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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 pive the results of the In-Vessel
Expert Panel. The document consists of the distributions and associated
technical rationale provided by the expert panels for the phenomenclogical
questions posed by the NUREG-1150 analysts.

Figure 1 identiflies &ll the documents that present the results of the
accident progression analysis, the source term analysis, the consequence
analysis, and the overall risk integration. fMiree interfacing programs
performed this work: the Accident Sequence Evaluation Program (ASEF), the
Severe Accident Risk Reduction Program (SARRP), and the PRA Phencmenclogy
and Risk Uncertainty Evaluation Program (PRUEP). Table 1 is a list of all
of the original primary documentation (published in 1987) and the
corresponding revised documentation that supports the current version of
NUREG- 1150,

The current NUREG/CR-4551 covers the analvsis included in the original
NUREC/CR-455]1 and NUREG/CR-4700, The aceident progression event trees
(APETE) originally documented in NUREG/CR-4700 are now documented in the
appendices of Volumes 3 to 7 of NUREG/CR-4551,

Originally, NUREG/CR-4550 was published without the designation “"Draft for
Comment . * Thus, the final revision of NUREG/CR:-4550 is designated Revision
1. The label Revision 1 {s used consistently on all volumes, including
Volume 2, which was not part of the original documentation. NUREG/CR-455]
was originally published as a “Draft for Comment"; the Revision 1
designator {& used to maintain consistency with NUREG-4550 decuments.

There are several other reports published that are closely related to
NUREG/CR-4551. These are:

NUREC/CR-5380, SANDBB-20B8, §. J. Higgins, "A User's Manual for the
Post Processing Program PSTEVNT," Sandia National Laboratories,
Albuquerque, NM, 1989,

NUREG/CR- 5360, SAND89.0943, H.-N. Jow, W, B. Murtin, and J, D. Johnson,
"X6CR Codes User's Manual," Sandia National Laboratories, Albuquerque,
NM, 1989,

NUREG/CR-4624, BMI-2139, R. §. Denning et al., "Radionuclide Release
Caleulations for Selected fevere Acclident Scenarlos," Volumes 1-V,
Battelle Columbug Division, Columbus, OH, 1986,

NUREG/CR-5062, BM1-216G, M. T. Leonard et al., "Supplemental
Radignuclide Release Calculations for Selected Severe Accident
Scenarios." Battelle Columbus Division, Columbus, OH, 1988
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NUREG/CR-5331, SANDED.0072, §. F. Dingman et al., "MELCOR Analyses for
Accident PFrogression lssues," Sandia National Laboratories,
Albugquerque, NM, 1989,

NUREG/CR-5253, SANDEB-2940, R. L. Iwan, J. C. Helton, and J. D,
Johnson, "A User's Cuide for PARTITION: A Program for Defining the
Source Term/Consequence Analysis Interfaces in the NUREG-1150
Probabilistic Risk Assessments," Sandia National Laboratories,
Albuguerque, NM, 1989

NUREG/CR-5382, SANDBB-2695, J. C. Helton et al., “Incorporation of
Consequence Analysis Results inte the NUREG-1150 Probabilistic Risk
Assessments, " Sandia National Laboratories, Albuquerque, NM, 1989

NUREG/CR-5174, SANDBB-1607, J. Michael Griesmeyer and L. N. Smith, “A
Reference Manual for the Event Progression Analysis Code (EVNTRE),"
Sandia National Laboratories, Albuquerque, NM, 1989,

NUREG/CR- 5262, SANDEE-3093, R. L., Iman, J. D. Johnson, and J. C.
Helton, "A User's Guide for the Probabilistic Risk Assessment Model
Integration Svstem (PRAMIS)," Sandis National Laboratories,
Albugquerque, NM, May 1990,
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| 1. INTRODUCTION

' The United States Nuclear Regulatory Commission (NRC) has prepared NUREG:
1150% to examine the risk 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 severe 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

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

2, Summarize the perspectives galned 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
fssues and related research.

In support of NUREG-1150 and as part of the Accident Sequence Evaluation
Program (ASEP) and the Severe Accident Risk Reduction Program (SARRP),
Sandie National Laboratories (SNL) has directed the production of Level 3
probabilistic risk cesessments (PRAs) for the Surry, Sequoyah, Peach
Bottom, and Grand Gulf n.~lear power plants. (Level 1 PRAs contain
accldent sequence analyses devei.;ed 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&C 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 events,

1.1






Section 2 of this report briefly outlines the expert selection process and
gives a short biograp’ ical sketch of each expert, Section 3 describes the
fundamental expert judgment elicitation methodology. Section & lists the
meetings held for the in-vessel issues and the people who pgave
presentations at the meetings, Section 5 constitutes the bulk of this
report and contains a description of each issue considered, a summary of
the technical rationale applied by the experts to the issue, a description
of the methud used to aggregate the expert's distributions, the aggregated
distributions, and written accounts of each individual response to the
question. The individual expert’'s narrative includes the distributions and
the detailed raticnale behind the distributions. Each account was written
by the substantive expert who assisted with the elicitation. 1In all cases
the experts were given ample opportunity to review these written accounts
and approve them. In a few cases, the experts did not respond and were
informed that their lack of response would be assumed to be taclt approval
of the written account,

Table 1-1
In-Vessel Issues Considered for Expert Judgment Ellcitation

Applicable
lasue Plants

1. Temperature-Induced PWR Hot Leg or Surge Line All PWRs
Failure Before Vessel Breach

2. Temperature-Induced Steam Generator Tube All PWRs
Rupture (SCTR) Before Vessel Breach

3., BWR In-Vessel Hydrogen Production All BWRs

4. BWR Bottom Head Failure All BWRs

5. PWR In-Vessel Hydrogen Generation All PWRs

6. PWR Bottom Head Failure All PWRs

1.3
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2. EXPERT CREDENTIALS

The objective for selecting the panel members was to obtain experts with
maximum expertise in the flelds of in-vessel phenomena. The preject
attempted to include a wide diversity of expertise that encouraged
alternative points of view. The selection of experts would preclude
stakeholders in the findings of NUREG-1150 from participating as members
of the expert panel. This led to several criteria in selecting the
experts:

1. Experts would demonstrate experience by authoring publications,
demonstrating hands-on experience, and consulting or managing
research In the areas related to the issues;

2. Experts would have a wide variety of experience obtained in
universities, consulting firms, laboratories, nuclear utilities,
or government agencies;

3. The experts would represent as wide a perspective of the l{ssues
as possible;

4. The experts would be willing to be elicited under the methodology
to be used.

To ensure proper representation, letters were sent to many organizations
requesting nominations for experts to serve on the in-vessel containment
loads, molten core/containment {nteraction, structural response, and
source term panels. Some of the organizations that received these
letters are listed below:

Atomic Energy of Canada LTD.

Battelle Columbus Division

Bechtel Western Power Company
Brookhaven National Laboratory
Commonwealth Edison

Electric Power Research Institute
Ceneral Electric

Idaho National Engineering Laboratory, (EG&C ldaho, Inc.)
Illinois Department of Nuclear Safety
International Technology Corporation
MHB Technical Associates

New York Power Authority

NUMARC

Qak Ridge National Laboratory
Philadelphia Electric Co.

Sandia National Laboratories

Stone and Webster Engineering Corporation
Systems Energy Resources, Inc.
Tennessee Valley Authority

U.8. Nuclear Regulatory Commission
Virginia Electric Power Co.
Westinghouse Electric Corp.

"~
p—



It was impossible to satisfy each criterion entirely fer every expert/
issue combination. Nevertheless, we were pleased with the high quality
and objectivity of the experts. The experts chosen for the conteinment
loads (CL) and molten core/contalnment interaction (MOCL) i{ssues were:

Peter Bieniarz Risk Management Associates

William Camp Sandia National laboratories

Vern Denny Sclence Application International Corporation
Richard Hobbins ldaho National Engineering Laboratory

Steve Hodge Oak Ridge Nationsl Laboratory

Robert J, Lutz, Jr. Westinghouse Electric Corporation

Michael Podowski Rensselaer Polytechnic Institute

Garry Thomas Electric Power Research Institute

Robert Wright Nuclear Regulatory Commission

Brief blographical sketchs of the experts are presented below:

In-Vessel Expert Panel

PETER P. BIENIARZ. Peter Blenlarz is President of Risk Management
Assoclates, Inc., (RMA), He has been heavily involved in the severe
accident analysis fleld from both the probabilistic risk analysis (PRA) and
fission product behavior ends. As part of his work, Mr. Bleniarz has been
either involved in, or directed, several PRAs und has developed several
analytical methods for calculating the progression of severe accidents.
Before establishing RMA, Mr.  Blenlarz was the General Manager of the
Albuquerque Office of Energy, Inc., and Senior Technical Consultant with
Pickard Lowe and Garrick, Inc.

VILLIAM CAMP, Dr. Camp is Department Manager of the Mathematics and
Computational Science Department, 1420, at Sandla National Laboratories
(SNL) where he provides the mathematical and computational resources
necessary to carry out leading-edge research on the application of large-
scale parallelism to difficult problems in science and engineering,

At Sandia, Dr. Camp has been a staff member in the High-Temperature Science
Division, Solid State Theory Divislon, & visiting staff member in the
Systems Analysis Division at SNL {n Livermore, CA, and the supervisor of
the Reactor Safety Theoretical Phvsics Division. He has (a) managed the
development of VICTORIA, a computer model for the determination of chemical
equilibrium for an arbitrary number of elements; (b) managed the
development of several large computer codes for multiphase flow, heat
transfer, and radiation transport, in which state-of-the-art methods are
utilized or extended; (¢) managed the development of CHARM, an advanced
model for aeroscl behavior in complex flows;, (d) instituted and directed
research on computational analysis of non-linear {nstability problems
encountered in partial differential equations for fluid dynamics (Rayleigh-
Taylor Instabilities): and (e) {nstituted and directed the development of
MELPROG/TRAC, a system-level model of veactor primary systems during severe
accidents. His current research involves "exact” numerical simulation of

2.2
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nonlinear instabilities in fluid dynamics, extraction of fractal and
multifractal behavior in such instabilities and development of models for
the transition to chaotic behavior,

VERNON DENNY. Vernon Denny 1ig a senior technical staff member in the
Thermal Sciences Division of Science Applications International Corporation
in Los Altos, California. He received a B, §. in Chemical Engineering from
the University of Minnesota in 1953 and a Ph.D., also from the Unversity of
Minnesota, in Chemical Engineering and Applied Mathematics in )961. He has
over 20 years of experience In chemical, mechanical, and nuclear
engineering and has been an educator, consultant, and a ccoientist for a
nunber of years. His research and consulting experience includes both
theoretical and experimental work in thermal and fluid sclences, with
emphasis on such topics as laminar/turbulent condensation in the presence
of noncondensables, vorticity transport in high Reynolds number
recirculating flows, free convection in enclesures at large Ravleigh
numbers, interaction of free-stream turbulence and chemicel reactions with
high-speed boundary layer flows, transpsrt of heat and mass-species in
porous catalyst pellets, transport processes in reverse osmosis,
evaporation of thermally radiated and convectively heated liquid droplets
in high-temperature surroundings, gas-controlled heat pipes, semiconductor
switching devices for leser hardening, and open-channel flows. Since
Joining SAIC in July 1979, Dr. Denny has assumed increasing responsibility
for the thermal/hydreaulics program at the Palo Alto/Los Altos offlice. He
has authored a bounding model for enalyzing the integrity of piping in the
vicinity of LMFER superheater/evaporators following a design basls leak (n
the heat exchange tubes, served as consultant to EG&G in response to NRC
needs for simulant calculations following the T™™1.2 {ncident, developed a
computer code for predicting peak temperatures in Mark I suppression pools
during steam blowdown transients, and assisted the EPRI analytical program
on ¢consequence calculations for LWR degraded core accidents. In addition,
he was a principal (with A, T. Wassel) in the developuent of direct-contact
evaporator/condenser designs for the Solar Energy Research Institute's OTEC
program. Recently, Dr. Denny has devoted considerable effort to the
development of a mechanistic computer code (CORMLT) for predicting the
progression of core meltdown accidents in LWRs. The major objective of the
work is tu provide best estimate calculations of the thermal/hydraulics
response of LWR containments to core degrading events.

RICHARD R. HOBBINS. Richard Hobbins is a Principal Sclentist with EG&G
ldaho, Inc., [ldaho National Engineering Laboratory (INEL)). He holds a
bachelor’'s degree in Chemistry from Princeton Univereity and a doctorate in
metallurgy from the University ¢f Delaware. Dr. Hobbins has been enguged
in research on fuel and fission product behavior at the INEL for 19 years.
He has actively participated in planning, conducting, and interpreting
| results from experimental programs on severe accidents including the Severe
Fuel Damage tests in the Power Burst Facility (PBF), the FP-2 test in the
’ Loss-of-Fluid Test (LOFT) reactor, and the TMI-2 core examination. Dr,
Hobbins has served on a number of NRC advisory panels including the Kouts
j Panel on Review of Research on Uncertainties in Estimates of Source Terms
{from Severe Accldents in Nuclear Power Plants and the National Research
) Council Panel on Chemical Processes and Products in Severe Nuclear Reactor
Accidents. Following the Chernobyl accident, Dr. Hebbins was a member of
the DOE Design Review of the N reactor at Hanford and the Savannah River

23
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Plant reactors, and served as a consultant to the International Atomic
Energy Agency (1AEA) on reactivity initiated accidents

STEVEN A. HODGE. Steve Hodge (s the program manager for the Boiling Water
Reactor Severe Accident Technology (BWRSAT) Program at Oak Ridge National
Laboratory (ORNL). Dr, Hodge and those under his technical direction are
often called upon to provide advice to the NRC and to serve upon committees
addressing speclal problems associated with postulated BWR severe
accidents, Much of the BWRSAT program effort involves long-term
cooperative endeavors with other national laboratories in BWR code
development and experimental analyses., Upon graduation from the University
of Texas in 1961, Dr. Hodge spent the next 13 vears as a Naval Officer,
with duty in destroyers, nuclear power school and prototype training, and
nuclear submarines. After leaving the Navy in 1974, he obtained a masters
degree in mechanical engineering from the University of Texas, then came to
Oak Ridge Nationa! Laboratory in 1977 to complete his PhD thesis. He was
awarded the PhD degree and became a Laboratory employee in 1979,

ROBERT J. LUTZ, JR. Bob Lutz is & fellow engineer in the Nuclear Safety
Department of the Power Systems Division of Westinghouse Electric
Corporation (WEC), He has over 18 years experience in the field of
commercial nuclear power safety analysis and has spent the last eight
years investigating severe reactor accidents and developing methodologies
for the realistic analysis of severe reactor accidents. He is presently
involved in the investigation of the progression of severe accidents and
the development of strategies to mitigate their consequences. Mr. Lutz has
presented over 20 technical papers on thermal hydraulic aspects of severe
teactor accidents. He has been a consultant to electric power utilities in
the United States and in several Eurc,ean countries, including Sweden,
Switzerland, and Italy. He was also a consultant to DOE and NRC on the
Chernobyl accident in 1986. Mr. Lutz has been a member of several study
committees for the Atomic Industrial Forum (now called NUMARC).

MICHAEL 2. PODOWSKI. Michael Podowski is a professor in the Department of
Nuclear Engineering and Engineering Physics at Rensselaer Polytechnic
Institute (RP1), Troy, New York. His research activities include two-phase
flow and boiling heat transfer, reactor thermal-hydraulics and safety, and
reactor dynamics and stability. 1In particular, he has been involved in the
modeling and analysis of severe reactor accidents, including experiments,
development of theoretical models, and their numerical implementation as
the APRIL computer code. Dr. Podowski has published several articles,
reports and books on the abovemontioned subjects. He has been a consultant
to private industry, government, Korean Advanced Energy Research Institute
(KAERI), and the IAEA. Dr. Podowski is a member of various technical/
scientific socleties, including American Soclety of Mechanical Engineers
(ASME) , American Nuclear Society (ANS), American Institute of Chemical
Engineers (AIChE), and American Soclety of Electrical Engineers (ASEE).

