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ABSTRACT

This report records part of the vast amount of information received
during the expert judgment elicitation process that took place in suppoit
of the NUREG-1150 effort sponsored by the L' S . Nuclear Regulatory
Commission. The results of the In Vessel Expert Pw.el cr. presented in
this part of Volume 2 of NUREG/CR 4551. The In Vessel Panel considered
six issues:

1. Temperature Induced pressurized water reactor (PWR) Hot Leg or Surge
Line Failure Before Vessel Breach;

i

2. Temperature-Induced Steam Generator Tube Rupture (SGTR) Before Vessel
Breach;

3. Boiling water reactor (BWR) In Vessel Hydrogen Production;

4. BWR Bottom Head Failure;

5. PWR In Vessel Hydrogen Generation;

6. PWR Bottom Head Failure.

The report begins with a brief discussion of the methods used to elicit
the information from the experts. The information for each issue is then
presented in five sections: (1) a brief definition of the issue, (2) a
brief summary of the technical rationale supporting the distributions
developed by each of the experts, (3) a brief description of the
operations that the project staff performed on the raw elicitation
results in order to aggregate the distributions, (4) the aggregated
distributions, and (5) the individual expert elicitation summaries. The
individual expert elicitation summaries were written soon after the
clicitation and were sent to the experts for review. They represent che
raw results as received directly from the experts,

ill/iv
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| FOREWORD

:
'

j This is one of many documents that constitute the technical basis for the
9

NUREC 2150 document produced by the NRC Office of Nuclear Regulatory
Research. This docuroent's purpose is to give the results of the In Yessel
Expert Panel. The document consists of the distributions and associated
technical rationale provided by the expert panels for the phenomenological

_ questions posed by the NUREG 1150 analys.ts.'

Figure 1 identifies all the documents that present the results of the,

accident progression analysis, the source term analysis, the consequence*

; analysis, and the overall risk integration. l'hre e interfacing programs

performed this work; the Accident Sequence Evaluation Program (ASEP), the'

_ Severe Accident Risk Reduction Program (SARRP), and the PRA Phenomenology
4

and Risk Uncertainty Evaluation Program (PRUEP), Table 1 is a list of all
of the original primary docurcentation (published in _1987) and the
corresponding revised documentation that supports the current version of
NUREG 1150.

The current NUREG/CR 4551 covers - the analysis _ included in the original
NUREC/CR-4551 and NUREG/CR 4700_. The accident progression event trees

,

] (APETs) originally documented in NUREC/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
: Comme nt '. " Thus, the final revision of NUREC/CRi4550 in designated Revision
| 1. The label Revision 1 is used consistently on all volumes, including

j Volume 2, which was not part of the original documentation. NUREG/CR 4551
was originally published as a " Draft for Comment"; the Revision' 1
designator is used to maintain consistency with NUREC 4550 documents.

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

NURE0/CR-5380, SAND 88 2988, S. J, Higgins, "A User's Manual for the
Po s t : Processing Program PSTEVNT," Sandia National Laboratories,
Albuquerque, NM, 1989.'

NUREC/CR 5360, SAND 89 0943, H. N. Jow, W. B. Muriin, and J . D. Johnson,
"XSCR Codes User's Manual,_" Sandia National Laboratories, Albuquerque,
NM, 1989.

NUREG/CR 4624, BM1 2139, R. S. Denning et al., "Radionuelido Release
Calculations for Selected 5: eve re Accident Scenarios," Volumes 1-V,
Battelle Columbus Division, Columbus, OH, 1986.

NUREC/CR 5062, BM1 2166, M. T. Leonard et al., " Supplemental
Radionuclide Release Calculations for Selected Severe ' Accident

(- Scenarios." Battelle Columbus Division, Columbus, OH, 1988.

xiil
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4

NURE0/CR 5331, SAND 89 0072, S. E, Dingman et al . , "MELCOR Analyses for
] Accident Progression Issues," Sandia National Laboratories,
: Albuquerque, NM, 1989,
1

! NUREC/CR 5253, SAND 88 2940, R. L. Iman, J. C. Helton, and J. D.

] Johnson, "A User's Guide for PARTITION: A Program for Defining the
i Source Term / Consequence Analysis Interfaces in the NUREG 1150

Probabilistic Risk Assessments," Sandia National Laboratories,

| Albuquerque, NM, 1989.
'

NUREG/CR 5382, SAND 88 2695, J. C. Helton et al., " Incorporation of
Consequence Analysis Results into the _ NUREG 1150 Probabilistic Risk.

Assessments," Sandia National Laboratories, Albuquerque, NM, 1989.

NURE0/CR 5174, SAND 88 1607, J. Michael Griesmeyer and L, N. Smith, "A
Reference Manual for the Event Progression Analysis Code (EVNTRE),"
Sandia National Laboratories, Albuquerque, NM, 1989,

1 NURE0/CR 5262, SAND 88 3093, R. L. Iman, J. D. Johnson, and J. C.
1 Helton, "A User's Guide for the Probabilistic Risk Assessment Model

Integration System (PRAMIS)," Sandia National Laboratories,
Albuquerque, NM, May 1990.

:

|
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Table 1. NUREC-Il50 Analysis Documentation [
,

!
'

i'

Oririnal Documentation '
'

NUREG/CR-4550 NUREG/CR-4551 NUFIC/CR-4700
Analysis of Core Damage Frequency Evaluation of Severe Accident Risks Containment Event Analysis

From Internal Events and the Potential for Risk Reduction for Potential Severe Accidents

Vol. 1 Methodology Vol. 1 Surry Unit 1 Vol. 1 Surry Unit 1'

2 Summary (Not Published) 2 Sequoyah Unit 1 2 Sequoyah Unit 1
3 Surry Unit 1 3 Peach Bottom Unit 2 3 Peach Botton Unit 2

,

l' 4 Peach Bottom Unit 2 4 Crand Culf Unit 1 4 Crand Gulf Unit 1
5 Sequoyah Unit 1 5 Zion Unit 1
6 Grand Gulf Unit 1 i

7 Zion Unit 1
!

Revised Documentation '

NUREG/CR-4550, Rev. 1, Analysis of Core Damage Frequency NUREG/CR-4551 Rev. 1. Eval. of Severe Accident Risks [*
d. Vol. 1 Methodology Vol. 1 Part 1, Methodology; Part 2 Appendices f

,

2 Part 1 Expert Judgment Elicit. Expert Panel 2 Part 1 In-Vessel Issues |Part 2 Expert Judgment Elicit. Project Staff Part 2 Containment Loads and MCC1 Issues L

Part 3 Structural Issues (
Part 4 Source Term Issues !
Part 5 Supporting Calculations !

Part 6 Other Issues
Part 7 MACCS Input

3 Part 1 Surry Unit 1 Internal Events 3 Part 1 Surry Analysis and Results I

Part 2 Surry Unit 1 Internal Events App. Part 2 Surry Appendices f
Part 3 Surry External Events

{4 Part 1 Peach Bottom Unit 2 Internal Events 4 Part 1 Peach Bottom Analysis and Results j
Part 2 Peach Bottom Unit 2 Int. Events App. Part 2 Peach Bottom Appendices [Part 3 Peach Bottom Unit 2 External Events

5 Part 1 Sequoyah Unit 1 Internal Events 5 Part 1 Sequoyah Analysis and Results
cPart 2 Sequoyah Unit 1 Internal Events App. Part 2 Sequoyah Appendices
[6 Part 1 Grand Gulf Unit 1 Internal Events 6 Part 1 Crand Gulf Analysis and Results
[Part 2 Crand Gulf Unit 1 Internal Events App. Part 2 Grand Gulf Appendices 1

7 Zion Unit 1 Internal Events 7 Part 1 Zion Analysis and Results I

Part 2 Appendices t

f
:

| |
| t

! L
'

{ f
V . :



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

ACKNOWLEDCMENTS

As authors of this report, we acknowledge the help of all of the
participants in the expert judgment elicitation process including the
expert panel, the normative experts, the substantive experts, and the
utility and industry experts who attended the meetings. While we wrote
most of the actual report, the members of the expert panels provided us
with most of the technical substance. We would particularly like to thank
Steve Hora of the University of Hawaii for his role in developing the
expert judgment elicitation methodology, Ralph Keeney of the University of
Southern California for his assistance in directing the elicitation
process, and the following people from Sandia National Laboratories: Reeta
Gnrber for editing and preparing this report; Ann Shiver for aggregating
the results and visually presenting these in figures; and Timothy Vheeler
for providing not only the template for this report but also for much of
the prose in the introductory sections. We also appreciate the support of
Joseph Murphy, Mark Cunningham, and P. R. N1 yogi of the NRC.

i

xvil/xviii



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

ACRORYMS AND INITIALISMS

ADS automatic depressurization system
AICC adiabatic isochoric complete combustion
AIChE American Institute of Chemical Engineers
ANL Argonne National laboratory
ANS American Nucicar Society
APET accident progression event tree
ASME American Society of Mechanical Engineers
ATVS anticipated transient without scram

BNL Brookhaven National Laboratory
BWR boiling water reactor

CCI core concrete interaction
CDF cumulative distribution function
CRD control rod drive-

DBA . design basis accident
DCH direct containment heating
DDT deflagration to detonation transition
DF decontamination factor
DMP dump
DOE Department of Energy

FCI fuel coolant interaction
FAI Tauske and Associates Inc.
FSAR final safety analysis report

CP gravity pour

HPME high pressure melt injection

IC ice condenser
IDCOR Industry Degraded Core Rulemaking
INEL Idaho National Engineering Laboratory

LOCA loss of coolant accident
LMFBR . liquid metal fast breeder reactor
LMR liquid metal reactor
LSD -Icast significant difference
LWR light water reactor

I

L MAAP Modular Accident Analysis Program
j HCCI molten core coolant interactions
:

| -ORNL Oak Ridge National Laboratory

PORV. power operated relief valve
PRA probabilistic risk analysis
PWR pressurized water reactor
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has prepared NUREG-'

11501 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;

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

Update the estimates of NRC's 1975 risk assessment, the Reactor*

Safety Study;

Include quantitative estimates of risk uncertainty, in response*

to a principal criticism of the Reactor Safety Study; and

Identify plant specific rick vulnerabilities, in context of the.

NRC's individual plant examination process.

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

Issues significant to severe accident frequencies, consequences,e

and risks;

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

Comparisons with NRC's safety goals;e

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

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

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

In support of NUREG 1150 and as part of the Accident Sequence Evaluation
Program (ASEP) and the Severe Accident Risk Reduction Program (SARRP),
Sandir. National Laboratories (SNL) has directed the production of Level 3
probabilistic risk r9sessments (PRAs) for the Surry, Sequoyah, Peach
Bottom, and Grand Gulf nelear power plants. (Level 1 PRAs contain
accident sequence analyses deveigad to the point of core damage; Level 2
PRAs include Level 1 and accident progression analyses; and Level 3 FRAs
include Level 1, Level 2, and consequence analyses.) A PRA for the fifth
NUREG-1150 plant, Zion, has been prepared by EG6G 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.
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Expert j ud gtte nt elicitation is an i n t e r,r al part of the methods used to
produce the pRAs. in support of hTREC 1150. Expert judgment is used vbere
applienble experimental data or c oirple t e analyses are inadequate. Such
eituations are c omrton in analysis of rare events and complicated severe
accident phenomena. The purpose of this report is ta provide the results
and technical rationale obtained from the In-Yessel Expert panel. The
expert j udgme n t rtethodology is presented in detail in hTREG/CR- 4 5 51
Volume 1.

Expert judgments are expressions of opinion, based on knowledge and experi-
ence, that experts make in responding to technical problems. Specifically,

the j udgment s represent the expert's state of knowledge at the t itr e of
response to the technical question. Expert j udgtte nt is not restricted to
the experts' answer but includes the experts' roe n t al processes (defint-
tions, a s s, ump t i ons , and algorithms) for arriving at answers.

Expert judgment is necessarily used in all technical fields. Because these
judgments are often implicit, they are sometimes not acknowledged as being
expert judgments. Eor e x art pl e , expert judgment is frequently used
implicitly, even unconsciously, when researchers make decisions about
defining problems, establishing boundary conditions, or screening data. By
c o n t r a s. t , expert judgment can niso be obtained explicitly, through formal
processes,

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

1. No other data (analytlcal or experimental) for predicting the
outcome of phenomena are availabic;

2. High variability characterir.es the data;

3. Experts question the applicability of the data;

4. E x i s, t i n g data needs to be supplemented, interpreted, or
incorporated with model or code enlculations;

5. Analysts need t o determine the state of knowledge about what is
currently known, what is not known, and what is worth learning.

The issue selection process consis,ted of accumulating an extensive list of
potential issues by plant or across plants and then evaluating the signifi-
cance of each issue Expert panel members participated in the issue selec-
tion by reviewing the issues selected and rejected for the expert judgment
process and reenmmending the addition, deletion, or modification of issues
from the initial list,

There were six in-vessel issues that were considered important enough to be
the subject of a formal expert judgment clicitatton. Table 1 lists these
issues.

.
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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 4 lists the
meetings held for the in vessel issues and the people who gave

. 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 method 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 rationale behind the distributions. Each account was written
by the substantive expert who assisted with the elicitation. In 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 tacit approval
of the written account.

Table 1 1
; In Vessel Issues Considered for Expert Judgment Elicitation

Applicable
IJJue Plants

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

2. Temperature Induced Steam Generator Tube All PWRs
Rupture (SGTR) 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 fields of in vessel phenomena. The project
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 NUREC 1150 from participating as members
of the expert panel. This led to several criteria in selecting the
experts:

1. Experts would demonstrate experience by authorin6 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
univeraities, consulting firms, laboratories, nuclear utilities,
or government agencies;

3. The experts would represent as wide a perspective of the issues
as possible;

4 The experts would be willin6 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 interaction, 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 1.aboratory
Commonwealth Edison
Electric Power Research Institute
General Electric
Idaho National Engineering Laboratory, (EC&G Idaho, Inc.)
Illinois Department of Nuclear Safety
International Technology Corporation
MHB Technical Associates
New York Power Authority-
NUMARC
Oak Ridge National Laboratory
Philadelphia Electric Co.
Sandia National Laboratories

| Stone and Webster Engineering Corporation
__

! Systems Energy Resources, Inc.
! Tennessee Valley Authority

U.S. Nuclear Regulatory Commission
-Virginia Electric Power Co.
Westinghouse Electric Corp.

..

2.1
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| It was impossible to satisfy each crit erion entirely fer every expert /

i issue combination. Nevertheless, we were pleased with the high quality *

'

and objectivity of the experts. The experts chosen for the containttent

loads-(CL) and molten core / containment interaction (MCCI) issues were:

Peter Bieniarz Risk Management Associates
William Camp Sandia National Laboratories
Vern Denny Science Application International Corporation,

' Richard llobbins Idaho National Engineering Laboratory
Steve Hodge Oak Rid e National Laboratory61

; Robe r t J . Lutz , J r . Westinghouse Electric Corporation
Michael Podowski Rensselaer Polytechnic Institute
Garry Thomas Electric Power Research Institute
Robert Wright Nuclear Regulatory Commission

Brief biographical sketchs of the experts are presented below:

In Vessel Expert Panel

PETER P. BIENIARZ. Peter Bientarz is President of Risk Management
Associates. Inc., (RMA). He has been heavily involved in the severe
accident analysis field from both the probabilistic risk analysis (PRA) and
fission product behavior ends. As part of his work, Mr. Bientarz has been
either involved in, or directed, several - PRAs and has developed several
analytical methods for calculating the progression of severe accidents.

! Before es tablishing RMA, Mr. Bientarz was the General Manager of the
Albuquerque Office of Energy, Inc., and Senior Technical Consultant with'

Pickard Lowe and Garrick, Inc.

WILLIAM CAMP, Dr. Camp is Department Manager of the Mathematics and
Computational Science Department, 1420, at Sandia National Laboratories
(SNL) where he provides the mathematical and computational resources
necessary to carry out Icading 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 liigh Temperature Science
Division, Solid State Theory Division, a visiting staff member in the
Systems Analysis Division at SNL in Livermore, CA, and the supervisor of
the Reactor. Safety Theoretical Physics Division. !!e 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 ntate of the-art methods are
utilized or extended; (c) managed the development of CHARM,. an advanced
model for aerosol- behavior in complex flows; (d) instituted and directed
research on computational analysis of non linear instability problems
encountered in partial differential equations for fluid dynamics (Rayleigh.
Taylor Instabilities); and (e) instituted and directed the development of
MELPROG/ TRAC, a system level model of reactor primary systems during severe

; accidents. His current research involves " exact" numerical simulation of

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

VERNON DENNY. Vernon Denny is a senior technical staff member in the
Thermal Sciences Division of Science Applications International Corporation
in Los Altos, California. He received a B. S. 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 1961. He has
over 20 years of experience in chemical, inechanical, and nucitar
engineering and has been an educator, consultant, and a ccientist for a
number of years. His research and consulting experience includes both
theoretical and experimental work in thermal and fluid sciences, with j

ern;ihasis on such topics as latninar/ turbulent condensation in the presence
of noncondensables, vorticity transport in high Reynolds nurnbe r
recirculating flows, free convection in enclosures at large Rayleigh
numbers, interaction of free stream turbulence and chernicel reactions with

high speed boundary layer flows, transp9rt 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 laser hardening, and open channel flows. Since
joining SAIC in July 1979, Dr. Denny har, assumed increasing responsibility
for the therrnal/ hydraulics program at the Palo Alto /Los Altos office. He
has authored a bounding model for analyzing the integrity of piping in the
vicinity of U4FBR superheater/ evaporators following a design basis leak in
the heat exchange tubes, served as consultant to EG6G in response to NRC
needs for simulant calculations following the THI 2 incident, 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 developinent of direct. contact
evaporator / condenser designs for the Solar Energy Research Institute's OTEC
p rograin . Recently, Dr. Denny has devoted considerable effort to the
development of a inechanistic coinputer code (CORMLT) for predicting the
progression of core meltdown accidents in LWRs. The major objective of the
work is to provide best estimate calculations of the thermal / hydraulics
response of LVR contaitunents to core degrading events.

RICHARD R. HOBBINS. Richard Hobbins is a Principal Scientist with EG6G
Idaho, Inc., [ Idaho National Engineering Laboratory (INEL)). He holds a
bachelor's degree in Chemistry from Princeton Univereity and a doctorate in
inetallurgy from the University of Delaware. Dr. Hobbins has been engaged
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
Panel on Review of Research on Uncertainties in Estimates of Source Terms
from Severe Accidents 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. Hobbins was a teember of
the DOE Design Review of the N reactor at Hanford and the Savannah River

2.3
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; Plant reactors, and served as a consultant to the International Atomic
'

Energy Agency (IAEA) on reactivity initiated accidents.

. STEVEN A. Il0DCE. Steve Hodge is 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
of ten called upon to provide advice to the NRC and to serve upon committees
addressing special probletus 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 years as a Naval Officer,
with duty in destroyers, nuclear power school and prototype training, and
nuclear submarines. Af ter leaving the Navy in 1974, he obtained a rnasters
degree in mechanical engineering from the University of Texas, then came to
Oak Ridge National 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 a fellow engineer in the Nuclear Safety
De p a r t roe n t 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 inethodologies
for the realistic analysis of severe reactor accidents. He is presently
involved in the investigation of the progression of severe accidents and
the developraent of strategies to ruitigate their consequences. Mr. Lutz has
presented over 20 technical papers on thermal hydraulic aspects of severe
reactor accidents. He has been a consultant to electric power utilities in
the United States and in several European countries, including Sweden,
Switzerland, and Italy. He was also a consultant to DOE and NRC on the i

Chernobyl accident in 1986. Mr. Lutz has been a member of several study'

committees for the Atomic Industrial Forum (now called NUMARC).

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

CARRY R. THOMAS. Carry Thomas is a Program Manager in the Safety
Technology Department of the Nuclear Power Division at the Electric Power
Research Institute (EPRI). 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 (GE) in liquid metal breeder reactors

2.4
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(1}iBR) . Included in this experience is the performance and analysis of 25
irradiation experiments studying fuel behavior under severe power
conditions. For 1 1/2 years he was EPRI's representative to the
Organization of Economic Cooperation and Development (OECD) Halden Reactor
Project in Norway. Since the accident at THI-2 in March 1979, Mr. Thomas
has been actively involved in understanding the actual severely degraded
core behavior t' at occurred at TMI-2 and how this behavior should be
translated into generic pressurized water reactor (PVR) and BVR severely
degraded core accident modeling, As part of this effort, he has been a
member of several working groups studying severe accident behavior (the
most recent being the TMI 2 Accident Evaluation Advisory Group); and he has
directed the development of codes for describing the early phases of severe
core degradation fot both PVRs and BVRs and for predicting fission product.
release from a degrading core, His evaluation of the adequacy of these
codes and other industry and NRC sponsored core degradation modeling codes
always has been based on the understanding gained from the actual severely
degraded core behavior that occurred at TMI 2,

ROBERT VRIGHT, No biographical sketch availabic,

2.5

_ . . .



_ _ _ _ _ _ _

3. METHODOLOGY

3.1 Introduction

This section contains a summary of the methodology used to elicit expert
judgment from the expert panels. An in depth discussion of the methodology
is contained in Volume 1 of NUREG/CR 4551.

The methodology used in the expert j udgment process for NUREG 1150 was
designed to obtain subjective estimates of unknown physical quantities and
frequencies in a manner that best uses the available expertise and
accurately reflects the collective uncertainty about these values. Several
principles guided the development of the methods:

1. The assessments should be limited to issues where alternative
sources of information such as experimental or observational data,
or validated computer models are not available.

2. The issues analyzed using expert judgment should have the potential
to inake a significant impact on the estimates of risk and
uncertainty in risk.

3. The decomposition of complex issues into simpler assessments is
made in order to improve the quality of the resulting information.

4. Issues should be presented to the experts without ambiguity and
without the potential for preconditioning or biasing responses.

5. Experts should be trained in the practice of expressing knowledge
and beliefs as probability distributions.

6. Discussion of issues and alternative beliefs should take place in
structured and controlled :nectings that encourage the exploration
of alternative beliefs while inhibiting pressure to conform.

7. Elicitation of expert opinion should be cenducted using techniques
and instruments that reflect the state of the art in subjective
probability assessment.

8. The aggregation of judgments from various experts should preserve
the uncertainty that exists among alternative points of view.
Equal weight should be assigned to the assessment for each expert
to represent the uncertainty completely.

NUREG 1150 does not attempt to reduce uncertainty in risk analysis, nor is
it an attempt to find a best estimate. It is an attempt to produce an
unbiased picture of uncertainty in risk. The study tries to discover the
range in risk inherent in the range of plausible assumptions about

" phenomenology and initial and boundary conditions. The risk corresponding
to the most (subjectively) plausible asrumptions has a higher likelihood of
being accepted by a randomly chosen expert in accident phenomena. The risk

.
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corresponding to less plausible assumptions nevertheless has some
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 Steos to E11eit Expert Judrnent

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

1. Selection of issues;
2. Selection of experts;
3. Elicitation training;
4. Presentation and review of issues;
5. Preparation of expert analyses by panel members;
6. Discussion of analyses;
7. Elicitation;
8. Recomposition and aggregation;
9. Review by the panel of experts;
10. Documentation.

The methodology was implemented in a 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-
inB which, in order to reduce travel costs, took place immediately af ter
the first meeting. Step 5 was accomplished between the second and third
meetings (in some cases the expert panels met for additional 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 accident 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 uncertainty in the inputs. Some of that - uncertainty is
phenomenological, some is stochastic, and some is due to limited background
of data. There are an enormous 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:

e Hirh imoner 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

__ ._. . ~ _ . - .



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

!

l

|
| e Interest within the reactor safety community. Some issues were
: thought not to be major determinante of uncertainty in risk, but had

nevertheless been the subject of intense investigation and debate.
The reason for including these issues in the analysis was to confirm
this opinion,

j e To improve on the treatment in Draf t NUREG 1150. Some issues had
i not appeared to be important in the draf t version; however, it was

recognized that the treatment there was less than optimum. Such
issues were included to determine whether an improved treatment
would change those insights.

|

e The issue vns uncertain. Even if an issue is important for the
; magnitude of risk, if the outcome is certain there is no impact on

the uncertainty in risk.

Issues meeting any of these criteria were listed by the NUREC 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 ones that would be asked for quantification of
the uncertain issues. An understanding of the limited time and resources

i available generally militated against an unwarranted or overly generous
expansion of the issues.

Those issues that were selected for quantification by the external expert
pancis fell into three broad classes: uncertain issues affecting the
sequence frequency calculation, uncertain issues affecting the response of
the containment and its systems, and uncertain issues affecting the
radiological source term. There were more issues affecting containment

i than for the other classes, and there was a further breakdown into issues
i related to the in vessel phenomenology, containment loads, structural

response, and molten core concrete interactions. Tables 3-1 through 3 5
show the issues 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

.

Issue No. Title Reason for Inclusion

'

1 Temperature induced PWR Large hot leg failure could
hot leg failure preclude direct containment

heating; depressurize RCS and
preclude-SCTR

2 Temperature induced PWR SGTR gives direct path to
SGTR environment, with large release

of radionuclides

3 In vessel hydrogen Hydrogen burning has potential for
production in BWRs causing release to environment

4 Temperature induced Mode of bottom head failure
bottom head failure determines subsequent accident
in BWRs progression

5 In vessel hydrogen Hydrogen burning has potential for
production in PWRs causing release to environment '

6 Temperature-induced Mode of bottom head failure
bottom head failures determines subsequent accident
in PVRs- progression

_

I
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Table 3 2 ,

'

Issues Presented to the Containment Loads Panel
.

