet while the dome thickness is 2. 5 feet. The containment 
pressure boundary is formed by a 1/4 inch thick steel liner. 

Approach and Discussion 

The expert's approach was to first reviewed the previous analyses and the 
structural drawings of the Grand Gulf containment. Then, based on this review 
and on his engineering experience with containment structures, form an assessment 
for the failure pressure distribution for the Grand Gulf containment. The 
following is a brief summary of relevant literature reviewed. 

Brookhaven National Laboratory performed a detailed structural analysis of the 
Grand Gulf containment in 1982. 2 Using a finite element program, the researches 
estimated the containment capacity to be 54.5 psig. At this pressure, the liner 
hoop strain is 0.9% and there is large displacement. They predicted a liner 
failure, due to excessive straining, in the region above the vessel midheight and 
below the springline. 

Based on the specified material properties, McGaughy, Lin, and Sen1
, estimated 

the ultimate capacity of the containment to be 56 psig. However, when the 
material properties are based on Mill test results they estimate that the mean, 
lower, and upper bounds are 67 psig, 62 psig, and 70 psig, respectively. 

Conley' Jl provided estimates for the static pressure capacity of the Grand Gulf 
containment. These estimates included an assured lower bound, the estimated 
capacity, and the upper bound. The assured lower bound was the "proof pressure" 
(i.e., design pressure multiplied by 1.15). This is felt to be the "assured" 
lower limited because the containment has previously been successfully 
pressurized to this level. The best estimate is based on analysis performed by 
researchers a Brookhaven. 2 It was Conley's opinion that it was doubtful that a 
significantly better estimate could be obtained given the current state of the 
art in reinforced concrete analysis. The upper bound was based on the ultimate 
tensile stress, taken from the appropriate ASTM standard, for the specified 
materials. The lower bound, estimated capacity, and upper bound reported in this 
reference are 17 psig, 55 psig, and 97 psig, respectively. 
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In a letter from L. F. Dale (Mississippi Power and Light Company) to H. R. Denton 
(NRC) dated June 11, 19821 the following estimates for the ultimate retaining 
capacities of containment hatches and air locks were provided: 

Hat,b or Air Lgck 
Containment Equip. Hatch 
Lower Containment Personnel Air Lock 
Upper Containment Air Lock 

Calculated Pressure (psi&) 
206.5 
77.6 
56 

In addition to the ultimate capac! ties ior the hatches and air locks, this letter 
stated that the calculated ultimate capacities of the penetration closure plates 
and piping were 60 psig and 75 psig, respectively. This letter also reported the 
ultimate capacity of the containment to be 56 psig based on the specified 
strength of materials. 

The NRC, in NUREG-0831', concluded that the internal pressure of 56 psig with a 
liner strain of 0. 22% is reasonably conservative and can be taken as the ultimate 
capacity of the containment structure. 

Assessed Containment Failure Distributions 

The failure distribution provided by W.A. Von Riesemann is based on the hoop 
strength of the rebar and the liner and on the following characteristics of the 
containment wall: 

Containment Wall 
Thickness. . . . . . . . . . . . . 3. 5 feet 
Liner Thickness ....... 0.24 inches 
Inside Steel (Hood) ... #18 at 18 inches 
Outside Steel (Hood) .. #18 at 18 inches 
Seismic Steel ......... 2 1118 at 39 inches (perpendicular spacing) 

The containment failure distribution for static loads, provided by W. A. Von 
Riesemann, is presented below. 

Pressure (psig) 
30 
38 
55 
72 
97 

Cumulative Failure 
Distribution 

0.01 
0.05 
0.50 
0.95 
0.99 

Probability 
of Leak· 

1.0 
1.0 
0.5 
0.0 
0.0 

*The probability of a rupture is 1- (probability of a leak). 
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fiTIUCTUIAL UllOIIE OF THE DP.MLL TO STATIC LOADS 

!ssue Desrription 

This issue addresses the structural response of the drywell to static loads. The 
static loads that can threaten the drywell structure are loads associated with 
very rapid hydrogen deflagrations and J 'ads accompanying vessel breach (e. g., DCH 
and ex-vessel steam explo&ions). More explicitly, this issue addresses the 
following questions: 

1. What distributions characterizes the uncertainty in the pressure at which 
the Grand Gulf drywell will fail from internal static loading (i.e., 
pressurization of the drywell volume) and from external static loading 
(i.e., pressurization of the containment volume)? 