GARRY R. THOMAS, Garry Thomas is a Program Manager in the Safety
Technology Department of the Nuclear Power Division at the Electric Power
Research Institute (EPR1). He has 22 years experience evaluating nuclear
fuel behavior in off-normal to severe accident conditions--the 14 most
recent years in light water reactors (LWRs) at EPRI and the previous eight
years with General Electric (CGE) in 1iquid metal breeder reactors

2.4

P —









e —

_——

S — —— Y —" —

corresponding to less plausible assumptions nevertheless has sone
likelihood of being accepted by any expert, and may indeed be the most
acceptable for some experts. Experts are sometimes wrong, and the “true"
risk could lie outside the ranges found in this study,

3.2 Steps to Elicit Expert Judgment

The principles identified asbove, the criticism of the draft NUREG-1150
expert judgment efforts, and the findings of precursor studies employing
expert judgment!.? provided guidance for the design of the NUREG-1150
expert judgment elicitation process. The process evolved into ten steps:

Selection of {ssues;

Selection of experts;

Elicitation training;

Presentation and review of lssues;

Preparation of expert analyses by panel members;
Discussion of analyses,

Elicitation;

Recomposition and aggregation;

Review by the panel of experts;

0. Documentation,

OO D W

The methodology was implemented in & three-meeting format, with much addi-
tional work being accomplished between meetings. Steps 1 and 2 were accom-
plished before the first meeting of the expert panel. Step 3, elicitation
training, took place in the first meeting which lasted one-half day. The
presentation and review of issues, Step 4, was done during the second meet-
ing which, in order to reduce travel costs, took place immediately after
the first meeting. Step 5 was accomplished between the second and third
meetings (in some cases the expert panels met for additlonal discussions
during this time). Discussion and elicitation, Steps 6 and 7, were
discussed in the third meeting, which usually took place three months after
the first and second meetings (the accldent sequence frequency group and
the structural response group met two months after the first two meetings) .
The final steps, 8, 9, and 10, were accomplished after the third meeting,

3.3 Selection of Issues

The NUREG-1150 program attempts to show the range and distribution of risk

due to wuncertainty in the inputs. Some of that uncertainty is
phenomenological, some is stochastic, and some is due to limited background
of data. There are an enormoue number of input points, and all are

uncertain to some extent. It was thus impossible to treat all questions
and issues with the same degree of thoroughness. The criteria used to
select issues for detailed uncertainty analysis were:

¢ High impact on risk. If an issue was highly uncertain, but

variation across its entire range would not cause a big change in
risk, there would be little need for a detailed treatment. The
likely impact on risk was determined by the outcome seen in the
draft version of NUREG-1150, by smaller scale side calculations, by

the opinions of the expert panels, and by examination of previous
PRAS .

3.2



R R TR RN R RS, R e e e i

¢ loterest within the reactor safety community — Some lssues were
thought not to be major determinants of uncertainty in risk, but had
nevertheless been the subject of intense {nvestigation and debate.
The reason for including these issues in the analysis was to confirm
this opinion.

o Io dmprove on the treatmeot fn Draft NUREG-1150. Some issues had

not appeared to be important in the draft version; however, it was
recognized that the treatment there was less than optimum. Such
issues were Included to determine whether an lmproved treatment
would change those insights.

o The Jssue was uncertaln. Even {f an issue {8 {mportant for the
magnitude of risk, if the outcome s certain there is no impact on
the uncertainty in risk.

Issues meeting any of these criteria were listeld by the NUREG-1150 staff.
The preliminary list of issues was presented to a panel of experts, along
with reasons for their inclusion. A list of other issues was also
presented, along with reasons for their exclusion. The expert panel was
asked to review the list of issues, and to add or delete issues. The
expert panels were the same cnes that would be asked for quantification of
the uncertain issues. An understanding of the limited time and resources
avallable generally militated against an unwarranted or overly generous
expansion of the issues,

Those lssues that were selected for quantification by the external expert
panels fell into three broad classes: uncertain issues affecting the
sequence frequency caleculation, uncertain issues affecting the response of
the containment and its systems, and uncertain ilssues affecting the
radiological source term. There were more issues affecting containment
than for the other classes, and there was a further bHreakdown into iseues
related to the in-vessel phenomenology, containment loads, structural
response, and molten core-concrete interactions, Tables *-1 through 3.5
show the lssues presented to the containment and radiological source term
expert panels, along with the reasons for including the issue,
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Table 3-1
Issues Presented to the In-Vessel Panel

Title

Beasen for lnclusion

Temperature-{nduced PWR
hot leg fallure

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 FWRs

Large hot leg failure could
preclude direct containment
heating: depressurize RCS and
preclude SCGTR

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

Hydrogen burning has potential tor
causing release to environment

Mode of bottom head failure
determines subsequent accident
progression

Hydrogen burning has potential for
causing releas? to environment

Mode of bottom head failure
determines subsequent accldent
progression

o FEN eSS eI Ty
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Table 3:2
lssues Presented to the Containment Loads Panel

PUTITRE. [N

Title

Reason for Inclusion

Hydrogen phenomena at
Grand Gulf

Hydrogen burn at
vessel breach
at Sequoyah

BWR reactor buildiug
fallure due to
hydrogen burns

Loads at vessel breach
at Grand Gulf
loads at vesse)l breach

at Sequoyah

Loads at vessel breach
at Surry,

loads at vessel breach
at Zion

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

Early failure of containment

or bypass of lce condenser has
potential for causing large source
term

Bypass of rveactor building has
potentlal for increasing source
terms

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

Same as lssue &

Same as lssue &

Same as Issue &4

3.
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Table 3-3
Issues Presented to the Structural Response Panel

lasue No, Iille

B

1 Static fallure pressure
and mode at Zion

2 Static failure pressure
and mode at Surry

3 Static fallure pressure
and mode at Peach
Bottom

4 Reactor Building bypass

at Peach Bottom

5 Static failure pressure
and mode at Sequoyah

6 Ice condenser failure
due to detonations
at Sequoyah

7 Drywell and wetwell
failure due to
detonations at Grand
Gulf

8 Pedestal failure due to
erosion at CGrand Gulf

Containment failure is the
most important determinant
of source terms

Same as Issue 1

Same as Issue 1

Bypass of Reactor Building
has potential for allowing
large release of radionuclides

Same as lssue 1

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

Fallure cf drywell bypasses
suppression pool. Fallure of wet-
well allows large release to
environment

Pedestal failure is a major factor
in subsequent ascident progression

Table 3-4
Issues Presented to the Molten Core-Concrete Interaction Panel

lssue No. Title

i Mark 1 drywell melt-
through at Peach Bottom

2 Mark 111 containment
fai'ure via pedestal
failure at Crand Gulf

Reason for Inclusion .

Drywell meltthrough bypasses
suppression pool; controversial
issue

Pedestal failure could leada to
early containment failure;
controversial issue

Reason for Inclusion
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Table 3-5
Issues Presented to the Source Term Panel

Beason fox Inclusion .

Release and retention are major
determinants of source term

lce condenser is principal
decontamination mechanism in

Revolatilization could negate
effects of high retention; highly
uncertain issue

1f in-vessel release is low, CCI
release could be high, uncertain

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

lasue No. Iitle

1 In-vessel fission product

release and retention
2 lce condenser deconta-

mination factor (DF)

at Sequoyah blackouts
3 Revolatilization from

RCS/RPV
4 CCI release

issue

5 Release of RCS and CCl

species from contain-

ment
6 lLate sources of ifodine

at Grand Gulf
7 Reactor Building DF at
Peach Bottom

8 Release during dirzct
containment heating

Appeared as important issue in Draft
NUREG-1150

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

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

3.4 Selection of Experts

Experts wvere chosen to ensure a balance of viewpoints.

To this end,

experts from industry groups, engineering and consulting firms, the Federal
Gevernment, and the natlonal laboratories were included in the panel., A
brief summary of their credentials has been presented in Section 2,

3.5 Eleitatien Training

Training in probability assessment techniques is an integral part of the
expert opinion methodology used in NUREG-1150. Each panel of experts that
participated in the expert opinion process attended a hulf-day training
session., This session constituted the first meeting of each penel. The
training was given by consultants from the field of probability assessment
and decision analysis. The trainer for the In-Vessel Panel was Professor
Steve Hora of the University of Hawaii at Hilo.
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The purpose of training in probability assessment is *to facilitate the
elicitation process. Experts in various fields of science are often nc*
trained in probability theory and the techniques of probability elicita-
tion, The expertise possessed by the scientists and engineers on the
panels is called substantive expertise and thus they are called substantive
experts, Expertise about probability elicitation {s called normative
expertise and the participants in the expert opinion process schooled in
probability assessment s10 known as normative experts. Both substantive
expertise (knowledge of the problem domain being studied) and normative
expertise (knowledge of techniques for encoding beliefs into probability
distributions) are required for a successful expert opinion process.

During probability training, experts are exposed to various techniques for
probability elicitation and the difficulties that accompany probability
elicitation. Once trained, substantive experts are betier able to express
thelr knowledge in the form of probabilities and the resulting elicitations
will be of a better quality. The resulting assessments are better cali-
brated in the sense that they accurately reflect the expert’'s knowledge
and uncertainty., A by-product of the training is that the experts become
more comfortable with the concept of subjective probability and more
confident in expressing their beliefs in probability distributions.

Another benefit of training i{s that the time spent by the experts preparing
for the issues is used more effectively because the experts can direct
their analyses to the questions that must be addressed in the elicitation
sessions.  Furthermore, the elicitation ressions run swoothly since the
normative and substantive experts are working with the same definitions and
the same understanding of the desired product,

3.5.1 Iraining Topics

The training sessions conduc.ed for NUREG-1150 covered several related
topics. These topics included the expert opininn process itself and the
need for expert opinion, the elicitation techniques for the probabilities
of various typos of quantities and events or phenomena, the psychological

aspects of probability assessments, and the decomposition of complex
issues.

Bach training session began with an overview of the goals of the expert
opinion process and background material on the development of that process.
The process was reviewed in some detail so that the substantive experts
would be aware of what would be required of them and how their elicitations
would be used. Because the formalized use of expert opinion was new to
many of the participa:ts, some were initially uneasy with the concept of
expert opinlon and the uses that {t might be put to, Gaining the
confidence of these experts through familiarization with the process was
essential to the success of the expert opinion effort.

There are many different types of assessments that might be required of the
experts. The type of assessment depends upon the nature of the physical
quantity or phenomena under study, During the training sessions, the
experts were introduced to assessment {nstruments for continuous
quantities, discrete quantities, zero-one events, and dependent events. At
appropriate points in the training, the experts were asked to make

3.8

e






simpler assessments vather than one cowplex assessment. Experimental
studies? * have shown that decompesition often improves the accuracy of
aesessments, Improvement occurs becruse the experts are responding to
vaestions that are less difficult to answer. The experts must state their
reasoning explicitly by being more introspective about their assumptions of
the analysis and thus consider alternatives that they might othervise
igrore. Some improvement may be due to cancellation of errors which occurs
when errors of underestimation are offset by comparable errors of over-
estivation, Decomposition also provides a form of self documentation since
the expert's thought process is made explicit in the decomposition.

Training in decomposition was conducted by presenting .xamples of decompo-
sitions that had beer developed for the NUREG-1150 study. Several types of
decompositions were shown and the process of recombining the assessments
was discassed. Comments from the participants indicated that the use of
problems from the nuclear safety area enhanced the value of the decomposi-
tion training.

3.6 Preseniation of lssues

During the sccond part of the second meeting, plant analysts presented the
issues to the expert panel. The purposes of the presentations were to
ensure that there was a common understanding of the issue being addressed;
ensure that the experts would be responding to the same elicitation
question; permi. unimportant issues to be excluded and important issues to
be included; allow modification or decomposition of the issue; and provide
a forum for the dlscussion of alternative data sources, models, and forms
of analysis,

Each presentation {icluded a suggested decomposition of the problem. Plant
analysts usually presented the suggested decompositions without the
suggested probabilities or distributions to avoid preconditioning or bias-
ing the experts, Yor many of the i{ssues, the proposed decomposition
brought about lively discussions that {lluminated the alternative
approaches to analyzing the issue. The plant analyst also presented data
sources, models, and revorts that were relevant to the issue, and provided
references to other sources of information. The list of documents that were
provided to the In-Vesse. Panel is included as Appendix B,

Capturing uncertainty in the experts’' opinior quires that the various
experts be permitted to follow alternative an -8, Since the process wae
designed to take advantage of the diversity o approaches, experts were
encouraged to seek their own decompositions or to modify decompositions
that were suggested by the snalysts. Criticism of the decompositions was
encouraged and the experts ware assisted in producing decompositions that
better matched their interpretations of the issues.

3.7 Preparation and Discussion of Analyses

Two or three months were allowed between the initial presentations of the
issues and the elicitation sessions. During this period, the experts
studied the issues. Some experts chose to alter the preposed decomposi -
tions or creats: new decompositions and made preliminary evaluations of the
subjective protabllities represented in their decompositions of the lssues,
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The elicitation meeting provided & forum for discussion of alternative

lews of the {ssue. Presentations from both the panel members and invited
ooservers of the moetings Jere encouraged. These sessions generated a
substantial amount of diecussion and interchange of information which often
led the experts to make revisions of their prepared analyses. In some
instances, the pavel members prepared documentation that amounced to brief
reports, I- becane apparent in the elicication ressions that this inter-
change was an important source of information for the experts,

3.8 Elicitation

The discussion of each issue was followed by elicitation meetings between
the experts and a team composed of one normative analyst and one substan-
tive analyst (an analyst familiar with the risk implications of the issue.
Documentat .n of the experts’ assumptions and reasoning was produced during
the elicitation meetings. Normally, each meeting consisted c¢f three
participants (one panel member, a normative expert, and a substantive
expert) and lastod about two hours. However, in a few cases where there
were more experts to Le elicited than available normative experts, two
experts were elicited in a single session.

The elicitation sessions served several purposes. The first was to obtain
from the experts the decomposition and assessments of the >robiems. The
experts were required to explain their thinking to the assessment team of
one normative and one substantive expert. During the Aiscussion of the
elicit .ion process, the expert being elicited was questioned about stated
beliefs and asked to reflect on, and explain the reasoning behind, the
values that he or she had provided. 1In many cases, the resulting decompo-
sitions and probability distributions differed somewhat from the initial
assessments .

The role of the normative experts was to assist the expert in codifying the
experts’ beliefs and to en~ure that the assessment was complete and con-
sistent in a probabilistic sense so that the assessments could be
recomposed at a later time. Normative experts have the ability to draw
from the experts the important details being elicited. Their talent for
becoming invclved in the technical aspects of issues, which are not their
basic area of expertise, is a crucial factor in facilitating the experts'
abilities to develop logically consistent assessments. Such individuals
are necissary in any expert juugment elicitation process.

The rele of the substantive expert was to assist the expert by answering
questions relared to the issue and to ensure that technical reasoning was
compleze and to the point. He also served az a technical advisor to the
normative expert to assist him in questioning the expert in a direction
consistent with the technical needs and constraints of the plant analysis
teams .

Much of the documentation of the experts' assumptions and reasoning was
completed during the assessment meetings. However, some follow-up work was
necessary after the elicitation sessions to fill in voids in the logic
provided by the sxperts, or to obtain values that were incomplete.
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Documentation of the elicitations {s provided in Section 5 of this report.
Note that while the experts participating for each issue are identified,
the individual assessments are kept anonymous, and the experts are
identified as Experts A, B, C, etc.