.
.

IssuT E2. Title Reason for Inclusion
!

Hydrogen phenomena at Early failure of drywell cr*
.

Grand Gulf vetwell has potential for
causing large source term

2 Hydrogen burn at Early failure of containment
vessel breach or bypass of ice condenser has
at Sequoyah potential for causing large source

term

3 BWR reactor building Bypass of reactor building has
failure due to potential for increasing source
hydrogen burns terms

4 Lo' ads at' vessel breach Failure of containment at vessel
at Grand Gulf breach has potential for causing

large source terms

$ Loads at vessel breach Same as Issue 4
at Sequoyah

6 Loads at vessel breach Same as Issue 4
at Surry,

7 Loads at vessel breach Same as Issue 4
at Zion

,
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' Table 3-3
Issues Presented to the Structural Response Panel

Issue No. Title Reason for Inclusion

1 Static failure pressure Containment failure is the
: and mode at Zion most important determinant

of source terms
t

2 Static failure pressure Same as Issue 1
and mode at Surry

3 Static failure pressure Same as Issue 1
and mode at Peach

-Bottom

4 Reactor Building bypass Bypass of Reactor Building
at Peach Bottom has potential for allowing

large release of radionuclides

5 Static failure pressure Same as Issue 1
-and mode at Sequoyah

6 Ice condenser failure Failure or bypass of ice condenser -

due to detonations has potential for large source
at Sequoyah terms

7 Drywell and wetwell Failure of drywell bypasses
failure due to suppression pool. Failure of wet.
detonations at Grand well allows large release to
Culf environment

8 Pedestal failure due to Pedestal failure is a major factor
erosion at Grand Gulf in subsequent accident progression

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

Issue No. Title Reason for inclusion
____

1- Mark I drywell melt. Drywell meltthrough bypasses -
through at Peach Bottom suppression pool; controversial

issue

2 . Mark III containment Pedestal failure could lead to
fai?ure via pedestal early containment failure;
failure at Grand Gulf controversial issue

3.6
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i

I Table 3 5
Issues Presented to the Source Term Panel

i

Issue No. Title Reason for inclusion

1 1 In vessel fission product Release and retention are major
j release and retention determinants of source term
i

2 Ice condenser deconta- Ice condenser is principal

mination factor (DF) decontamination mechanism in<

!. at Sequoyah blackouts

3 Revolatilization from Revolatilization could negate
RCS/RPV effects of high retention; highly -

uncertain issue
i

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

5 Release of RCS and CCI Aerosol agglomeration may.be major
species from contain- source of cleanup in blackout;
ment highly uncertain issue

6 Late sources of iodine Appeared as important issue in Draft
at Grand Gulf NUREG 1150

7 Reactor Building DF at Natural decontamination processes
Peach Bottom could reduce source term; uncertain

ena controversial issue

8 Release during' direct Uncertain and controversial issue;
containment heating direct heating is also associated

with early containment failure
,

3.4 ~ Selection of Exnerts
~

Experts were chosen to ensure a balance of viewpoints. To this end,
experts from industry groups,. engineering'and consulting firms, the Federal
Government, and the national ~ 1aboratories were included in the panel. A i

'brief' summary of their credentials has been presented in Section 2.

3.5 Elicitation Traininc
l

-

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 half day training ;i

session. This session constituted the first meeting of each panel. 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.

3.7

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



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

i

,-
J

7

'l

| The purpose of training in probability assessment is to facilitate the
elicitation process. Experts in various fields of science are of ten net-

. trained in probability theory and the techniques of probability clicita-
) 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 is called normative

i expertise and the participants in the expert opinion process schooled in
probability assessment at o known as normativo experts. Both substantive4

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.

I

{ During probability training, experts are exposed to various techniques for
: probability elicitation and the difficulties that accompany probability
] elicitation. Once trained, substantive experts are better able to express
; their knowledge in the form of probabilities and the resulting elicitations
i vill 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 is 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 clicitation
sessions. Furthermore, the elicitation cessions run smoothly since the
normative and substantive experts are working with the same definitions and
the same understanding of the desired product.

3.5.1 Training Toolca'

The training __ sessions conduc ed for NUREG 1150 covered - several related
j topics. These topics included the expert opinion process itself and the

need for _ expert opinion, the clicitation 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.

Each 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 imany of the participants, some vere initially uneasy with the concept of j
expert opinion and the uses that it '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 instruments 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,
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assessments using the methods under discussion. Using practice assessments
develops confidence and ensures that the substantive experts understand the
tasks that they will be required to perform. In order to make the training
more interesting and more relevant, examples were used that reflected
nuclear power risk issues.

i

Jince many of the assessments would require the development of a probabil-
ity distribution for a continuous quantity, the experts were given training
in both the direct assessreent techniques (assessing probabilities of given
intervals of values) and bisection techniques (assessing values of the
variable having given cumulative probabilities) for continuous variables.'

Later, in the clicitation sessions, these techniques would be used
interchangeably by the normative experts.

A discussion of stochastic and parametric uncertainties and how they are
differentiated in an uncertainty analysis was also provided. The concept
of calibration of experts and calibration furic tions was also introduced.

+. However, mathematical calibration of experts was not attempted in the
NUREG 1150 expert opinion process,

psychological aspects of probability clicitation received much attention in
the training because failure to recognize and deal with psychological6

-biases can impaic the quality of the resulting assessments. One of the
psychological aspects discussed is the tendency to give subjective
probability distriburtons that are too narrow and thus understate the
uncertainty or, conversely, overstate knowledge. This phenomenon is often
called '' ov e r c o n f i d e nc e " since the effect is that the probability
distribution expresses greater certainty than is warranted. Other
psychological aspects of subjective probability assessment that were
discussed include anchoring. . which is the tendency to assume an . initial
position and fail to give sufficient credit to other sources of
information; representativeness, which is the tendency to give too much
credit to - other situations that are similar in some aspects but not
others; the tendency to overestimate the probabilities of rare events; and
and problems with group behavior such as personality dominance, Whenever
possible, examples of these difficulties were presented and the experts
being trained were asked to participate in demonstrations.

At the end of the training session the participants were given an assess-
ment training quiz containing 16 assessment tasks using the direct and
bisection methods of assessment. The participants were asked to complete
the training quiz during that evening and return the next morning to
discuss the results. The purpose of the training exercise was twofold: to

give the substantive experts experience with the elicitation instruments
.and to provide feedback on the quality of the individual's assessments. An
expected, most participants found that their assessed distributions ex-
presoed overconfidence, once aware of this tendency, it is easier for tha
substantive experts to correct for this bias,

problem decomposition was the last major segment of the training session,
problem decomposition has been used in the NUREG 1150 expert judgment
process as a mechanism to improve the quality of the subjective assess,
ments. problem decomposition improves the - quality of assessments by
structuring the analysis so that the expert is required to make a series of

3,9
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! simpler assessments rather than one coreplex assessment. Experimental
! studies 8d have shown that decomposition of ten improves the accuracy of
| assessments. Improvement occurs be et.use the experts are responding to
> questions that are less dirficult to answer. The experts must state their

raasoning explicitly by being more introspective about their assumptions of
j the analysis and thus consider alternatives that they taight otherwise

ist ore . Some improvement may be due to cancellation of errors which occurs
when errors of underestimation are offset by comparable errors of over.

I e s ti.sa t ion. Decornposition also provides a form of self documentation since
the expert's thought process is made explicit in the decoroposition.

1

Training in decomposition was conducted by presenting $xamples of decompo.1

sitions that had been developed for the NUREC.1150 study. Several types of!

j decompositions were shown and the process of recombining the assessments
q was disc.tssed. Cominents from the participants indicated that the use of

problems from the nuclear safety area enhanced the value of the decomposi-,

| tion training.
'

3.6 presenration of Issues

During the stcond part of the second meeting, plant analysts presented the3

issues to the expert panel. The purposes of the presentations were to4

that thtre was a common understanding of the issue being addressed;ensure
ensure that the experts would be responding to the same elicitation
question; permit unimportant issues to be excluded and important issues to
be included; allow modification or decomposition of the issue; and provide

i a forum for the discussion of alternative data sources, models, and forms
of analysis,

Each presentation included a suggested decomposition of the problem, planti
*

analysts . usually presented the suggested decompositions without the
suggested probabilities or distributions to avoid preconditioning or bias-
ing the experts. l'or many of the issues, the proposed decomposition
brought about lively discussions that illuminated the alternative
approaches to analyzin3 the issue. The plant analyst also presented data
sources , inodels , and reports that were relevant-to the issue, and provided
references to other sources of information. The list of documents that were

i provided to the In Vessei Panel is included as Appendix B.

Capturing uncertainty in the experts' opintor- quires that the various
experts be permitted to follow alternative an.. 4.s. Since the process was
designed to take advantage of the diversity- or approaches, experts were
encouraged to seek their . om decompositions or to modify decompositions
that .were suggested by the enalysts. Criticism of the decompositions was
encouraged and the . experts were assisted in producing decompositions that
better matched their interpretations of the issues.--

3.7 Preparation and Discussion of Annivses

Two or three months were allowed between the initial presentations of the
issues and the clicitation sessions. During this period, the experts
studied the itsues. Some experts chose to alter the proposed decomposi.
tions or create new decompositions and made preliminary evaluations of the
subjective probabilities represented in their decompositions of the issues.

3.10
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The elicitation meeting provided a forum for discussion of alternative
t.ews of the issue. Presentations from both the panel members and invited

ooservers of the meetings were encouraged. These sessions generated a
substantial amount of discussion and interchange of information which often
led the experts to make revisions of their prepared analyses. In some
instances, the p%el members prepared documentation that arnounted to brief
reports. Is bocen.e apparent in the elicitation ressions that this inter.
change was an ireportant 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 an of the experts' assumptions and reasoning was produced during
the elicitation meetings. Normally, each meeting consisted of three
participants (one panel member, a normative - expert, and a substantive
expert) and lasted about two hours. However, in a few cases where there
were more experts to be 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 prob'Lems. The
experts were required to explain their thinking to the assessment team of
one normative and one substantive expert. During the discussion of the
elicitRion 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. In 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

i becoming invc1ved 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 _necLssary in any expert juugment elicitation process.

The role of-the substantive expert was to assist the expert by answering
questions relatcd to the issue and to ensure that technical reasoning was
complete and to the point. He also served as 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 experts, or to obtain values that were incomplete.
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Documentation of the elicitations is 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 Accreration of Results

Each member of the expert panels produced a distribution for each case of
each issue, For some issues, several dependent variables were requested,
and a separate distribution was elicited for each variable. If all the
experts had worked with identical case structures and if all had produced
thr?' esults in the same form, the task of aggregation would have been
a. t L9 a a matter of taking the numerical average of all the distributions
for each case. However, some experts used idiosyncratic case structures.
On some issues, the experts ' expanded the case structure beyond what was
tractable . in tb m ci. dent progression event trees (Section 4) or the XSOR
codes (Sectiou $1, on some issues, experts gave their results in different
forms.

- For the purposes 01 e3gre stion it was absolutely required that the caseu

structure be sn:41 enough e fit into the containment event trees and XSORo

codes and - that the case structure and dependent variables be the same
between experts. .If the case structure was impractically large and
complex, it was reduced if possible by an analysis of variance (ANOVA).
The ANOVA compared 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 dif ferences between experts, that is,
that the lart a 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' retained. If an expert did not have one of these cases, but aid 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. Therefore, ana-
lytical alteration of results was resorted to as little as postible, and
attempts were made to explain the reasons for and methods of analysis to

j the experts.
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After each of the experts' distributions were put in 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
than some specific value. The aggregation was carried out by sveraging all
the experts' probability v.alues 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 Documentation

Clear, comprehensive documentation is 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
fru.a the information presented to the experts, to the rationale which
taotisates each expert to generate his particular assessments, and through
the process of aggregating the individual assessments into a final result,
including any manipulation of the assessments needed for 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 is each expert's in depth discussion
of his reasoning for his assessments. The discussion should contain the
technical foundation of information (experience, issue presentation,
existing data or analyses) from which the rationale for the ascessment is
derived.

3.13
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4. ELICITATION MEETINGS

The-first two meetings (the clicitation 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 pople:

Nestor Ortiz, SNL
Steven Hora. University of Hawaii at Hilo
Frederick Harper, SNL
Eric Haskin, SNL

Walt _Murfin, Technadyne
John Kelly, SNL
Robert Lutz , J r. , Wes ti ighouse
Vern Denny, SAIC
Mark Kenton, FAI
Chris Amos, SAIC
Richard Hobbins, INEL

t: Randy Summers, SNL
L Michael Podowski, RPI

Carry Thomas, EPRI
| Ariel Sharon, FAI
'

Randy Cauntt,'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 Corham. 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,

1
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5. RESULTS OF THE ELICITATION ON EACH IN VESSEL ISSUE

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

5.1 Issue 1. Temperature-Induced Pk'R Hot Leg or Surge Line Failure
Before Vessel Breach

Summary and Aggregation of In-Vessel Issue 1:
Temperature-Induced Pressurized Water Reactor (P5/R) Hot Leg or

Surge 1/.ne Failure Before Vessel Breach

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

Issue Description

What distributions characterize the uncertainty in the conditional
probability of occurrence of a large teoperature-induced failure of the hot
leg or the surge line? The pit breaks in question are induced by
temperatures much higher than desi n temperatures. These temperatures mayb
occur in reactor accidents after core degradation. The nuclear steam
supply systems of the Surry, Sequoyah. . and Zion power plants are
sufficiently similar so that a separate quantification of this issue for
each plant is not deemed necessary. The cases to be considered include:

Casa 1: Steam generators dry, no failure of reactor coolant system (RCS)
proueure boundary Classic TMLB' sequence. There is no source of makeup
cociant. 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 is 1200 psia, and repressurization to full setpoint
pressure of 2500 psia might occur when the steam generators dry out. Gross
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 sLnk.
Gross flow is out the cold leg pump seals, and there may be natural
recirculation through the steam generators,

5.1-1
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The experts felt that hot leg failure was extremely unlikely in Case 3
because of the reduced effectiveness of natural circulation and the lower
loop stress on the pipe. Distributions were not provided for Case 3.

Summary of Experts' Rationale /Methodolony

To evaluate Case 1, Expert A reviewed a series of MELPROG and TRAC /MELPROG
calculations for Surry TMLB' , that he had performed. He also referred to
the results of CORMLT/PSAAC calculations for Surry and Zion in a TMLB'
scenario, the RELAPS/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 credibility
to the MELPROG/ TRAC calculations , next highest to the COBhLT/PSAAC calcu-
lations, and lower credibility to the SCDAP calculations.

Classic TMLB' sequence 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 that natural circulation cells occur in the hot
legs. These cells eventually disappear due to hydrogen in the steam
generators and stratification. The cells make about 50' difference in the
temperature of the hot leg.

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 path blockages by clad ballooning. The Expert felt
that ballooning does not have a significant impact on hot leg failure.
However, blockages can occur near the bottom after liquified core material
has relocated downward. The Expert feels that the issue can be reduced to
the likelihood that structures reach a temperature of 1000 to 1200 K before
natural circulation shuts down. Expert A's calculations show that either
the nozzle, the hot leg pipe, or the surge lir.e fails before natural
circulation stops.

The Expert based his analysis of Case 2 on a MELPROG calculation. In this
case, the pressures are lower causing natural circulation to be less
effective, and heat transfer less officient. The frequency of temperature
induced hot leg LOCA is less than for Case 1.

Expert B reviewed the documentation that was supplied by the NUREG 1150
analysts, and performed some unpublished CORMLT/PSAAC calculations. Expert
B also used insights gained from extensive knowledge of the MAAP code and
MAAP calculations.

Expert B considered a decomposition for Case 1, that included the time from
core uncovery to vessel breach, the time that the hardware in question (hot
leg piping, surge line, or nozzle) is at creep temperature , and the time
required at creep cemperature for failure. The decomposition did not
include dependency upon natural circulation within the RCS because the
Expert felt that it is not necessary to have natural circulation in order
to get a structural failure in a TMLB' sequence.

|
|
!
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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 surgo 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 seals clear. The frequency of failure 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, MELPROC, and CORMLT
calculations. 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
calculatlons indicated that the hot leg would fail before the surge line.
Other code calculations 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. If
the auxiliary 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 qunntified 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 ' maj or parameters impacting pri* nary - sys tem
temperatures and includes consideration of rolocation temperature, mode of
core slump, 'and formation of core blockages. The core slump ' timing
question can be interpreted as a division between vessel failures due to
penetration failures, which occur in less than 10. min, and other vessel
failure modes, e.g., circumferential bottom head failures, which take
longer than 10 min.

Expert C 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 pressuriter 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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tiethod of Agregation

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 probability for occurrence of induced hot leg
LOCA. In Expert B's view, induced hot leg LOCA might or might not occur,
but if the phenomenology is such as to cause occurrence, there would always
be a hot leg LOCA. Conversely, if the phenomenology 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 percent 11es for probability of
induced LOCA for several subcases , each of which depended on the fraction
of zirconium 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 actt $ w d 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 Issue 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 aggregated distribution shows that there is 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%.

5.1-4
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GUI. 2:

Expert A also provided a continuous distribution for this case. However,
the Expert's opinion was that hot leg LOCA was auch 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 14 shows this Expert's
distribution for Case 2,

Expert B provided a single 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 aggregate is also shown
in Table 1-5. There is an 83% probability that hot leg LOCA will never
occur. If a LOCA is 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 or unlikely for Case 2.

6ggregated Results

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

Probability of Not
Probability. F Exceeding F

0.0 0.1
0.10 0.15
0.50 0.20
0.80 0.275
0.90 0.35
1.00 0.50

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

Probability of Not
Probability. F Exceedine 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

5.1-5

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



_

U'

I I I I I I I I I

~

0.9 - O = EXP. A
O =EXP,B d0.8 A =EXP.C

-

9 = AGGR. -

p 0.7 -

5
3 0.6 -

e
I 0.5 -

2
d

h 0.4 -

OE C "

d 0.3 -
-

-
-

0.2 ,

4 ;

0.1 l
-

-

0.0ES
-

I I I I I' '
'

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Probability of Hot Log Failuro

Figure 1 1. Case 1: Induced flot Leg Failure in PWRs.
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Table 1-3
Aggregated Distribution for Case 1

Probability of Not
Probability. F Exceedinn 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
Probability. F Exceedinn 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
Probability. F Exceeding F

0.00 0.83
0.05 0.90
0.10 0.95
0.20 0.96
0.30 0.98
0.50 0.99
0.80 1.00
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Expert A's Elicitation
,

Issue 1. Temperature-Induced PWR Hot Leg or- i

Surge Line Failure-Before Vessel Breach

Descrintion of Exocrt A's Rationale / Methodology

Case 1

- The Expert had reviewed a series of MELPROC _ and TRAC /MELPetOG calculations !
for Surry TMLB_', which he himself had carried out. He was also familiar
with the results |of CORMLT/PSAAC calculations for Surry and Zion in a TMLB'
scenario, RELAPS/SCDAP analysis of Surry TMLB' , The Westinghouse natural

Leirculation experiments with_ simulants,_and the results of COMMIX analysis -

of the Westinghouse experiments. He gave the highest weight to his own ,

calculationsf then ? o the CORMLT/PSAAC calculations, and lower weight to-t >

.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 c surface _ temperature c of the core. Natural circulation maintains a-

. ne|arly i cons tant, 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 circulation cells on
the hot. leg:LOCA_would be:of--the order of 10%, because the cells would only
.meke about_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'L fact,
.

thisJexperts discounts the possibilityJthat ballooning could have any great
'

Leffect on-hot leg failure. When- the temperature is high enough,. the Zr H O 2

/ reaction'!becomes = autocatalytic. During oxidation, s part of the ' material
liquifies > andocuns . down', forming a blockage ''near' the bottom. Eventually,

~ theff material falls - down, after which i the L only : heat for- the gas . is that'

y
which . leaks 3 throughi He . believes that ' natural circulation within the t

'vesself will ~ heat and melt steel in-. the ; upper - structures before natural
_

circulation shut down. In his' calculations, the structures in the failure
-locations _(nozzle, hot leg pipe,;and surge _line) always fail before tatural
circulation stops. .q

:

The ; struetures -that : could. cause a hot leg failure would have-a fair- 1

: probability of. failure at 1000 K, and would certainly fail at 1200.K. The
(questionn of the probability of hot leg LOCA can be reduced to the

u = likelihood --that: structures ' reach thia - temperature before natural
'

circulation shuts down.- He Solieves it is very likely that the . failure
.

will occur-first-at the hottest location; therefore, it is only necessary
to consider. wnat the' temperature ' would be at any location, 'and all
locations can be aggregated for this issue.

5.1 11
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Case 2

A calculation with MELPROC 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 failure at the upper end of the band. Differential stress could enhance
the probability of failure, lloweve r , there is no possibility of failure
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 is less effective, and
heat transfer will be less efficient. There is thus a lower probability of
failure for the second temperature peak (af ter accumulators dump) than for
the first. Thus,-the probability of failure on the fLrst temperature peak
bounds the problem.

The Expert stated that his results did not apply to Snqu>yah, because of
upper. head injection (Ut!I) at that plant. liowever, since the elicitation,
Sequoyah has received permission not to use UllI , so that the dif ferences
between plants are now minimal.

Results of Exnert A's Elicitation

Case 1

Table A-1 shows a . cumu1~ative distribution function (CDP) 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 1eg LOCA
is certain, so that higher temperatures are not relevant.

Table A' 2 L shows probability of failure as a function ot' mean structural
tempeature (for at least 'six' minutes) . Figure A 1 shows the convolution

of Tables A 1 and A 2. . 'As~ check on Figure'A-1, the_ Expert had-made aa

holistic estimate of 67 to 75% for the probability of failure 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-probability of
about -- 55 % tha t hot le g _ LOCA - i s absolutely -' certain. The Expert's-
preliminary estimate is thus in reasonable agreement with the results of

--his decomposition.
!

Case 2
l

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

(1 .A 2. N gure A-2 - Indicates a 50% probability of no LOCA at all, and
approxin.i .ely a 5% probability that the probability of induced LOCA was as

5.1 12
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l
high as 50%. 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 a 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 A2 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. If this did not happon, the
results could be very different. The Expert was also uncomfortable with
such apparently small leaks causing such a great difference in the results,

duggested Methods for Resolving Uncertainties

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 Temocrature

800 0.00
900 0.10

1000 0.20
1200 0.50 ;

i

..

1.0 g i ; ; ; g g ; _g g,

4

0.8 - -

$
0.6 - -

c. -
e
.il:

|| 0.4 -

g
0.2 - -
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H I | 1 1 1 -1 I l l00
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Conditional Probability of Induced LOCA

Figure A 1. Induced Hot' Leg LOCA, Case 1
'
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Table A 2
| Failure Probability as a Function of Temperature

!~

j Temperature
(K) Failure Probability

,

900 0.00
950 0.10

1000 0.50
1050 0.80
1100 0.90
1200 1.00

1.0 g i ; i
-

[ i i t

0.8 -
-

E?
E

-

E 0.6 -

e
n.
e
2

h 0.4 -
-

E

8

0.2 -
-

U ' ' '
0.0

O.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Conditional Probability of Induced LOCA

Figure A-2. Induced Hot Leg LOCA, Case 2
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Expert B's Eiicitation

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

Deserlotion of Expert B's Rationale

Export B reviewed the documentation 8-1 to B'S that was supplied initially
with the issue paper and also performed and used some unpublished
CORMLT/PSAAC calculations. Results and comments made by Experts A and B
were considered in formulating the assessment. Expert B possesses
extensive knowledge of the MAAP code and MAAP calculations and has many
years experience in rendering and reviewing work related to this subject.

In order to include effects of all three PWR plants in the CORMLT/PSAAC
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 its heat capacity on the temperature histories of the upper
vessel and hot leg piping structures. Expert B coupiled a decomposition
for Case 1 which reflects a joint correlation between time to vessel
failure and overall system response. For the other cases, this correlation
is not necessarily true there are intervening events which af fect the
entire process.

Results 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 piping, surge line,
or nozzle) is at creep temperature, and the time - required at creep
temperature for failure. The decomposition is as follows:

1
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Core Time to VB Time @ creep Temp Failure
Uncovering (min) (min) Criterion

(t-0) (min)
t2 tati

>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 pieces 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 a

_

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 in 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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decreased. Simply considering that a piece 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 obtained from the information provided by W.
Murfin in the issue paper; however, in discussion, Expert A proposed that
creep rupture failure 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.