2. For a given failure pressure, what is the uncertainty in the mode of 
drywell failure (i.e., leak or rupture)? 

The Grand Gulf drywell, depicted in Figure 1, is housed inside the containment 
structure. It has a design pressure, for internal pressurization, of 30 psig and 
a free volume of 270,100 cubic feet. The drywcl 1 consist of a reinforce concrete 
cylindrical shell. The shell has an inside diameter of 73 feet and the drywell 
wall is 5 feet thick. The roof of the drywall consist of a reinforce concrete 
slab and a steel head located directly over the reactor vessel. £he concrete 
section of the roof is 4. 25 feet thick. - te roof is located approximately 87 
feet above the basemat (approximately 79.5 feet above the drywell floor). The 
drywell head is a steel 2:1 ellipsoidal head. 

Approach and Discussion 

The expert's approach ;or this issue was essentially the same approach he used 
on the containment structure. That is, he first reviewed the relevant analysis 
and the structural drawi.ngs of the Grand Gulf drywell. Then, based on this 
review and on his engineering experience with containment structures, form an 
assessment for the failure pressure distribution for the Grand Gulf drywell. The 
following is a brief summary of rele•tant literature reviewed. 

There appears to be only sparce information on the capacity of the drywell. The 
drywell personnel air-lock is seal with inflatable seals. These seals are 
pressurized to 60 psig. 7 The utility has estimated that the ultimate capacity 
of the personnel air-lock is 72.9 psig.\ Furthermore, they estimate the ultimate 
capacity of the drywell to internal pressure and external pressure to be 67 psig 
and 89 psig, respectively.'-' 

The expert felt that there were 4 potential failure locations: the drywell head, 
the wall, the roof, and the penetrations. 

The drywell head is a stainless steel 2:1 ellipsoidal heao that is retained by 
a stainless steel pin/clevis arrangement. The pins are located at 10• intervals. 
Depending on the values for the material properties assumed, the ultimate failure 
pressure of the pin ranges from 260 psig to 435 psig. The ultimate failure 
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pressure for •hear failure at the base of the head ranges from 250 psig to 420 
psig. For the head there are two concerns: strength and buckling. For the 
internal pressurization, the ultimate strength of the cylindrical portion of the 
head was estimated to range from 700 pc;ig to 930 psig. For internal 
pressurization and for a perfection shell (i.e., no imperfections), the head will 
be stable.• For external pressurization of the head, the method in reference 
10 was applied. Baseti \.Jn the dimensions of the head and the information 
p1.esented iu refer~nce 10, the eRtimated ultimate pressure of the head to 
external pressurhation is 150 psig. In summary, for axi-symmetric static 
loading (either internal or external) the failure pressure should be above 150 
psig. 

The drywell hE a 0.25 inch steel liner on both the inside surface and on the 
outside surface. From elevation 120 feet to 150 feet, the wall does not have 
shear ties. In this section, the wall has the following rebar arrangements: 

Drywell Wall Location 
Inside Section of Wall 

Vertical 
Horizontal 

116'·6" to 131'-6" 
131'·6" to 150" 

Outside Section of Wall 
Vertical 
Horizontal 

Up to 124' 
124' to 150' 

Rebar Arran&ement 

/}14 at 12" 
(118 at 18" 

Alternate #14 and #18 at 2" 

Alternate #14 and #18 at 18" 
#14 and #18 at 18" (Two Rows) 

The drywell roof has more reinforcing than does the drywell wall. It is the 
opinion of the expert that the wall will fail before failure of either the roof 
or the drywell head would occur. For the dimensions of the drywell and the 
resolution of this type of analysis, the expert felt the drywell failure pressure 
would be the same for both internal and external pressurization. 

Assessed Drywell Failure Distribution 

The drywell failure distribution for quasi-static loads, provided by W. A. 'Jon 
Riesemann, is provided below. 