3.9 Recomposition and Arsregation of Results

Each member of the expert panels produced a distribution for each case of
each issue. Yor some issues, several dependent variables were requested,
and a separate distribution was ellcited for each variable. If all the
experts had worked with identical case structures and if all had produced
the'  ~esults in the same form, the task of aggregation would have been
sl + & matter of taking the numerical average of all the distributions
for emach case. However, some experts used idlosyncratic case structures.
On some issues, ths experts expanded the case structure beyond what was
tractable in tle weldent progression event trees (Section 4) or the XSOR
codes (Sectlon %1, On some issues, experts gave thelr results in different
forms,

For the purposes of ezzre ation it was absolutely required that the case

structure be sm«il enough = . fit into the containment event trees and XSOR
codes and that the case structure and dependent variables be the same
between experts. If the case sfructure was {impractically large and

complex, it was reduced if possible by an analysis of variance (ANOVA).
The ANOVA compsred the varian:e in the dependent variable attributable to
the differences between cases and the variance attributable to the
differences among experts to the unexplained variance in the dependent
variable, For many issues it was found that the differences between cases
were not significant compared to the differences between experts, that is,
that the lar)* and complex case structure had little effect on the
dependent variable. A mathematical procedure was then used to determine
which of the cases could be safely combined,

If different experts used different cases, they were first encouraged to
resolve their differences; if they failed to do so it was necessary to find
some common ground. The cases common to all experts were of course
retained. The remaining cases were Inspected, and the most important ones
were retalned. 1If an expert did not have one of these cases, but ald have
a closely analogous case, the analog was used for the missing case. If the
expert did not have a case closely related to the missing case, then the
average of the case for all other experts was used for his missing case.
It was recognized that this procedure would reduce the range of uncer-
tainty, so the substitution was resorted to as little as possible. For
some issues, missing data could be filled in by interpolation or ratios of
existing cases.

If the experts produced different dependent variables, some analysis was
required to put all the outputs into the same form. Whenever this was done
the experts involved might find the final form of their data difficult to
reconcile with what had been produced in the elicitation. Therefo.e, ana-
lytical alteration of results was resorted to as little as pos-ible, and
attempts were made to explain the reasons for and methods of analysis to
the experts,
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After each of the experts' distributions were put i{n the same format, they
were aggregated by averaging. The experts’ outputs were almost always in
the form of cumulative distribution functions (CDFs), that is, curves or
tables of the probability that the independent veriable would be no greater
thun some specific value. The aggregation was carried out by averaging all
the experts' probability values for each value of the independent variable.
The aggregated results were thus also CDFs.

3.10 Review

Following the recomposition o the assessments and the modification of the
documentation accompanying each assessment, the written analyses of each
issue were returned to each panel expert, normative expert, and substantive
expert associated with the issue for review. This review process ensured
that potential misunderstandings were identified and resolved and that the
documentation, which is given in Section 5 of this report, correctly
reflects the judgment of the experts involved.

3.11 Deocumentation

Clear, comprehensive documentation {s crucial for ensuring that the expert
opinion process is accepted as credible. There must be no question as to
the openness and impartiality of the process. Users and reviewers of the
results must be able to trace the development of aggregated assessments
freca the information presented to the experts, to the ratlonale which
woti.ates each expert to generate his particular assessments, and through
the process of apggregating the individual assessments into a final result,
including any manipulation of the assessments needed tor aggregation. To
this end, the issue discussions were recorded on video cassette. Such
recording provides evidence of the exact conversations and presentations
made before the panel. Written notes were taken by both the normative and
substantive experts. Each expert was encouraged to personally document his
rationale for his elicitation immediately at the end of the session. By
far the most {important documentation i{s each expert's in-depth discussion
of his reasoning for his assessments. The discussion should contain the
technical foundation of information (experience, lssue presentation,

existing data or analyses) from which the rationale for the asuessment is
derived,
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4. ELICITATION MEETINGS

The first two meetings (the elicitation training and the presentation and
review of the technical issues) for the In-Vessel Expert Panel were held

from November 11 to 13, 1988. Presentations to the In-Vessel Panel were
made by the following puople:

Nestor Ortiz, SNL

Steven Hora, University of Hawaii at Hilo
Frederick Harper, SNL

Eric Haskin, SNL

Walt Murfin, Technadyne

John Kelly, SNL

Robert Lutz. Jr., Westi.sghouse
Vern Denny, SAIC

Mark Kenton, FAl

Chris Amos, SAIC

Richard Hobbins, INEL

Randy Summers, SNL

Michael Podowski, RPI

Garry Thomas, EPRI

Ariel Sharon, FAI

Randy Gauntt, SNL

Steve Hodge, ORNL

Peter Cybulskis, BNL

Marty Pilch, SNL

The elicitation meeting for the In-Vessel Expert Panel was held on April

12 to 15, Presentations at these meetings were made to the panel by the
following people:

Elaine Gorham, SNL

Ralph Keeney, University of Southern California (USC)
Allen Camp, SNL
Roger Breeding, SNL

Normative experts for Source Term elicitation sessions were:
Ralph Keeney, USC

Detlof von Winterfeldt, USC
Richard John, USC.
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5, RESULTS OF THE ELICITATION ON EACH IN-VESSEL 1SSUE

The results of the expert panel elicitations are presented in detail here.
A brief description of each issue {¢ given, the individual expert
assessments and raticnale for the assessments are discussed, and the
aggregated results or resolutions for each issue are presented.

5.1 lssue 1. Temperature-Induced PWR Hot leg or Surge Line Failure
Sefore Vessel Breach

Summary and Aggregation of In-Vessel Issue 1:
Temperature-Induced Pressuri{zed Water Reactor (PWR) Hot Leg or
Surge 1’ne Fallure Before Vessel Breach

Experts Consulted. William J, Camp, Sandia National Laboratorvies; Vern E,
Denny, Sclence Applications International Corporation; Robert J. Lutz,
Westinghouse Electric Corporation.

lssue Description

What distributions characterize the uncertainty in the conditional
probabllity of occurrence of a large terperature-induced fallure of the hot
leg or the surge line? The pip breaks in question are induced by
temperatures much higher than desiyn temperatures. These temperatures may
oecw: In reactor accidents after core degradation. The nuclear steam
supply systems of the Surry, Sequoyah, and Zion power plants are
sufficlently similar so that a separate quantification of this lssue for
each plant is not deemed necessary. The cases to be considered include:

Cass 1: Steam generators dry, no failure of reactor coolant system (RCS)
prassure boundary--Classic TMLB' sequence., There is no source of makeup
coviant. The initial RCS pressure is 2500 psia, and steam temperature may
range from saturation (668°F) to very high superheat, Cross flow exits
from the core region into the hot leg containing the pressurizer, out of
the power-operated relief valve (PORV).

Case 2. Auxiliary feed water failed, early induced pump seal loss-of
coolant accident (LOCA). Maximum leak rate from the pump seals is 900 gpm.
RCS pressure minimum {s 1200 psia, and repressurization to full setpoint
pressure of 2500 psia might occur when the steam generators dry out, Cross
flow is initially out the cold legs, through the pump seals, but after
repressurization, flow occurs out of the PORV,

Case 3: Auxiliary feed water operating, pump seal LOCA initiator. Maximum
leak rate from the pump seals is 900 gpm. RCS pressure is about 1200 psia,
and no repressurization occurs. The steam generators act as a heat sink,
Cross flow 1ls out the cold leg pump seals, and there may be natural
reclrculatlion through the steam generators.

5.1-1
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The creep rupture criterion used by Expert B was 1100 K. Distributions
were provided for failure of the hot leg nozzle, the hot leg piping, and
the pressurizer surge line in terms of the time sustained at a temperature
of 1100 K,

The only information that Expert B was able to use for Case 2 was the
MELPROG calculation performed by Expert A. The Expert felt that for this
case, the only potential for hot leg failure would be during the heat-up
before the loop seale clear. The frequency of fallure was felt to be
small,

Expert C placed primary reliance on MAAP runs that were made for Ringhals 3
and Seabrook. He also considered RELAP/SCDAP, MELPROG, and CORMLT
caleculations. Creep rupture as a function of time and temperature for the
hot leg and the surge line was taken from the curves in NUREG-1265

Expert C considered surge line failure in his hot leg assessment, The MAAP
calculations indicated that the hot leg would fail before the surge line.
Other code caloulations showed that the surge line temperatures were higher
than the hot leg temperatures.

Because the steam density is a strong function of pressure, Expert C
concluded that the strong natural circulation necessary to create high
temperatures in the hot leg could occur only when the RCS is at or near the
PORV setpoint pressure. Any previous break in the RCS pressure boundary
will preclude a temperature-induced hot leg failure during core melt, I1f
the auxillary feedwater system has operated, Expert C felt that the high
temperatures required for a hot leg break will not be reached in the
primary system due to reflux cooling in the steam generators. Expert C
concluded that only Case 1 would result in system setpoint pressure in the
RCS and only quantified that Case.

Expert C decomposed the problem into two questions: how much hydrogen has
been produced in the reactor vessel, and how much time is there between
core slump into the bottom head and failure of the vessel? The hydrogen
production is one of the major parameters impacting primary system
temperatures and includes consideration of relocation temperature, mode of
core slump, and formation of core blockages. The core slump timing
question can be interpreted as a division between vessel fallures due to
penetration failures, which oceur in less than 10 min, and other vessel

fallure modes, e.g., circumferential bottom head failures, which take
longer than 10 min,

Expert ¢ felt that the RCS would either fail before vessel breach or that
the vessel would breach without subsequent RCS failure by creep rupture. He
felt that failure of the hot leg or surge line was likely to occur before
vessel breach for events that exhibit the following characteristics:

1. RCS pressure at or near the pressuricer PORV setpoint;
2, Dry steam generators at the time the core melts: and

3. No significant and prolonged forced flows in the RCS during core
melting.
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Method of Aggregation
Case 1

Expert A provided a continuous distrit _tion for conditional probability of
hot leg LOCA, The distribution had discontinuities at probabilities of
zero and 100%, indicating some belief on the part of Expert A that induced
hot leg failure could either never occur or would always occur. Table 1-1
and Figure 1-1 show the Expert's distribution for Case 1.

Expert B provided a single probabliity for occurrence of induced hot leg
LOCA, 1In Expert B's view, induced hot leg LOCA might or might not occur,
but if the phenomenclogy is such as to cause occurrence, there would always
be a hot leg LOCA, Conversely, if the phenomenclogy is such as to prevent
occurrence, there would never be a hot leg LOCA. Expert B believed that
there was a 65% probability of occurrence.

Expert C provided 5th, 50th, and 95th percentiles for probability of
induced LOCA for several subcases, each of which depended on the fraction
of zirconlum oxidized in-vessel and on the mode of vessel breach, He
stated that the probabilities for the latter events should be taken from
the aggregated results for in-vessel Issues 5 and 6, Expert C believed
that there was no possibility of an induced hot leg LOCA for Case 2.

Because Expert C's distribution for probability of hot leg LOCA depended on
the extent of zirconium oxidation, his distribution was correlated with in-
vessel Issue 5. The correlation coefficient was 0.43, indicating that
18.6% of the variance in Issue 1 could be atti m.ivd to Issue 5, Figure 1-1
shows Expert C's distribution for Case 1. Salient points of the
distribution are given in Table 1-2.

Because of the correlation in Expert C's distribution, a simple numerical
averaging was not appropriate, Instead, a Monte Carlo procedure was used
in which each expert was equally represented, This is equivalent, in
effect, to numerical averaging, but Expert C's results could be correlated
with Issue 5 while Expert A and B were uncorrelated. An overall correla-
tion coefficient was then calculated for the aggregate.

The analysis showed that the aggregated distribution was only weakly
correlated (r = 0.06) with lssue 5. The reasons for the weak correlation
are that Expert C's distribution was not very strongly correlated to start
with, and Experts A's and especially B's results for probability of hot leg
LOCA were uncorrelated and also were mostly either zeroes or ones, which
further diluted the correlation. The aggregate is shown in Figure 1-1.

The apggregated distribution shows that there 1is approximately a 14%
probability that an induced hot leg LOCA will never occur, and a &44%
probability that hot leg LOCA will always occur. The probability of an
induced hot leg LOCA is approximately 99%.
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Case 2:

Expert A also provided a continuous distribution for this case. However,
the Expert’s opinion was that hot leg LOCA was nmuch less likely than for
Case 1. He believed that there was a 50% probability that there would
never be a hot leg LOCA. If an induced LOCA occurred, the median
probability would only be about 12%. Table 1-4 shows this Expert's
distribution for Case 2.

Expert B provided a singie probability for hot leg LOCA in this case, and
gave only a 0. 3% probability of occurrence. Expert C believed that there
was no chance whatever for a hot leg LOCA to occur for Case 2. Figure 1-2
shows the aggregated distributions for Case 2. The iggregate is also shown
in Table 1-5. There is an 83% probability that hot leg LOCA will never
oceur, If a LOCA {s induced, the median probability will be about 10%.
The aggregate thus reflects the view of all three experts that hot leg LOCA
would be either impossible o1 unlikely for Case 2.

brgregated Results

Table 1-1
Expert A's Disuribution for Case 1

Probability of Not
——Ltrobability, F = __Exceeding F

0.0 0.1
0.10 0.15
0.50 0.20
0.80 g.278
0.90 0.35
1.00 0.50

Table 1-2
Expert C's Distribution for Case 1

Probability of Not
—FProbabllicy, F = ___Exceeding F

0.25 0.01
0.50 0.05
0.75 0.19
0.90 0.34
0.95 0.45
0.99 0.65
1.00 0.80
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Table 1-3
Aggrepated Distribution for Case 1

Probability of Not

—trobabllity, F = ____Exceeding F
0.00 0.14
0.05 0.16
0.50 0,21
0.75% 0.27
0.90 0.35
0.95 0.39
0.99 0.50
1.00 0.56
Table 1-4

Expert A's Distribution for Case 2

Probability of Not

——bkobability, F = ____Exceeding F
0.00 0.50
0.05 0.69
0.10 0.84
0.20 0.89
0.30 0.93
0.50 0.98
0.80 1.00
Table 1-5

Aggregated Distribution for Case 2

Probability of Not
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Expert A's Elicitation

Issue 1. Temperature-Induced PWR Hot Leg or
Surge Line Fallure Before Vessel Breach

Rescription of Expert A's Rationale/Methodology
Case 1

The Expert had reviewed a series of MELPROG and TRAC/MELPROG calculations
for Surry TMLB', which he himself had carried out. He was also familiar
with the results of CORMLT/PSAAC calculations tor Surry and Zion in a TMLB'
scenario, RELAP5/SCDAP analysis of Surry TMLB', The Westinghouse natural
circulation experiments with simulants, and the results of COMMIX analysis
of the Westinghouse experiments. He gave the highest weight to his own
calculations, then to the CORMLT/PSAAC calculations, and lower weight to
the SCDAP calculations.

He first considered the classic TMLB' scenario. In this sequence, the
calculations indicate the gas temperature leaving the core is very close to
the surface temperature of the core. Natural circulation maintains a
nearly constant temperature over the core. There is a very high

probability (80 to 90%) of natural circulation cells occurring in the hot
legs. These cells would disappear in time because of hydrogen in the steam
generators and stratification. The effect of natural clrculation cells on
the hot leg LOCA would be of the order of 10%, because the cells would only
meve abou. 50° difference in the temperature of the hot leg.

A complicating factor is that there is a race between temperatures in the
core and temperatures in the hot leg. As the core gets hotter, the grid
spacers make holes in the cladding which prevents ballooning. In fact,
this experts discounts the possibility that ballooning could have any great
effect on hot leg falilure. When the temperature is high enough, the Zr-H,0
reaction becomes autocatalytic. During oxidation, part cf the material
liquifies and wuns down, forming a blockage near the bottom, Eventualily,
the material falls down, after which the only heat for the gas is that
which leaks through. He believes that natural circulation within the
vessel will heat and melt steel in the upper structures belore natural
circulation shut down., In his calculations, the structures in <he faiiure
locations (nozzle, hot leg pipe, and surge line) always fall bafoie natural
circulation stops.