The decomposition also included a failure criterion consideration. The
criterion was specified for ' the piece 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
failure of each piece 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, wastdetermined by looking at various calculations. The value of t was judged -3to be in the 120 to ISO 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, there 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 distributien was provided as follows:

tg (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. In2

MELPROO calculations, the surge line attains higher temperatures, and in
some calculations it is predicted to be the hot leg piping (SCDAP/REIAPS,
MAAP). For small times to vessel breach, i.e., for times t< 100 min.,t
there would be virtually no possibility for the hardware to attain creep
temperatures for any extended' period cf time; thus, there were no hot leg
failures for the two lower branches. The larger the value of t, theilarger the spread in time at creep temperature, t-2

The times at creep temperature were provided for the surge line, and the
j' creep temperature was - defined to be 1100 K. The original supporting
|: COPJ1LT/PSAAC calculations hed been done assuming 1200 K as the creep;

temperature. To adj us t for the change from 1200 K to 1100 K, Expert B
reviewed the calculations and adjusted the times by adding 4 min. to t- |2For the -other hardware, the times at creep temperature would be less,
because the piping and the nozzle are more thermally massive structures, l
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 pieces of
| hardware, the time at creep temperature is decreased by these lag times.
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for the different hardware conditional on t3 areThe . dis tributions for t2
as follows:

Cum. prob, .01 .25 .50 .75 .99

Pressurizer surge line

t (min) t (min)i 2

120 6 13 20 27 34
150 20 31 42 53 64

>180 34 49 64 79 94

Hot leg oipinn

2 (min) t (min)t 2

120 0 3 10 17 24
150 10 21 32 43 54

>180 24 39 54 69 84

Hot len nozzle

ti (min) t (min)2

120 0 0 0 7 14
150 0 11 32 33 44

>180. 14 29 44 59 74

The decomposition was concluded by assessing CDFs for the three pieces of
hardware conditional upon time at creep temperature (t ) and no previous3

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
Pressurizer surce ifne

t3 (min) 0 3 6 10 20

. Cum, prob. .01 .05 .50 .80 .99
Hot let oloint and hot let nozzles

t (min) -0 6 12 20 303

The results of the-aggregration of these distributions is 65.0% failure of
the, hot leg before vessel-breach. The failure location is the curge line
for all occurrences. _Failuro 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. If this occurred, the sequence would be changed
entirely.

5.1 19
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The distribution associated with this assessment will be sampled in a
zero/one type of mode in which 35% of the sampics will be assessed as no
failure and 65% of the samples will be assessed as failure. The
distribution is shown graphically:
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O.0 1.0

Frequency of Failure

Case 2

For this case, the only information Expert B was able to draw upon was the
MELPROG calculation that Expert A had dar.e. 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 system, and the time to

| vessel failure 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 Icg 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 failure
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

Cas 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 failure
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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Sources of Uncertainty

There are many . uncertainties involved in the phenomenologic al modelling in
the codes that are used to quantify the phenomena involved in this issue.
One uncertainty af fecting the distribution is the assumptions involved in

'

the formation of blockages. In the MAAP code, blockages form at the onset
of change in core geometry. These blockages then hamper natural
circulation and temperatures in the upper plenum and hot leg sometimes
decrease as a result. MELPROC and CORMLT/PSAAC allow blockages to form
which can remelt. It is the assumptions that are made in the codes when
the core geometry is changing -that lead to a large part of the uncertainty i

in the assessment.

There is uncertainty associated with the partitioning of the energy
throughout the ent trety of the RCS. Uniformly distributed energy would
cause lower temperatures in the hot leg structures. Energy transport 6

throughout the system is the main component of this uncertainty, which may-
not be accurately modelled in the codes.

Another contributor to the uncertainty in this issue is the creep failure
mode in itself. The time at which a piece of hardware must be at an
elevated temperature before failure is not well known. There is another
uncertainty associated with the possibility of local failures. Many of the
hot leg structures are riddled with small tubes and penetrations. It is
not clear how the temperature fields in these spots might affect local
failures. The ef fect would decrease the lower bound that a structure could
be at creep temperature because the components are smaller. This failure
mode would not affect the upper bound.

Eurgested Methods for Reducinc Uncertainty

None provided,

u
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Expert C's Elicitation

Issue 1. Temperature-Induced PWR Hot Leg or y

Surge Line Failure Before Vessel Breach

Descriotion of Exnert C's Rationale / Methodology

Expert C has provided a document which contains his reasoning in some
detail, and which contains plots of the code results he used as the basis
for his conclusions.c4 Expert C placed primary reliance on MAAP runs that
were made for Ringhals 3c-2 and Seabrook.C 3.C-' Ringhals 3 is a three-loop
plant with a NSSS similar to Surry's, and Seabrook is a four loop plant
with an NSSS similar to those of Sequoyah and Zion. He also used results
f rom REIAP/SCDAP,C4 MELPROG,C-6 and CORMLT.c 7 Creep rupture as a function
of time and temperature for the hot leg and the surge line were taken from
the curves in NUREG 1265.c e

Expert C defined the term " hot leg" to include the surge line as well. As
.both are large pipes and result in large LOCAs as defined in NUREG 1150, no
differentiation is made hereaf ter. The MAAP runs all indicated that the
hot leg, would . fall before the surp line. Some results with other codes,
however, 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. Thus, any previous break in the
RCS pressure boundary, such as a major failure of the reacter coolant pump
seals or the deliberate opening of the PORVs by the operators, will
preclude a temperature-induced hot leg failure during core melt.
Additionally, if the auxiliary feedwater system is operating, 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 - the first case would have the RCS at system setpoint
pressure, and that is the only case that he quantified.

Expert C-was certain that the second case would not result in core melt
with the RCS at 17 MPa (2500 psia) or thereabouts. Case 3 has core melt at
or .below 8 MPa (1200 psia) by definition. Hot leg failure before vessel
breach requires that the RCS be at the PORV setpoint pressure for two
reasons. First, the reduced pressure severely reduces the effectiveness of
natural circulation. As it is natural circulation which is transferring
the heat from the core to the hot leg, this results in lower temperatures.
Second, the lower pressures result in lower hoop stress on the pipe. Taken
together, these reasons make hot leg or surge line failure not credible if
there is a pump seal failure or any other event which significantly reduces
the pressure below the PORV setpoint pressure.

In the Seabrook MAAP runs ,c-3.c'' the assumptions about core blockage,
clearing of the loop seals, and the time between core slump and vessel
failure were varied. The combinations are ranked below, with the
combination that gave the highest hot leg and surge line temperatures at
the top:

1
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1. No core blockage, loop seal present;
2. Core blockage, loop seal present, long time to vessel failure;
3. Core blockage, loop-seal cleared, long time to vessel failure;
4. Core blockage, loop seal present, short time to vessel failure;-
5. Core blockage, loop seal cleared, short time to vessel failure.

That is, hot leg temperatures were higher when the core steam flow channels
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, 3arly fuel rod relocation;
3. No natural circulation.

In the Ringhals MAAp runs, the assumptions concerning core blockage and the
time between core support plate failure and reactor vessel failure were
varied. The combinations are given below, with the combination giving the
hi hest hot leg temperatures at the top:6

1. Delayed RV failure, no core blockage;
2. Delayed RV failure, core blockage;
3. Early RV failure, core blockage;
4. Early RV failure, no core blockage

Results of Expert C's Elicitation

Figure C 1 shows- Expert C's decompositica tree. The first question or top
event- is hydrogen produettsu in the reacer vessel, expressed in terms of
the fraction of aircontem inventory reacted prior to the time the core
slumps into the bottom head. Although some hydrogen could be produced from
other metal water reactions, the total hydrogen produced is translated into
a percentage of equivalent zirconium invent ory reacted. The hydrogen
production is . 'one of the maj or p a'rame te r s impacting primary system
temperatures and includes the considerations of relocation temperature,
mode of core slump, and the formation of core blockages.c-1

The other ques t Lon on the tree illustrating Expert C's decomposition
concerns the time between the - core slump into the bottom head and the
failure of the vessel. This can be interpreted as a division between
vessel failures due to penetration failures , which occur in less than 10
min, and 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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Hydrogen
Production RV Fallute

A> 40 %

.

< 10 min - - B

Core Melt at -

,

High RCS Pressure 30 to 40 % 10 to 30 min C
With No Emergency

Feedwater
> 30 min D

< 10 min E

F20 to 30 % - 10 to 30 min --

- > 30 min -- O

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 s'aown in Tables C 1 and C 2. In Expert C's view, each
path of the tree would always resul;. in either:

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

|

The probability assignments represent the uncertainty in the specification
of which event will occur, llowever, in the opinion of Expert C, failure of
the hot leg or surgo line was more likely to occur prior to vessel breach
than. vessel failure without creep rupture failure of the RCS pressure
boundary for 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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J Tabl.e C 1
: Sumn.ary of Analyses to Investigate
i RCS Piping Failure Before RV Failure
1

Peak Hot Leg Peak Surgo Line Time With Tertperature,

Annivsis Terroe ra tu re Temocrature _qrenter Than 1100 K.

Seabrook

Base case 1035 K 875 K N/A

| No Core Block 1600 K > 30 min-

j Loop Seal Clear 940 K N/A-

Ringhals 3

Baso Case 900 K 900 K N/A
i

4 h EFW 800 K 750 K N/A

No Core Block 980 K 900 K N/A

Delayed RV Failut 1050 K 900 K N/A
,

High Relocation
Tetupera ture ; -

Delayed RV Failure 1150 K 900 K > 10 min

Surry4

i

RELAP/SCDAP 1200 K 1400 K > 30 min
1

MELPROC 1250 K > 30 min-

Zion

PSSAC/CORMLT 1475 K > 30 min-

-.
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Table C 2
Summary of Hydrogen Production from Analyses

To Investigate RCS Piping Failure Before RV Failure

llydrogen Production
.Ansivsis Qase (4 2r Wateri

Seabrook Base Case Not Reported
No Core Blockage Not Reported
Loop Seal Clear Not Reported

Ringhals Base Case 18 4
4 h EFW 19 %
No Core Bicekage 19 %
Delayed RV Failure 19 %
High Relocation Temperature;
Delayed RV Failure 27 %

Surry RELAP/SCDAP Not Reported
MELPROG 38 %

Zion PSSAC/CORMLT Not Reported

The distribution for the hydrogen production and the time between core
slump and and vessel breach should come, in Expert C's view, from In Vessel
Issues 5-and 6. The assignment of values to the endpoints of the tree by
Expert C are given in Table C 3.

* Based on the MAAP results, which showed the hot leg to be hotter than the
surge line in all cases, Expert C concluded that the hot leg would always
f ail before the surge line. However, this is not a critical point in the
evaluation- since either hot - leg or surge - line failure would completely
depressurize the RCS before vessel failure.

Sources of Uncertaing;y

Different codes make dif ferent assumptions about the time from core slump _
to vessel failure; these times are usually dependent upon the mode of
vessel, f ailure. For example, MAAP assumes that if the failure mode is
penetration failure, it will happen within a few minutes after slump
whereas bottom head failure may take 30 to 60 min from slump, Obviously
these times affect the time available for hot leg failure to occur.

There are also uncertainties in the creep rupture correlation, the material
properties, the natural circulation models used, heat losses from the
pipes, and the noglect of pipe wall heating by deposited fission products.
However, Expert C concluded that these uncertainties are relatively small
compared with those accounted for t>y the variations in the MAAP runs, and
he did not take these factors into account _ explicitly, Other weak points
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in the RCS pressure boundary are the nozzle between the hot leg and the
vessel, the convection thermal sleeve , and the welds joining the parts of
the hot leg and surge line together. Expert C concluded that it was
sufficient to treat the homogeneous pipe sections of the hot leg and the
surge line, and that any uncertainties introduced by these other portions
of the pressure boundary were sit all compared to those in the core
deg adation model, the fuel rod relocation tinae, ve t c .

Table Cd
Uncertainty Distributions For Logic Diagram

Percentile

End Point 5th 50th 95th

A 0.9 0.99 1.0
B 0.5 0.90 0.99
C 0.5 0.95 0.99
D 0.9 0.99 1.0
0 0.25 0.75 0.95
F 0.5 0.90 0.95
C 0.5 0.95 0.99

Correintions With Other Variablek

The core degradation model used in the computer code directly af fects both
this issue and Issue 5 Hydrogen Production. The amount of zirconium
oxidized in the vessel before breach directly controls the amount of
hydrogen produced. Since zirconium oxidation is exothermic, a high
hydrogen production case also results in high hot leg terrporatures. In the
sampling, it would be inconsistent to take a low core tettperature case for
hot leg break (Issue 1) and a high zirconium oxidation case for hydrogen
production (Issue 5).

Whether hot leg failure occurs has implications for hydrogen production and
fission product behavior. If hot leg failure does occur, the steam flow
rate in the core will increase due to flashing as the pressure drops. The
amount of increase depends on how much core blockage is assumed. Thus, if
the zirconium oxidation has been steam-limited up to this time, zirconium
oxidation may increase dramatically after the break. The increased steam
flow may also greatly reduce the amount of fission product deposition that
occurs within the RCS and thus affect the source term.

ADD 1icability

The results of the considerations of hot leg and surge line creep rupture
failure are based on analy se s of the Westinghouse PVR design. In the
opinion of Expert C, the results are applicable to all Westinghouse PVRs
with a vessel and RCS configuration similar to Surry and Zion. Because
creep rupture failure is highly correlated to nr.tural circulation flows,
the results are not directly applicable to CE or B&W designs without
further evaluation.
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j 5.3 Issue 2. Temocrature Induced Steam Generator Tube Ruoture (SGTR)
| Before Vessel Breach

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

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

;

Westinghouse Electric Corporation.

Issue Description

What distributions characterize the uncertainty in the conditional
probability of occurrence of temperature induced SGTRs at Surry, Zion, and
Sequoyah? The case to be considered is that in which the reactor coolant

i system pressure is at or near the p0RV setpoint and the seccndary side of
, the steam generators is dry, This is the classic 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.

Summary of Experts' Rationale /Methodolorv

The judgment of Expert A was highly influenced by the consideration of
defective steam generator tubes. When defective tubes were not considered,
this Expert believed that given an induced LOCA, 98.5% of the time hot leg
failure will occur before an SGTR, and 1.5% of the time an SGTR failure
will occur first. When defective tubes are considered, however, the
distribution for frequency of SGTR failure before failure of the hot leg is
0.3% at the 5th percentile, 3% at the 50th percentile and 10% at the 95th
-percentile. This Expert believed that the phenomena that drive hot les and
SGTR failures are the same, and therefore the SGTR frequency distribution
is perfectly correlated to the hot leg failure frequency distribution.

Expert B believed that induced SGTR requires the same therm.~ hydraulic
conditions that lead to induced hot leg failure, To get an SGTR, one needs
to have the conditions for hot leg failure but not have hot leg failure
before an SGTR. The Expert assigned a multiplier that would , used tc.

determine the frequency of an SGTR if hot leg failure did not ccur. In
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 two experts, Expert C believed that the
conditions that drive the induced hot leg failure mode also drive the the
frequency of induced SGTR. The f requency of an SGTR, however, is small
because of the large time lag between temperatures in the hot leg and those

5.2 1
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j in the steam generator tubes. Even considering tube defects, the frequency
{ of SGTR is so small that it can be expressed as a constant value. Expert c

j provided a value of 10" for the conditional probability of an SGTR,
c

For incorporation into the containment event tree, hot leg failure becomes
conditional upon SGTR failure, because of the stipulation of Expert A. The .

; probability distributions for each failure, must be perfectly correlated,
as stipulated by all three experts.

,

lit (hod of Agrrerntion

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: fearn - fut/ . 9 9 7 * . 003,'

i' 50th percentile: faara - fat /. 9 7 * . 03,
95th percentile: fsora " fut/ 9 * 1 -

Expert B:

fsoTR " fent * f(HLNF) * .004,

where

fent " probability for conditions of hot log failure, and
.

f(HLNF) - hot leg nonfailure probability distribution:

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

Expert C:

fsoTR - .0001,

where

fsorg is probability of SGTR, and
fat is.the aggregate probability ef hot leg failure (Case 1), and

| fcut can be approximated by fut-

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,
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Table 2-1
. Probability of SOTR
1

.

Cumulative
Frecuenev Probability

,

n

0.00000 0.0000
0.00000 0.1200

1 0.00001 0.1400
0.00002 0.1768

,

! 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
O.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 4

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

.,
4

a
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Expert A's Eiicitation

Issue 2. Temperature Induced SGTR before Vessel Breach

De s c rit t i on o f_[y@ttt A's Rationale /Methodolory

Expert A saw the hot leg, surge line, and steam generator (SG) tube
being closely coupled. The hot gas which is responsibletemperatures as

for the elevated surge line and SG tube terrporatures must flow through the
hot leg. The high surge line temperatures are largely caused by the not
outward gas flow t.hrough the line when the PORV is open.

Expert A concluded that if tho hot leg or surge line failed first, SGTRs
would not occur bscause of the reduced pressure in the RCS. Thus Expert A
proceeded by determining the failure temperatures for the SG tubes, the hot
leg, and the surge line, and then determining to what temperatures these
three portions of the RCS pressure boundary are subjected for what periods
of time. The entire analysis is based on the assumption that the reactor
coolant pump seals have r.ot failed so that the RCS is at the PORV setpoint
pressure (around 16 MPa).

One of the difficulties w.'th this approach is in determining the
temperatures, as thern are only a few code runs available that treat this
part of the RCS. Another difficulty is in taking the effects of existing
SG tube defects into account. T!: 111y, the vastly different wall thickness
of the hot Icg, the surge line, and the SG tubes must be considered.
Because the hot leg pipe wall is 2 to 2.5 in, thick, the temperature of the
outer surf ace will be significantly cooler than the inner surf ace during
the rapid oxidation temperature transient.

In determining the reintive temperature of the hot leg, the surge line, and
the steam generator tubes (SGTs). Expert A placed his primary reliance on
the RELAP/SCDAP results of Bayless.A*1 The preliminary CORMLT/PSAAC
results presented by Vern Denny at the elicitation meeting chowed similar
values and trends. This made the RELAP/SCDAP results more believable.
Both sets of results showed that the temperature in the surge line leads
the temperature in the SG tubes by significant amounts. This is largely
due to the cycling PORV, and it confirms the counter current flow in the
hot leg.

For failure temperatures, Expert A used Figures A 1 and A 2.^2 No similar
plot for the surgo line was available. The surge line was believed to be
made of 316 stainless steel instead of the 304 stainless steel shown in
Figure A 2. He assumed that the surgo line failure curves were similar to
those shown in Figures A-1 and A 2. The time period of interest on these
curves is around O.i h (6 min). The S0 tubes are so thin that the inner
and outer wall temperatures are essentially the same.

To estimate how long it takes for a given temperature change to propagate
from the inside wall of the hot leg to the outside wall, Expert A used the
MELPROG result shown in Figure A-3, A-2 checked by a hand thermal diffusion

5.2 7
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calculation, lie concluded that the time was about 500 s (8.3 min) and that
the difference between the inner and outer wall temperatures was around 80
K. Thus, in comparing the hot leg and SG tube temperatures in Bayless's
results, shown in Table A 1, for the time of molten zircaloy relocation in
SCDAp, 80 K should be subtracted f rom the hot leg temperature to get the
outer wall temperature, and 50 K should be subtracted to get an average
effective temperature for creep rupture considerations. The right column
of Table A 1 gives 731 K for the SG tube temperature and 829 K for the hot
leg temperature; but this is the temperature of the inner wall of the hot
Icg. The effective temperature for creep rupture considerations in the hot
leg will be about 779 K.

The surge line temperature in Table A 1, however, is 1001 K, and the surge
line wall is much thinner than that of the hot leg, so the outer wall
temperature would certainly be over 960 K. Thus we have a 230 K or more
temperature difference between the outer wall of the surge line and the SG
tube temperature. The CORMLT/pSAAC results showed the surge line
temperatures leading the SG tube temperatures by similar or larger amounts.
Thus Expert A concluded that the surgo line was much more likely to fail
than an undamaged SG tube.

5.2 9
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Table A 1
Conditions When Zircaloy Relocation Begins

Hot Leg and
Parameter Once Throuth In Vessel In Vessel

Time (min) 160.5 167.3 178.3

Hydrogen generated (kg) 96.9 47.2 33.7

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) 1.2 10 11

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 is 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% SG tube defect to reduce the creep rupture failucc
temperature by about 120 K.

For a TMLB' accident in a Westinghouse PWR with no SG 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 rupturei

temperature for the hot leg, which exceeds the SGT temperature by 50 K. As
the 50% SGT defect reduces the creep rupture failure temperature by 120 K,

L the SGT with a 50% defect can be considered effectively about 70 K hotter
1
.

|
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than the hot leg. Based on the CORMLT resul:s, the hot Icg wall
temperature would be 150 K above the SCT temperature. To get the average
hot leg temperature 50 K should be subtracted, so the average hot leg
temperature exceeds the SGT temperature by 100 K. As the 50% SGT defect
reduces the creep rupture failure temperature by 170 K, the SGT with a 50%
defect is effectively about 20 K hotter than the hot leg (average) based on
the CORMLT results.

Thus Expert A concluded that a SGT with a 50% defect is likely to fall
be fore the hot leg, For a SGT with a 30% defect, he concluded that there
was a 50% probability of the SGT failing before the hot leg (neglecting
stress concentration, creep correction, etc.). This result is close to
that of Murfin,^8 which is based on an analysis by Miller. A-' tiowever, the

discussion above has also showed that the surge line is much more likely to
fail than either the hot leg or r SG tube.

Results of Ext,crt A'r. Elicitation

Considering all the available evidence, Expert A concluded that while the
failure of a defective SG tube might be about as likely or more likely than
a hot leg failure, surge line failure is much more likely than either of
them. Because there are so few code results, and because the codes are
forced to make many essumptions and c.pproximations, Expert A was unwilling
to assign a probability as high as 99% for surge line failure first. He

therefore settled upon a probability of 959 for s. urge line f ailure before
either hot leg failure or SGTR. Given that the surge line did not fail,
Expert A's conclusion, assuming that there were no defective SG tubes, was
that the split would be 70% for hot leg failure first and 304 for SGTR
first. Considering defective tubes, he doubled the probability of SGTR, to
60s. As there was only a 5% chance that the surge line would not fail
first, this gave a 34 chanen that an SG tube would fail before the hot leg
or the surge line. He took this to be his median value.

Thus, taking defective tubes into account, Expert A gave the following
distribution for failure of a SC tube beforo failure of the surge line er
the hot leg:

0.3% chance of SG tube failure first 5% confidence-

3% chance of SG tube failure first median value
104 chance of SG tube failure first 95% confidence

where the confidence level indicates Expert A's confidence that the a real"
probability of the 50 tube falling first does not exceed the value stated.

As hot les failure and surge line failure are both large breaks and the
accident progression analysis does not distinguish between them, there was
no need for a distribution between hot leg and surge line failures.

5.2-11
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Sources of Uncertaintv

The fundamental uncertainties here involve the progression of the melting
of the core -and natural circulation in the 50 tubes, Another source of
uncertainty is that there are very few code results and they are all fairly
recent. The fact that the preliminary CORMLT/PSAAC results show the same
trends and roughly the same values as the REIAP/SCDAP results reduces the
uncertainty considerably. There is also uncertainty in the extent of
existing defects in the SG tubes,

,

_ _
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Expert B's Elicitation

Issue 2: Temperature-Induced SGTR before Vessel Breach

1

L Deecription of Expert B's Rationale /Methodolocv
1 ,

'

Expert B has explained his reasoning and provided copies of plots showing;

j code results in a document prepared for his elicitation on these issues.e1 ;

i He agrees with the definition of the single case for this issue, that is,
j 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 '

3 operators, or operation of auxiliary feedwater, will preclude a
temperature induced SGTR during core melt.

| Expert B based his analysis on MAAP runs that were made for Ringhals 38 2 '

and for Seabrook.B"3+' Ringhals 3 is 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-5

There were fewer relevant runs than for the hot leg issue since many of the1

analyses did not report the temperatures for the steam generators. None of
the MELPROG runs were of use for that reason. All the code analyses,

,

4 assumed nondefective tubes. '

; From the temperature versus time to fall plot in NUREG 1265,8-6 (Figure
B.1), Expert B concluded that a nondefective tube would require 30 min at

i
1110 K to rupture for a 16 MPa pressure difference. This correspesde to
the primary side of the steam generator.at-full pressure and the secondary
side at- atmospheric pressure. (If 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
i 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 af ter 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.

4

[ The MAAP results availableB2 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 in the MAAP runs-

'

produced temperatures over 900 K in the 50 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.producediresults
which tend to overestimate the temperatures in the SG tubes. -Therefore the

g conclusion that the SG tubes do not reach 900 K is 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 nondefective tubes was not credible.

5.2 14
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Expert B then turned to the p roblet.: of defective tubes. Steam generator
tube repair data indicates that the probability of having a tube with a
defect that exceeds 75% of the normal wall thickness is on the order of
0.4%. At this thickness, the creep rupture curve for SG tubes shows that a
temperature of over 850 K must be -maintained for 30 min for failure to
occur. (The analyses presenteo in Reference B1 show this to be an
unlikely event.) For those analyses in which the SG tube temperatures did#

exceed 850 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
40% of the equivalent core zirconium inventory, or for vessel-failure times
greater than 30 min,- the probability of SG 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 vall thickness. _ (The
residual of the hot leg failure probability is 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 Icg failure probability
to be 99%, so ' the mean SG 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 SG tube failure probability of 0.0004.
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Results of Expert B's Elicitation

;

! For nondefective tubes, Expert B felt that the evidence clearly showed that
I SGfR during core melt was not credibic, For tubes with 50% wall thinning,

the margin between the SG temperature computed in the MAAP runs and the
; _ temperature required to fail in 30 min was not so great, but it was still

; large enough to convince Expert B that SGTRs would not occur.
1

| Expert B pointed out that only about 20% of the SG tubes, those that are
directly above the hot leg junction with the 50 intake plenum, carry hot

; gas away from the plenum and are exposed to the high temperatures. The
; rest of the tubes. elther have flow back from the outlet plenum or lit tle or
! no flow, If a defect is to cause an SGTR, the defect must be located near

] the intake plenum in one of the tubes directly above the hot leg junction.
Thus, if a SG has a few defective tubes, the chances are that the defect

i will not. he just above the inlet tubesheet in the 20% of the tubes that are
exposed to the hot gases from the hot leg.