Pnssun <Psi&> 
40 
50 
85 
120 
140 

Cumulative Failure 
Di§tribution 

0.01 
0.05 
0. so 
0.95 
0.99 

Probability 
of Leak' 
1.0 
1.0 
0. 5 
0.0 
0.0 

,~ The probability of a rupture is 1 - (probability of a leak). 
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2.3.2b Summary of MELCOR Calculations Performed by S. Dingman (SNL) to 
Assess the Sensitivity of Wetwell and Drywell Peak Pressure Rises to 
Containment Leakage Prior to a Hydrogen Burn 

Impact of Containment Leakage on Peak Wetwell and Drywell Pressure 
during a Hydrogen Burn 

MELCOR calculations were performed to assess the sensitivity of wetwell and 
drywell peak pressure rises to containment leakage prior to a hydrogen burn. 
These calculations were performed in order to decide whether to modify the 
containment failure probability due to hydrogen burns in the case of a 
preexisting containment leak. 

The results are presented in the following table. This information is described 
in NUREG/CR-3321, "MELCOR Analyses for Accident Progression Issues." 

Drywell Wetwell 

P (kPa) 125 125 
Tatm (K) 310 310 
!pools (K) 310 310 
XH20 0 .18 
XH20 .04 .OL 

Burn Peak WW Peak WW-DW 
Case WW Failed Radiation Time PRise -yP(kPa) 

(kPa) 

1 No No 25 618 561 

2 Yes No 25 606 552 

3 No Yes 25 590 535 

4 Yes Yes 25 575 520 

5 No Yes .15 649 625 

Containment Failure Area - 7 ft 2 

For containment failure cases, hole was opened at time 0, instead of waiting 
until pressure reached failure value. 

Nominal leakage through OW wall. 
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2.3.3 

2.3.3a 

IWR Recriticality 

Working Notes ftom F. Harper (SNL) 

NUREG-1150 TREATMENT OF BWR RECRITICALITY 
1/26/89 

F. T, HARPER 

Conclusions from discussions ~t.ith Randy Gauntt (SNl.). Larry Ott (ORNL), Steve 
Hodge ( ORNL) 

1) Can't reduce the time window between control material relocation and core 
collapse -- leave as is. 

2) May want to reduce recrlticallty probability from .5 to account for fuel pin 
shatter and low probability of rubbleized critical geometry. However, there 
really is no justification for this. (see event tree below) 

3) At the point of reflood there are two possibilities (assuming the fuel can 
withstand the shock): 

a) The low pressure systems are used to reflood the core ·- an enormous 
reactivity insertion is added due to the massive rate of cold water addition 
(51>,000 gprn) -- the core may go prompt critical. (If the core has reached 
criticality ,..,ith the fuel already at extremely high temperatt:.res, we may not be 
able to take additional credit for negative temperature and Doppler reactivity 
coeffi.<· ients. The excursion may not turn around as it would in normal 
circumstances.) 

b) A more benign recri.ticali ty occurs. This s ituatlon could be neutronics 
related or operator related (if he reduces the rate of injection.) In this case, 
we should add operator credit for actuating the Standby Liquid Control system -
in the short term blackout scenari.os, the operator has not made any errors up to 
this point. Onl} problem could be the confusivn created by having to deal with 
two types of scenarios: core damage during a loss of injection scenario followed 
by a scenario that looks 1 ike an ATWS. Symptom based procedures should be able 
to handlt? this. 

Comment: Everyone that I have talked to seems to think that there is a small 
chance that a severe recrltlcality incident will occur, but cannot provide solid 
justi. fication. 
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SUGGESTED LOGIC AND PROBABILITIES 

Recover 
Inj 
(or AC 
power) 

X 

y 

good 

~ 
bad 

Shatter Recrit High 
Initial 
Energy 
(Fail 
Vessel) 

Yes 

.5 

No 

.5 

No 

.5 No 

.9 

Yes 

.5 

Yes 

.1 

Descriptions of Lop events: 

Recover injection -- self explanatory 

Operator 
uses SLC 

Yes 

.9 

No 

.1 

Not 
critical 

Not 
critical 

Controlled 
criticHl 

Core melt 
small ST 
(. 0225*X) 

Core melt 
larger ST 
(. 025*X) 

Core melt 

Shatter Yes - enough fuel columns collapse upon contact with the cold water 
to prevent recriticality 

No the fuel columns maintain integrity 
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Recrit Yes · the core goes recritical 
No the core does not go recritical 

High initial energy - · Yes · the initial energy is sufficient to fail the 
vessel and challenge the containment (eg. ptompt 
critical) 

No the reactivity insertion is not severe (eg. the 
operators reduce the injection rate) 

Operator uses SLC - • Yes - the operator uses the Standby Liquid Control 
system to borate the core after observing the 
power level 

No the operator does not use the SLC 

Rationale for probabilities: 

Shatter, recrit -· maximum uncertainty (.5) 

Initial energy ·· engineering judgement of several people 

Operator uses SLC -- preliminary value 

Discussion of end states: 

There are two important end states for the injection recovery cases --

1) Core melt small source term ·· in this s~enario, the recriticality does not 
cause vessel breach immediately. Eventually the core melts, but the scenario has 
no additional impact on containment dynamics. It is not appreciably different 
than vessel breach scenarios in which there is no recriticality. 