The structures that could cause a hot leg failure would have a fair
probability of failure at 1000 K, and would certainly fail at 1200 K, The
question of the probability of hot leg LOCA can be reduced to the
likelihood that structures reach this temperature before natural
circulation shuts down, He believes it is very likely that the failure
will occur first at the hottest lozacion; therefore, it is only necessary
toc consider wnat the temperature would be at any location, and all
locations can be aggregated for this (ssue.
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Case 2

A calculation with MELPROG indicated a bulk temperature of 900 K for this
case. The Expert believed that, on the basis of this calculation, a
normally distributed temperature with a mean of 900 K and a standard
deviation of 50 K would be reasonable. There would thus be a possibility
of fallure at the upper end of the band. Differential stress could enhance

the probability of fallure. However, there Is no possibility of fallure
until the accumulator dumps.

After the accumulators dump, the core will be in a film boiling condition,
and most of the water can get in before the accumulators isolate. The
situation would then be like a classic cold leg LOCA. Eventually, the loop
seals will dry out, which will allow more natural circulation. However,
the pressures are now lower, natural circulation (s less effective, and
heat transfer will be less efficient. There is thus a lower probability of
fallure for the second temperature peak (after accunulators dump) than for
the first. Thus, the probability of failure on the tiret temperature peak
bounds the problem.

The Expert stated that his results did not apply to Sequoyah, because of
upper head injection (UHI) at that plant. However, since the ellcitation,
Sequoyah has received permission not to use UHI, ®o tiat the differences
between plants are now minimal.

Caze 1

Table A-1 shows a cumulative distribution function (CDF) for mean
structural temperature (for at least six minutes) at the hottest of the
three locations of interest, It would be possible for the temperature to
exceed 1200 K, However, the expert believes that at 1200 K a hot leg LOCA
is certain, so that higher temperatures are not relevant.

Table A-2 shows probability of failure as a function of mwean structural
tempeature (for at least six minutes). Figure A<l shows the convolution
of Tables A-1 and A-2, As a check on Figure A-1, the Expert had made a
holistic estimate of 67 to 75% for the probability of fallure for case 1,
Figure A-1 indicates a probability of approximately 10% that there is no
chance at all of an induced hot leg LOCA, a probability of about 20% that
the probability of hot leg LOCA does not exceed 20%, and a probabilicy of
about 558 that hot leg LOCA is absolutely certain. The Expert'’s

preliminary estimate is thus in reasonable agreement with the results of
his decomposition.

Case 2

A normal distribution with a mean of 900 K and a standard deviation of 50 K
for the temperature of the structures of {interest was combined with the
probabilities of failure of Table A-2, to give the distribution of Figure
A-2. Figure A-2 indicates a 50% probability of no LOCA at all, and
approxin: .ely a 5% probability that the probability of {nduced LOCA was as
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high as 508, This compares with the Expert's preliminary holistic estimate
of a 10% probability of induced LOCA for Case 2.

Sources of Uncertainty

There is relatively little uncertainty for Case 1 that high temperatures
will develop in some part of the structure., Whether natural circulation
cells develop in the hot leg structure is not subject to question. Flow of
high temperature fluids out the cycling PORV completely overwhelm the
uncertainty as to whether natural circulation celle are developed.
However, there is uncertainty in timing; whether the structures are heated

to & high enough temperature to fail before blockages cut off circulation
to the core.

For Case 2, on the other hand, there is great uncertainty, The
distribution of Figure A-2 is based on a single calculation. More
calculations should be performed to determine how sensitive the results are
to details of timing of the pump seal LOCA. The Expert indicated that he
would also feel more secure about this case if other calculations were
performed. A very great determinant for the temperature distribution is
the observation that the loop seals dry out. 1f this did not happen, the
results could be very different. The Expert was also uncomfortable with
such apparently small leaks causing such a great difference in the results.

. { Methods for Resclving U o

None provided.
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Table A-1
Cumulative Distribution Function for Structural
Temperatures, Case 1

Probability That Structural

Temperature Temperature is No Creater
(K) Than Indicated Temperature
800 0.00
200 0.10
1000 0.20
1200 0.50
19 D AN S RON. DN e N i
o'a hae -
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04 |~
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Conditional Probability of Induced LOCA

Figure A-1l. Induced Hot Leg LOCA, Case 1
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Expert B's Elicitation

Issue ! Temperature-Induced PWR Hot Leg o1

Surge Line Failure Before Vessel Breach

Rescription Expert B's

Expert B reviewed the documentation® to B¢ that was supplied initially
with the {issue paper and als pertformed and used some unpublished

RMLT/PSAAC cal uiations Results and comments made by Experts A and P
vere considered in formulating the assessment Expert B possesses
extensiv wledge { the MAAP code and MAAP calculations and has many
years exp nce in rendering and reviewing work related to this subject
In order t include effects of all three PWR plants in the CORM PSAA
calculations that were performed, the upper plenum mass for the three
separate reactors was averaged The upper plenum mass is important for the
effect of ite haat capacity on the temperature histories of the upper
vessel and hot leg piping structures Expert B coupliled a decompositior
for ase | which reflects a joint correlation between time to vessel
fallure and overall system response For the other cases, this correlatior
is not necessarily true--there are intervening events which affect the
entire process

Resuits of Expert B's Elicitation

Case 1
The decomposition for Case 1 included the time from core uncovery to vessel
breach, the time that the hardware in question (hot leg plping, surge line
or nozzle) 1is at creep temperature and the time required at creeg
temperature for failure The decomposition is as follows




Core Time to VB Time @ creep Temp Failure

Uncovering (min) (min) Criterion
(t=0) (min)
t, t; tsy

>180
150
120
90

<60

The first two steps in the decomposition were identical for all hardware,
and the final two steps were assessed separately for the three pleces of
hardware.

Core uncovering is assumed when 100% of the core is exposed. Vessel breach
is defined as the initial pathway for rejection of core material from the
vessel to containment such that the boundary of the vessel is compromised.
Three Mile Island-2 (TMI-2) for instance, did not demonstrate vessel
breach, because the core material that followed a pathway along the
instrument tubes resolidified within the tubes, thereby plugging them and
containing all the core material within the primary boundary.

The decomposition does not include dependency upon natural circulation
within the reactor coolant system because the Expert felt that it is not
necessary to have natural circulation in order to get a hot leg break in &
TMLB’' sequence. This is because with a cycling PORV, induced flow in the
system already exists, and material is being transported within the system
regardless of natural circulation loops.

A time dependency at a predefined creep temperature was included {n the
decomposition, rather than simply considering a threshhold temperature. A
component might reach a threshhold temperature, and then its temperature
could decrease due to phenomena such as the formation of blockages which
limit heat transfer to the upper vessel structures because circulation has
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decreused, Simply considering that a plece of hardware experiences a
threshhold failure temperature is not sufficient when assessing creep-
rupture of that component,

A value of 1200 K was used in the initial decomposition for the creep
temperature. This value was oblained from the information provided by W,
Murfin in the {ssue paper; however, in discussion, Expert A proposed that
creep rupture fallure occurred when the hot leg piping maintained a
temperature of 1000 K for 6 minutes. The creep rupture criterion of this

assessment, therefore was adjusted to correspond to the time at which the
hardware was at 1100 K,

ihe decomposition also included a failure criterion consideration. The
criterion was specified for the plece of hardware in which the hot leg
failure occurs., The hardware included the hot leg nozzle, the hot leg
piping and the pressurizer surge line. Distributions were provided for
fallure of each plece of hardware in terms of the time sustained at a
temperature of 1100 K.

For the first branch in the tree, time to core uncovering, the probability
is 1.0, The time between core uncovering and vessel breach, t,, was
determined by looking at various calculations. The value of t, was judged
to be in the 120 to 150-minute regime, but lower failure times were
included for cases of auto-catalytic burn of localized melt. In order to
get times greater than 180 minutes, thare would have to be uniform and
symmetrical heat transfer to the entire system. The best estimate is 120
minutes and the distribution between the lower and upper bounds is
relativaly flat, due to the degraded core geometries where uncertainties
are greatest, The distributicn was provided as follows:

t; (min) < 60 90 120 150 > 180
Cumulative Probability 0.01 0.25 0.50 0.75 0.99
The time at creep temperature, t;, is for the component specified. 1In

MELPROG caleulations, the surge line attains higher temperatures, and in
some caleculations it is predicted to be the hot leg piping (SCDAP/RELAPS,
MAAP),  For small times to vessel breach, {.e., for times t,< 100 min,,
there would be virtually no possibility tor the hardware to attain creep
temperatures for any extended period of time; thus, there were no hot leg
failures for the two lower branches. The larger the value of t,, the
larger the spread in time at creep temperature, t,.

The times at creep temperature were provided for the surge line, and the
Creep temperature was defined te be 1100 K. The original supporting
CORMLT/PSAAC calculations had been done assuming 1200 K as the creep
temperature. To adjust for the change from 1200 K to 1100 K, Expert B
reviewed the calculations and adjusted the times by adding 4 min. to t,,
For the other hardware, the times at creep temperature would be less,
because the piping and the nozzle are more thermally massive structures.
In the support calculations, the piping temperature lags the surge line
temperature by about 200 to 300 K, corresponding to a time of about 10 min,
The lag time for the nozzle is about 20 min. Thus, for these two pileces of
hardware, the time at creep temperature is decreased by these lag times.
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The distributions for t; for the different hardware conditional on t, are
as follows:

Cum. prob. .01 .25 .50 75 .99
line
t, (min) t; (min)
120 6 13 20 27 34
150 20 31 42 53 64
>180 34 49 64 79 94
Hot leg piping
t, (min) t; (min)
120 0 3 10 17 24
150 10 21 32 43 54
>180 24 39 54 69 84
t; (min) t; (min)
120 0 0 0 7 14
150 0 11 32 33 44
>180 14 29 b4 59 74

The vecomposition was concluded by assessing CDFs for the three pieces of
hardware conditiona. upon time at creep temperature (t;) and no previous
failure. For the piping and nozzle failures the time distributions were
identical for both pieces of hardware. A finite probability was assessed
at 0 min. (1%) to account for creep temperatures less than 1100 K. The
distributions for failure are as follows:

Cum. prob. .01 .05 .50 .90 .99
ty (min) 0 3 6 10 20
Cum. prob. 01 .05 .50 .80 .99
ty (min) 0 6 12 20 30

The results of the aggregration of these distributions is 65.0% faflure of
the hot leg before vessel breach. The failure location is the surge line
for all occurrences. Failure is possible in the hot leg piping and nozzle,
but their failure is conditional upon failure of the surge line. Because
it is the same phenomena dictating failure for the three pieces of hardware
and the surge line maintains creep temperature longer than the other two
components, the failure always occurs in the surge line. Although it is
not included in the assessment, the cycling PORV is liable to stick open
after thermal effects take their toll; high temperatures affect the
actuation process, 1f this occurred, the sequence would be changed
entirely,
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The distribution assoclated with this assessment will be sampled in a
zero/one type of mode in which 35% of the samples will be assessed as no
failure and 65% of the samples will be assessed as failure. The
distribution is shown graphically:

0.0 1.0
Frequency of Fallure

Case 2

For this case, the only information Expert B was able to draw upon was the
MELPROG calculation that Expert A had denz. The only failure location in
this case will be in the surge line, and it will be during the initial
(Phase 1) heat-up before the loop seals clear. After they clear, the
energy is distributed evenly throughout the entire s stem, and the time to
vessel fallure is longer than in Case 1. The surge line was judged to be
the only piece of hardware that will be at creep temperature for any period
of time during Phase 1 heat-up. During Phase 2 heat-up, failure of all
three pieces of hardware was deemed possible.

During Phase 1 heat-up, the probability of hot leg failure is small, but
during Phase 2 heat-up, the probability is even smaller--by about 2 orders
of magnitude. Thus, phase 1 only was considered in assessing the
distribution. It was judged that the decomposition in the issue paper was
adequate for this case:
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Cas Temp Surge line Surge line fallure
Temp (yes/no)

The distribution for gas temperature is the following:

Cum. prob. .01 .20 .50 .99
Cas Temp (K) 630 1000 1200 1400

The assessed distribution of the surge line temperature conditional on the
gas temperature is (uniform over distribution):

Cumulative Probability .01 .99
Gas Temp (K) Surge line Temp (K)
<1000 630 700
1000-1200 650 800
1200-1400 750 950

The probability of surge line failure conditional on surge line temperature
is:

Cum. prob. 0.0 0.0 , 02 .10
Surge line Temp (K) 630 800 900 950

The results of the aggregration of these distributions is 0.3% failure of
the hot leg surge line before vessel breach, For this case, Expert B felt
that without Expert A's calculation, cooling of the entire system would
have been misjudged, and originally the probability of hot leg fallure
would have been considered higher. The loop seal clearing is very
important in consideration of this case.

Case 3

Expert B felt there was not enough quantitative information available in
reference to this case, therefore no distributions were assessed.
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No core blockage, loop seal present;

. Core blockage, loop seal present, long time to vessel failure;
Core blockage, loop seal cleared, long time to vessel failure;
. Core blockage, loop seal present, short time to vessel failure;
Core blockage, loop seal cleared, short time to vessel failure.

LC P R TR

That is, hot leg temperatures were higher when the core steam flow charnnels
were not blocked by refreezing core debris during the relocation process
than for any combination of the other two factors when the center of the
core was blocked.

In the Surry MELPROG runs, the assumptions about natural circulation and
the time of fuel rod relocation were varied. It was actually the
temperature at which the clad relocates which was varied, but this has a
direct effect on the time of fuel relocation as it takes longer to achieve
a higher temperature. The combinations are ranked below, with the
combination that gave the highest hot leg temperatures at the top:

1. Natural circulation, delayed fuel rod relocation;
2. Natural circulation, zarly fuel rod relocation;
3. No natural circulation.

In the Ringhals MAAP runs, the assumptions concerning core blockage ana the
time between core suppert plate failure and reactor vessel failure were
varied. ‘The combinations are given below, with the combination giving the
highest hot leg temperatures at the top:

. Delayed RV failure, no core blockage;
- Delayed RV failure, core blockage;

. Early RV failure, core blockage;

. Early RV failure, no core blockage

Pl PUIR S

Results of Expert C's Eli {tation

Figure C-1 shows Expert C's decompositicn tree. The first question or top
event is hydrogen productiun in the reacisr vessel, expressed in terms of
the fraction of zirronivm inventory reactud prior to the time the core
slumps into the bottom head, Although some Fvdrogen could be produced from
other metal-water reactions, the total hydrogen produced is translated into
a percentage of equivalent zirconium inventory reacted. The hydrogen
production is one of the major parameters impacting primary system
temperatures and includes the considerations of relocation temperature,
mode of core slump, and the formation of core blockages.S"!

The other ques lon on the tree illustrating Expert C's decomposition
concerns the time be:ween the core slump into the bot.om head and the
fallure of the vessel. This can be interpreted as a division between
vessel failures due to penetration failures, which occur in less than 10
min, &nd other vessel failure modes, e.g., circumferential bottom head
failures, which take longer than 10 min (some as long as 1 h).
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Figure C-1, Expert C's Decomposition Tree,

Expert C obtained the creep rupture leg failure probability for each of the
seven endpoints on the tree from one or more MAAP, MELPROG, RELAP/SCDAP, or
CORMLT analyses as saown in Tables C:1 and C-2. 1In Expert C's view, esch
path of the tree would always resul. in either:

1. RCS failure prior to vessel fellure; or
2. Vessel failure without RCS fallure by creep rupture.

The probability assignments represent the uncertainty in the specification
of which event will occur. However, in the opinion of Expert C, failure of
the hot leg or surge line was more likely to occur prior to vessel breach
than vessel failure without creep rupture failure of the RCS pressure
boundary f~r events which exhibit the following characteristics:

1. RCS pressure at or near the pressurizer PORV setpoint;

2. Dry steam generators at the time the core melts; and

3. No significant and prolonged forced flows in the RCS
during core melting.
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Table C-1

Summary of Analyses to Investigate

A TS SRR TR =,

RCS Piping Failure Before RV Failure

R I VS —

Base Case
Ko Core Block

Loop Seal Clear

Base Case

“-h EFW

No Core Block
Delayed RV Failur.
High Relocation

Temperature;
Delayed RV Failure

RELAP/SCDAP
MELFPROG

PSSAC/CORMLT

Peak Hot Leg Peak Surge Line
~demperature . lemperalire

feabrook
1035 K 875 K
1600 K
940 K
Ringhals 3
900 K 900 K
800 K 750 K
9860 K 900 K
1050 K 900 K
1150 K 900 K
Surry
1200 K 1400 K
1250 K e
Zien
. 1475 K

Time With Temperature
~Greatex Than 1100 K.