;

rurthermore, most of the SG tube failures, by far, are pinhole Icaks.<

j There have only been four actual ruptures, and these were due to something
| external like a stray bolt in the SG rubbing on a tube or increased

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 failure will not propagate and cause a rupture.

, Thus, even if a defective tube were to fail, Expert B would expect only a
) small leak to result, and the consequences of this are negligible unless

many tubes are involved,
,

1

Sources of_ Uncertainty
;

i Expert B feels that there is some uncertainty in the MAAP models 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
| - SG tube temperatures - were observed that were over 900 K for different
j assumptions about natural circulation, the core degradation model, ete,,--he

~ concluded that 900 K was at or above the upper end of the uncertainty range
for SC tube temperature,

There are also uncertainties in the creep rupture correlation, the material
! properties, the natural circulation models used, and pipe wall heating by
'

- deposited fission products. However, Expert B concluded that these
uncertaintles-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,i

_

;.
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Expert C's Elicitation

Issue 2. Temperature Induced SGTR before Vessel Bresch

Description of Expert c's Rationnic/Methodolorv

Expert C reviewed the documentation,C 1 to C-5 that was supplied initially
with the issue paper, performed some CORMLT/PSAAC calculations and used
some unpublished CORMLT/PSAAC calculations performed by Vassel at Science
Applications International Corporation (SAIC). Comments of Experts A and B
were taken into consideration for this assessment.

The pSAAC calculations have investigated somewhat mechanistically circulat.
ing flows in steam generator plena and tubes. The first 50 minates of the
accident are a key factor in determining the stenm generator tube tempera-
tures. At about 50 minutes, rapid breakaway zirconium oxidation occurs and
core geometry begins to degrade; at this time hydrogen collects within the
steam generator tubes, thus ending any natural circulation cells that may
have oeen established.

For Westinghouse reactors, the heat sink mass in the upper plenum of the
reactor is critical for assessing this problem. The difference in mass
between any two reactors might be as high as a f actor of four. This
prompted a sensitivity study in which the lower bound was 16,000 kg and the
upper bound was 75,000 kg. All structures were modelled in great detail -
tsavy structures were multi nodal, thin' structures were single nodes. The
structures included the upper core support system and control rod guide
mechanisma. The results of the study show that for the upper bound, the
curves are simply shifted in time; temperature profiles themselves do not
decrease in magnitude for the larger thermal masses.

Etsults of Expert C's Elle QRI.12D

Temperatures in the hot leg will be sustained at creep temperatures long
before the steam generator tubes will attain threshhold creep temperatures.
The gas temperatures in the steam generator tubes lag the hot leg surge
line stivetural temperature by -400 K. The hot leg will fail before SOTR,
In addition,- the conditions that provide hot leg failure are exactly the
ones that provide SGTR conditions, thus if the reactor coolant system
pressure boundary is to fail, it will almost certainly be in the hot le6
rather that in-the SG tubes. In the worst case, at about 35 minutes into
the accident (15 minutes before hydrogen generation), the gas temperatures
in the steam generator plenum are ~800 K and the tubes are at ~700 K. At

_

this temperature, there is a very low probability of failure (-10 ') . In

the very unlikely event-that SGTR occurs it is limited ';o the three loops
(in a four loop system).

The probability of SGTR of 10"' applies given no pre existing tube
leakages. This probability also applies in cases where tubes are thinned
or have defects. Without a pre existing leak, natural circulation is not
enough to raise the ten.perature in the steam generator tube structures to

5.2 18
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3. i

.

creep temperatures before creep temperatures occur in the hot leg
'

structures for extended tirnes. Th9 only exception would be to have a pre-
J existing leak which promoted forced circulation, or to have a defect such

as a crack that might fall at a 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 fistion product self heating within the coolant in
the system the current ass amption is that 15 to 20% of the volatiles are

i released during the first ! O minutes. Higher ternperatures than the PSAAC
calculation predicted in tt e SG tube structures inight occur if there were
local depositions of high concentrations of volatiles in the SG tubes.
Because the So tube temperature is colder than other structural

| temperatures, this phenomenon would be promoted. But to attain creep' temperatures, both this phenomenon (probability of -10 2) , as well as a
! higher release of -90% of volatiles (probability of ~10 2) would have to

occur. The resulting combined probability of this event is therefore also
10-' .

,

The final assessment for conditional probability of induced SGTR,
therefore, is 10', It was assumed that if any defects were present in SG
tubes, they would not be pre existing leaks or cracks.

1

Sources of Unegreninty

Expert C feels that the rnain source of uncertainty in this issue is the
possibility that there are pre existing leaks or cracks at the onset of the1

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. If 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.

Surrested Methods for Reducinc Uncertainty

None provided.

L
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5,3 Issue 3. WR In. Vessel Hydroren Production

Summary and Aggregation of In. Vessel Issue 3:
BVR In-Vessel Hydrogen Production

Experts Consulted: Peter Bicniarz, RMA: Steve Hodge, Oak Ridge National
1.aboratory; Michael Podowski, Rensselaer Polytechnic Institute; Carry
Thomas, Electric Power Research Institute.

Issue Description

Estimates of hydrogen production for various accident sequences are
important in determining the amount of variables needed for the accident
progression analysis (containment pressure loads, containment
temperature, reactor building loada), 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 a surrogate. If

the experts believe that there are differences between reactors, they can
account for the dif ferences by making appropriate adj us tments to t.he
Peach Bottom assessment.

The exact 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 100%.
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 their 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 consider six cases:

Case la: Short term high pressure meltdown without recovery,
Case ib: 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 meltdcwn with CRD injection without recovery,
Case 3b: High pressure meltdown with CRD injection with low pressure

inj ec tion recovered prior to the breach of the reactor
pressure vessel,

Panel experts we e further requested to state the time history of
hydrogen production, and to make estimates before and af ter bottom head
failure.

5.3 1
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4 Sumtrary of Exoerts' Rationale /Methodolory

i
j Expert A identified four stages between the beginning of oxidation and

vessel breach for Cases la and ib, and estimated hydrogen production in

: terms of increments at each stage: stage 1, from beginning of ov vation
to relocation of zirconium; stage 2, from beginning of relocatioa to the2

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 loweri

plenum, but before vessel breach; stage 4: after vessel breach.

In addition, Expert A identified two other phenomena that had a major,

i inpact on hydrogen production. The first phenomenon is blockage of the
steam pathways through the core; blockage impairs steam flow and thereby
significantly reduces hycirogen production. The Expert thought that the
blockage ef fect was larger during early stages than during later stages
when 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 hydrogen production
would cease. He 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. . hydrogen production in the subsequent stages isThe
i 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 4 another steam surge would
occur.

,

During the latter phase ( f hydrogen production. Cases 2a and 2b do not
. differ significantly from Cases la and Ib. During the first stage, Cases

| 2a and 2b produce more hydro 6en than Cases la and Ib.

The Expert thought that the main difference between Cases la and Ib and;

3a and ' 3b was the larger supply 'of steam. This increases hydrogen
production by 5% 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 B8 s assessments were based on an analysis of Peach Bottom (BVR/4u

Mark I) using the BVRSAR code.3-1 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"
(median) estimate of in vessel hydrogen production.

In order to account for uncertainty in this estimate, Expert B considered
14 separate sources of uteertainty and assessed how each of these would
change his "best estimate" calculated by BVRSAR. The sources of
uncertainty are listed below:
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1. Oxidation of Relocating Control Blade and Channel Box Material.
2, 0xidation of Material Quenching above Core Plate.
3. Oxidation of Candling Clad (Shape Factor).
4. Effect of Blockage Formation by Relocated Material.
5. Amount of B.C Steam Reaction.
6. Mode of Core Plate Failure.
7. Oxidation of Solid Debris Relocating into Bottom Head.
8. Oxidation of Molten Debris Quenching in Bottoin 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 Boiloff.
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 rationale on APRIta 2 calculations. He
assessed hydrogen production for eight situations. For each of the eight
cases, the timing during which the hydrogen is produced was considered.
The critical points in the accident sequence were defined as fol?ows:

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

Time 1: The water level drops to the core plate.

Time 2: The time 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 occurs).

Expert C felt that the majority of the hydrogen is produced before core
plate failure. Expert C did not consider the amount of hydrogen produced by
each of the three BVRs 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 production.

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 production of
hydrogen into two parts where hydrogen is first produced in core and then
produced in the bottom head.

5.3 3
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,

With regard to the sequences in which cooling is eventually recovered, the4

Expert felt that hydrogen production would not occur if the upper one third
,

of the core remained uncovered.
|

1:xpe r t D felt the estimates for the fraction of equivalent zircaloy
oxidation produced at Peach Bo t toin could be used for the other Bb'R s .
Hydrogen production in other BVRs would then be in proportion to the ratio
of total core zircaloy inventories.

J

Method of Aggregation

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

Exper.L 6.1,

This Expert combined distributions for extensive Mockage and moderate
blockage using a weighted average , he indicated that the likelihood of
extensive blockage was 10% and, therefore, the likelihood of moderate
blockage was 90%. The distribution weights 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
averaged with the late water recovery distributions (stage 2). In other
words, there is a 50% chanc.e of ear'.y injection and a 50% chance of later

,

injection.

Exnert Bt

Total H production curves are obtained from elicitation writeup. For the2

case with water injection recovery and anticipated transient without scram
(ATWS) (Case 3a), there is no H production in the bottom head because the2

vessel is assumed not to fail. The only cases which include bottom head H
2

production are Case la and Case 2a.

Case la. Uncertainty boun6+ for total H Production: 0.3 to 0.8 with a2
best. estimate of 0.64. Uncertainty associated with in core He production
is 0.29 to +0.16 on a best estimate of 0.323 or:

low bound - 0.323 0.29 - 0.033
upper bound - 0.32340.16 - 0.483.

The distribution for H production before vessel breach corresponds to the2

in core H2 production.

The distribution for H production before vessel breach is obtained by2

applying a scaling factor to the total H2 production distribution (multiply
the amount of circonium oxide from the total distribution by the scaling
factor). The scaling factor is sinply the ratio of the range in zirconium
oxidation before vessel breach to the total range in zirconium oxidation:

5.3 4
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sF - ((0.8 0.3)332 - 0.9
A83 ~' -

Zr oxidays,g - (Zr oxid ot,2 Zr oxidro7,ts)*SF + ZR oxideve,c3i

where subscript 2 refers to the point of interest and subsrnipt i.B refers
to the low bound.

Case 2a. Uncertainty bound for total H2 production is 0.1 to 0.6 with a
best estimate of 0.27, Ep_Lg: The actual uncertainty range is from 0.18
to 0.53 but the tails were extended to 0.1 and 0.6, respectively. The
uncertainty is 0,09 and +0.26.

Uncertainty in in-Core Production. The uncertainty in in core production
is 0.09 and +0.19 with a best estimate of 0.262. The tails are divided
based on relative contribution to the uncertainty in the in core H 2

production. (The low bound on the uncertainty is only associated with
in core H production; thus, the portion of the tail is added to the2

lower end of the distribution will only be included in the in core
releases.)

Upper tail; 0.6 0.53 - 0.07
Fraction attributed to in core H2 production:

[0.07 ) , ,

- 0.0510.26
. .

lower bound: 0.1 - (0.262 - 0.09 tail)
upper bound. 0.262 + .19 + 0.051 - 0.503

scaling factor -- f ,"O{ - 0.806.

EXRc.rL.Q1

Consolidation of Case 3.

Expert C divided Cases 3a and 3b into 3xa, 3ya, and 3yb based on whether
the flow rate is sufficient to cover the core plate. Because of the
large uncertainty associated with the likelihood that the flow rate of
water is sufficient to cover the core plate, it was assumed that cases
3xa and 3ya vert equally likely and were, therefore, averaged together.
A similar approach was taken for the combustion of Cases 3xb and 3yb.

H Production Before Vessel Breach2

The Expert provided a distribution for the total amount of H that would2
be produced iri ve s t.e1. Then, given a specified level of hydrogen
production for each case, the percentage produced in the various stages
of the accident progression was estimated. The Expert divided the
accident into four time regimes. For each time regime the Expert
provided a distr!.bution for the fraction of the total zirconium oxide

5.3-5
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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 (time2

regime 2), the total H Production distribution was convolved with the2

distribution that represented the fraction of H2 produced before vessel
breach. These two distributions were convolved numerically by using
Latin Hypercube Sampling (LHS).

H Production up to End of Blowdown2

The distribution associated with time regime 3 for the fraction of H 2

produced was convolved with the total H2 production curve.

H Production During Blowdown2

The H production distribution for time regime 3 was subtracted from the2

distribution associated with before vessel breach (time regime 2) to give
the amount produced during the blowdown. The fraction of H Produced2

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

2 2

was sampled independently from these two distributions.

Excert D

The distributions provided by Expert D corresponded with the H2

production before vessel breach; no further operations were necessary.

Aggrerated Results

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

BVR In-Vessel llydrogen Production

Expert A's approach to the elicitation task was to consider the
phenomenology of in vessel hydrogen production and to mentally walk
through the accident progression, lie 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

s

Export A used the case structure proposed by the Sandia project team, lie
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 lb. lie
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
debrio 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 on hydrogen production, The first concerned whether
extensive or complete blockage (significantly above 90%) would occur vs.
moderate to high blockage (below 90%). Alockage is important because it
impairs steam flow and thereby significantly reduces hydrogen production.
The second-event was the time at which water was recovered. Water
recovery in stage 1 would lead to a temporary surge in steam and hydrogen
production, af ter which further hydrogen production would cease. Wa t,s r

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
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Probability Distributions and Their Justification

rigure A-2 shows Expert A's fractiles for Cases la and Ib. The percentages
of zirconium oxidized at discrete fractiles are provided underneath the
event lines in the event trees. If there are three numbers, they represent
the 1st, 50th, and 99th fractile. If there are five numbers, they
represent the 1st, 25th, 50th, 75th, 99th fractiles. For the first two
stages, the Expert only gave the 1st, 50th and 99th fractile, since the
medians and uncertainty bounds in those stages are fairly small. For the

later stages he also provided the 25th and 75th fractiles. The estimates
in Figure A 2 are cumulative meaning they include hydrogen produced up to
the corresponding stage.

As can be seen, this Expert thinks that there is relatively little hydrogen
production in the first stage. The 99th fractile is somewhat higher for
the situation with moderate to high blockage (i.e., unblocked) due to
uncertainties about the effects of the increased steam flow. k'a te r
recovery during the first stage will lead to a small surge in steam and
some additional 2% of hydrogen production. In general, the Expert felt
that water recovery would lead to 2% additional hydrogen production at all
stages of the process.

The subsequent stages add about the same increments in hydrogen, with stage
2 contributing somewhat more (about 10% in the unblocked stage) than stages
3 and 4 (about 5% each in the unblocked state). In stage 2, two competing
effects occur: higher temperatures lead to autocatalytic hydrogen
production and at the same time the metals move down into the cooler
regions, which would reduce hydrogen production somewhat. As a not result,

the Expert does not feel that there would be a substantial amount of
hydrogen produced at this stage. In stage 3 much steam would be generated
and quenching of the debris would produce additional steam and hydrogen.
This would add some 5% hydrogen. In stage 4 another steam surge would
occur, adding some 5%.

Naturally, all estimates are higher in the unblocked state, because cf
higher steam circulation. However, the Expert thought that the blockage
effect was larger during early stages than during later stages when steam
1cvels would be high.

Figure A-3 shows the estimates for Cases 2a and 2b. In these cases the
Expert did not distinguish among blocking stater, because he thought that
his uncertainties over other variables dominated the relatively minor
blocking ef fect. k'hile the later stage progression of hydrogen production
does not differ that much from cases la and Ib, the Expert considers larger
levels of hydrogen production in stage 1. In addition, the Expert did not
expect any additional hydrogen production in stage 4.

Figure A4 shows the estimates for cases 3a and 3b. The Expert thought
that the main difference between cases la and lb and 3a and 3b was the
larger supply of steam, which would add some 5% throughout the process.

I
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Results of Exoert A's Elicitation

Figure A5 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 in 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 t e. . m ,
low pressure moltdown 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 1b 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.
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Expert B's Elicitation

BVR In Vessel Hydrogen Production

Expert B's assessments were based on an analysis of Peach Bottom (BWR/4
Mark 1) using the BWRSAR code.B-2 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, Export 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. In some
situations, correlations are considered and adjustments are made instead of
simply adding uncertainty-ranges.

Case Structure and Decomnosition

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 Sandia 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 . ave rt 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 dif fe rence 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. If, 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 af ter bottom head penetration failure. For Case 2,
the upper limit for hydrogen production in the bottom head is 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 vaporize.s the water
(radiation) in the downcomer region. The steam formed during this process
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passes through the debris bed in the bottom head and oxidizes some of the
zircontum. For Case 2, the mass of water in the downcomer is approximately
30,000 lbs. Assuming an efficiency of 50%, the amount of hydrogen
generated in the bottom head (beyond 30 minutes) is 1,681 lbs. Thus, the
total equivalent fraction of initial zirconium inventory oxidized is 0.28.
This will take many hours (approximately 75 lb H 2/h) .2

Probability Distribut ions and Their Justi ficat ions

Table B1 shows the median estimates derived for the five cases from the
BWRSAR code.

The cumulative probability distribution functions that were derived for
each of the five cases considered 14 uncertainties surrounding this best
estimate. These uncertainties are:

1. Ovidation of Relocatint Control Blade and Channel Bo2 tr.t eri al .
Oxidation of this material as it relocates is not modeled in
BWRSnR. Oxidation of this material would increase the hydrogen
production. Because Cases 2a and 2b occur in a steam starved
environment, an increaso in hydrogen production for these cases is
not expected.

2. Oxidation of Material Ouenchinn Above Core Plate. This process is
not modeled in BWRSAR. Oxidation of material quenching above core
plate vill result in an increase in the hydrogen production for
Cases la, Ib, and 3a. Because Cases 2a and 2b occur in a steam-
starved environment and core plate dryout occurs very rapidly after
initiation of ADS, an increase in hydrogen production from the
quenching material for these cases is not expected,

3. Oxidation of Candlinn Clad (Shane Factor). A shape factor of 2 was
used for the Peach Bottom calculations. Changing this parameter
can either increase or decrease the amount of oxidation, however,
its effect in the lower range is more uncertain.

4. Effect of Blockare Formation by Relocated Material. This process
is not modeled in BWRSAR. Blockage will result in a steam starved
environment and reduce the amount of hydrogen that is produced.
Because Cases 2a and 2b are already steam starved this process is
not as important for these cases.
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Tabic B 1
Summary: In Vessel llydrogen Production (NUREC 1150)

Case

la ib 2a 2b . 3a

flydrogen production in 1959 2111 1592 1362 1694

the core region (1bs)

Equivalent fraction of 0.323 0.348 0.262 0.224 0.279
initial zirconium
inventory oxidized

liydrogen production in 1934 NA 48 NA NA

the bottom head (1bs)
i

Equivalent fraction of 0.319 NA 0.008 NA NA

initial zirconium
inventory oxidized

Total.In vessel hydrogen 3893 2111 1640 1362 1694

production-(1bs)

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 lbs.

.

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

5. 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 is allowed to react will
increase the hydrogen produced.

6. . Mode of Core Plate Failu re,. Each radial ring of the core plate
f ails. due- to loss of strength when its calculated temperature
(debris 1 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

i
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that'for Case 2a. The ranges for the reflood cases are smaller
than- the ranges for the cases without reflood because there is
less core plate failure _with reflood-

7 ', oxidation of Solid Debris Relocating into Bottom Head. This
process is1 not modeled -in _ BVRSAR. Oxidation of this material-
will increase the amount of hydrogen produced. The core plate
does not fail _ in Case - 3a and, there fore , the material does not
relocate to the. bottom head,

8. Oxidation of Molten Debris Ouenchine 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.

9,_Collaose of Fuel Pellet Stacks. The standing portions of the
core fall into the lower plenum by radial column. Each column ;
collapses when its average clad temperature reaches 4600*F !

(melting point of Zr02 is 4900'F), If the columns collapse at an
earlier time (i.e., before core plate failure) the decay heat
from the fuel ~ pellets will cause an increase in steam production.

10, Laverine of Debris in Bottom Head, In BWRSAR the control rods,
channel . boxes , and _ cladd_ing melt relocateL to the bottom head-
before' the UO is relocated. Thus, most.of.the metal is in the- 2
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.

11, 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 b_elow 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 through the-interstitial. region (water level must
be below core plate). This'would increase the steam production,
and.hence hydrogen _ production.

.12.' Metal - Oxidation of 'Uooer Debris During Bolloff. Oxidation of
this material would increase the amount-of hydrogen produced.

13, 0xidation of 2r Metal Durine Blowdown, Expert B believes that
BWRSAR: calculates too much hydrogen during blowdown. He cites -
three factors in the SWRSAR modelling.that-may contribute to-this
over estimation:

13.1 - A _ Zr02 layer does not build up on the debris as the -
zirconium is oxidized.
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13.2 There is no channeling of steam. Channeling of steam
through a particular path would reduce the amount of steam
available in other reS ons of the bottom head and wouldt

reduce the amount of hydregen produced.

13.3 The mass fraction of zirconium on the debris surface is the
same as the mass frr t ion throughout the debris.

14. Oxidation of Stainless Steel Durine Blowdown. Stainless steel

(SS) oxidation in the bottom head is not modeled in BWRSAR.
BWRSAR oxidizes very little SS in the core region ( 2%) and
doesn't oxidize any SS in the bottom head or during blowdown. SS

oxidizes very near its melting temperature. Thus, once the SS
starts to oxidize in the core region it melts and relocates in
the bottom head region where it refreezes. Thus, the majority of
the SS is not oxidized, but rather is relocated. Once bottom
head failure has occurred it remalts (with no oxidation) and
relocates out of the RVP. Note: after vessel breach, a large
amount of unoxidized SS will relocate to the pedestal cavity
where it can be oxidized.

Note that uncertainties 1 through 6, 9, and 11 are in core hydrogen
production uncertainties, while the remaining ones concern bottom head
failure. Because no hydrogen can be produced in the bottom head for
Cases Ib and 2b and for case 3a, the bottom head uncertainties only apply
to Cases la and 2a without water recovery. Elicited uncertainty ranges
are shown in Table B2 in terms of deviations for the best guess
estimate.

For Cases la and 2a (without water recovery), it was noted that
uncertainty about in-core hydrogen production would tend to be offset by
bottom head hydrogen production. In other words, if less than the best
estimate of hydrogen was produced in core, more zirconium could be
oxidized in the bottom head and vice versa. Qualitatively, this
dependency should lead to tighter distributions over hydrogen production, i

in the first cut of estimates of uncertainty ranges, this dependency was I

ignored. For the final assessments of the probability distributions, a
formula was used that allowed to calculate a revised uncertainty range
based on the relative amount to in-core hydrogen production vs. bottom
head hydrogen production and the uncertainty range in-core.

Results Expert B's Elicitation

Using Table B-2, the formula for adjusting bottom head uncertainties and
additional judgment, the Expert provided cumulative probability
distributions for the cases. These are shown in Figure B-1.

Time of hydrogen production was considered as follows: the best estimate
plots of hydrogen production over time are shown in Figure B2 to B 6.
They were calculated using BWRSAR. Uncertainty bounds around these
functions can be derived using Table B-3, which indicates which
uncertainties would operate at which point in time of the accident
progression.
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Table B-2
' Revised " Uncertainty" Ranges for BWR In-Vessel Equivalent

Hydrogen Generation Expressed As Deviations from Best Estimates

In-Core
Uncertainties 1_a lb la 2b la

1 0 +.01 0 +.01 0 0 0 0 0 +.01
2 0 +.02 0 +.02 0 0 0 0 0 +.02
3 .04 +.01 .02 +.01 .04 +.01 .02 + 02 .04 +.01
4 .05 0 .05 0 .02 0 .02 0 .01 0
5 0 +.03 0 +.03 0 +.03 0 +.03 9 +.03
6 .01 +.02 .05 +.01 .03 +.01 .02 +.01 0 +.10
9 .10 +.05 0 +.10 0 +.10 +.10 0 +.05 '

11 0 +.02 0 0 0 +.04 0 0 0 0

."
u

Sub-Total .29 +.16 .12 +.18 .09 +.19 .06 +.15 .05 +.22-

w

Bottom-Head
Uncertainties

;

7 +.01 0 +.01
8 +.03 0 +.05
10 +.02 0 0
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 flydrogen Uncertainties Production

Case 1

Event t(mini Includes Uncertainties

Dobris Relocation
begins 75 1,2,3,S

Core Plate
Dryout 90 1,2,3,4,5,6

Core Plate
Failure 140 1, 2 3, 5, 6, 11

Cont. Core
Fuel Stack-
Collapse .195 ALL

Case 2

Event t(min) Includes Uncertainties

Begin liydrogen
Production 60 1, 2,.3, 5

15 Min Before
1st Local Core
Plate Failure 115 1, 2, 3, 5, 6

1st Local Core-
-Plate Fails 130 1, 2, 3, 4, 5, 6, 11

Fuel Pellet
Stack Collapse 215 ALL

.
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Expert C's Elicitation

BVR 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 ilescribed balow. Then, given a specified
level of hydrogen production for each case, the percentage produced in
the various stages of the accideit progression was estimated.