2) Core melt larger source term -- the energetics of the recriticality cause 
vessel breach immediately (perhaps from a prompt critic&Hty event). This 
scenario could impact the containment dynamics and even fail the containment at 
the same time as the vessel. We currently have no source terms for this type of 
scenario and may have to bin it with some other scenario. 
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•;. • • 2. 3. 3b Inte·.rnal SNL memo from J. Kelly to D. Kunsman on BWR Recritinality 

Sandia National Laboratories 
date February 10, 1989 Albuquerque. New MeKico 87,85 

10 

from 

D. M. Kunsman - 6412 

BWR Recriticality 

I have reviewed the current treatment of the question of BWR 
recriticality. While, in general, the current approach is reasonable, I 
am recommending that the treatment of this question be modified. My 
recommended treatment is illustrated in Figure 1. 

To help me in reviewing this questi.on I contacted Fuat Odar of NRC, 
Steve Hodge at ORNL, Dr. Muralidharan at GE, and Jim Bryson, 6451. Let 
me give you a summary of the conversations I had. 

Fuat Odar informed me that a research program in this very area has just 
begun at PNL. At this time, no relevant analyses have been completed. 
However, Odar believes that recriticality is very possible - even in a 
rubble bed state. 

Steve Hodge believes that if the rods do not fragment, then a prompt 
critical condition could occur. The concern here is that water could be 
injected rapidly into the core and lead to more than a dollar of 
reactivity insertion. Hodge is also concerned that due to the high 
initial fuel temperature, much of the Doppler negative reactivity would 
already be used up. Hence, a pc,tentially dangerous state might exist. 
Hodge also provided me with a Swedish report that confirms that 
critica!ity is possible. 

Jim Bryson, who is knowledgeable about reactor kinetics (having worked 
on ACRR projects), had two observations. First, he felt it unlikely 
that a rubble bed would hav~ more reactivity t'!'lan nominal geometry. 
Basically, BWP.s operate slightly undermoderated. Hence, as moderation 
decreases (due to void for instance), negative reactivity is inserted. 
A rubble b.;:d will be more undermoderated than nominal geom~try and, 
hence, is less likely to be critical. 

Bryson also noted that a prompc critical state does not necessarily mean 
that the reactor is out of control. The ACRR, when operating in pulsed 
mode, can be prompt critical. However, there are a number of inherent 
shutdown mechanisms that prevent excessive power from being generated. 
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D. M . Kunsman February 10, 1989 

Dr. Muralidharan at GE also had some ideas about the subject. First, he 
felt that it was very likely that the rods would shatter if water is 
injected. He pointed to the very high thermal stresses th&t would be 
generated if water reflooded the core. Second, he reiterated what 
Bryson taid about BWRs operating in an undermoderated condition. Hence, 
he believed it was virtually impossible to get a critical configuration, 
if the core was rubblized. 

Dr. Muralidharan also mentioned that they had performed an analysis on a 
similar scenario. ln their case, water was injected into a voided, but 
relatively cold core. The water injection enhanced condensation and 
this led to faster water injection rates (i.e. the pressure was 
dropping). The rods remained in their original configuration and no 
control rods were in the core. The rapid insertion of water led to a 
prompt critical condition, but as the fuel heated, Doppler feed·back 
turned around the power excursion and there was no damage. He believed 
our scenario would be less limiting and, hence, does not believe that 
even a prompt critical condition would lead to fuel melting (in th~se 
cases). 

There are obviously many aspt~cts to this question that could be 
researched in more detail. However, it will be a couple of years before 
the research information is in. Hence, I believe that we sh~uld do the 
best we can with the information available now. I am, theref~. ~. making 
some recommendations that are based on my own thoughts and those of the 
people I contacted. 