N/A
> 30 min

N/A
N/A
N/A
N/A
N/A

> 10 min

> 30 min
> 30 min

> 30 min

5,127

S

—SSasiEs

—









=
| 2




l--—-—-- e e o e s PP ——— L LI TR~ - A e —_ —— —— e e e e e

Summary and Aggregation of Issue 2:
Temperature-Induced SGTR before Vessel Breach

Experts Consulted: Robert W. Wright, Nuclear Regulatory Commission; Vern
E. Denny, Sclence Applications International Corporation: Robert J. Lutz,
Westinghouse Electric Corporation.

lssue Description

What distributions characterize the uncertainty in the conditional
probability of occcurrence of temperature-induced SCGTRs at Surry, Zion, and
Sequoyah? The case to be considered is that in which the reactor coolant
system pressure is at or near the PORV setpoint and the secondary side of
the steam generators is dry. This is the clastic TMLB' sequence in which
gross flow exists from the core region, out the PORV in the hot leg
containing the pressurizer. Steam temperature may range from saturation
(668°F) to very high superheat.

Sunnary of Experts’ Rationale Methodology

The judgment of Expert A was highly influenced by the consideration of
defective steam generator tubes. Wwhen defective tubes were not considered,
this Expert believed that given an induced LOCA, 98 .58 of the time hot leg
fallure will occur before an SCGTR, and 1.5¢ of the time an SCTR failure
will oceur first. When defective tubes are considered, however, the
distribution for frequency of SCTR failure before failure of the hot leg is
0.3% at the 5th percentile, 3% at the 50th percentile and 108 at the 95th
percentile. This Expert believed that the phenomena that drive hot leg and
SGTR fallures are the same, and therefore the SCTR frequency distribution
is perfectly correlated to the hot leg fallure frequency distribution.

Expert B believed that induced SCTR requires the same therm  hydraullc
conditions that lead to induced hot leg railure. To get an SGTR, one needs
to Yave the conditions for hot leg failure but not have hot leg failure
before an SGTR. The Expert assigned a multiplier that woulad used t¢
determine the frequency of an SGTR if hot leg fallure did not .ccur. 1In
order to incorporate the dependency of both failure modes to the thermal-
hydraulic conditions (the modes are perfectly correlated), the multiplier
of 0.004 is applied to the hot leg nonfailure frequency multiplied by the
hot leg failure conditions. The Expert obtained the value of 0,004 by
considerating the frequency of tube defects that exceed 75% of the wall
thickness.

In agreement with the other twe experts, Expert C believed that the
conditions that drive the induced hot leg fallure mode also drive the the
frequency of induced SGTR, The frequency of an SGTR, however, i{s small
because of the large time lag between temperatures in the hot leg and those

5,2+1



in the steam generator tubes. Even considering tube defects, the frequency
of SCGTR is so small that it can be expressed as a constant value. Expert C
provided & value of 10°* for the conditional probability of an SGTR,

For incorporation into the containment event tree, hot leg fallure becomes
conditional upon SCTR failure, because of the stipulation of Expert A, The
probability distributions for each failure, must be perfectly correlated,
as stipulated by all three experts.

Mothod of Aggregation

The probability of SGTR was aggregated by averaging the three
distributions. The three distributions for SCTR failure were determined as
follows:
Expert A:

5th percentile: fgge = fy /. 997 % 003,

50th percentile: fggeg = £ /. 97 * 03,

95th percentile: fggpp = fi/. 9 * 1.
Expert B:

foorn = fom * f(HINF) % 004,

where

fom = probability for conditions of hot leg failure, and
f(HLNF) = hot leg nonfailure probability distribution:

50th percentile: f(HLNF) = .01
95th percentile: f(HLNF) = .10

Expert C:
f'm - 10001 )
where

fsorp 18 probability of SGTR, and
fg is the aggregate probability f hot leg failure (Case 1), and
fom can be approximated by fy .

The distributions are provided in Figure 2-1. Tabular aggregate values are
provided in Table 2-1. The distribution for probability of SGTR is
correlated to the distribution of probability for hot leg failure.

5.2-2
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Table 2-1
Probability of SCTR

Cumulative
0,00000 0.0000
0.00000 0.1200
0.00001 0.1400
| 0.00002 0.1768
f 0.00003 0,2068
; 0.00006 0.2336
; 0.00009 0.2438
0.00010 0.5649
0.00012 0.5906
0.00014 0.5973
0.00040 0,7086
“ 0.00044 0.7254
0,00141 0.7300
0.00703 0.7433
0,00859 0,7500
0.01509 0,7767
0,01715 0.7867
0.01997 0.7967
0.02203 0.8067
0.02356 0.8100
0.02509 0.8167
0.03385 0,.8433
0.03982 0.8533
0.04717 0.8667
0.05116 0.8733
0.11110 0.9833
0,12080 1.0000
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Table A-1l
Conditions When Zircaloy Relocation Begins

Hot Leg and
Paremeser Qoce-Through lIn:Vessel _lu-Vessel

Time (min) 160.5 167.3 178.3
Hydrogen generated (kg) 96.9 67.2 3.7
Maximum middle channel fuel

cladding temperature (K) .. 1747 1546
Maximum upper plenum struc-

ture temperature (K) 1100 1248 1153
Hot leg nozzle temperature

(K) 633 789 829

Maximum surge line tempera-

ture (K) 637 973 1001
Maximum steam generator

tube temperature (K) 624 629 731

Reactor vessel liquid level (m) 3.26 2.59 2.11
Pressurizer liquid level (m) 4.03 3.07 1.99
Core outlet flow (kg/s) 1.8 10 1%
Core return flow (kg/s) . 8 8
Upper plenum recirculating

flow (kg/s) .. 38 49

At each refueling outage, defective tubes are routinely detected and
plugged in PWRs. The presence of defective tubes up to 50% depth in any
given SG 1s therefore nearly certain. From Figure A-1, for 0.1 h, Expert A
concluded that a 25% increase in stress is roughly equivalent to a 60 K
decrease in the effective temperature for creep rupture failure  Thus he

would expect a 50% SC tube defect to reduce the creep rupture failucc
temperature by about 120 K,

For a TMLB' accident in & Westinghouse PWR with no $G cooling and with the
secondary system depressurized, the SCDAP results showed that the hot leg
wall temperature would be about 100 K above the SGT temperature. About 50
K should be subtracted to get the average effective creep rupture
temperature for the hot leg, which exceeds the SCT temperature by 50 K. As
the 508 SCT defect reduces the creep rupture failure temperature by 120 K,
the SCT with a 50% defect can be considered effectively about 70 K hotrer
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. Expert B's Elicitation

Issue 2° Temperature-Induced SGTR before Vessel Breach

Rescripsion of Expert B's Rationale/Methodology

Expert B has explained his reasoning and provided copies of plots shoving
“ code results in a document prepared for his elicitation on these issues B!
He agrees with the definition of the single case for this issue, that is,
any prior break in the RCS pressure boundary, such as failure of the
reactor coolant pump seals or the deliberate opening of the PORVs by the
operators, or operation of auxiliary feedwater, will preclude a
temperature-induced SCTR during core melt,

Expert B based his analysis on MAAP runs that were made for Ringhals 3#2
and for Seabrook P3.¥¢ Ringhals 3 {s a three-loop plant with a NSSS$
similar to Surry's, and Seabrook is a four-loop plant with a NSSS similar
to those of Sequoyah and Zion., He also used some RELAP/SCDAP results.b®
There were fewer relevant runs than for the hot leg issue since many of the
analyses did not report the temperatures for the steam generators. None of
the MELPROC runs were of use for that reason. All the code analyses
assumed nondefective tubes.

From the temperature versus time to fail plot in NUREG-1265 8¢ (Figure
B.1), Expert B concluded that a nondefective tube would require 30 min at
1110 K to rupture for a 16 MPa pressure difference. This corresp: “ds to
the primary side of the steam generator at full pressure and the secondaty
side at atmospheric pressure. (1f the secondary system had not been
depressurized, the pressure difference would be about 8 MPa,)

The long-term blackout cases are likely to result in SG depressurization at
Surry and Sequoyah., This depressurization is accomplished by manually
opening valves. There are currently no instructions in the Emergency
Operating Procedures at these two plants to close these valves after the
steam-turbine-driven AFW fails., Thus it is likely that the pressure
difference across the tubes will be 16 MPa for the long-term blackout
sequence,

The MAAP results available®'! show the effects of varying whether the loop
seal clears, the efficiency of natural circulation, core relocation
temperature, and core blockage. None of these variations {n the MAAP runs
produced temperatures over 900 K in the §CG tubes, MAAP may or may not be
conservative, but the variations used, loop seals clear, for example,
served to discount any nonconservatisms built in to MAAP, That is, Expert
B feels that some of the variations made in the MAAP runs produced results
wvhich tend to overestimate the temperatures in the SG tubes, Therefore the

: conclusion that the SC tubes do not reach 900 K {s not a result of the MAAP
base case assumptions or the nature of the MAAP models. Since the creep
rupture curve showed that a tube had to be at 1100 K for 30 min to fail,
and none of the code results showed tube temperatures over 900 K, Expert B
concluded that SGTR for nondafective tubes was not credible.
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Expert B then turned to the problen of defective tubes. Steam generator
tube repsir data indicates that the probability of having a tube with &
defect that exceeds 75% of the normal wall thickness is on the order of
0.4%. At this thickness, the creep rupture curve for $G tubes shows that a
temperature of over 850 K must be maintained for 30 min for failure to
occur, (The analyses presenteo in Reference B-1 show this to be an
unlikely event.) For those analyses in wiich the SC tube temperatures did
exceed B850 K, the hot leg temperatures exceeded the critical temperature
for creep rupture failure before the SG tubes exceeded 850 K,

Thus Expert B concluded that, for cases of hydrogen production exceeding
408 of the equivalent core zirconium inventory, or for vessel failure times
greater than 30 min, the probability of SC tube creep rupture is the
residual of the hot leg failure probability times the probability of there
being tubes with defects greater than 75% of the wall thickness. (The
residual of the hot leg failure probability {s 1.0 minus the hot leg
failure probability.) Expert B expects the hot leg failure probability to
be quite high, For the mean value he took the hot leg failure probability
to be 99%, so the mean SC tube failure probability is 0.01 * 0.004 =
0.00004, At the 95% confidence level, he used a hot leg failure
probability of 90% to get a SC tube failure probability of 0.0004.
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Results of Exsert B's Elicitatien

For nondefective tubes, Expert B felt that the evidence clearly showed that
SGTR during core melt was not ¢redible, For tubes with 508 wall thinning,
the margin between the §C temperature computed in the MAAF runs and the
temperature required to fail in 30 min was not so great, but {t was still
large enough to convince Expert B that S$CTRs would net oocur.

Expert B pointed out that only about 204 of the SC tubes, those that are
directly above the hot leg junction with the 8¢ intake plenum, carry hot
gas away from the plenunm and are exposed to the high temperatures. The
rest of the tubes either have flow back from the outlet plenum or little or
no flow., 1f & defect {s to cause an SCTR, the defect must be located near
the intake plenum in one of the tubes directly gbove the hot leg junction.
Thus, if a 8C has a few defective tubes, the chances are that the defect
will not be just above the inlet tubesheet in the 208 of the tubes that are
exposed to the hot gases from the hot leg.

Furthermore, most of the §G tube fallures, by far, ate pinhole leaks.
There have only been four sctual ruptures, and these were due to something
external like a stray bolt in the S$G rubbing on a tube or {ncreased
stresses at the top bend on the inside tube. As the bulk of the tube wall
will not be in the plastic strain region when the defective area fails to
form a pinhole leak, the fallure will not propagate and cause & rupture.
Thus, even If a defective tube were to fall, Expert B would expect only a
snall leak to result, and the consequences of this are negligible unless
meny tubes arve involved.

Sources of Nogertajnly

Expert B feels that there {s gome untertainty in the MAAP nodels and in the
assumptions made in the input to MAAP. However, he feels that the
variations run, and the sensitivity analyses conducted, adequately cover
all the uncertainty about the accuracy of the models and the input. As no
§G tube temperatures were observed that were over 900 K for different
assumptions about natural clrculation, the core degradation model, ete., he
concluded that 900 ¥ was at or above the upper end of the uncertainty range
for SC tube temperature.

There are also uncertainties in the ¢reep rupture correlstion, the material
properties, the natural circulation models used, and pipe wall heating by
deposited fission products However, Expert B concluded that these
uncertainties are relatively small compared with those accounted for by the
variations in the MAAP runs, and he did not take these factors into account
explicitly,

5.2:16
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creep temperatures before creep temperatures occur in the hot leg
structures for ext nded times. The¢ only exception would be to have a pre-
existing leak which promoted forced circulation, or to have & defect such
as a crack that might fail at & lower temperature. Without knowing the
probability of the occurrence of such leaks or cracks (judged to be low),
Expert C could not assess the probability of SGTR, based on this
assumption., However, given a pre-existing crack or leak, the probability
of failure would be very high (~ 99)

The PSAAC code includes fisifon product self-heating within the coolant in
the system--the current asiumption is that 15 to 208 of the volatiles are
released during the first |0 minutes., Higher temperatures than the PSAAC
caleulation predicted In the SG tube structures might occur if there were
local depositions of high concentrations of wvolatiles in the $G tubes.
Because the $G tube temperature {s colder than other structural
temperatures, this phenumenon would be promoted. But te attain creep
temperatures, both this phenomenon (probability of ~10°2), as well as a
higher release of ~90% of volatiles (probability of ~10°%) would have to
ocecur. The resulting combined probability of this event is therefore also
104,

The final assessment for conditional probability of induced SCTR,
therefore, is 10°*. 1t was assumed that {f any defects were present in SC
tubes, they would not be pre-existing leaks or cracks.

Sources of Uncertainty

Expert C feels that the main source of uncertainty in this issue is the
possibility that there are pre-existing leaks or cracks at the onset of the
accident. As far as modelling uncertainties are concerned, the large
temperature difference of 400 K between the hot leg structures and the SG
tube structures is too high for any mechanisms to be present to drop the
difference significantly. 1If all the decay heat was dumped into the entire
system uniformly, it would yet be unlikely that temperatures greater than
1200 K would be attained in the steam generators.

Suggested Methods for Reducing Uncertainty

None provided.
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Summary and Aggregation of In-Vessel Issue 3
BWR In-Vessel Hydrogen Production

Experts Consulted: Peter Bilenlarz, RMA; Steve MHodge, Oak Ridge National
Laboratory; Michael Podowskl, Rensselaer Polytechnic Institute; Qarry
Thomas, Electric Power Research Institute.

dasue Description

Estimates of hydrogen production for various accident seguences are
important in determining the amount of variables needed for the accldent
pregression analysis (containment pressure loads, containment
temperature, reactor bullding loads), and for the source term analysis.
Hydrogen production is to be estimated in this issue for BWRs (Grand
Gulf, LaSalle and Peach Bottom) using Peach Bottom as & surrogate. If
the experts believe that there are differences between reactors, they can
account for the differences by making appropriate adjustments to the
Peach Bottom assessment,

The exuct definition of the variable elicited was the percent of hydrogen
produced relative to the maximum hydrogen production achievable by
complete oxidation of all the in-.core zirconium, Accounting for
oxidation of other metals could lead to percentages larger than 1008,
Experts could select an alternative variable (e.g., tons of hydrogen

produced) as long as it could be translated into the elicitation
variable,

The panel experts were asked to provide thelr answers in the form of
cumulative probability distribution functions or fractiles of the
probability density function over percent of hydrogen produced. The
experts were to conslder six cases:

Case la: Short term high pressure meltdown without recovery,

Case 1b: Short term high pressure meltdown with low pressure injection
recovered prior to the breach of the reactor pressure vessel,

Case 2a: Short term low pressure meltdown without recovery,

Case 2b: Short term low pressure meltdown with low pressure injection
recovered prior to the breach of the reactor pressure vessel,

Case 3a: High pressure meltdown with CRD injection without recovery,

Case 3b: High pressure meltdown with CRD i{njection with low pressure

injection recovered prior to the breach of the reactor
pressure vessel.