Case Structure and Decomposition

For Cases 1 and 2, Expert C ustd the case structure proposed by the
Sandia project team. _For Case 3, there was a necessary alteration
because the issue of whether the flow rate of water was sufficient to
cover the cora 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 s ur.m a ry , assessments of hydrogen production were made for the
following eight situations:

Case la: Short term high pressure meltdown without recovery,

Case 1b: Short term : igh 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
inj ec tion recovered prior to the breach of the reactor
pressure vessel,

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

Case o. b : High pressure meltdown with CRD injection where- water flow
rate is insufficient to cover the core plate and low
pressure injection is 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: Mgh pressure meltdown with CRD injection where water flow
rane is sufficient 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 0: Accident initiates when the water level is at TAF and begins
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
occurs).

Expert C believed-that the present knowledge is insufficient to consider
separately the amount of hydrogen produced by each of the three BVRs,

~ Probability Distributions and Their Justification

The first' assessment was-for-Cese 2a since this seemed to be easiest for
Expert C : to -- consider. F1- v C1 shows the resultin5 cumulative
-distribution of the - probabil' j assessments' in terms --of the equivalent
c'nount of zirconium oxidi;cd n asured in -- pe rcent . The assessed points

-were-first-determined by'apprais hg the relative likelihood of different i

- ten percent intervals 'of zirconium oxidiced. - The most likely interval
_

was the range from 30 to 4M zirconium oxidized. The second most:likely-
- interval 4 was from 20-to-30% and the third most likely. interval was-40 to
50%- . These H were - followed ~ by a tie -in terms of relative likelihood.

- between J the -intervais- from 10 - to 20%2and from 50 to 60%. This was
, followed by the intervals from 60 to-70%,- 0 to.10%,-and 70 to 80% in that

!

|1 --order. --The likelihood of more than 80% of the zirconium being oxidized-

| was -very = small :according to -Expert - C. To get ~ specific fractiles
L i corresponding to those intervals, we began' with the point where 40%. was
| . the' equivalent amount of zirconium-oxidized. . Expert C felt there was a
p twotthird chance .'of less- than 40% being . oxidized with Case 2a. He felt"

-

that. there was a 0.4 chance of less- than. 30% beingL the equivalent ainount
of zirconium oxidized. The resulting assessments in Figure C-1~ were
completed in theJsame 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
inj ec tion. Hence, Expert C felt that a 40% reduction of the equivalent

| -amount -of L 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 is important to recognize that for these calculacions the
vessel was assumed not to fail.

Case la was assessed in exactly the same manner as case 2a. The relative
like11 hoods of the hydrogen production being in the various 10% 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 most likely was between 40 to 50%.

-

i i 1 i

10 - -

Case 2b
CasePa

>
g .75 - -

S
8
a
._g .50 - -

5
:s
E

d .25 - -

| O s Assessed Point |

' ' ' ' '
0

O 20 40 60 80 100

Equivalent Amount of Zirconium Oxidized (%)

Figure C 1. Case 2a Assessments of liydrogen 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 0.5 fractile, assessed as
approximately 38%.

Case Ib hydrogen production was derived from Case la in exactly the same
manner as Case 2b 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 Jnsufficient to

. cover the core plate, Case 2a information and results apply. The initial
l oxidation phase of both of these is very similar. The rest of the

( hydrogen production depends on whe.t happens in the lower plenum.
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:

For Case 3ya, where the water flow is sufficient to cover the core plate,3

the median should be shifted by reducing it approximately one third from.

Case 3xa to 226 equivalent amount of zirconium oxidized. For higher '

level hydrogen productions, the shift should be greater. !i;ncifically ,
;

Expert C felt that a reduction by half at the 0.9 fractile from Case 3xa
to 30% equivalent emtunt of zirconium oxidized would be appropriate. At
low levels of hydro 6en production, the reduction 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 is indicated in Figure
C 3.

For Case 3xb, the hydrogen production would be reduced relative to Case
3xa. Expert C felt it would be difficult to irra gine all the
possibilities for this case, but estimated that the results should be
approximately half way betvaen Cases 3xa and 3ya. This is indicated inFigure C 3. Tinally, it was estimated that the hydrogen production from
case 3yb would be the same as that for Case 3ya.

Using case la, it is indicated how the timing of the relesses of hydrogen
was addressed in the at;essments. For eech of the time points indicated
in section 5.2, Expert C was asked to indicate a 0.1, 0.5 (i.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, Expert C indicated
that he thought approximately 65% of the total hydrogen released with
Case la would be released by time 1 where the water drops to the core
plate. This was the median estimate. Because of the uncertainties aboutthe timing of release, the 0.1 and 0.9 fractiles were assessed
respectively as 30% 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 906. By time 3 at the end of the blowdown,
the median amount of hydrogen released was estimated to be 954 with the

; 0.1 and 0. 9 fractiles of 85% and 996. By the end of the accident, by
definition 100% of the hydrogen that would be released was released. The
results of timing assessments for Case la are indicated 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 inFigure C 5.
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! Ecsults of hriert C's Elleitation
!

1 The resulting cumulative probability distributions for hydrogen produced
i are shown in Figures C 1 through C 3. They indicate that Case la is

likely to produce the inost hydrogen whereas cases 2b and 3ya (which is
the same as 3yb) are likely to produce the least amount of hydrogen.
When all other factors are equivalent, there is a natural consistency in

j the as se ssroents that high pressure meltdown produces more hydrogen than
low _ pressure meltdown, that the recovery of the loe pressure inj ec tion'

prior tc the breach of the reactor pressure vessel results in the
production of less hydrogen, and (for Case 3) when the water flow is

'sufficient to cover the core plate, there is less hydrogen produced.
l
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Expert D's Elicitation

BVR In-Vessel Hydrogen Production

The Expert used several phases of extensive experience in degraded core
modeling, including:

1. Detailed study of actual L% generic core degradation processes
that occurred in THI 2, and related in reactor and ex reactor
experiments;

2. Directing the development of a detailed BWR core heatup and
degradation code;

3. Making extensive use of this code (100s of runs);

4. Making comparative studies of existing industry and NRC core
degradation codes; and

5. Using detailed studies of local core energy balances to provide
- guidance _ for the amount of hydrogen production that could be
expected in the vessel before the core slumping into the head.

Separate assessments were made of the amount of hydrogen that would be
produced in the reactor vessel as a result of the slumping into the
bottom head.

Cese Structure and Decomoosition

Expert D used the same case structure as that proposed by the Sandia
proj ec t team. However, as explained below, for cases Ib and 2b
corresponding to when low pressure injection was recovered prior to the
breach of the reactor pressure vessel, the resulting hydrogen produced
was estimated to be the same. Expert D felt the estimates for the
fraction of equivalent zircaloy oxidation produced at Peach Bottom could
be used for the other BWRs. Hydrogen production in other BVRs would then
be in proportion to the ratio of total core zircaloy inventories.

For the cases dealing with injection recovery, the elicitation considered
only situations where the recovery was successful, implying that it was
sufficiently early and adequate to prevent reactor vessel failure. Thus,
the assessments with recovery (Cases Ib, 2b and 3b; Tables D 3, D 4 and
D 5) are for the partial set where injection recovery is successful,
meaning that it is in time to prevent vessel failure, but too late to
avoid some hydrogen production.

Probability Distributions and Their Justifications

The assessments were done in two manners which were then compared and
appraised 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
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elicitation session. The second assessment, during the elicitation,
decomposed the production of hydrogen into two parts where hydrogen is
first produced in core and then produced in the bottom head. The results ;

of combining these distributions to estimate the total hydrogen produced 1

were then compared with the initial assessments. From these, which were
quite consistent with each other, adjustments were made to reach a final
distribution.

To illustrate the procedure, consider cases la and 3a (which Expert D
considered as essentially identical). For this case, Expert D's
distribution is shown in Table b1 along with the initially assessed
distribution and the calculated distribution. Specifically, Table D1
shows the cumulative probabilities associated with different percentages
of hydrogen being produced relative to the total amount of hydrogen that
could be produced if 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 hydrogen that
could be produced in core was between 0 to 30%. The probability of the
production being between 0 to lot was 0.1$, between 10 and 20t was 0.60,
and between 20 and 30% 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 is evident that the likely hydrogen
production in the bottom head given that the in core production was 0 to
10% is the following: a 0.30 probability of 0 to 10% hydrogen production
in the bottom head and a 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 hydrogen produced in each interval is
uniform. Directly from the assesned information in Figure D 1, the
calculated cumulative probability distribution indicated in Table D 1 can
be determined. The final distribution indicated in Table D1 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 0 lQ,, lQ ,, 1 40 J

Initial Curnulative Probability 0 0 0.10 0.55 0.95 1.0

Calculated Cumulative Probability 0 0.03 0.35 0.82 1.0 1.0

Final Cumulative Probability 0 0 0.2 0.65 0.95 1.0
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In Core Bottom Head
Production Production

0 10% (0.3)

0 10% (0.15)

10 206 (0.7)

0-10% (0.8)

10 20% (0.G)
,

10 204 (0.2)

0 10% (1.0)
-

20 30s (0.25)

10 204 (0)

Figure D 1. Expert D's Hydrogen Production Estimate in Two Stages for
Case la.

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

Table D 2
i Cumulative Prebability Distribution for the

Equivalent Amount of Zirconium Oxidized for Case 2a

Percent of Zirconium Oxidized 0 J, _2D 30 40 J

Initial cumulative Probability 0 0 0.10 0.45 0.90 1.0

Calculated Cumulative Probability 0 <0.01 0.17 0.57 0.90 1.0

Final Cumulative Probability 0 0 0.10 0.50 0.90 1.0
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Table D.3 indicates the results of the assessments for reflood cases Ib
and 2b before considering the very real situation where no hydrogen is
produced as a result of successful inj ec tion recovery prior to vessel
broach. These assessments were based on the assumption that the
initiation of reflood is delayed for a sufficiently 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 period when at least the upper approxirmately one third of the
core has been uncovered. For the purposes of this study, one third
uncovery was defined to occur at 30 reinutes into the accident. However,
the actual time delay f rom 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 1 css variable. Therefore, only the relative
times beyond 30 rainutes in Figuro D 2 have significant meaning. It is
assumed that the likelihood that this recovery occurs prior to this time
is 0.8, resulting in no hydrogen production.

The results for case 3b are very similar to those for cases Ib and 2b.
For Case 3b. th9re is a possible further decomposition that lends some
insights about the implications for hydrogen production. For this case,>

it is assumed that the reflood occurs before some rninimurn amount of core
damage, and )jd ogen production has occurred. The minimum amount of core
damage would 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 is lost. If the
reflood occurs before hydrogen production begins (30 minutes af ter 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, if there is 5%
hydrogen production at reflood, it is then assumed that 3% additional
hydt' ogen production would be caused by the reflood resulting in the total
production of hydrogen of 8t. As can be seen, these results are quite
consistent with those obtained directly for Case 3b assuming it is the
same as cases Ib and 2b.

Table D5 shows the final cumulative probability distributions for the
percent of hydrogen produced for the three cases where low pressure
inj ec tion is recovered prior to the breach of the reactor pressure
vessel. These results take into account Expert D's judgment that there
is an 80% likelihood that the capability to initiate reflood is recovered
prior to the time when any hydrogen is produced and a 20% 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

-_

Percent of Zirconium Oxidized 0 $_ 1 _L 2D_ _21

Initial Cumulative Probability 0 0.30 0.80 0.95 1.0 1.0

Calculated Cumulative Probability 0 0.30 0.76 0.96 0.9975 1.0

Final Cumulative Probability 0 0.30 0.80 0.95 0.99 1.0
_

100 7; i i i

Case 2a :

Porcent of
zirconium 75 - -

that will
eventually Caso la -
oxidlzo
that
oxidizos 50 - -

byy n O = Assessed Pointsa

timo after
accident 25 - -

begins

I I I
O v

0 15 30 45 60 75

! Time from Beginning of Accident (minutos)

|
t

Figure D 2. Timing of ilydrogen Production Using Judgments of Expert D.
H.c.t.c : the only significance of absolute time in this example

i is that hydrogen production is arbitrarily assumed to begin 30
minutes after the accident begins. However, relative timei

from the time that hydrogen production begins does have
meaning as a general representation of the hydrogen production
history.
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Table D 4'

Relationship Between the llydrogen Produced Prior to
Reflooding and then by Reficoding for Case 3b Measured in

Terms of the % of the Zirconium Oxidized

Percent Oxidized Percent Oxidized Total Zirconium
Prior to Reflood ly fefloodint Oxidized

0 0 0

1 0 1

3 1 4

5 3 8

10 10 20

Table D 5
Cumulative Probability Distribution for the

Equivalent Amount of Zirconium Oxidized for Cases Ib, 2b, 3b

Percent of Zirconiuni Oxidized D i 1D D 2D D

Final Cumulative Probability 0.8 0.86 0.96 0.99 0.998 1.0

Expert D provided an estimate for the percentage of the total hydrogen that
would be eventually produced as a function of the time from the start of
hydrogen production. As noted previously, in the example shown in Figure
D 2 the start of hydrogen production was arbitrarily set at 30 minutes; and
only relative times beyond 30 minutes have physical meaning. These
estimates, which were constructed for eases la and 2a only, are provided in
Figure D 2. For instance, in that figure the estimate of the percentage of
the total hydrogen produced in the first 10 minutes af ter the start of
hydrogen production is 10% for both cases la and 2a. Within 30 minutes
after the start of hydrogen production, one expects 60% of the hydrogen to
be produced with Case la and 75% of the hydrogen to be produced with Case
2a.

There was no attempt to assess uncertainties about the percentage of the
hydrogen that would eventually be produced as a function of time, llowever,
at any given time, the estimate in Figure D 2 (e.g. , 75% for Case 2a at 60
minutes) could be multiplied by the estimated percentages of equivalent
zirconium that would be oxidized (e.g., from Table D2 for Case 2a) to
provide a cumulative probability distribution for the amount of equivalent
zirconium oxidized by a given time after initiation of the accident.
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Results of Expert D's FlicitatiED

rigure D3 shows the final cumulative probability distributions for the
i total hydrogen production for the six cases examined. These results are

graphical representations of the final distributions in Table D 1 for Case
la, and Table D 2 for Case 2a, and in Table D 5 for cases Ib, 2b, and 3b.
Case 3a is essentially the same as Case la,

i i i 4 -t
1.0 - 0.99 ojos 1g j

.

>.-. g_ \* Ceses 1b,26, end 3b
_

m

h
c.

.E .50 - -

3
3 Cesesin

*" '
'Cese 2a

.25 -
-

0 i ' ' '

O 10 20 30 40 50

Equivalent Amount of Zirconium Oxidized (%)

Figure D 3, Assessment for Hydrogen Production for Export D,

Estimate of Hydrogen Production for PNRs and PWRs
E211pvine Reactor Yessel Lower Head Failure

Expert D's results are based upon the application of actual data from the
meltdown accident at TMI 2 and on the understanding of generic LVR (both
BWR and PWR) core degradation progression, through slumping and eventual
collapse into the reactor vessel (RV) lower head, These results indicated
that primary mobile inolten inatorial that would both cause RV lower head
failure and be ejected immediately after that failure would be an
essentially fully oxidized ternary compound of (U,Zr)0 , with varying but2complementary fractions of uranium and zirconiura.

Since this material has already exhausted virtually all of its oxidation
potential, very little additional oxidation and hydrogen production would
occur during the actual post RV failure ejection of this material, To
bound this additional hydrogen production, an additional O to 5% equivalent
zirculoy oxidation fraction is assigned, with equal weighting 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 Issue 4* BWR Bottom Head Failure;

j 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
proj ec t 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.4

It is our conclusion from our discussions with the experts that this issue
involves so much uncertainty that it was difficult to define self-
consistent scenarios.

Issue Descriotion

This issue 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 phenomena 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 Issue 4
e11 citation.

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

1. Sh srt term High Pressure Meltdevn. This is a surrogate for any
swence where the automatic depressurization system (ADS) fails or *

the vessel _ repressurizes later due to high containment pressure,
since the experts decided that vcriations in decay heat were not an
imprtant 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
detcrmining the final melt conditions.

3. High-Pressure Meltdown with CRD Inj ec tion . 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:

5.4 1
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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 were:

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.

5.4 2
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Expert A's Elicitation

Issue 4: BVR Bottom Head Failure

Descrivtion of Expert A's Rationale /Methodolorv

Expert A addressed Parts 1 and 3 of this issue in a similar fashion. He
did not provide results for Part 2. For Parts 1 and 3 Expett A considered
three possible scenarios for RPV failure:

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

2. Gravity pour (CP) 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
solid 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 other 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 in vessel zircaloy
oxidation. In essence, a high, medium, and low subcase was identified for
each of the three cases described above. The three subcases were described
as follows:

1. 304 zirconium oxidation. (Low, corresponding to oxidation of s 30% 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. 60% zirconium oxidation. (Medium, corresponding to oxidation of
between 30 and 60% of the core zirconium inventory.) The debris
melting temperature will be elevated to approximately 2700 K. Most of
the zirconium will be involved in monotectic dissolution of UO ,

2

3. 90% zirconium oxidation. (High, corresponding to oxidation of between
60 and 90% 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, issue. This tree is shown in
Figure A-1. Expert A considered five questions about the nature of the in-
vessel melt progression in formulating this decomposition. These questions
are discussed below.

5.4 5
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Crust in Core

Examination of the core region of the Three Mile Island Unit 2 (THI 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. Helting

! 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
a 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 crust
formation molten debris dribbles down from the melting fuel assemblies,
collecting on the core plate.

i Core Plate Failure

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 1, would reduce the probability
that the debris will quench in the lower plenum. Conversely, while
localized failure of the core plate increases the likelihood of debris
quenching, if the debris fails to quench, localized failure creates the

i condition under which there is a high likelihood that a jet of molten
material will impinge on the lower head.

Debris cuench.

For all the cases considered, the lower plenum contains water during core
,

damage. Core debris penetrating the core plate can be quenched in this
water. Expert A generally believed that quenching was likely (at least a'

50% chance) and assigned higher probabilities for sequences in which there
would be no massive failure of the core plate.

Penetration Failure or Je' Imoincement Failure of the Head

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, l.ocalized failures could result eithe; from
melting of a bottom head penetration (control rod drive (CRD) or instrument
tabe) or by impingement of a jet of molten material falling from the cora
plate.

Molten Debris at Vessel Failure

Vessel failure 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 vhen 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 a much lower temperature than the core
debris, liquefaction and even superheating of the debris prior to bottom
head failure was thought to be relatively likely,4

5.4 6
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Figure A-1. Expert A's Decomposition Tree for BW
Bottom Head Failure
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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 resulto were then
aggregated according to the four scenarios (HPME, CP, Solid and Liquid DMP)
defined above. Using the tree pathways for guidance. Expert A then
constructed distributions for the core debris characteristics (timing, mass
ejected, fraction of the ejected mass that is metallic, temperature, and
superheat),

y Results of the Execrt's Elicitation

Table 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.

Tables A 2 through A-7 provide the melt characteristics provided by Expert
A for each of the six distinguishable cases. The distributions provided
are essentially distributions on the debris temperature. Superheat 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 distributien 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 is liquid could be lower for high pressure scenarios. These-
e f fects are the result of an expectation that the RPV will fail earlier
when it is under pressure.

In general, Expert A believes that high temperature , predominantly liquid
debris with substantial superheat (50 to 400 K) is to be expected. Little
sensitivity to the specific accident 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 into 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 riso well above the melting temperature of the
pressure vessel steel. In summary, Expert A gave a 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 (continued)
|

4

Case 1 Case 2 Case 3
i Prob. Specified Low Zr Med. Zr Hirh Zr Low Zr Med. Zr High Zr Low Zr Med. Zr Hirh Zr

i

HPME or Rapid
Four 0.46 0.39 0.31 0.42* 0.36* 0.29* 0.49 0.40 0.32 I

e

; Cravity Pour 0.37 0.39 0.42 0.32. 0.33 0.34 0.35 0.38 0.41 j

i

; DMP 0.17 0.22 0.27 0.26 0.31 0.37 0.16 0.22 0.27
,

i
i

* Rapid pour, since HPME does not occur with RPV depressurized.
f
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Table A-3
Melt Characteristics. Case IB: High Pressure

Medium Zr Oxidation (35% Metal in Debris)

Melt
Distribution Duration Temperature Superheat Fraction Melted

Probability Fractiles (min) (K) (K) (1)

HPME Involving <40% of the Core

0.32 0.05 0 1300 50 10
0.50 2400 100 80
0.95 3100 400 100

HPME Involving 240% of the Core

. 0.08 0.05 1300 50 10"

7 0.50 2400 100 80
0 0.95 0 3100 400 100

Cravity Pour
.

0.38 0.05 10 1300 50 10
0.50 320 2400 100 80
0.95 600 3100 800 100

Dump Involving <40% of Core

0.18 0.05 1300 50 10
0.50 0 2000 100 50
0.95 .2700 200 90

Dump Involving 240% of Core

0.04 0.05 1300 50 10
0.50 0 2000 100 50
0.95 2700 200 90
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-Table A-4
Melt Characteristics. Case 1C: High Pressure

High Zr Oxidation (15% Metal in Debris) p

Melt '

Distribution Duration Temperature Superheat Fraction Melted
Probability Fractiles (min) (K) (K) (1)

'

HPME Involving <40% of the Core
,

0.25 0.05 0 1300 50 10
0.50 2600 50 80<

0.95 3100 50 100-

HPME Involving 140% of the core

'
. 0.06 0.05 1300 50 10*

? 0.50 2600 50 80

| C 0.95 0 3100 50 100
|

Cravity Pour

0.42 0.05 10 1300 50 10
0.50 320 2600 50 80
0.95 600 3100 50 100

:

Dump Involving <40% of Core

0.22 0.05 1300 50 10
0.50 0 2200 50 50
0.95 2800 50 90

Dump Involving 240% of Core

0.05 0.05 1300 '50 10
0.50 0 2200 50 50
0.95 2800 50 90

'
_
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Table A-5
Melt Characteristics. Case 2A: Low Pressure

Low Zr Oxidation (60% Metal in Debris) ;

[<

Melt
Distribution Duration Temperature 'Superheat Fraction Melted

Probability Fractiles (min) (K) (K) (%)

HPME Involving <40% of the Core

0.34 0.05 0 1500 200 10
7

0.50 2000 100 80
0.95 2600 400 100

HPME Involving 8 0% of the Core

*
. 0.08 0.05 1500 200 10
7 0.50 2000 100 80
;; 0.95 0 2600 400 100

Cravity Pour

0.32 0.05 10 1500 200 10
0.50 320 2000 100 80
0.95 600 2600 200 100 J

Dump Involving <40% of Core

0.21 0.05 1500 200 20
0.50 0 1800 100 50
0.95 2300 250 90

Dump Involving 240% of Core .

0.05 0.05 1500 200 20
0.50 0 1800 100 50
0.95 2300 250 90,

t

;

1
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! Table A-7
- Melt Characteristics. Case 2C: Iow Pressure I;
'

High Zr Oxidation (15% Metal in Debris)

Melt
Distribution Duration Temperature Superheat Fraction Melted

Probability Fractiles (min) (K) (K) (1)

HPME Involving <40% cf the Core

0.23 0.05 0 1500 200 20
0.50 2600 100 80
0.95 3100 50 100

HPME Involving 240% of the Core
;

y 0.06 0.05 1500 200 20 I
f 0.50 2600 100 80
g 0.95 0 3100 50 100 [

Cravity Four [

0.34 0.05 10 1500 50 10
0.50 400 2600 100 80
0.95 750 3100 50 100

Dump Involving <40% of Core

0.30 0.05 1500 200 20 j

0.50 0 2200 50 50 1

I I0.95 2800 50 90

i-

Dump Involving 240% of Core [
t

0.00 0.05 1500 200 20
0.50 0 2200 50 50
0.95 2800 50 90

_ _ _ _ _ _ - _ _ . _ _ _
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Ecurces of Uncertainty

The branch points on the deco:tposition tree shown in Figure A 1 indicate
the major sources of uncertainty for Expert A. Of these, the formation of a
crust in the core contributed in the largest extent to this expert's con +

clusion. Quenching of the debris in the lower plenum contributed most to I
the uncertainty in the scenario for vessel failure.

|

.
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Expert B's Elicitation

Issue 4: BVR Bottom Hasd Failure

Descriotion of Exocre B's Rationale /Methodolorv

The Expert began his analysis by reviewing the previous analyses and making;

a - list of the important parameters or charact t tistics of the vessel or
models which could -impact the melt progression. This list was very
extensiv6. The Expert then performed some computer runs using different
and/or improved models in order to assess the effects of the uncertainties
in the in vessel models on the melt progression.