First, shattering of the fuel is very likely (90\ of the time). I base 
this judgment on the fact that ceramics are very susceptible to thermal 
stress failure and that the rubble bed at TMI is believed to have formed 
when the water was injected. 

Second, it seems very unlikely that a shattered core will be critical, 
but it may be possible. The arguments I have heard are based on 
engineering judgment (that is likely to be correct) and not a detailed 
neutronic calculation. Hence, I believe that we should consider the 
case where a shattered core is critical. A bound would be that there is 
a 10\ chance of a critical configuration. 

As indicated in Figure 1, I have combined the shattering and 
recriticality questions together. I am assuming that if the rods do not 
shatter, then the probability of recriticality is 1.0. If they do 
shatter, the probability of recriticality is 0.1. Hence, the 
probability of recriticality is approximately 0.2 (0.10 * 1.0 + 0.9 * 
0.1). 

As just discussed, if the rods do not shatter, it is very likely the 
core will go critical. It may even go prompt critical. However, a 
prompt critical state will not necessarily lead to fuel melting. As 
indicated above, if the core is cool, then the water will be inj .. ~ .ed 
very rapidly. In this case Doppler will turn around the react! vi ty 
event. If the core is hot, then as. water is injected, film boiling is 
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D. K. Kunsman February 10, 1989 

likely in the core. There will be a pressure increase and the core will 
have a large void fraction with entrained water. liy understanding is 
that the water will need to be injected fast to cause a prompt critical 
condition. This cannot occur if the core is hot. Furthermore, the 
negative reactivity introduced by the voiding will mit1.gate the 
reactivity insertion. Hence, my recommendation is to delete the "high 
initial energy, (fail vessel)" question. 

The remaining question on operator use of SLC is probably fine and I 
have kept it in my tree. 

If recriticality occurs, the core will likely proceed to core melt and 
damage will not be arrested. If one follows the numbers through, 
approximately 2t of the time that water injection is recovered, the core 
wi 11 proceed to core melt. There may be other core me 1 t arrest 
mechanisms that I have not considered, but I recommend that if 
recriticality occurs then the sequence should proceed to core melt. 

JEK:6418:skt 

Copy to: 
f~10 D. J. McCloskey, Acting 
6412 A. C. Payne 
6413 T. D. Brown 
6413 E. Gorham-Bergeron 
6413 F. T. Harper 
6418 J. E. Kelly 
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Figure 1. Suggested Treatment of the BWR Recriticality Question 



2.3.4 Combustible Gas Generation During Core Concrete Interactions {working 
notes form T. Brown {SNL) based on CORCON calculations by D. Bradley 
(SNL)). 

T. Brown Working Notes 

Gases Generated During CCI at Grand Gulf 

• Based on values provided by Dave Bradley based on CORCON calculations 

!il co C02 

Early Late Early Late Early Late 

XI 0. 25 0.25 0.25 0. 25 0. 25 0.25 

yl 150 200 200 300 10 30 

xl 0.667 0.667 0.667 0.667 0.667 0.667 

Yz 400 300 500 400 60 30 

• X is the fraction of Zr unoxidized 

• Assume linear function can be drawn between (X 1 , Y1 ) & (X2 , Y1 ) 

or 

y - mx + b 

Total H,: 

M.r- !4QQ + 30Q) - £120 + ZQO) • 839 
(0.667 . 0.25) 

bT - (400 t 300) - (839)(0.667)) - 140 

Hl .. q39(Zr) + 140 

Total CO: 

M.r - C2QQ + 4QQ) - !'QQ + lQO) - 959 
(0. 1 S7 . 0. 25) 

bT • (500 + 400) - (959)(0.667) - 260 

co - 959(Zr) + 260 

Total COJ: 
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Gas Generated During CCI - Continued 

~ - (6Q + 30) . (10 + JQ) - 120 
(0.667 - 0.25) 

br- (60 + 30) • (120)(0.667) • 10 

For unoxidized fractions of Zr less than 0.25 assume the moles of Hl, CO, and CO, 
decrease linearly to 0.0 corresponding to X - 0. 

Total H2 : 

M - (150 i 200)/0.25- 1400 

b ... 0.0 

Total CO: 

M - (200 + 300)/0.25 - 2000 

b - 0.0 

CO ... 2000X 

Total CO,: 

M - (10 + 30)/0.25- 160 

co,- 160X 
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