Panel experts we'e further rtequested to state the time history of

hydrogen production, and to make estimates before and after bottom head
failure.

5.3.1
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Summaxy of Experts’' Rationale/Methodology

Expert A {dentified four stages between the beginning of oxidation and
vessel breach for Cases la and 1lb, and estimated hydrogen production in
terms of increments at each stage: stage 1, from beginning of ox'.ation
to relocation of zirvconium; stage 2, from beginning of relocation to the
point at which debris drops onto the core plate; stage 3: from beginning
of debris collection on the core plate to debris drop into the lower
plenum, but before vessel breach; stage 4: after vessel breach.

In addition, Expert A identified two other phenomena that had a major
fmpact on hydrogen production, The first phenomenon 1s blockage of the
steam pathways through the core; blockage impairs steam flow and thereby
significantly reduces hydropen production, The Expert thought that the
blockage effect was larger during early stages than during later stages
vhen steam levels would be high, The second phenomenon is the time at
which water was recovered, Water recovery leads to a temporary surge In
steam and hydrogen production, after which further hydroger. production
would cease. HMHe felt that water recovery would lead to 2% additional
hydrogen production at any stage of the process.

Expert A believed that there is relatively little hydrogen production in
the first stage. The hydrogen production In the subsequent stages is
more significant than the production In the first stage with production
in stage 2 about twice that in stages 3 and 4. In stage 2, competing
effects occur: higher temperatures lead to autocatalytic hydrogen
production; at the same time the metals move down into the cooler
regions, which reduces hydrogen production somewhat. In stage 3 much
steam would be generated and quenching of the debris would produce
additional steam and hydrogen. In stage & another steam surge would
oeeur.

During the latter phase «f hydrogen production, Cases 2a and 2b do not
differ significantly from Cases la and 1b. During the first stage, Cases
¢a and 2b produce more hydrogen than Cases la and 1b,

The Expert thought that the main difference between Cases la and 1lb and
3a and 3b wes the larger supply of steam, This increases hydrogen
production by 58 throughout the process.

He did not see any differences among the three BWRs that would
significantly influence his uncertainty about hydrogen production and he
therefore assessed only one distribution for all plants,

Expert B's assessments were based on an analysis of Peach Bottem (BWR/4
Mark 1) using the BWRSAR code ! For each of the Cases (1 to 3 with and
without water recovery), BWRSAR was used to predict the total amount of
hydrogen produced in the vessel. This value was then used as a "best"
(medlan) estimate of Iin-vessel hydrogen production,

In order to account for uncertainty in this estimate, Expert B considered
14 separate sources of uncertainty and assessed how each of these would

change his "best estimate” calculated by BWRSAR., The sources of
uncertainty are listed below:

5.3.2
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1. Oxidation of Relocating Control Blade and Channel Box Material.
2. Oxidation of Material Quenching above Core Plate.

3. Oxidation of Candling Clad (Stape Factor).

4, Effect of Blockage Formation by Relocated Material.

5. Amount of B,C-Steam Reaction,

6. Mode of Core Flate Fallure.

7. Oxidation of Solid Debris Relocating into Bottom Head.
8. Oxidation of Molten Debris Quenching in Bottom Head.
9. Collapse of Fuel Pellet Stacks.

10, Layering cf Debris in Bottom Head.

11. In<Vessel Natural Circulation,

12. Metal Oxidation of Upper Debris During Bolloff.

13, Oxidation of Zr Metal During Blowdown,

14, Oxidation of Stainless Steel During Blowdown.

In some situations, correlations were considered and adjustments are made
instead of simply adding uncertainty ranges.

Expert C based much of his vationale on APRIL?Z? calculations,. He
assessed hydrogen production for eight situations. For each of the eight
cases, the timing during which the hydrogen {s produced was considered.
The critical points in the accident sequence were defined as follows:

Time O Water level is at the top of the active fuel (TAF) and
dropping,

Time 1: The water level drops to the cove plate,

Time 2: The time before vessel breach,

Time 3: The end of blowdown (or the end of flow for low pressure
cases),

Time &: End of the accident (or gross lower head fallure

whenever it occurs).

Expert C felt that the majority of the hydrogen is produced before core
plate fallure, Expert C did not consider the amount of hydrogen produced by
each of the three BWRs individually.

Expert D relied on his experience in degraded core modeling (including code
development, code applications, and detailed study of TMI-2) to assess BWR
hydrogen vroduction,

Expert D assessed hydrogen production in two ways which were then compared
to reach a final assessment. The first of these was a direct assessment of
the cumulative distribution function for the amount of hydrogen produced
that was developed by Expert D in preparation for the elicitation session.
The second assessment, during the elicitation, decomposed the producticn of
hydrogen into two parts where hydrogen is first produced in-core and then
produced in the bottom head.
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With regard to the sequences in which cooling is eventually recovered, the
Expert felt that hydrogen production would not occur {f the upper one-third
of the core remained uncovered.

Expert D felt the estimates for the fraction of equivalent zircaloy
oxidatien produced at Peach Bottom could be used for the other BWRs.
Hydrogen production in other BWRs would then be in proportion to the ratio
of total core zircaloy inventories.

Method of Aggregation

The operations performed on the results of the expert elicitation in order
to obtain distribution for aggregation are discussed {n this section.

Expert AL

This Expert combined distributions for extensive hlockage and moderate
blockage using a welghted average. Me indicated that the likelihood of
extensive blockage was 10% and, therefore, the likelihood of moderate
blockage was 908, The distribution welghts used in this averaging process
correspond to these possibilities,

Because of the large uncertainty associated with the timing of the various
in-vessel stages, the early water recovery distributions (stage 1) were
aversged with the late water recovery distributions (stage 2). In other

words, there is a 50% chance of early injection and a 50% chance of later
injection,

Expext B:

Total H; production curves are obtained from elicitation writeup. For the
case with water injection recovery and anticipated transient without scram
(ATWS) (Case 3a), there is no H, preduction in the bottom head because the
vessel is assumed not to fail. The only cases which include bottom head H,
production are Case la and Case 2a.

Case la. Uncertainty bound: for total H, production: 0.2 to 0.8 with a
best estimate of 0.64. Uncertainty associated with {n-core H; production
is +0.29 to 40.16 on a best estimate of 0.323 or:

low bound = 0,.323.0.29 = 0.033
upper hound = 0,.32340.16 = 0.483,

The distribution for H; production before vessel breach corresponds to the
in-core H, production.

The distribution for H; production before vessel breach is obtained by
applying a scaling factor to the total H, production distribution (multiply
the amount of zirconium oxide from the total distribution by the scaling
factor). The scaling factor is simply the ratio of the range in zirconium
oxidation before vessel breach to the total range in zirconium oxidation:
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that would be oxidized by the end of that time regime. Time regime 2
corresponded with the time just before vessel breach.

To obtain the amount of H, produced up to the time of vessel breach (time
regime 2), the total H, production distribution was convolved with the
distribution that represented the fraction of H; produced before vessel
breach. These two distributions were convolved numerically by using
Latin Hypercube Sampling (LHS).

H, Production up to End of Blowdown

The cistribution associated with time rvegime 3 for the fraction of H,
produced was convolved with the total H; production curve.

H; Production During Blowdown

The H, production distribution for time regime 3 was subtracted from the
distribution associated with before vessel breach (time regime 2) to give
the amount produced during the blowdown, The fraction of H; produced
before vessel breach was correlated (correlation of 1) with the fraction
of H; produced up to the end of blowdown. The total H;, production curve
was sanpled independentiy from these two distributions.

Expert D:

The distributions provided by Expert D corresponded with the H;
production before vessel breach; no further operations were necessary.

Aggregated Results

The aggrepated results for the in-vessel hydrogen ,roduction issue are
given in Figures 3-1 to 3-6 for the cases defined earlier.
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Expert A's Elicitation

BWR In-Vessel Hydrogen Production

Expert A's approach to the elicitation task was to consider the
phenomenology of in-vessel hydrogen praduction and to mentally walk
through the accident progression. He identified four stages between the
beginning of oxidation and vessel breach, described below, and estimated
hydrogen production in terms of increments at each stage.

Case Structure and Decomposition

Expert A used the case structutre proposed by the Sandia project team, He
did not see any differences among the three BWRs that would significantly
influence his uncertainty about hydrogen production and he therefore
assessed only one distribution for all plants.

Figure A-1 shows Expert A's basic decomposition for Cases la and 1b  He
separated the hydrogen production process into four main stages:

Stage 1: From beginning of oxidation to relocation of zirconium;

Stage 2: From beginning of relocation to debris dropping onto the
core plate;

Stage 3: From beginning of debris collecting on the core plate to
debri. dropping into the lower plenum, but before vessel
breach;

Stage 4: After vessel breach.

In addition, Expert A considered two events that had, in his opinion, a
major impact e¢n hydrogen production, The first concerned whether
extensive or complete blockage (significantly above 90%) would occur vs.
moderate to high blockage (below 90%). dlockage is important because it
impairs steam flow and thereby siguificantly reduces hydrogen production,
The second event was the time at which water was recovered, VWater
recovery in stage 1 would lead to a temporary surge in steam and hydrogen
production, after which further hydrogen production would cease. Water
recovery in stage 2 would also lead to a surge in steam and hydrogen
production, after which further hydrogen production would continue
through stages 3 and 4.

Expert A assessed probabilities of 0,10 for extensive or complete
blockage and 0.90 for moderate to high blockage. This assessment was
mainly a result of the Expert's stringent definition of extensive or
complete blockage, a state which he considered unlikely. No assessment
of water recovery probabilities are made, as these events are considered
part of the case structure.

5.3-13



"1-€' 8

Stage 1 Stage 2 Stage 3 Stage &
From beginning From beginning From core plate After vessel
of oxidation to of relocation to to lower plenum, breach
relocation debris on core before vessel
plate breach
Water
S
Extensive
Blockage Water
0 o-
No Warter
el
No Water
o o
Water =N ISR NER T R e
p———————0
Moderate |
To High
Blockage
———o N T
No Water
—————————o

Figure A-1:
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fesults of Expert A's Elicitation

Figure A-5 shows the calculated cumulative probability distribution
functions (cdfs) for total hydrogen production through all four states. In
it, we have averaged over the blocking vs. nonblocking states by using the
Expert's probabilities assigned to these two states. We did not plot the
case in which water recovery occurs in the second stage, since that case
differs from the cases without water recovery only by a fairly constant
increase Iin hydrogen of around 2 to 3%,

In total, there are six curves representing the six cases that were to be
analyzed, Case 3a (high pressure meltdown, CRD injection without water
recovery) shows the highest levels of hydrogen production overall. The
range is substantial with a first fractile of 10% and a 99th fractile of
60%. Case la (short term, high pressure meltdown without water recovery)
shows the next highest levels of hydrogen production. Case 2a (short te.m,
low pressure meltdown without water recovery) is lowest of the three cases
without water recovery.

In the cases with water recovery at the first stage, all estimates are
fairly low, and uncertainty is small. Cases lb and 3b are virtually
identical with Case 3b showing more uncertainty at the upper end. Among
the cases with water recovery, Case 2b has the highest hydrogen production
estimates,

1.00 ¥

L A
! , 3b, ith wale
aomlﬂvpb]b(wl waler)

0.80 |- {/ [

O

L ! 1 l

40 50 60 70
% Hydrogen Produced

Figure A-5. Calculated Cumulative Probability
Distribution Functions For Total Hydrogen
Production Through All Four States
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Expert B's Elicitation

BWR In-Vessel Hydrogen Production

Expert B's assessments were based on an anslysis of Peach Bottom (BWR/4
Mark 1) using the BWRSAR code.?! For each of the cases (1-3 with and
without water recovery), BWRSAR was used to predict the total amount of
hydrogen produced In the vessel. This value was then used as a "best"
(median) estimate of in-vessel hydrogen production.

To account for uncertainty in this estimate, Expert B considered 14
separate sources of uncertainty and assessed how each of these would change
his "best estimate" calculated by BWRSAR, Thus, for each source of
uncertainty there is a range of hydrogen production levels. These ranges
are added to create the overall range for hydrogen production. 1In some
situations, correlations are considered and adjustments are made i{nstead of
simply adding uncertainty ranges.

Case Structure and Decomposition

Expert B considered the three cases defined by the Sandia team. He
considered water recovery vs. no recovery for the first (short-term high
pressure meltdown) and second (short-term low pressure meltdown) but not
for the third case. Thus, he was elicited on a total of five cases.
Expert B considered the three BWRs sufficiently similar to permit Peach

Bottom to be used as a surrogate for the other two nuclear power plants, as
suggested in the Sandla issue paper.

Expert B assumed that if injection is recovered before bottom head dryout,
vessel breach will be averted, He also believed the time window between
when injection will not avert the vessel breach and when vessel breach
would occur without injection is sufficiently small and, therefore, Expert
B assumes reflood will always avert vessel breach.

The basic difference between Cases 1 and 2 is that for Case 2 automatic
depressurization system (ADS) is initiated, which results in rapid core-
plate dryout and a steam-poor environment. Also, dur ng blowdown there
will be much less hydrogen produced in Case 2, because of the reduced
amount of steam in the RPV as compared to Case 1.

For Case 3, ATWS and CRD injection (110 gpm), the core plate does not fail
because the injection from the CRD flows over the core plate and keeps it
relatively cool. The debris collects on the core plate, solidifies, and
forms a "pan" above the core plate, Therefore, no hydrogen is produced in

the bottom head for this case. 1f, however, the CRD water is turned off,
the core plate will fail,

Hydrogen production in the bottom head is defined as that produced within
the first 30 minutes after bottom head penetration failure. For Case 2,
the upper limit for hydrogen production in the bottom head {s determined by
the amount of water in the downcomer region of the jet pumps. After vessel
breach the debris in the bottom head heats and vaporizes the water
(radiation) in the downcomer region. The steam formed during this process
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Table B-1
Summary: In-Vessel Hydrogen Production (NUREG-1150)

R

Lase

g ' 1b i b 3a.
Hydrogen production in 1959 2111 1892 1362 1694
the core region (lbs)
Yquivalent fraction of 0.323 0.348 0.262 0.224 0,279
{natial zirconium
inventory oxidized
Hydrogen production in 1934 NA 48 NA NA
the bottom head (lbs)
Equivalent fraction of 0.319 NA 0.008 NA NA
initial zirconium
inventory oxidized
Total In-vessel hydrogen 3893 2111 1640 1362 1694
production (1lbs)
Equivalent fraction of 0.641 0.348 0.270 0.224 0.279

initial zirconium
inventory oxidized

Note: 1. The initial zirconium mass is 137,385 lbs (81,238 in cladding,
50,291 in channel box walls, and 5856 in other structures),
Using a conversion factor of 0.0442, the potential total
hydrogen generation by zirconium oxidation is 6,072 1bs.

2. Hydrogen production in the bottom head is that produced within
the first 30 minutes after bottom head penetration failure.

Amount of B4C-Steam Reaction Oxidation will only occur in the
core region. In BWRSAR, only 2% of the B4C is allowed to react.
Increasing the amount of B4C that 1is allowed to react will
increase the hydrogen produced.