Three possibilities were given for state of debris at the lower head: (1)
everything goes to bottom head and quenches so there are solid particles on
the bottom; (2) due to densely packed materials in the lower plenum,
freezing (i.e., candling) of nauirials flowing over solid walls occurs,
reducing the amount of debris reaching the lower head; and (3) not all
debris may quench and have cohesive debris, so that heat.up and reoxidation
will be slower. The main difficulty with assessing this issue was in the
ability to clearly define a unique set of conditions in order to discretize
the possible melt progressions into a set of scenarios.

'

Results of Exoert B's Elicitati.QD

For each of the three cases, the Expert gave. a probability of lower head
failure within a specific time - interval (A,B,C,D) and the mass of core
ejected from the vessel vs. time after vessel breach (in metric tons),
con.ditional on the lower t. rad failing within the above specific time
intervals. The Expert's uncertainty as to the type of melt proBression and
his evaluation of the effects of the uncertainties within a particular melt
progression were used to define the time intervals and the pour
characteristics.

Case 1

Mass of Core
(metric tons)
2 n T1me.

f.tah ELA h h Lsk
1A (0 to 2 h) .05 5 10 15 80
IB (2 to 4 h) .60 25 40 60 150
1C (4 h to 3 d) .35 30 50 80 200
1D sno failure) .01 0 0 0 0

*
,

5.4 18
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Case 2

Mass of Core
(metric tons)

vs Time

EI2h 19Ji 22 1.QE 14

1A (0-to 2 h) .2 2 5 20 100
IB (2 to 4 h) .7 5 20 60 180
1C (4 h to 3 d) .1 10 40 120 250
1D (no failure) 0 0 0 0 0

Case 3

Mass of Core
(metric tons)

vs Time

EI2h 101 22 lQm ld

lA (0 to 2 h) .1 1 3 10 50
IB (2 to 4 h) .1 5 15 30 100
1C (4 h to 3 d) .2 5 20 60 150
1D* (no failurei .6 0 0 0 0

* Strongly depends on CRD flow rate.
_

The Expert was unable to define more specifically certain core melt
scenarios which would include some of the major differences in the melt
progressions and to assign them weights. Also for the cases elicited, the
Expert was unable to supply expected values for the parameters needed by
the in vessel group except for the mass of core ejected vs time from vessel
breach (VB).

Sources of Uncertainty

The maj or sources of uncertainty for this analysis fall into two
categories:

1. Initial Conditions. The initial conditions include such things
as (a) the time of injection failure; (b) the initial water
level in the core; (c) the level of decay heat at the start of
tailoff; and (d) the initial power distribution.

5.4-19
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2. Modeling Uncertainties. These fall into two categories, (a)
core configuration;:and-(b) process models. For (a).-the-' level-

-of detail of.the core model and the.various characteristics'of
the core which: are included will result -in substantial
differences in the melt progression. For -(b), the

~
'

uncertainties in physical para;.eters, such as melting
temperatures for eutectics, and accuracy of the physical models
used can also result. in substantial differences in the core
melt progression.

. Correlations with Other Variables
{
t

The output from this issue is correlated with the input variables to the
containment loads issue on-pressure rise after vessel breach and with such !

.

issues as the amount .of fission . products retained in vessel, and the
probability of ' Direct Containment Heating (DCH) or ex vessel steam
explosions.

Succested Methods for Reducine Uncertainty
__

~

!

In order to reduce the uncertainty in this issue, we need to understand how
-differences in the level of detail of the core models and the physical ,

;

processes affect;the details ~of the melt progression.

.

i

. ~ ~
-

,

:-

s
(
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Expert C's Elicitation

Expert C provided the results of BWRSAR calculations which were used to
develop the distributions .ad in the Accident Progression Event Tree

(APET). No e11 citation was pe. ormed.-

5,4-21
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5.5 Issue 5. PWR In Vessel Hydrogen Generation

Summary of Expert Panel's Assessment of
In Vessel Issue 5: PVR Hydrogen Generation

Experts consulted: Peter Bieniarz, Risk Management Associates; William
Camp. Sandia National Laboratories; Robert Lutz, Westinghouse Electric
Corporation; Carry Thomas , Electric Power Research Institute; Robert
Wright, Nuclear Regulatory Commission.

Issue Descrirtion

What distributions characterize the uncertainty in the extent of hydrogen
production prior to vessel breach? Hydrogen production is expressed in
terms of the fraction produced relative to that produced when all of the
zirconium in the core is oxidized.

Four casts were defined in the initial definition of the issue:

RCS Pressure Accumulators
Case (osia) Discharred UHI Discharged

1 2500 No No
2 1000 to 1500 No Partial
3 150 to 500- Partial Yes
4 40 to 200 Yes Yes

During the course of the meetings of the panel, . the case structure was
discussed at some length. Some panel members expanded the initial case
structure, while others did not,

s

RCS pressure refers to the pressure when the water level drops below the
top of active fuel. The last two columns refer to discharge before the
onset of ceramic melting, and assume that the secondary system has not been
depressurized. UHI refers to the Upper Head Injection system, a: feature
found only on Westinghouse reactors in ice condenser containments. Of the

.three PWRs considered in this study, only Sequoyah has ' a UHI system. In

this regard, the Tennessee Valley Authority (TVA) received NRC's permission
to remove the UHI at the next refueling outage. The NRC has decided that
Sequoyah should be analyzed without UHI for this project, but this was not
decided until efter the experts had completed their analyses. The consider-
ation of the UHI did not influence the expert results for this issue.

Summary of Experts' Rationale /Methodolorv

For each case, the amount of hydrogen produced for each point of the
aggregate was determined by averaging the values of the five members of the
panel who considered this issue. None of the experts provided a discrete
distribution for the original four cases, defined by the NUREG-1150
analysts.

5.5-1
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Expert A based his conclusions primarily on the large number of code
calculations that have been made. He concluded that MELPROG,$4 SCDAP ,5-2
and CORMLTS*8 gave the most reasonable and realistic results. He
considered the MARCH 54 results to be unrealistically high and the MAAP54
results to be unrealistically low. Although Expert A used the results of
all the codes, tue results of the more mechanistic codes, MELPROG , SCDAP,
and CORMLT, were weighted more heavily and were used to determine the mid-
range of his distributions. Where results from these three codes were few
or- lacking altogether, Expert A made his distributions wider than they
would have been if results from these codes had been available. Expert A
provided plots giving the probability density as a function of the
equivalent fraction of zirconium oxidized for Cases 1, 2, and 3. Values
taken from these curves were used to form CDFs. Table 51 lists seven-
points from thee; CDFs, which are plotted in Figure 5-1. As Expert A
provided no plot for Case 4, his results for Case 3 have been used for Case
4 Expert A derived his value for Case 2 by combining two other
distributions. For Case 2, there is the question of whether the loop seal
will clear in the-loop with the break. Expert A's distribution for this
case was formed by combining one curve for the subcase where the loop seal
cleared with another curve, giving the hydrogen production when the seal
did not clear.

Expert B based his' analysis on the results of simule.tions with the various
computer codes - currently available. He felt that MELPROG TRAC 56 and
SCDAP RELAP55 2 were the most accurate and trustworthy of these codes at
this time. CORMLT has some very good constituent models and he utilized.
some CORMLT results, but he gave very little weight to MARCH and MAAP
results. Expert B provided distributions for hydrogen generation for Cases
1 and 4. He. deferred to another panel member for case 2, and thought that
Case-3 would be similar enough to Case 4 that his Case 4 results could be
used. Expert B provided results for the 1, 10, 50, 90, and 99% points on a
cumulative distribution. Interpolation, which somewhat smoothed the
distribution, was used to obtain the values listed in Table 5-2, and shown
in Figure 5 2. The values for Case 2 are taken from the Case 2 values for
the other panel member.

Expert C based his conclusions on applicable test results, the TMI 2
accident, and the results of various code calculations. He saw the
. formation of a eutectic between the oxides of zirconium and uranium as the
dominant phenomenon. Expert C did not link any of the points on his
distributions directly to specific code or test results. Expert C divided
Cases 1 and 2 into three subcases each, dependent upon the time of
accumulator discharge. He also defined an additional case for that
fraction of Case 2 where the break is in the cold leg and the loop seal
clears. Expert C's distributions are listed in Table 53, and shown in
Figure 5-3. Interpolation was used to obtain the 5 and 95% values.

Expert D based his conclusions primarily on a number of MAAP runs that were
made for Ringhals 3 and Zion. Ringhals 3 is a three loop plant with a NSSS
similar - to Surry's, and Zion is a four-loop plant with a NSSS similer to
that of Sequoyah. Expert D considered Cases 2, 3, and 4 together, so he
had only two cases. For each of these, however, he considered subcases
which were defined by core blockage, core melt fraction of zirconium
exposed, and relocation temperature, and status of accumulator dump. Eight

5.5-2
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endpoints for each case were obtained. For each endpoint in his
decomposition tree, Expert D assigned a distribution for hydrogen
production based on specific MAAP5-5 runs. He considered three sources of
hydrogen: all the phenomena modeled in MAAp, extra hydrogen generated by
accumulator discharge during core melt, and hydrogen resulting from
stainless steel oxidation in the upper head. Utilizing Expert D's
decomposition tree and the branching ratios he provided, the distributions
for the sixteen endpoints were combined to get the final distributions for
hydrogen production, shown in Table 5-4 and Figure 5-4.

Expert E based his analysis upon his work on the TMI-2 accident, MAAP
calculations, and exp.rience in comparing code results to the TMI 2
accident. Expert E prociJed distributions for the amount of hydrogen
generated for two classes of accident. He lumped all accidents where the
RCS pressure was above 200 psia into a blackout class, and all accidents
where the RCS pressure was below 200 psia into a large t-reak class. For
each class, Expert E provided a distribution for zirconium oxidation in-

core (before relocation) and additional distributions for oxidation in the
lower head (after relocation). The distributions for oxidation in the
lower head were conditional upon the amount of oxidation that occurred in-

I core. Thus the distributions for the two periods had to be convolved
together to get the resultant distribution for the total hydrogen
production in the vessel before breach. The resulting distributions w :re
in terms of evenly spaced fraction of zirconium oxidized; interpolation was
needed to obtain the values shown in Table 5-5 and Figure 5 5.

Method of Actregation

The aggregate values for PWR hydrogen production are shown in Table 5-6 and
Figure 5 6. The case and subcase structure of the expert who had the most
cases and subcases was used to avoid losing information. The differences
between Cases la and 1c, and between Cases 2a and 2c are very sn :.

These cases will be combined for use in evaluating the APET, and Ca.. 5
will probably be included with Cases 2a and 2c as well. It may also be
possible to group Case 4 with Case 3a. Results for each subcase are listed
in Tables 5 7 through 5-It and shown in Figures 5-7 through 5-16.

The aggregate curves are very broad. This is a result of widely differing
opinions among the panel members considering this issue. For example,
consider Case 4. The dif ference between the 1% value and the 99% value is
103% equivalent zirconium oxidation. The difference between the highest
value given for the 99% value (140% zirconium oxidation) and the lowest
value given for the 99% value (35% zircontum oxidation) is 105% zirconium
oxidation. Thus the range for the upper extreme value is greater than the
entire range for the aggregate distribution.

For tabular display, the results of each expert were placed in common form:
the seven values for the cumulative probability distribution as shown in
Table 5-1 through 5-5. Only one of the five experts gave hydrogen
production amounts for these seven points; for the others a manipulation,
usually simple interpolation, was required to get the results in this form.

5.5-3
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The aggregate of each case is formed by averaging over the percent of
zirconium oxidized. That is, for each percent oxidized zirconium value for
which one of the five experts has a value for the cumulative probability,
an average is formed. As the other experts will probably not have given
cumulative probabilities for that percent of zirconium oxidized, their
values for the cumulative probability are formed by interpolation. For
example- consider Case la, Table 5 7. For 10% zirconium oxidized, Expert B
has 1% cumulative probability, Expert C has 25% cumulative probability, and
the other thne experts have 0% cumulative probability. The aggregate
cumulative probability for 10% zirconium oxidation is thus 26% divided by 5
or 5.2%. For 25% zirconium oxidation, Experts B, C, and D gave cumulative
probat:ilities of 5, 75, and 5%, respectively. The values for Experts A and
E are determined by interpolation, and then all five values are averaged to
get the aggregate.

To illustrate the aggregation method, Tables 5-7 through 5 16 could have
been recast in terms of cumulative probabilit;r values for every 5 or 10%
zirconium oxidized. That way the cggregate wouid have been the average for
each line. As three of the five experts gave zirconium oxidation
percentages for fixed points on the cumulative probability distribution,
horever, adoption of - this format would have required considerable
interpolation. Thus, while Tables 5-7 through 5-16 present the experts'
results in a form that better represents the form in which most of the
experts gave their information, they are misleading in that the aggregate
values are not the average of the five values directly above them in the
tables.

The tails of the distributions would have been lost had the average been
taken across the cumulative probabilities instead of across the percent
zirconium oxidized. For example, in Case la, the average of the 99%
zirconium oxidation percentages is 78.2%. Had we averaged this way, then
only 1% of the sample members would have had zirconium oxidation values
e:.3eding 78.2% and the upper tails of the distributions of Experts A and B
would lave been lost.

In Table 5 6 and Figure 56, the midpoint values may be observed to range
from 30 to almost 50% zirconium oxidation. This is smaller than the range
among the experts for several subcases. For example, the midpoint values
for the five experts in Case la range from 15 to 65% zirconium oxidation.
The differences among expetts tend to be as large or larger than the
differences between cases and subcases. This is especially true if the
upper bound (95 and 99%) values are considered.

-For Case 1, Expert C defined three subcases and Expert D defined two
subcases. The other three expertt did not define any subcases , so their
entries are the same for Tables 57, 5-8, and 5 0, Expert D divided his
subcases on whether the accumulators discharged during vessel breach; thus
his entries in Tables 5 7 and 5 9 are identical. As Expert C's results for
accumulator discharge before core melt and at vessel breach are very much
the same, the aggregate distributions for Cases la and Ic are essentially
identical. The two subcases will be considered together when the CET is
evaluated.
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For Case 2, Expert C also defined-three subcases and Expert D also defined-
two L subcases. The results' for Case 2 are shown in Tables . 5 10, 5 11,-and
5 12. Since Expert c's results for accumulator discharge- before core melt
and at vessel breach'are similar, the differences in the aggregate between
Cases 2a and 2c are negligible, and the two subcases will be considered
together when the CET~is evaluated.

Expert C defined a Case 5, which is similar to Case 2c but has the break in
the cold leg instead of the hot leg. Expert A defined _his Case 2 to have
.the' break in the cold leg, but made allowances for the possibility that the
loop; seal might not clear. The other two experts who gave distributions j
for Case 2 did not make distinctions as to break location or the time of
accumulator discharge. It may be seen from Table 13 that Case 5 is
identical to Case -2c except for the distribution of Expert C, The
aggregate' for. Case- 5 'is very close to the aggregate distribution for Cases -
2a and 2c.

-The results for Case 3 are shown in Tables 514 and 515, While Expert C
did not make a distinction - for Case 3 for the time of accumulatordischarge, Expert D did. Th differences in the aggregate values between
Cases 3a and -3b border on being large enough 'to maintain the distinction ~
between them. The results_for Case 4 are shown in Table 5-16.- None of the 4
'Exparts defined subcases for Case 4. The differences'in the aggregates for
Case 4 and Case 3a are fairly.small,

Following the tables and figures, each expert's elicitation is summarized,

Acererated Results

Table 5 1-
Amount of Hydrogen Cenerated

(percentage of zirconium oxidized)
Expert A

'RCS
Pressure Probability

.QAEtt (osia) l.L ,,1L ,,,211 _,1Q1 .,Z11 ,,,Q11 - ,,,gpo 1

.1 2500 20 27 .-39 47 57 78 -.96
2 1000 1500 8~ 16 24 30 -40 62 .80
3 150 500 13 23 56- 66 84 106 140
4 40 200 13 23 56 66 84 106 140-

5.5-5
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Table 5 2
Amount of flydrogen Cenerated

(percentage of zirconium oxidized)
Expert B

RCS

Pressure Probabi14tv
GAlif (D8iaI ._1.L 11 21.1 101 _.2.11 111 _.2.21

1 2500 10 25 50 65 90 125 140
2 1000 1500 8 16 24 30 40 62 80
3 150 500 10 20 45 65 85 103 110
4 40 200 10 20 45 65 85 103 110

Table 5 3
Amount of Ilydrogen Generated

(percentage of zirconium oxidized)
Expert C

RCS
Pressure Probability

S. Big (osia) ,,lt ._11., ,,,2,11 ,,,1Q1 ,,,,2,11 ,,,211 ,,12.1

la 2500 bcM* 5 6 10 15 25 45 50
lb 2500 dCM** 5 8 25 35 45 65 70
le 2500 aVB*** 5 6 10 18 30 55 60

2a =1200 bCM 5 7 20 32 40 57 60
2b -1200 dCM S 10 30 40 48 75 80
2c =1200 aVB 5 8 25 35 42 57 60

3 150-500 10 14 30 40 60 75 80
4 40 200 10 13 25 35 50 78 85
5 =1200 aVB 10 13 25 35 50 78 85

*bCM: before core melt
* *dCM : during core melt
*"aVB: after core melt

5.5 6

)
i

,



I

Table 5 4
Amount of Hydrogen Generated

(percentage of zirconium oxidized)
Expert D

.

RCS

Pressure Probability

Qtga (nsia) 11,. ._11 , 211 ,_1Qi 211 R 221

la 2500 nCM* 20 25 29 35 41 45 50

lb 2500 dCM** 25 31 44 59 68 74 80

2a < 1500 nCM 13 17 20 24 28 31 35

2b < 1500 dCM 18 23 34 48 56 61 66

*nCM: no core melt
* *dCM : during core melt

Table 5 5
Amount of Hydrogen Generated

(percentage of zirconium oxidized)
Expert E

RCS

Pressure Probability

Quit (osia) __11., 5% 2 ,_1Qi ,_Z11 211 ,29.1

1-3 > 200 20 24 31 37 43 49 55

4 < 200 11 13 21 26 29 37 39

5.5-7



Table 5 6
PWR Hydrogen Generation (% zirconium oxidized)

Aggregate

Cumulative Probabilitv*

__11 5% 25% 50% 75% 95% 221

Case la 6 10 28 39 50 96 125
Case Ib 8 20 34 45 62 93 125
Case Ic 6 10 28 39 52 96 125
Case 2a 7 14 23 30 39 57 73
Case 2b 8 17 27 36 47 64 78
Case 2c 7 15 24 30 40 57 73
Case 5 10 16 24 30 41 63 81
Case 3a 12 18 27 40 64 97 114
Case 3b 12 20 34 48 65 97 114
Case 4 11 15 24 33 63 97 .114

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading,

Table 5 7
PWR Hydrogen Generation (% zirconium oxidized)

Case la - RCS at 2500 psia, Accm. Dump before CH

Cumulative Probabilitv*

__11 __ 5% 25% 50% 75% 95% gli

Expert A 20 27 39 47 57 78 96
Export B 10 25 50 65 90 125 140
Expert C 5 6 10 15 25 45 50
Expart D 20 25 29 35 41 45 50
Expert E 20 24 31 37 43 49 55

Aggregate 6 10 28 39 50 96 125

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading.

5,5 8
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Table 5 8
PWR Hydrogen Generation (% zirconium oxidized)

Case Ib - RCS at 2500 psia, Accm. Dump before CM

Cumulative Probabilitv*

__Li 5% 25% 50% 75% 95% 221

Expert A 20 27 39 47 57 78 96

Expert B 10 25 50 65 90 125 140
Expert C 5 8 25 35 45 65 70
Expert D 25 31 44 59 68 74 80

Expert E 20 24 31 37 43 49 55

Aggregate 8 20 34 45 62 93 125

-

* Cumulative Probability refers to the first row in the table. The numbers
_

below that row are the values of the parameter defined in the table heading.
-

Table 5 9
PWR Hydrogen Generation (% zirconium oxidized)

Case ic - RCS at 2500 psia, Accm. Dump before CM
|

Cumulative Probabilitv*

__11 5% 25% 50% 75% 95% 99%

Expert A 20 27 39 47 57 78 96
' Expert B 10 25 50 65 90 125 140
Expert C 5 6 10 18 30 55 60
Expert D 20 25 29 35 41 45 50
Expert E 20 24 31 37 43 49 55

Aggregato 6 10 28 39 52 96 125

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading.

|

|
|
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Table 5 10
PWR Hydrogen Generation (% zirconium oxidized)

Case 2a - RCS at 1000 - 1500 psia, Accm. Dump before CM

Cumulative Probabilitv*

_1,1 5% ,,_J1L, 50% 75% 95% 1h

Expert A 8 16 24 30 40 62 80
Expert B 8 16 24 30 40 62 80
Expert C 5 7 20 32 40 57 60
Expert D 13 17 20 24 28 31 35
Expert E 20 24 31 37 43 49 55

Aggregate 7 14 23 30 39 57 73

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading.

Table 5-11
PWR Hydrogen Generation (% zirconium oxidized)

Case 2b - RCS at 1000 - 1500 psia, Accm. Dump before CM

Cumulative Probabiliev*

,,,_11 5% 25% 50% 75% 95% 2h
Expert A 8 16 24 30 40 62 80
Expert B 8 16 24 30 40 62 80
Expert C 5 10 30 40 48 75 80
Expert D 18 23 34 48 56 61 66
Expert E 20 24 31 37 43 49 55

Aggregate 8 17 27 36 47 64 78

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading,

5.5-10 |



Table 5 12
PVR Hydrogen Generation (% zirconium oxidized)

Case 2c - RCS at 1000 - 1500 psia, Accm. Dump before CM

Cumulative Probability'

J 5% 25% 50% 75% 95% 99%

Expert A 8 16 24 30 40 62 80
Expert B 8 16 24 30 40 62 80
Expert C 5 8 25 35 42 57 60
Expert D 13 17 20 24 28 31 35
Expert E 20 24 31 37 43 49 55

Aggregate 7 15 24 30 40 57 73

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading,

Table 5-13
PWR Hydrogen Generation (% zirconium oxidized)

Case 5 - RCS at 1000 - 1500 psia, Cold Leg break,
Accm. Dump before CM

Cumulative Probabilitv*

__11 5% 25% 50% 75% 95% 121

Expert A 8 lb 24 30 40 62 80
Expert B 8 16 24 30 40 62 80
Expert C 10 13 25 35 50 78 85
Expert D 13 17 20 24 28 31 35
Expert E 20 24 31 37 43 49 55

Aggregate 10 16 24 30 41 63 81

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading.

5,5 11
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Table 5 14-
PWR Hydrogen Generation-(% zirconium oxidized)

Case 3a - RCS at 150 - 500 psia, No
Acca. Dump During CM

Cumulative Probab111tv* ,

J St 254 50% 751 _ 95% 211

Expert A 13 23- 56 66- 84 106 140
Expert B. 10- 20 45 65 85 103 110

_
Expert C 10 - 14 -30 40 60 75 80
Expert D 13 17 -20 24 28 31 35-
Expert E 20 24 31 37 43 49 55

-Aggre5ste 12 18 27 40 64 97 114

* Cumulative Probability refers to the- first row in the table. The numbers j-

.below that. row are-the values of the parameter defined in the table heading. "

i

Table 5 15
PWR Hydrogen Generation (% zirconium oxidized)

Case 3b'- RCS at 150 - 500 psia,
-Accm. Dump During CM

Cumulative Probabilitv* ,
'
,

di 54 25% 50% 75% _ __ 9 5 4 221'

Expert A:-- 1 13 -23 56 66 84 106 140
Expert B~. 10- 20 -45 65 85- 103' 110--

. Expert C 10- 14 30 40 60 75- 80---

-

Export D! .18 23 34 -48 56 61: 66 i

Expert E 20 24 31 37 43 =49: 55-

Aggregate 12 20 34 48 -65 97 .114

* Cumulative | Probability . re fers to the first row in the table. The numbers
.

below that row are the values of-the parameter defined in the table headit3g.
-

l
.
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Table 5 16
Pk'R liydrogen Generation (% zirconium oxidized)

Case 4 - RCS at 40 - 200 psia

Cumulative Probabiliev*

J 5% 25% 50% 75% 95% M

Expert A 13 23 56 66 84 106 140

Expert B 10 20 45 65 85 103 110

Expert C 10 13 25 35 50 78 85

Expert D 13 17 20 24 28 31 35

Expert E 11 13 21 26 29 37 39

Aggregate 11 15 24 33 63 17 114

._

* Cumulative Probability refers to the first row in the table. The numbers
below that row are the values of the parameter defined in the table heading.

5.5-13

_ _ _ - - _



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

i

.- ;

: 1.0 i i i i i i i
-

i i , q

0.9 --

*
0.8 - -

0.7 --

'0.6 - -

j - . 0.5
- -

-f0.4 O ncesei- -

0 . ces-: -

A s cese s -
'

- 0.3 --

V s Case 4.-

~ 0.2 - -

0.1 ---

I' I I I I I I I I~ I0.0
0 10 .20; 30 40 50 60 70 80 90 100 110120 130 140-

Zr Oxidation (%)
-q

-|:
-Figure 5 1, ~ Expert A; Percentage of Oxidized Zircontwn.:

.