6. Mode of Core Plate Fajlure. Each radial ring of the core plate
fails due to loss of strength when its calculated temperature
(debris and core plate mixed mean temperature) reaches 2000°F.
This occurs after core plate dryout. When a particular radial
ring of the core plate fails, the debris that is transported to
the bottom head will affect the amount of steam production &and
hence hydrogen production. Because more debris relocates to the
core plate in Case la (no ADS, and thus more water on core plate
to boil-off) than Case 2a, the range for Case la is greater than
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10,

11.

12,

33,

that for Case 2a. The ranges for the reflood cases are smaller
than the ranges for the cases without reflood because there is
leses core plate failure with reflood.

B : This
process is not modeled in BWRSAR. Oxidation of this material
will increase the amount of hydrogen produced. The core plate
does not fail {(n Case 3a and, therefore, the material does not
relocate to the bottom head.

Qxidation of Molten Debris Ouenching in Bottom Head. This
process is not modeled in BWRSAR. Oxidation of this material

will increase the amount of hydrogen produced. The core plate
does not fail in Case 3a and, therefore, the material does not
relocate to the bottom head.

The standing portions of the
core fall into the lower plenum by radial column, Each column
collapses when {ts average clad temperature reaches &4600°F
(melting point of Zr0, is 4900°F), 1If the columns collapse at an
earlier time (i{.e., before core plate faflure) the decay heat
from the fuel pellets will cause an increass in steam production.

In BWRSAR the control rods,
channel boxes, and cladding melt relocate to the bottom head
before the U0, is relocated. Thus, most of the metal is in the
bottom layer (layer 1). The range of uncertainty accounts for
the possibility that more metal is in the upper layers (layers 2
and 3) than is calculated by BWRSAR,

in-Vessel Natural Circulation. This process is not modeled in

BWRSAR. Expert B does not believe that a natural circulation
path will be set up, whereby water travels up through the core,
down through the jet pumps, and back over to the core plate
(water level must be below jet pump diffusers) as some have
suggested, Expert B does, however, give some credit for a
natural circulation loop that goes up through the fuel rods and
then back down througn the interstitial region (water level must
be below core plate). This would increase the steam production,
and hence hydrogen production.

Boiloff. Oxidation of

this material would increase the amount of hydrogen produced.

Expert B believes that
BWRSAR calculates too much hydrogen during blowdown. He cites
three factors in the BWRSAR modelling that may contribute to this
over estimation:

13.1 A Zr0, layer does not build up on the debris as the
zirconium is oxidized.

5.3-23






Table B-2
Revised "Uncertainty” Ranges for BWR In-Vessel Equivalent
Hydrogen Generation Expressed As Deviations from Best Estimates

G6Z-L'S

In-Core
Uncertaincies la 1b 2a 2b
1 0 +.01 0 .01 0 0 0 ]
2 0 +.02 44 .02 0 0 0 Lt
3 -.06 + .01 -.02 +.01 -.06 +.01 -.02 +.O?
4 -0 0O -.05 9 -.02 0 -.02 ©
5 0 +.03 0 .03 0 +.03 0 +.03
6 -.01 +#.02 -.05 +.01 -.03 +.01 -.02 +.01
K -.10 +.05 0 10 G 4+.10 +.10
11 0 +.02 0 o 0 + 04 0 0
Sub-Total -.29 +.16 -.12 +.18 -.09 +.19 -.06 .15
Bottom-Head
Uncertainties
7 +.01 0 +.01
8 +.03 0 +.05
10 +.02 0 G
12 +.01 0 +.01
13 -.15 0 0
14 +.02 0 0
Sub-Total -.15 +.09 0 +.07
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Table B-3
Timing of Hydrogen Uncertainties Production

Case 1
Event timin) Includes Uncertainties
Debris Relocation
begins 75 1, 43,9
Core Plate
Dryout 90 s W Sl e g g
Core Plate
Failure 140 e B e Wen R |
Cont. Core
Fuel Stack
Collapse 195 ALL
Case 2
Event timin) Includes Vncertainties
Begin Hydrogen
Production 60 S e

15 Min Before
lst Local Core

Plate Failure 115 s SN B SR T

lst Local Core

Plate Fails 130 1P st SO R OV S i |
Fuel Pellet

Stack Collapse 215 ALL
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Expert C's Eldcitation
BWR In-Vessel Hydrogen Production

Expert C first carefully characterized the main factors in each of the
long sequence of events that would result in the production of in-vessel
hydrogen. Assessments of the possible amounts of hydrogen produced were
estimated for each of the cases lescribed below. Then, given a specified
level of hydrogen production for each case, the percentage produced in
the various stages of the accide it progression was estimated.

Case Structure and Decomposition

For Cases 1 and 2, Expert C used the case structure proposed by the

Sandla project team, For Case 3, there was a necessary aiteration
because the issue of whether the flow rate of water was sufficient to
cover the corv plate was important. Thus, Case 3 had four subcases

pertaining to whether the flow rate of water was sufficient to cover the
core plate and whether low pressure injection was recovered before the
breach of the reactor pressure vessel,

In surmary, assessments of hydrogen production were made for the
following eight situations:

Case la: Short term high pressure meltdown without recovery,

Case 1b: Short term :‘gh pressure meltdown with low pressure
injection recovered prior to the breach of the reactor
pressure vessel,

Case 2a: Short term low pressure meltdown without recovery,

Case 2b: Short term low pressure meltdown with low pressure
injection recovered prior to the breach of the reactor
pressure vessel,

Case 3xa: High pressure meltdown with TRD injection where water flow
rate is insufficient to cover the core plate without
recovery,

Case -~b: High pressure meltdown with CRD injection where water flow
vate 1s insufficient to cover the core plate and low
pressure injection i{s recovered prior to the breach of the
reactor pressure vessel,

Case 3ya: High pressure meltdown with CRD injection where water flow
rate is sufficient to cover the core plate without
recovery,

Case 3yb: KHigh pressure meltdown with CRD injection where water flow
rae is sufficlent to cover the core plate and low pressure
injection is recovered prior to the breach of the reactor
pressure vessel.
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For each of the eight cases considered above, estimates were made of the
time during the accident when the hydrogen is produced. This was done
using descriptions of four points in the accident sequence that would
occur after the initiation of the accident The critical points in the
accident sequence were defined as follows:

Time O: Accident initiates when the water level is at TAF and beglns
dropping,

Time 1: The water level drops to the core plate,
Time 2: The time just before vessel breach,

Time 3: The end of blowdown (or the end of flow for low pressure
cases) ,

Time 4: End of the accident (or gross lower head failure whenever it
oceurs) ,

Expert C believed that the present knowledge is insufficient to consider
separately the amount of hydrogen produced by each of the three BWRs.

Probabilicy Distributions and Their Justification

The first assessment was for Crse 2a since this seemed to be easiest for
Expert C to consider, F{=w.r C-1 shows the resulting cumulative
distribution of the probabil , ussessment=s in terms of the equivalent
emount of zirconium oxidi.ed n “sured in percent. The assessed points
were first determined by appraising the relative likelihood of different
ten percent intervals of zirconlum oxidi-ed., The most likely interval
was the range from 30 to 4.% zirconium oxidized. The second most likely
interval was from 20 to 30% and the third most likely interval was 40 to
50%. These were followed by a tie in terms of relative likelihood
betweern the intervals from 10 to 20% and from 50 to 60%. This was
followed by the intervals from 60 to 70%, 0 to 108, and 70 to 80% in that
order. 7The likelihood of more than B0% of the zirconium being oxidized
was very small according to Expert C. To get specific fractiles
corresponding to those intervals, we began with the point where 40% was
the equivalent amount of zirconium oxidized. Expert C felt there was a
two-third chance of less than 40% being oxidized with Case 2a. He felt
that there was a 0.4 chance of less than 30% being the equivalent amount
of zirconium oxidized. The resulting asscssments in Figure C-1 were
completed in the same manner,

Case 2b was assessed by adjusting the results for Case 2a. Specifically,
Expert C felt that Case 2b should produce two-thirds the amount of
hydrogen than case 2a would produce for higher levels of zirconium
oxidized. For lower levels of zirconium oxidized, the vessel breach time
is shorter, so there is a slightly greater effect of low pressure
injection, Hence, Expert C felt that a 40% reduction of the equivalent
amount of zirconium oxidized would occur in situations where less than
30% of the equivalent amount of zirconium was oxidized for Case 2a. This
produced the result shown in Figure C-1. However, in interpreting this
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result, it {s {important to recognize that for these calculacions the
vessel was assumed not to faill,

Case la was assessed in exactly the same manner as Case 2a. The relative
likelihoods of the hydrogen production being in the wvarious 108 intervals
from 0 to 10%, 10 to 20%, and so forth measured in terms of the equiva-
lent amount of zirconium oxidized was 8, 5, 3, 1, 2, 4, 6, 7. The most
likely interval for hydrogen production is thus between 30 to 40% and the
next mogt likely was between 40 to 50%,

10 .

75

Probability

25

| O = Assessed Point |

| | ! |

0 20 40 60 80 100
Equivalent Amount of Zirconium Oxidized (%)

Figure C-1, Case 2a Assessments of Hydrogen Production for Expert C.

This ranking also indicates that the likelihood for the equivalent amount
of zirconium oxidized to exceed 80% is small. The resulting assessments
are indicated in Figure C-2, including the C.5 fractile, assessed as
approximately 38%,

Case 1b hydrogen production was derived from Case la in exactly the same
manner as Case ¢b was derived from Case 2a described above. The reasons
that pertain to this relacionship are also the same as those concerning
Case 2a.

The assessments for the various circumstances pertaining to Case 3 are
indicated in Figure C-3, For Case 3xa, where the flow is insufficient to
cover the core plate, Case 2a information and results apply. The initial
oxidation phase of both of these is very similar. The rest of the
hydrogen production depends on whet happens in the lower plenum,
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For Case 3ye, where the water flow is sufficlent to cover the core plate,
the median thould be shifted by reducing it approximately one third from
Case 3xa to 228 equivalent amount of zirconium oxidized. For higher
lavel hydrogen productions, the shifi should be greater. lLyncifically,
Expert C felt that & reduction by half &t the 0.9 fractile from Case Ixa
to 308 equivalent smeunt of zirconium oxidized would be appropriate. At
low levels of hydrogen production, the raduction of hydrogen produced
from Case 3xa to Case 3ya should be very low (i.e., less then a 0.1
reduction). The resulting assessment for Case 3ya (s indlcated in Figure
c-3.

For Case 3xb, the hydrogen production would be reduced relative to Case
Ixa. Expert ¢ felt it would be difficult te imagine all the
possibilities for this case, but estimated that the results should be
approximately half way between Cases 3xa and 3ya. This {s i{ndicated in
Figure C-3. Finally, it was estimated that the hydrogen production from
Case 3yb would be the same as that for Case va.

Using Case la, it {s indicated how the timing of the releases of hydrogen
wvas addressed in the sc.essments. For esch of the time points indicated
in section 5.2, Expert C was asked to indicate a 0.1, 0.5 (1.e., median),
and 0.9 fractile for the percentage of the hydrogen that was released by
the indicated time point relative to the total amount of hydrogen that
would be released by the end of the accident. First, Fxpert C indicated
that he thought approximately 65% of the total hydrogen released with
Caze la would be released by time 1 where the water drops to the core
plate. This was the medlan estimate. Because of the uncertainties about
the timing of release, the 0.1 and 0.9 fractiles were aesessed
respectively as 308 and 85% of the hydrogen that would eventually be
released, The corresponding assessments for time 2 defined as Just
before vessel breach indicated that the median amount of hydrogen that
would be produced was 70% of the total produced. The 0.1 and 0.9
fractiles here were 40% and 90w, By time 3 at the end of the blowdown,
the median amount of hydrogen released was estimated to be 958 with the
0.1 and 0.9 fractiles of 85% and 99%. By the end of the accident, by
definition 1008 of the hydrogen that would be released was released. The
results of timing aesessments for Case la are {ndicatad in Figure C-4,

The assessments for the timing of hydrogen releases were similar for the

remaining seven cases considered by Expert C. The results are given in
Figure C-5,
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Figure C-2. Crse la Assessments of Hydrogen Production for Expert C.
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Figure C-3. Case 3 Assessuents of Hydrogen Production for Expert C.
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Results of Expert C's Ellcitation

The resulting cumulative probability distributions for hydrogen produced
are shown in Figures C-1 through C-3. They indicate that Case la is
likely to produce the most hvdrogen whereas cases 2b and 3ya (which 1s
the same as 3yb) are likely to produce the least amount of hydrogen.
When all other facters are equivalent, there is a natural consistency in
the assessments that high pressure meltdown produces more hydrogen than
low pressure meltdown, that the recovery of the low pressure injection
prior tu the breach of the reactor pressure vessel results in the
production of less hydrogen, and (for Case 3) when the water flow is
sufficlent to cover the core plate, there is less hydrogen produced,
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elicitation session. The second assessment, during the elicitation,
decomposed the production of hydrogen into two parts where hydrogen (&
first produced in-core and then produced in the bottom head. The results
of combining these distributions to estimate the total hydrogen produced
were then compared with the initial assessments. From these, which were
quite consistent with esach other, sadjustments were made to reach a final
distribution.

To {llustrate the procedure, consider cases la and 3a (which Expert D
considered as essentially {dentical). For this case, Expert D's
distribution is shown in Table D-1 along with the initially assessed
distribution and the calculated distribution. Specificalily, Table D-1
shows the cumulative probabilities associated with different percentages
of hydrogen being produced relative to the total amount of hydrogen that
could be produced {f all the zirconium were oxidized (equivalent fraction
of zirconium oxidized),

The data determined in the aseessment for the calculated estimates are
rhown in Figure D-1. Here, for instance, the percentage of hvdrogen that
could be produced in-core was between 0 to 308, The probability of the
production being between 0 to 108 was 0.15, between 10 and 20% was 0.60,
and between 20 and 308 was 0.25, It was stated by Expert D that a
reasonable assumption for the distributions within these ranges was
uniform. Then, from Figure D-1, it {s evident that the likely hydrogen
production in the bottom head given that the in-core preduction was 0 to
108 is the following: @ 0. .30 probability of 0 to 108 hydrogen production
in the bottom head and & 0.70 probability of 10 to 20% hydrogen
production in the bottom head. The rest of the Figure is read similarly.
Also, in the bottom head, it is assumed that the conditional probability
distribution for the amount of hvdrogen produced in each interval {s
uniform. Directly from the assessed information in Figure D-1, the
caleulated cumulative probability distribution indicated in Table D-1 can
be determined. The final distribution indicated in Table D-1 was
assessed directly by reconciling the initial and calculated assessments.

Table D-1
Cumulative Probability Distribution for the
Equivalent Amount of Zirconium Oxidized for Cases la and 3a

—

Percent of Zirconium Oxidized QL Jo. 200 A0 490 20
Initial Cumulative Probability 0 0 0.10 0.5% 0.95 1.0

Calculated Cumulative Probability 0 0.03 0.3% 0.82 1.0 1.0

Final Cumulative Probability 0 A 0.2 0.65 0,95 1.0
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In-Core
Production

0-108 (0.15)

Bottom Head
Production

0-108 (0.3)

10-208 (0.3)

10-208 (0.7)

0-10% (0.8)

20-308 (0.25)

10-20% (0.2)

0-10% (1.0)

10-208 (0)

Figure D-1. Expert D's Hydrogen Froduction Estimate in Two Stages for

Case la,

The initial assessments for Case la were done in the same way as those
for cases la and 3a and are indicated in Table D-2.

Equivalent Amount of Zirconium Oxidized for Case 2a

Table D-2
Cumulative Prcbability Distribution for the

Percent of Zirconium Oxidized
Infitial Cumulative Probability
Calculated Cumulative Probability

Final Cumulative Probability

R | N - 58

0

0

0

0 0.10
<0.01 0.17
0 0.10

il
0.45

0.57

0.50

AL A8
0.90 1.0
0.90 1.0
0.90 1.0
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Table D:3 indicates the results of the assessments for reflood cases 1b
and 2b before considering the very real situation where no hydrogen is
produced as & result of successful injection recovery prior te vessel
breach, These assessments were based on the sssumption that the
initiation of reflood 1ls delayed for a sufficlently long period after the
accident begins; otherwise, there is no hydrogen production. This is
because hydrogen production cannot occur before there has been a
sustained perlod vhen at least the upper approximately one-third of the
core has been uncovered For the purposes of this study, one-third
uncovery was defined to eceur at 30 winutes Inte the acclident. However,
the actual time delay from the start of the accident until the start of
hydrogen production is highly variable and dependent upon the accident
sequence; but the ensuing hydrogen production history, from the start of
production onward, is much less variable. Therefore, only the relative
times beyond 30 minutes in Figure D-2 have significant meaning. It is
assumed that the likelihood that this recovery occurs prior to this time
is 0.8, resulting Iin no hydrogen production.

The results for Case 3b are very similar to those for cases 1b and 2b.
For Case 30 there is a possible further decomposition that lends some
insights abou: the implications for hydrogen production. For this case,
it is assumed that the reflood occurs before some minimum amount of core
damage, and ) ,d ogen production has occurred. The minimum amount of core
damage wou'd be reached 10 to 20 minutes after start of hydrogen
production (40 to 50 minutes after the start of the accident in the
example shown in Figure D-2);: otherwise, the vessel (s lost. If the
reflood occurs before hydrogen production beging (30 minutes after the
accident began in this example), no hydrogen is produced. Hence, the
percent of hydrogen caused by the reflood is considered to be strongly
dependent on the percent of hydrogen produced (equivalent percent of
total zirconium oxidized) up to the reflood time, The results of this
dependency are shown in Table D-4. As an example, {f there is 5%
hydrogen production at reflood, it is then assumed that 3¢ additional
hydrogen production would be caused by the reflood resulting in the total
production of hydrogen of 8%, As can be seen, these results are quite
consistent with those obtained directly for Case 3b assuming it is the
same as cases lb and b,

Table D5 shows the final cumulative probability distributions for the
percent of hydrogen produced for the three cases where low pressure
injection is recovered prior to the breach of the reactor pressure
vessel, These results take into account Expert D's judgment that there
is an B0% likelihood that the capability to initiate reflood {s recovered
prior to the time when any hydrogen is produced and a 208 chance that it
is recovered after some hydrogen is produced but prior to vessel breach.
As such, the results in Table D-5 are the results in Table D-3 weighted
by 0.2 with the additional 0.8 probability for the production of no
hydrogen.
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Table D:3

Cumulative Probability Distributions for the

Equivalent Amount of Zirconium Oxidized for Cases la

and 2b for the Partial Set Assuming That Hydrogen Is Produced

- s

Percent of Zirconium Oxidized L I S { + AR §. SE— | 1 -l
Tnitial Cumulative Probability 0 .30 0.80 0.95 1.0 1.0
Caleulated Cumulative Probability 0 0.30 0.76 0.9 0.997% 1.0
Final Cumulative Probability 0 0.30 0.80 0.95 0.99 1.0
100 ' T T T .
Case 20
Percent of
zirconium 7%
tm."\:m"
eventually Case 12
oxidize
that
oxidizes %0 -
A O = Assessed Points
me atter
accident 285 |-
begins
0 | |
0 16 30 a5 60 75

Time from Beginning of Accident (minutes)

Figure D2, Timing of Hydrogen Preduction Using Judgments of Expert D.
Note: the only significance of absolute time in this example
is that hydrogen picduction is arbitrarily assumed to begin 30

minutes after the accident begins.

However,

relative time

from the time that hydrogen production begins does have
meaning as a general representation of the hydrogen production

history.
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Reswlts of Expert D's Elicitation

Figure D-3 shows the final cumulative probability distributions for the
total hydrogen production for the six cases examined. These results are
praphical representations of the final distributions {n Table N-1 for Case
la, and Table D-2 for Cese 2a, and in Table D-5 for cases 1b, 2b, and b,
Case 3a is essentially the same as Case la.

I |

0 10 20 30 40 50
Equivalent Amount of Ziteenlum “xidized (%)

Figure D-3. Assessment for Hydrogen Production for Expert D,

Estinmate of Hydrogen Production for BWRs and PWRs

Expert D's results are based upon the application of actual data from the
meltdown accident at T™I.2 and on the understanding of generic LWR (both
BWR and PWR) core degradation progresgion, through slumping and eventual
collapse into the reactor vessel (RV) lower head. These results indicated
that primary mobile molten material that would both cause RV lower head
faillure and be ejected immediately after that fallure would be an
essentially fully-oxidized ternary compound of (U,Z2r)0;, with varying but
complementary fractions of uranium and zirconium.

Since this material has already exhausted virtually all of its oxidatien
potential, very little additional oxlidation and hydrogen production would
oocur during the actual post RV fallure ejection of this material. To
bound this additional hydrogen productien, an additional 0 to 5% equivalent
zircaloy oxidation fraction is assigned, with equal welghting across that
range, as the amount of hydrogen production during of molten core material
following in either a BWR or a PWR system.
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5.4 laswe 4. BWR Dottom Head Fallure

Experts consulted. Michael Podowski, Rennselear Polytechnic Institute;
Richard Hobbins, Idaho National Engineering Laboratory: Steve Hodge, Oak
Ridge National Laboratory.

Rationale For Not Aggregating This Issue

This issue was not aggregated because the experts did not provide the
project staff with enough information to complete the aggregation. The
distributions used in the accident progression event tree (APET) were
developed at Sandia and are documented in NUREG/CR-4551, Vol. 2, Part 6.
The information provided by the experts was used, along with other
information, to develop the distributions.

It 18 our conclusion from our discussions with the experts that this issue
involves so much uncertainty that it was difiicult te define self-
consistent scenarios,

lssue Description

This 1issue relates to the pressure rise at vessel breach issue being
assessed by the containment loads panel. In order for the containment loads
panel to assess which phenowena can occur and the magnitude of the pressure
rise, they need information as to the initial condition of the melt as it
leaves the vessel. This information is provided by the results of lssue 4
elicitation,

Three different accident scenarios can be defined which determine the
initial conditions leading up to core damage:

1, Shurt-term High-Pressure Meltdewn. This is a surrogate for any
8Ly ‘ence where the automatic depressurization system (ADS) fails or
the vissel repressurizes later due to high containment pressure,
since the experts decided that veriations in decay heat were not an
im, ortant factor in determining the final melt conditions.

2. Short-term Low-Pressure Meltdown. This is a surrogate for any
sequence where ADS is successful or the vessel is depressurized due
to a LOCA or stuck open SRV, since the experts decided that
variations in decay heat were not an important factor in
detirmining the final melt conditions.

3. High-Pressure Meltdown with CRD Injection. This sequence
represents an anticipated transient without scram (ATWS) sequence
with inadequate makeup. This scenario will also be used to judge
the effects of dumping water onto a melting core.

For each of the above cases, the experts were asked to define the
characteristics and determine the probability of various scenarios relating
to the mode of bottom head failure and the initial conditions of the melt,
The three general scenarios which can be defined are:
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1. Pressurized ejection of debris.
2. Gravity-driven pouring of molten debris at vessel breach.

3. Gravity-driven pouring of molten debris over an extended period
following vessel breach.

Within each case the experts must assess all of the uncertainties
associated with the in-vessel melt progression and define ranges for the
parameters needed by the containment loads panel. These parameters vere:

1. Mass of core ejected with time,

2. Temperature of ejected material with time,

3. Percent of ejected mass which is metal with time.

4. Percent of ejected mass which is molten with time.
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Expert A's Ellcitation

Issue 4: BWR Bottom Head Fallure

Rescription of Expert A's Rationale/Methodology
Expert A addressed Parts 1 and 3 of this {ssue in & similar fashion. Me

did not provide results for Part 2. For Parts 1 and 3 Expert A considered
three possible scenarios for RPV fallure;

1. High-pressure melt ejection (HPME) in which core debris is ejected,
possibly through & penetration fallure, into the pedestal area as &
liquid jet driven by the gas pressure in the vessel.

2. Gravity pour (GP) in which the core debris flows under gravicy into the
pedestal area. The pour can contain entrained solids.

3. Dump (DMP) in which RPV failure occurs by creep:rupture allowing large
quantities of debris to fall into the pedestal. The debris may be
so0lid or may contain some liquid.

His assessment for Part 1 consists of identifying the probability of HPME.
For Part 3 the probability of the other two scenarios was assessed, along
with the cother information requested relative to the state of the core
debris for each of the three scenarios.

Expert A subdivided the three cases by the extent of i{n-vessel zircaloy
oxidation, 1In essence, a high, medium, and low subcase was {dentified for
each of the three cases described above. The three subcases were described
as follows:

1. 30% zirconium oxidation. (Low, corresponding to oxidation of € 308 of
the core zirconium inventory.) The core debris contains large amounts
of metallic material, dominated by phase zirconium. Debris melting
temperatures will be approximately 2200 K.

2. 608 zirconium oxidation. (Medium, corresponding to oxidation of
between 30 and 60% of the core zirconium finventory.) The debris
melting temperature will be elevated to approximately 2700 K. Most of
the zirconium will be involved in monotectic dissolution of U0, .

3. 90% zirconium oxidation, (High, corresponding to oxidation of betwsen
60 and 908 of the core zirconium inventory.) The debris contains
almost solely oxides. A 2800 K melting temperature for the debris is
the minimum expected,

(Note that such high levels of zirconium oxidation were not assigned
high probability by the experts considering that issue.)

A decomposition tree was constructed for this i{ssue. This tree is shown in
Figure A-1. Expert A considered five questions about the nature of che in-
vessel melt progression in formulating this decomposition. These questions
are discussed below.

5.4+5



T —

Crust 4o Coxe

Examination of the core region of the Three Mile Island Unit 2 (TM1-2)
reactor revealed that a crust of refrozen core material had formed within
the core a meter or so above the core plate. This crust apparently allowed
a region of hot debris to form within the core above that crust. Melting
of debris in that hot region lead to a break-out of molten material which
then flowed (apparently quite quickly) into the bottom head. Formation of
& crust In the core was thus seen by Expert A to be a mechanism by which
substantial quantities of molten debris could be formed. Without c¢rust
formation molten debris dribbles down from the melting fuel assemblies,
collecting on the core plate,

Core Plate Fallure

Expert A believed that the manner in which the core plate fails would
affect the coolability of debris in the lower plenum, Massive failure,
indicated by the upward branch in Figure A-l, would reduce the probability
that the debris will quench in the lower plenum. Conversely, while
localized fallure of the core plate increases the likelihood of debris
quenching, if the debris falle to quench, localized failure c¢reates the
condition under which there is a high likelihood that a jet of molten
material will fmpinge on the lower head.

Rebris Quench

For al)l the cases considered, the lower plenum contains water during core
damage. Core debris penetrating the core plate can be gquenched in this
water, [Expert A generally believed that quenching was likely (at least a
508 chance) and assigned higher probabilities for sequerces in which there
would be no massive fallure of the core plate,

; Lon Fat) . ¥ ¢

Expert A considered localized failure of the bottom head (upward pathway in
Figure A-1) versus a generalized failure (due to creep rupture) that would
drop all the debris that had accumulated in the lower plenum out of the RPV
essentially instantaneously, Localized failures could result eithe. from
melting of a bottom head penetration (control rod drive [CRD) or instrument

tube) or by i{mpingement of a jet of molten material falling from the cora
plate.

Molten Debris at Vessel Failure

Vessel fallure by jet impingement or by gradual heating of debris that is
initially quenched in the lower plenum could result in a substantial
fraction of the debris in the lower head being molten when the vessel fails
(upward path in Figure A-1). Expert A stated that thermal contact between
debris in the lower plenum and the vessel wall was generally poor. Thus,
while the vessel steel melts at & much lower temperature than the core
debris, liquefaction and even superheating of the debris prior to bottom
head fallure was thought to be relatively likely.

5.4-6
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Expert A's Decomposition Tree for BWR
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Expert A used his judgment to evaluate each of the 31 probabilities in the
decomposition tree for each of the nine subcases. The resulty were then
agpregated according to the four scenarios (HPME, CP, Solid and Liquid DMP)
defined above. Using the tree pathways for guldance. Expert A then
constructed distributions for the core debris characteristics (timing, mass
ejected, fraction of the ejected mass that is metallic, temperature, and
superheat) .

Besults of the Expext's Elicitation

Teble A-1 provides the probabilities inserted in the decomposition trees
for each of the nine subcases formulated by Expert A. The probability for
each scenario calculated by the tree is also provided in that table. From
Table A-1 it is apparent that the level of in-vessel zircaloy oxidation is
far more important than the distinction between Case 1 and Case 3 (both
cases consider high RPV pressure). Thus, the results of Cases 1 and 3 have
been combined and will be referred to as Case 1, RPV at high pressure.

Tebles A-2 through A-7 provide the melt characteristics provided by Expert
A for each of the six distingulshable cases. The distributions provided
are essentially distributions on the debris temperature. Superhest and the

fraction of the debris that is molten are completely correlated with the
debris temperature.

The high-pressure scenarios were seen to have the potential to lead to
lower temperature debris. The low end of the probability distributicn for
the high-pressure scenarios have significantly less superheat (150 K) than
the low end for low-pressure scenarios. Similarly, the fraction of the
debris that i{s liquid could be lower for high-pressure scenarios. These

effects are the result of an expectation that the RPV will fall earlier
when it is under pressure.

In general, Expert A believes that high temperature, predominantly liquid
debris with substantial superheat (50 to 400 K) {s to be expected. Little
sensitivity to the specific accldent scenario was expected. Distinctions
between the cases considered are minor although a significant increase in
the maximum debris temperature (500 K) was viewed to be possible if the
level of in-vessel zircaloy oxidation were high. Significant probability
(~0.6) was ascribed to dumping a large fraction of the core ints the
pedestal at RPV failure. Expert A placed a great deal of emphasis on the
ability of core debris to form insulated layers both in the core and in the
RPV bottom head. Insulating layers in the bottom head were seen to allow
debris temperature to rise well above the melting temperature of the
pressure vessel steel, In summary, Expert A gave & high probability to
large quantities of hot, superheated, and (for in-vessel zirconium

oxidation levels typically attributed by the review panel) substantially
metallic (35 to 60%), debris.
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Table A-1
Decomposition Tree Probabilities

Case 2 Case 3
Prob, Specified Llow Zr Med, Zr High Zr low Zr Med, Zr High Zr low 2r Med. Zr High Zr
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Table A-1 {(continued)

Case 1

_Case 3

Prob. Specified Low Zx

HPME or Rapid

Pour 0.46
Gravity Pour 0.37
DMy 0.17

Med, Zr High Zr lLow Zr Med Zr High Zr low Zr Med Zr _High Zr

0.39
0.39

0.22

0.31

0.42

0.27

__Case 2
0.42* 0.36*
0.32 0.33
0.26 0.1

*Rapid pour, since HPME does not occur with RFV depressurized.

0.29*
0.3

0.37

0.49
0.35

0.16

0.60
0.38

0.22

0.32

0.41

0.27
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Table A-3
Melt Characteristics. Case 1B: High Pressure
Medium Zr Oxidation (35% Netal in Debris)

Distribution Duration
_FProbability  _ Fractiles —fmin)

HPME Involving <40% of the Core

0.32 ©.05 0
0.59
0.95
HPME Involving >40% of the Core
0.08 0.05
0.50
0.95 0
Gravity Peur
0.38 0.05 10
0.50 320
0.95 600
Dump Involving <40% of Core
0.18 0.05
0.50 0
0.95
Dump Involving >40% of Core
0.04 0.05
0.50 0

Melt
Temperature Superheat Fraction Melted

LK) (K) (%)
1300 50 ie
2400 100 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>