1.0 i i i .i i i , ! i

' 0.9 - -

0.8 - -

! .70
'

~

j
- -

- 0.6 --

:0.5 - -
.

!
'

0.4 -

D = case 1 --

o n cese 2
A = case 3 -0.3 -

v = cese 4
0.2 - --

,

0.1 -- -

' ' ' ' ' ' I I I0.0
0 10. 20 30 40 50 60 '70 80 90.100 110120 130 140-

Zr Oxidation (%)

Figure'5 2. Expert B: Percentage of' Oxidized Zirconium.

5.5 14

_ _ - . . . _ - _



.

I

f-- ' ^

1.0 i i i i

0.9 -
-

x 0.8 -
-

5
-- -

0.7 -

0.6 -
-

5 0 = Case 1 A -

g 0.5 o ace ets-

A = Case 1C-

# 0.4 - y = case 2A
-

" g a Case 2B

$. 0.3 - e = ces.2c -

o Q.cese3
-

0.2 - + = ces 4
x = Case 5

-

0.1 -

' ' ' ' ' ' '
0.0 -

O 10 20 30 40 50 60 70 80 90

Zr Oxidation (%)

Figure 5 3. Expert C: Percentage of Oxidized Zirconitun,

i i i i ; >i i <i i
^

1.0 -.

0.9 -
-

> 0.8 -
-

E __

j 0.7 -
-

f'O.6 -
-

n.
-

g 0.5 -

b 0.4 -
-

"
- 0.3 -

O .c.. 1 -

o n cese n
- 6 cese 3 -

0.2 y . c.. 4
--

0.1 -
-

t i i i 1 i i t i
0.0 1 - -

10 15 20 25 30 35. 40 45 50 55 60 65 70 75 80

Zr Oxidation (%)

Figure 5 4. Expert D: Percentage of Oxidized Zirconium.

5.5-15

. _ _ _ _ _ _ _ _ _ _



- -

1.0
-

i i i i i i i

> 0.8 - -

G
j 0.7 - -

$ 0.6 - -

n.
* 0.5 - -

.

_

3 0.4 - O case 1 -

3 O = Csee 2
E 0.3 - 6 . case 3 -

d v . ca 4
0.2 - -

0.1~ ~ -

' ' ' ' ' ' '
0.0 --

10 15 20 25 30 35 40 45 50 55

2r Oxidation (%)

Figure 5 5. Expert E: Amount of flydrogen Generated

i i i ; i t i- M1.0
-

0.9 - -

g 0.8 - -

0.7 --

e - 0.6 - -

0- O = case 1 A
* 0.5 - o = case is -

2 6 = Case 1C
E 0.4 - y = case 2A -

| 0.3 - o case 2c -
3 Case 2B

3
O Q = case s

-0.2 - + case 4
x a Case 5

0.1 - -

' ' ' ' ' ' ' ' ' '
0.0

O 10 20 30 40 50 60 70 80 90 100 110 120 130

Zr Oxidation (%)

Figure 5-6. Aggregate of Oxidized Zirconium.

5.5-16

. _ _ _ _ _ _ _ _ ._



*- )1.0 g g i i i i,

0.9 -
-

x 0.8 -
-

0.7 -
-

g 0.6 --
-

Q.
-

p 0.5 -

N 0.4 - O a EXP.1 -

O e EXP. 2
0.3 - 6 m EXP. 3 -

7 s EXP.4
0.2 - EeEXP.6 -

O e AVE.

0.1 -
-

I I I I I I I I I I

0.0
O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Zr Oxidation (%)

Figure 5 7. Case la: RCS Percentage of Zirconium Oxidized When at 2500
psia.

)-

1.0 ; i i ; ;

-

0.9 -

-

x 0.8 -

N
-g 0.7

-

f 0.6 -
-

0 -

e 0.5 -

.R

3 0.4 - O sEXP.1 -

3 O s EXP. 2

$ 03 - 6 mEXP.3 -

V s EXP. 40 E aEXP.6 -

0.2 -

9 m AVE.
-

0.1 -

I ' I I ' '"

0.0 - -- y

O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Zr Oxidation (%)
,

|

Figure 5-8. Case lb: RCS Percentage of Zirconium Oxidized When at 2500
psia.

5.5-17

,



_. .

1.0 ; i ; ,
.

; ; . ;i a,

0.9 -
-

-

> 0.8 - -

5
3 0.7 - -

b
2 0.6 - -

Q.
* 0.5 - -

.!!:

E 0.4 - O e EXP.1 -

3 O = EXP. 2
U 6 s EXP,3 -0.3 -

d ' V a EXP,4
E e EXP.50.2 - -

G s AVE.
0.1 - -

I I I I I I I I I I I
0.0 -

O 10 20 30 40 50 00 70 00 00 100 110 120 130 140

2r Oxidation (%)

Figure 5 9. Case ic: RCS Percentage of Zirconium Oxidized When at 2500
psia,

:

1,0 ^

m
i i i i i ,

0.9 - -

x'O.8 - -

5
] 0.7 - -

2 0.6 - -

Q.

* 0.5 - -

|- b 0.4 O e EXP.1- -

1 3 O s EXP. 2
E

|- d . 0.3
- 6 EXP.3 -

V s EXP,4
E = EXP. 50.2 --

9 AVE.
0,1 - -

,

- ' ' I I '
0.0 - ', -

O 10 20 30 40 50 60 70 80

2r Oxidation (%)

Figure 5 10. Case 2a: RCS Percentage of Zirconium oxidized When at 1000
to 1500 psia.

5.5-18

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



.

-

1.0 i ; i i .

,

0.9 - -

x 0.8 -
-

E *

Q 0.7
'- -

h 0.6 -
-

D.
-g 0.5 '-

5 0.4 - O a EXP.1 -

3 O a EXP. 2

5 0.3 6 s EXP. 3 --

O V = EXP. 4

0.2 - E = EXP. 5 -

9 s AVE.

0.1 - -
.

I I I ' '
0.0 -- -

O 10 20 30 40 50 60 70 80

Zr Oxidation (%)

Figure 5 11. Case 2b: RCS Percentage of Zirconium Oxidized When at 1000
to 1500 psia.

- a-. A 2<

1.0 i i i - p

0.9 -
-

x 0.0 -
-

2
3 0.7 -

-

0.6 -
-

Q.
-g 0.5 - -

_.

5 0.4 - O a EXP.1 |
-

" O a EXP. 2
-[ E 0.3 - A = EXP. 3

i b V = EXP. 4t

0.2 - E = EXP.5 -

9 AVE.
: 0.1 -

-

' ' ' ' '

I -
0.0

'
<

O 10 20 30 40 50 60 70 80

| Zr Oxidation (%)

Figure 5-12. Case 2c: RCS Percentage of Zirconium Oxidized When at 1000
to 1500 psia.

5.5 19



1.0 - = ^

i ; 5 i_ 7

0.9 - -

b 0.8 - -

=

3 0.7 - -

0.6 - -

c.

# 0.5 - -

5
3 0.4 -

O . EXP.1
~

0 EXP.2

g 0.3 -
6 . EXP. 3

-
E

y . EXP.4

0.2 -
E EXP. 5

-

e a AVE.

0.1 - -

' _ . I I I I I tg
0 10 20 30 40 50 60 70 80 90

Zr Oxidation (%)

Figure 5 13. Case 3a: RCS Percentage of Zirconium oxidized When at 150 to
500 psia.

1.0 - ^

| | (| | |

- *
- =r -'

O.9 -
-

30.8 -
-

=
3 0.7 -

-

-

; $
1 20.6 -

-

c.

.$ 0.5 -
-

-

50.4 - O EXP.1
_

s O = EXP. 2
E

0.3 - 6 aEXP.3
j V = EXP 4

-
,

|
i 0.2 - E sEXP.5

--

e = AVE.

0.1 -
-

I ' I I I I I I I I I! 0.0 -
10 . to 30 40 50 60 70 80 90 100 110 120 130 140|

!

Zr Oxidation (%)

Figure 5-14. Case 3b: RCS Percentage of Zirconium Oxidized When at 150 to
500 psia.

5.5-20



-

, , , , ;-
1.0 7

0.9 -
-

p 0.8 -
-

=
0.7 -

-

2 0.6
-

-

Q.

j 0.5 -
-

0.4 -
O a EXP.1 ~3 O a EXP. 2s

E 6 s EXP 3
-

g 0.3 - V = EXP,4
E a EXP.5

0.2 - 9 s AVE.
-

0.1
~

-

| | 1 1 I I I ! I l 1
q

10 20 30 40 50 60 70 80 90 100 110 120 130 140

Zr OXtdation (%)

Figure 5-15. Case 4: RCS Percentage of Zirconium oxidized When at 40 to
200 psia,

" * ^ ^
1.0 l

-

I i l 1 m '

O.9
- -

> 0.8 - -

E
o 0.7 - -

E
- -

2 0.6
n.
e 0.5 - -

2
2 0.4 -

O a EXP 1
~

g O s EXP. 2
0,3 6 s EXP,3- -

g
0.2

-
7 m EXP. 4 -

E a EXP. 5
e a AVE.

o,3 , _

I i l I i l | I I I i
, , , .

10 20 30 40 50 60 70 80 90 100 110 120 130 140

Zr Oxidation (%)

!

Figure 5 16. Case 5: RCS Percentage of Zirconium Oxidized When at 1000 to
1500 psia.

5.5 21

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



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

REFERENCES

51 J . E. Kelly e t al . , "MELPROC - PWR/ MOD 1 Analysis of a TMLB' Accident
Consequence," NUREC/CR 4742, January 1987,

52 C. M. Allison et al., "SCDAP/RELAPS/ MOD 2 Code Manual," NUREG/CR 5273,
EGG 2555, September 1989.

5-3 V. E. Denny, A. Hertol, and B. R. Sehgal, "CORMLT Modeling of Severe
Puel Damage in Postulated Accidents," fyoecedings of National Heat
Transfer Conference, Pittsburgh, PA, August 9 to 12, 1987.

54 J. A. Gieseke et al., "Radionuclide Release Under Specific LWR
Accident Conditions," Vols. I V, BMI 2104, Battelle Columbus-

Division, 1984.

55 Industry Degraded Core Rulemaking Program " Modular Accident Analysis
Program (MAAP) User's Manual," IDCOR Technical Report on Subtasks
16.2 and 16.3, Fauske & Associates, Inc., for the Atomic Industrial
Forum, Bethesda, MD, 1987.

5-6 B. E. Boyack, H. Stumpt, J. F, Lime, " TRAC User's Guide," NUREC/CR-
4442, Los Alamos National Laboratory, Los Alamos, NM, November 1985.

5.5 22 )

1



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

1

-

?

I

.
. ;-

.

r

.

-t

i

1

k

!

Individual Elicitations for In Vessel Issue 5

- .- ,
.

_

i

)

)
'

|:
'

l
n
).-''

|

1
6

_

I

- 5,5-23 ,

_

.yWWF u 1A-er-y e i4M r+W-F@Nye enev e-*++-4%-.#4@'*- e-- rw- s p+ ew-+4ef1--w-f'ae4 e c .e+, % eve =*+ee.m e 4 rnmv * 45m-"-wwr wiw a4e+wer eseMw.-wm.wi%.-%wep- .w-.d+ei.e e.,-+me wv ee%e-.-weA+,w-we a-smad
- - -



. .
.

_ - _ _ _ _

Expert A's Elicitation

Issue 5: PWR Hydrogen Generation

Descriotion of Excert A's Rationale /Methodolocy

Expert A based his conclusions primarily on the large number of code
calculations that have been made. He developed a decomposition, which took
effective relocation temperature, post relocatic behavior, and the extent
of stainless steel oxidation into account. Hot ver, he did riot develop his
hydrogen production distributions directly from this decomposition.
Instead he determined which code calculations were appropriate for each
endpoint on the tree which displayed his decomposition, and used this
information to estimate the effects of varying the important phenomena on
hydrogen production.

Expert A concluded that MELPROG , ^-1 SCDAP,^2 and CORMLT,^ 3 gave the most
reasonable end realistic results. He considered the MARCH results^-' to be
unrealis tically high even though they did not include any hydrogen
generation from stainless steel oxidation. He concluded that the MAAP
results^-5 were unrealistically low since MAAP assumed that blockage
formation would prevent further oxidation above the blockage. It was
Expert A's opinion that it was very unUkely that the blockage would be so
complete.

When Expert A combined a high relocation temperature, conservative
assumptions about post relocation behavior, and extencive oxidation of
stainless steel in the upper head, he obtained that hydrogen production
equal to or exceeding 100% zirconium oxidation. Without stainless steel
oxidation, these conservative assumptions give about 60% oxidation, which
is typical of MARCH results. Making the most non conservative assumptions,
low relocation temperature, fast meltdown, and the MAAP assumptions on
blockage formation and effectiveness, gives approximately 15% zirconium
oxidation.

Although Expert A used the results of all the codes, the results of the
more mechanistic codes, MELPROG, SCDAP, and CORMLT, were weighted more
heavily and were used to determine the mid-range of Expert A's
distributions. When results from these three codes were not available,
Expert A made his distributions vi6 r than they would have been if results
from these codes had been available.

Results of Expert A's Elicitation

Expert A provided plots giving the probability density as a function of the
equivalent fraction of zirconium oxidized for Cases 1, 2, and 3 (see
Figures A-1, A 2, A-3). The results for Case 3 have been used for Case 4.

For Case 1, RCS at about 2500 psia, there are results available from all
the codes. Considering these results, and the assumptions and constituent
models in each code, Expert A drew a distribution from which the points for |Case 1 were obtained. The mode is a little below 50% zirconium oxidation
equivalent.
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Figure A 3. Case 3.

For Case 2, there is the question of whether the loop seal will clear in
the loop with the break. Expert A's distribution for t'ni s case was a
composite one, lie took a fairly narrow siistribution with the mode at 25%
zirconium oxidation and combined it with the broader distribution for Case
1. The narrow distribution was given a relative weight of 75% and the Case
1 distribution a weight of 25%. The narrow dist ibution represents Expert
A's distribution for the case where the loop seal clears, and the broad
distribution represents his opinion for the case where the seal does not
alear. While the typical case given to the expert panel for Case 2 was a
pune seal break, there are other accidents to which this case applies that
have the breaks in the hot leg and for which the seals will not cicar,
Expert A derived his Case 2 distribution in this manner to account for the
uncertainty in the clearing of the loop seal for a pump seal break. In
addition, it may be seen as a way of taking into account the accidents in
this case that are due to hot leg brecks.

For Case 3, intermediate pressure (150 to 500 psia) in the RCS due to an S:
break, Expert A found that there were considerably fewer calculations with
MELPROG, SCDAP, and CORMLT than for the other cases, Using what results
were available from these codes and utilizing what MARCH and MAAP results
were available, he drew a distributior, with a midpoint at about 65%
zirconium oxidation. Since there would be steady steam flow through the
cere .in this ca.se, the amount of hydrogen produced is higher than for Case
1.
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; As Expert A did not give a distribution for Case 4, his distribution for

Case -3 is being used Dr Case 4. Expert A has been asked to approve of
this usage or pr "ide a separate distribution for Case 4.'

!

Sources of Uncertainty

; Expert A felt that the largest source of uncertainty was in the mechanism
i and timing of clad failure. Experimental work and improved modeling that

comes from better understanding will considerably reduce this uncertainty
,

in the next few years. Oxidation kinetics, natural circulation, and
;

blockage formation are relatively well understood, although the extent and
effects of the blockage are still the source of considerable uncertainty.

;
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Expert B's Elicitation

Issue 3: PWR Hydrogen Production

h serintion of Expert B's Rationale /Methodolorv

Expert B based his conclusions for early phase core melt progression
primarily on the results of various computer codes MELPROG TRAC,s-Ls 2
RELAP SCDAP,8-8 and CORMLT8 4 results These codes give a general idea of
how core degradation and melting progresses. E:epert B divided the core
melt into four stages:

1. The period up to the start of metallic relocation. The core
geometry is well known during this period, and most of the codes
give similar results. The largest uncertainty in this period is
the effectiveness of natural circulation.

2. The period of metallic relocation. Thiu period covers the melting
and downward movement of the zircaloy cladding. If metallic
relocation ceases before ceramic relocation starts, then the period
between them is included here. This period is treated in most of
the codes, but the details of this process are uncertain, so it is
difficult to say whether the code treatments are good approxima.'

tions. The largest uncertainty during this period is the formation
and effectiveness of a blockage across the lower fuel rods. This
blockage would consist of solidified zirconium containing dissolved
UO .2

3. The period of ceramic relocation. This period covers the downward
relocation of both solid and liquid ceramic material, including
U0 , Zr0 , and mixtures thereof. If ceramic relocation ceases2 2

before core slump, then the period between them is included here.
The events in this period are poorly known, but the hydrogen
production during this period is small compared with the two
preceding periods, so this fact does not have a large effect. 1

4. The period of ceramic liquid drainage and solid material slumping.
This period begins when a substantial fraction of the molten core
relocates into the bottom head and continues until vossel breach.
There are some experimental data on the events that may be expected
during this period. The treatment in MELPROG is the most advanced
one now available, The largest uncertainty in this period is
amount of material moving into the bottom head and its composition
and temperature. More than one drainage or slumping event may
occur during this period.

The new CORE module in MELPROG is very good, and MELPROG has the best
natural circulation model available. There currently is no hydrogen
blanketing model in MELPROG, but this is of low importance. Recent

.

Japanese data suggest that the old data were incorrect, and a new hydrogen
blanketing model will be put into MELPROC soon. CORMLT has a reasonable
hydrogen blanketing model, a good natural circulation model, and the best
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available treatuent of zircaloy relocation and blockage formation. MARCilB4
and MAAP8*5 assume that the core is comprised of one homogenous mattrial
rather than treating the zirconium and the ceramic tnaterial (Zr02 and UOg) I

separately. As the metal and the ceramic acit and relocate at different i
temperatures, such a treatment gives misleading results, and thus very |
little reliance has been placed on the results of these codes, Furthermore,
the blockage model in MAAP is clearly incorrect, as shown by the Power

'Burst Facility (PBF) and MRV results.

Results of Expert B's Elicitation

Expert B provided 1, 10, 50, 90, and 994 probable values for the amount of
hydrogen generated for two of the four cases. The amount of hydrogen
generated is expressed as a fraction relative to that which would be
produced if all the available zirconium in the core were oxidized. Values
over 1.00 are possible since some stainless steel may be oxidized in
addition to the zirconium. Expert B's views of PWR hydrogen production are
given in the following table:

RCS Pressure Probability

case (psini 1% lQ1 12.1 1Q1 221

1 2500 0.10 0.40 0.65 1.10 1.40
2 1000 1500 - - - - -

3 150 500 . . . . .

4 40 200 0,10 0,30 0.65 0,95 1,10

A discussion of each case follows,

Case 1. This is the "clancic" TMLB' case: meltdown at the PORV setpoint
pressure with the reactor coolant system (RCS) pressure boundary intact
until vessel breach. Expert B obtained his midpoint or best estimate from
the SCDAP REIAP5 results which showed the hydrogen produced was equivalent
to a zirconium oxidaticn fraction of 0,38. To this value he added a
fraction of 0.10 for late phase zirconium oxidation which is not modeled in
the code, and he added 0.08 for hydrogen produced during quench or the
molt water reaction when the core slumps into the bottom head, vhich is
also not modeled, lie thus got a fraction of 0,56 for zirconium alone, lie
then added about 0.10 for stainless steel oxidation to get his midpoint or
best estirnate: a zirconium oxidation fraction of 0.65.

This reasoning is summarized in the following table, which is given in
terms of zirconium oxidation fraction. The 10 and 90% values are shown in
addition to the rnidpoint values just discussed,
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Probability

Source of & $04 2.Q1 101

Early Phase (SCDAP) 0.38 0.50 0.30
Late Phase 0.10 0.20 0.05
Melt Water 0.08 0.15 0.05
Stainless Steel 0.09 0,25 0.00

Total llydrogen 0.65 1.10 0.40

Expert B's reasoning for the 10 and 904 probable values is illustrated by
the 90% probable case above. Expert B increased the zirconium oxidation
fraction in the best estimate case (0.38) to 0.50 since this was an upper
bound. lie figured that 40% of what was unoxidized in the early phase would
be oxidized in the late phase of the melt, and so obtained 0.20 for the
late phase amount. And he figured that half of what was unoxodized in
these periods would be oxidized in the molt water reaction, thus getting
0.15 for that value.

Expert B compared his early phase amounts with the code results. MARCH 5'S

gave low, middle, and high zirconium fractions of about 0.43, 0.61, and
0.75. As MARCH tends to overestimate hydrogen production, he expected his
values to be lower than MARCH. MAAP8'6 gives r.irconium oxidation fractions
between 0.20 and 0.35 with blockage assumed, and between 0.50 and 0.70 with
no blockage assumed, Older MELPROC runs with the two dimensional PINS core
module and natural circulation gave 0.55 for a relocation temperature of
2500 K, and 0.41 for a relocation temperature of 2200 K. With the one-
dimensional model and no natural circulation, the zirconium oxidation
fraction was 0.34 Considering all these models, Expert B thought that his
10, 50, and 90% probable early phase hydrogen amounts were about right.

The 1 and 994 hydrogen amounts were obtained by considering first
principles, as there were no code runs which produced results at these
extremes.

Case 2. This case has a very small break, either one which initiates the
accident or one that develops during an accident initiated by a transient
event, llaving considered Cases 1 r.id 4 first, Expert B concluded that Case
2 would fall between them. ?.:; fne differences in Cases 1 and 4 are slight,

Expert B concluded that Case 2 would be very similar to Case 1, and did not
provide separate amounts for hydrogen generation. The one exception is the
pump seal break in the cold leg. MELPROGB'1 results have shown that this
sequence behaves very differently than if the break is in the hot leg since
the loop seals clear. Expert B deferred to the other Expert on the panel
who is most familiar with the MELPROG results for this subcase.
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Case 3. This case has a small break, either one which initiates the
accident or one that develops during an accident initiated by a transient
event. Having considered Cases 1 and 4 first, Expert B concluded that Case
3 would fall between them. As the differences in Cases 1 and 4 are slight,
Expert B concluded that Case 3 would be very similar to Case 4, and did not
provide separate amounts for hydrogon generation. The one exception is the
pump seal break in the cold leg. If this break is large enough to be in
this class, then the discussion in Case 2 (above) applies.

Case 4. This case has a large initiating break; the RCS is at low pressure
at the start of core melt a.ad there ia little blowdown or natural
circulation during core melt. The uncertainties in this case are larger
than they are in Case 1 since there has been much less study of this case,
and there are few if any applicable calculations. Expert B obtained his
midpoint or best estimate from the RELAP SCDApa 3 results for TMLB' (Case
1). He reduced the early phase amount somewhat since there would be little
or no effective natural circulation. He increased the late phase amount
since there would be more zirconium left unoxidized after the first phase, j
As experiments have shown that 30% of the zirconium available is often
oxidized in steam explos ins that are likely at low pressure, he put the
metal water contribution at 0.15. No hydrogen was added for stainless
steel oxidation, as the temperatures are thought to be low enough to
preclude this source.

Expert B's reasoning is summarized in the following table, which is given
in terms of zirconium oxidation fraction. The 10 and 90% values are shown
in addition to the midpoint values just discussed.

Source of H; M1 Mi lQi
Early Phase (SCDAP) 0.30 0.40 0.20
Late Phase 0.20 0.25 0.05
Melt Water 0.15 0.20 0.05
Stainless Steel 0.00 0.10 0.00

Total tiydrogen 0.65 0.95 0.30

Sourcea of Uncertainty

Expert B concluded that there were many uncertainties in the entire core
melt progression process. The largest uncertainties have been mentioned
above for each phase of the melt progression. Other uncertainties are the
fraction of the rods around the outside of the core which are not degraded,
the strength and duration of natural circulation, the time and extent that
core blockage forms (if it does) and the completeness of this blockage, and
the effects of hydrogen blanketing. The effects cf accumulator (and UHI)
discharge are another large source of uncertainty. On one hand the water
inj e c tion could produce more steam and increase zirconium oxidation
markedly if the process were steam starved before the accumulator
discharge. On the other hand, the water could quench the core and shut off
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zirconium oxidation altogether. The amount of stainless steel oxidation in
the upper plenurn is poorly known, and the effects of the Inconel grid
spacers are not well understood.
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i' Expert C's Elicitation

Issue 5: PWR liydrogen Generation

Descrintion of Expert C's Rationale / Methodology

Expert C based his conclusions on the test results, the analysis of THI 2,
and on the results of various computer codes. The test results include
the PBF,C4 CORA,* and ACRR DTRc-2 experiments. The code results used were-

mostly from MELPROGc s and RELAPS/SCDAPC'' runs, lie saw the most important

phenomenon as the formation of a eutectic between the oxides of zirconium
and uranium.

Expert C divided the degradation and melting of the core into six stages:

1. From core heatup to the start of geometry changes (ballooning);

2. From the start of fuel ballooning to the start of autocatalytic
oxidation;

3. From the start of autocatalytic oxidation to the start of zircaloy
relocation;

4. From the start of zircaloy relocation to rod collapse;

i 5. From rod collapse to support structure failure; and

6. The period of' debris water interaction in the lower plenum.

Expert C discussed each of these phases in some detail, including how each
phase progressed for the four cases listed above. For Case 4, Expert C
made a distinction between the cases where _the break was the initiating
event and those cases where the break occurred sometime after the start of
the accident due to local overheating. The reason for this distinction is
that in the second case a large amount of steam.could be made available for
zirconium oxidation during the core melt due to-the flashing as the system
depressurizes. If the break was the initiating event, very little steaming
would ba expected during core heatup and melting.

Phase 1: from core heatup to the start of geometry changes (ballooning).
During this phase of the accident the generation rate of hydrogen is well
defined by. most codes. The uncovered fuel nodes commence heating up and

i

significant zirconium oxidation commences when the temperature reaches 1500
K. As the temperature increases toward 1700 K, autocatalytic oxidation >

commences. The reaction kinetics of the oxidation reaction, as well as the
rate limitations due to steam starvation, are well understood, and little

i uncertainty exists in calculating the hydrogen generation rate during this

| phase of the accident. The four cases behave much alike; the differences
are in the rate of heatup.

|

!

'J. E. Kelly, Trip Report on the CORA Workshop Meeting. October 23, 1987.
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Phase 2: f rom the start of fuel ballooning to the start of autocatalytic

oxidation. The changes in core geometry that accompany fuel ballooning and
bowing add uncertainty in that significant steate flow diversion may occur,
resulting in localized steam starved conditions. Moreover, in the open

core lattice o f P'.'Rs , natural convection may be reduced, thus increasing
core tem;)eratures which in turn would af f ect the hydrogen generation rates.

The dif ferences batween cases during this phase are more pronounced than
during the first stage. This is because the oxidation rates during this

phase are substantially higher. In addition, for Case 1 and possibly Case

2, no rod ballooning would be expected because of the high pressure in the
system. Natural circulation and p0RV actuation are irnpo r t an t in
determining the rate and the extent of clad oxidation. For Cases 2 and 3,

the continuous blowdown through the break reduces or t.11mi na t e s natural
convection and provides an abundant supply of steatn for zircenium
oxidation. Therefore, Expert C concluded that there would be less hydrogen
production in this phase of the accident in Case 1 than in Cases 2 and 3.
A possibic exception to this conclusion may occur if depressua.zation of
the system in Case 2 triggers the discharge of the t'

~ m onto the

heated core. This may have two possible outcomes. that the
~

,idation.discharge is sufficient to quench the core and tt .m .a ..w

The second, probably inore likely, is that the discharge of UHI results in
quenching some of the fuel, but that the steam generated in doing so
increases the pressure in the RCS which shuts off the UH1 discharge.
Several UHI discharges could occur, quenching the apper portions of the
core. Overall, if the UHI system injects during this phase of oxidation,
Expert C believed the effect would be to increase the total oxidation.
This is because clad c'xidat ion in the core would continue for a longer
period of ti.ce.

For Case 3, the UHI and the accumulators would discharge well before their
discharge could have any offect on oxidation rates. If an initiating large
break (Case 4a) c curs, Expert C expects little oxidation during this phase
unless the water level in the vessel is recovered. This is because very
little or no steaming wot.1d be expected with the pressures so low, and the
oxidation process requires steam. In Case 4b, where the accident turns
into a low pressure case during the core melt, the accident progression
would depend upon the time of the break. If the break occurs early, Case
4b will be much like Case 4a. If the break occurs later, e.g. , the hot leg
fails due to thermal stressen during the period of rapid oxidation, the
ensuing depressurization would result in vigorous flashing of water into
steam and fueling of the steam starved oxidation areas, thus increasing the
metal water reaction. Since it appeared that the thermally induced hot leg
(or surge line break) would occur fairly early in the accident progression.
Expert C did unt subdivide Case 4 when providing his results in numerical
form.

Phase 3: from the start of autocatalytic oxidation to the start of zircaloy
relocation. This phase of the accident la characterized by the very rapid
oxidation of zirconium accompanied by the liberation of large amounts of
energy which serves to further heat up the cladding and fuel. The
uncertainty in hydrogen generation rates during this stage is greater than
in the previous phase since the temperature of the cladding increases to

5.5-37
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the range in which eutectics can begin to form. Two factors affect the
uncertainty: (1) as the t erope r a t ure increases, the appi tc abilit y of the
oxidation rate equations become less certain; and (2) the uncertainty in
the temperature at which the fuel rod geoinetry changes take place impacts
the oxidation rate of zirconiurn. Before the start of zircaloy relocation,
the lower melting point materials comprising the control rods will most
likely begin to toelt and relocate downward. This relocation and quenching
upon contact with water will result in the generation of substantial steam
which may refuel stearn starved regions of the core and reinitiate vigorous
oxidation. For pWRs, the silver indium cadmium control rods begin molting
just as vigorous autocatalytic oxidation and localized steam starvation
take place, i.e., about 1700 K, The roelting silver and indium relocste
downward and are likely to contact water in all cases except Case 4. The
formation of eutectics at temperatures as lou as 1500 K to 1750 K has been
observed. The formation of these eutectics can result in early geomet ry
changes which can lead to steam flow redistributions and can influence the
oxidation rate early on.

The differences between the cases discussed in the previous phase apply to
this phase as well, and the differences are likely o be more pronounced.,

During this phase, however, addition of steam to tr tem by either UHI
injection (in Case 2) or sudden system depressurizat. ,in Case 4b) could
only increase the oxidation by supplying steam to tnose areas which had
previously been steam starved. During this phase an important source of
uncertainty in the early relocation of control rod materials.

Phase 4: frotn the start of zircaloy relocation to rod collapse. Hydrogen
production during this phase of the accident is heavily dependent on the
temperature at which the zirculoy relocates. The relocation removes the
zirconium from the high ternperature zone down to a low temperature zone,
which reduces the oxidation in the high teinperature region. Little if any
zirconium oxidation occurs in the low temperature region. Obviously, if
the zircaloy relocation occurs at a low temperature, low oxidation will
result.

The downward moving zircaloy relocation may form a core blockage which
would prevent the flow of steam to the unoxidized zirconium located above
the blockage. The formation of this blockage would depend on the location
of the water level. For Case 1, the blockage could be very extensive as in
TMI 2 because the water level would be above the bottom of active fuel.
The relocating Zr UO2 would solidify just above or at the water level. For
Case 2, a similar situation could occur if the UH1 system discharged prior
to the zircaloy relocation; the water level in the vessel would be above
the bottom of active fuel. For Cases 3 and 4a, the core blockage would
probably not form, or if it did, it would form on the support structure.

For Case 4b, core blockage would not occur because the induced RCPB rupture
would probably occur prior to the zircaloy relocation. The depressuriza-
tion would drop the water level to about the core support plate or below,
and therefore the relocating zircaloy would solidify on the core support,

plate or flow into the lower head. Of course if the depressurization were
to occur during zircaloy relocation, the large pressure differential would
probably blow through any blockage that had formed. Molten material might
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be ent. rained in the rapidly flowing stearn and hydrogen. The opening of
flow paths as well as entrainment in the exit flow could contribute
significantly to the overall hydrogen generation. Moreover, if inelted,

material is indeed entrained in the gas flow, there exists a possibility of
i very rapid oxidation of the entrained material and the generation of large

pressure spikes inside the reactor vessel.'

! Recent experirrental evidence indicates that a nickel zircontwa eutectic teay
form where the Inconel grid spacers contact the fuel cladding, This
cutectic ignites at a temperature below the autocatalytic temperature of.

the cladding. The autocatalytic oxidation of the Brid spacers would
generate sufficient energy to locally heet up the cladding which ignites in
turn, initiating a burn front propagting downward which results in

.
cladding relocation. This relocation removes the cladding from the hot

| areas and serves to further block the core, depriving the' upper regions of
the core of steam.

I Phase 6: from rod collapse to support structure failure. Following the
' relocation of the zircaloy, the fuel pellets can conceivsbly remain

;

standing in essentially their original locations. Eventually, these stacks)

~

begin to collapse and accumulate on the frozen relocated zircaloy and;

liquified fuel. In this manner, a rubble bed is forrned which, if
uncovered, as would be the case in all of the cases considered here, would
begin to heat up and rnelt. At the time of this relocation, the water level
in the vessel would probably be just below the core support plate and
therefore littic steamin6 would take place, This is true for all of the
cases considered. During this phase, because of the low steaming rate,
only a small additional amount of hydrogen would be genercted.

Phase 6: the period of debris water interaction in the lower plenum.
During this phase, the relocating materials would interact with the lower
plenum water resulting in the generation of large amounts ' of steam.
Moreover, dopending on the debris configuration and available zirconium,
addltional hydrogen would be evolved during this phase. LarEe surface
areas of zirconium would have to be available for interaction with water in
order to generate large amounts of hydrogen. But large surface areas imply
small particles, which innply rapid quenching and thus cooling. Therefore
from this standpoint, large amounts of hydrogen are not expected to be
produced. However, the steam generated by the relocating material could
fuel the steam Starved regions of the core still remaining in the core

i region; thus generating additional large amounts of hydrogen. Therefore
I the uncertainty in the relocation timing, (which indicates the amount of

core still in the core region when the first relocation into the lower
plenum occurs) is troportant.

The phenomenology of hydrogen production by the oxidation of the zirconium
cladding is a complex interaction of many physical processes. During_the
course of an accident several of the phases described above may occur -

- simultaneously so that separation of one phase from another is virtually
iropos s ibic .
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4 Results of Expert C's Elicitation

Expert C provided 1, 25, 50, 75, and 994 probabic values for the amount of
hydrogen generated for the four cases, lie broke up Cases 1 and 2 into
three subcases depending on the timing of the accumulator and UHI

i

discharge. He also added a Case 5, which is similar to Case 2 except that
the loop seals clear since the break is in the cold leg rather than the hot

,

: leg.

The amount of hydrogen generated is expressed as a fraction relative to
that which would be produced if all the available zirconium in the core
were oxidized. Values over 1.00 are possible since some stainless steel
may be oxidized in addition to the zirconium, but Expert C had no values
which exceeded 1.00, The times of accumulator and UHI discharge are
abbreviated as follows: bCH fer before core melt, dCM for during core
melt, and aVB for at vessel breach.

Expert C's conclusions about PWR hydrogen production are given in the
following table:

RCS Accm.
Pressure Dis- Probability

Case (nsia) eharfd _ 11 _Z11 _1Q1 211 211
la 2500 bCH 0.05 0.10 0.15 0.25 0.50
lb 2500 dCM 0.05 0.25 0.35 0.45 0.70
1c 2500 aVB 0.05 0.10 0.175 0.30 0.60

2a 1000 1500 bCM 0.05 0.20 0.325 0.40 0.60
2b 1000 1500 dCM 0.05 0.30 0.405 0.475 0.80
2c 1000 1500 ava 0.05 0.25 0.35 0.425 0.60

3 150 500 0.10 0.30 0.40 0.60 0.80
4 40 200 0.10 0.25 0.35 0.50 0 85
5 1000 1500 0.10 0,25 0.35 0.50 0.85

A discussion of each case follows:

Case la. This case applies if the RCS has been depressurized by operation
of the auxiliary feedwater system before the onset of core melt. The
accumulators discharge during this time. The RCS repressurizes before core
melt starts since the only means of water loss is through the PORVs. As
Expert C envisaged the accident progression, the water level drops
gradually and stays below the melt front. A blockage forms which covers
most of the core area above the water level. This blockage for~ : *ba
escaping steam to flow around the melting core and minimizea H2 production.
The blockage, being cooled by the passing steam, would . eventually be
breached by the hot oxides it contains. The oxides would pour into the
lower head as a jet.

Case Ib. In this case, meltdown at the PORV setpoint pressure proceeds
until a break occurs in the RCS pressure boundary during core melt and
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before vessel breach. The accumulators discharge during core welt. Expert
C believes the accumulator discharge will generate a large amount of steam

. that will oxidize zirconium that otherwise would go unoxidized due to steam
i

starvation. The quenching of the core caused by the accumulator discharge
is only temporary and does not significantly alter the blockege formation

- described for Case la.

Case Ic. This is a meltdown at. the l'uRV setpoint pressure with the RCS
pressure boundary intact until vessel breach (TM LB ' ) . The accumulators
discharge at vessel breach. Expert C sees the core melt process proceedin6
much as it does in Case la. The discharge of the accumulators at vessel
breach will quench the solid material left in the vessel after
depressurization is cornplete..,

Case 2a. This case has a very small break that initiated the accident.
The ac curnul a to r s have discharged before the onset of core molt. This

. occurred when the operators depressurized the RCS to a pressure below that
which would occur due to the break alone. Expert C concluded that this;

case would proceed sitnilarly to Case la. The hydrogen production probablyi

will be a little ht her than Case -la because of the continuous steam flowS
through the core due to the existence of the break. The blockage formation
will take place at the water level and move downward with it.

Case 2b. This case has a very small initiating break. A further failure
of the pressure boundary during the core melt process causes the
accumulators to discharge at that time. Expert C concluded that this case
would proceed similarly to Case Ib, except that the hydrogen production
probably will be a little higher because of the steady steam flow through
the core caused by the break. The blockage will form at the water level
elevation and move dowr, ward with it. The discharge of the accumulators
will aid in forming and stabilizing the blockage. Once the water level
reaches the support plates, the progression of events is the same as
described for Cases la, Ib, and Ic.

Case 2c. This case has a very small break, either one which initiates the
accident or one that develops during an accident initiated by a transient
event. The pressure remains above the accumulator setpoint until vessel
breach, - and the accumulatorn discharge 'i t vessel breach. Expert C
concluded that this case would proceed sin.ilarly to Case Ic. The hydrogen
production probably will be a little higher than Case ic due to the
continuous steaming,

_

Case 3.- This case has a small break, either one which inttintes the
accident or one that develops during an accident initiated by a transient
event. The break causes the pressure in the RCS to fall so low that the
accumuletors discharge before core melt start s.- Expert C saw the core melt
in th h caso proceeding in quite a different manner from the two cases
described previously. Here the water level drops to below the core support
plate fairly quickly. Consequently, the extensive blockage found in Cases
1 and 2 would not occur. Any core blockage that did develop would be
localized. However, because the water level is below the core plate,
little steaming would take place until some of the core starts dropphg-

|
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! into the water and quenching. This would start the oxidation of the
zirconium, resulting in substantial Ha production. The failure of the
reactor head will be by thermal attack by the surrounding particle bed.
The water in the lower head would have been evaporated by the lower
t eitpe r a t ure eutectic debris falling into the lower head. The higher
t erope ra ture debris would fall on the partially quenched itetallies and a ,'

raixture of oxides and teetallic debris would be ejected from the vessel upon "^

failure.

Case 4. This case has a large initiating break; the RCS is at low pressure
at the start of core melt and there is little blowdown or natural
circulation during core stelt. The accumulators discharge before core toelt
c omroe nc e s . The behavior of the core and melt progression will proceed
cosentially the same way as for Case 3. The major difference from Case 3
is that the water level in the core is below the core plate when core reelt
begins. This lite i t s the oxidation of zirconium during the early core
heatup phase. Thus the H production for this case will be a little less2

than for Case 3.

Case 5. This case is sittilar to Case 2e except that the break is in the
cold leg so that the loop seals clear. The clearing of the loop seals
results in establishing circulation through the steam generators, which
lirai t s the heating of the core. Expert C expects that the core
temperatures will remain well below the temperatures at which significant
circoniurn oxidatiors occurs. The core would eventually melt but the amount
of oxidation before the core slumps into the lower head would be very
small. After core debris drops into the lower head, the steam generated by
the quenching process would start the metal. water reaction and substantial
tirconium oxidation would take place. Tbc H production and lower head2

failure would be very similar to Case 4.

Sourcer, of Uncert & ty

Expert C observed that there were many uncertainties in the entire core
insitdown process. The largest uncertainty in hydrogen production occurs in
the phase in which the rirconium relocates downward, The temperature at
which the downward relocation of the circaloy cladding begins is known only
within vide limits. Whether this material freezes near the water level and
forms a blockage in the center of the core is also uncertain. If an
extensive blockage forms, it is likely to prevent steam from reaching the
unoxidized zirconium directly above it. Experimental evidence indicates
that blockage is not as crucial in pWRs as in BWRs. Since the PWR core has
an open lattice geometry, the blockage would have to extend almost to the
shroud in order to significantly af fect the availability of stearn to the
bulk of the core,
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Expert D's Elicitation

Issue 5: PVR llydrogen Generation

Drserietion of Exocrt D's Rationale /Methodolorv

Expert D based his conclusions primarily on a number of MAAP runs that were
made for Ringhals 3D-1 and Zion.D-2 Some of the Ringhals results are
contained in a document prepared for Issues 1 and 2 D-8 Ringhals 3 is a
three loop plant with a NSSS similar to Surry's, and Zion is a four loop
plant with a NSSS similar to that of Sequoyah. At Ringhals 3 and at
Surry, 1004 zirconium oxidation ca responds to approximately 750 kg of
hydro 6en, and 100% zirconium oxide! $ at Zion and at Sequoyah corresponds
to approximately 1000 kg of hydre.

The following table sunnarizes the MAAP runs for Ringhals 3:

Cumulative livdroren Production (kr) in MAAP for Ringhnis 3

Up to Up to
Case Relocation Vessel F ilute TotalA. . .

TMLB' 100 140 170

TMLB' with EIN
for 4 h 80 150 150

TMLB' with
three PORVs open 180 195

TMLB' with
one PORV open 230 230

TMLB' with Elv for
4 h & one PORV open 250 250

TMLB' with "lli"
Relocation Tempera-
ture 90 220

The interpretation of the three columns is as follows: for the base case
(first row) of the 170 kg of hydrogen producad during the entire accident,
100 kg had been produced by the time the core relocated and 140 kg had been
produced by the time the vessel failed, Only the first two cases were run
past the time of vessel failure.

I
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The following table summarizes the MAAP runs for Zion:

Total Hydrocen Production (ke) in MAAP for Zion

Case Total

TMLB' 210

TM1.B' with loop seals cleared 140

TMLB' with two PORVs open 240

Opening the PORVs increases the hydrogen production significantly.

The MAAP models include the injection of accumulator water when the RCS
depressurizes to the accumulator setpoint. However, if the accumulator
water is injected af ter core relocation is underway, the models allou no
cooling of the core debris, Nor do they include the production of hydrogen
in the upper plenum by steam reacting with stainless steel. As some of the
calculations havs shown very high temperatures in the upper plenum, some
oxidation of the stainless steel would be expected to occur in those cases.
Furthermore, MAAP assuines that oxidation of a quantity of zirconium ceases
when that quantity relocates.

Results of Expert D's Elicitation

Export D's decomposition is depicted in Figure D 1. The first branch
corresponds to the case structure and so does not have to be quantified.
Expert D felt that there was a big difference between core melt at 2500
psia and core melt at pressures below 1500 psia (15 MPa). The upper path
at the first branch is Case 1 above, and the lower branch is Cases 2, 3,
and 4. Case 1 differs significantly from the other three cases because
natural circulation is much more vigorous at 2500 psia than at the lower
pressures. This comes about because the steam densities are so much higher
at 2500 psia.

For the core blocked question, Expert . D thought the " blocked" branch was
more likely. The distribution he gave for this branching had a nidpoint at
0,80 (for the "yes" branch) and a broad distribution. If the core is
blocked, the amount of zirconium oxidized depends only on the amount of
steam available, and was generally quite low. How rauch zirconium is
exposed, and the relocation temperature, does not matter since the steam
does not reach the rirconium.

For the zirconiurn exposed or not exposed question, Expert D favored a-low
amount of zirconium exposed: the raidpoint of his distribution was 0.9 (for
the "Lo" branch) and this distribution was also quite broad. If a high
portion of the zirconiurn is exposed, the relocation temperature doesn't
matter much since it will get oxidized before or af ter relocation. Thus
there is no branching at the relocation temperature question for the path
with the high exposed zirconiuin fraction. For the relocation temperature
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i,
j question. Expert D favored a low temperature: the midpoint of his
J distribution was 0.67 (for the "Lo" branch) and this distribution was

extremely broad. k'hether the accumulators discharge during the core melt
is deterinined by the accident progression event tree, so t.his question does,

i, not have to be quantified.
,

! For each of the endpoints on the tree, Expert D provided rnidpoint, St. and
'

956 values for the arnount of hydrogen generated based on MAAp and other
code runs. A sunanary of sources for the hydrogen production values is
given in Table D1 for the seven cases for which Expert D had analyses
available. Table D 2 gives the 5, 50, and 95% values for all 16 endpoints
on the tree. The arnount of hydrogen produced is in kg for a plant the size,

' of Ringhals 3 or Surry. The column entitled " Code Ha" contains the amount.
of hydrogen produced as calenlated by MAAp (or another code). The next

. column shows what. additional amount of hydrogen may be expected if the
accumulators dump during core melt. Expert D's midpoint estirnate for this

'

amount was 150 kg, with a 56 probability of 25 kg and a 954 probability of
200 kg. These values remain the same for all cases where the accumulators
discharge after zirconium oxidation has started. The fourth column is the
additional amount of hydrogen produced by the oxidation of stainless steel
in the upper - plenum. The last two columns give the total atuount of
hydrogen produced in kilograins and in the fraction of the zirconium
oxidized. The final column, applies to all three pk'Rs in this study. Each
column has three entries, the 5, 50, and 954 probability values.

Table D 1;

Summary of Analysis to Support Confidence 1,evel
Assigtunents for the Logic Tree

End Best Estimate
point Confidence Level Supportint Analysis

A 0.99 Surry (Section '.2)4

B 0.90 Seabrook (Section 3.2.2)
Ringhals (Section 3.5.1)
Ringhals (Section 3.5.3)

C 0.95 Seabrook (Section 3.2.2)
Ringhals (Section 3.5.1)
Ringhals (Section 3.5.3)

'

Ringhals (Section 3.5.2)
Ringhals (Section 3.5.3)
Surry (Section 4.1)

Zion (Section 4.4)

D 0.99 Ringhals (Section 3,5.2)
Ringhals (Section 3,5.3)

E 0.75 Seabrook (Section 3.2.1)
Ringhals (Section 3.4.1)
Ringhals (Section 3.4.2)
Surry (Section 4.1)

Zion (Section 4.4)
5.5-47
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Table D 1 (continued)

End Best Estimate
.. Poing Confidence Level Suecortine Analysis

F 0.90 Seabrook (Section 3.2.1)
Ringhals (Section 3.4.1)
Ringhals (Section 3.5.2)
Ringhals (Section 3.4.2)
Surry (Section 4.1)
Zion (Section 4.4)

0 0.95 Ringhals (Section 3.5.2)

Table D 2
PWR liydrogen Production In Vessel

In Vessel Issue 5 (Expert D)

11 from 11 from Total 11 Fraction2 2 2
Code 11 Accm. Dump SS Ox, Produced of Zr Ox.2

[gge .(k e) (kt) (ke) (k L (ke)

A 125 180 225 25 150 200 20 35 50 170 365 475 94 51 66
B 100 150-200 0 25 50 75 125 200 275 17-28 38
C 250 340 360 25 150 200 30 50 70 305 540 630 42 75 88
D 200 300 350 0 60 75 90 260 375 440 36 52 61

E~ 200 265-300 25 150 200 20 40 60 245-455 560 34 63 78
F 175 220 275 0 40 60 80 215 280 355 30 39 49
M 240- 25-150 200 -20 410- 30 57 72
N 200- 0 -40- 240 23 33 43

G 120 150 175 25 150 200 15 25 35 160 325 410 22 45 57
11 100 120 150 0 20 35 55 120 155 205 17 22 28
I 230- 25 150 200 40- 420- 29 58 73
J 200- G 55 250- 25 35 45

K 180- 25 150 200 -50- -360- 23 50 6$
L 150- 0 -30- 190- 16 26 36
0 160- 25 150 200 -20- -330- 23 46 58

| P 100 120 150 0 15-30 45 115-150 195 16 21 27
-

g
,

i-
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Expert D observed that an accident could not produce oxidation of 100% of
the zirconium because some of the peripheral fuel assemblies were too cool
to reach circoniwa oxidation temperatures. Furthermore, the clad in the
bottom third of the core often got up to oxidation temperatures only when'

the water level had dropped below bottom of active fuel, thus shutting off
most of the steam supply, Considering that most accident progressions are
steam limited, it is usually hard to get any code to give over 50% oxida.
tion. Of course, most codes do not consider accumulator durep or steel
oxidation.

'

Expert D concluded that significant stainless steel reaction with steam to
produce hydrogen is only likely for cases with strong natural circulation,

flows. Analyses indicate that the 1eactor vessel internals above the core
are heated to temperatures which can give SS water reactions only for TML.B'
and similar events. Thus, no significant hydrogen from SS water reactions

-is expected for cases where the RCS pressure is below about 15 MPO (2500
psia) or cases in which the auxiliary feedwater is operating during core
melt.

S_ources of Uncertainty

if there is a supply of water to the core during core rnel t , hydrogen
production can be expected to be considerably higher than if there is no
such supply since there will be much more steam available. As these
scenarios (in which AW or ECC systems supply some water during core melt,
but not enough to arrest the melt progreasion) are not very iropo r tant ,
Expert D did not consider them further: however, the THI 2 incident was
just such an event as it had AFW flow, charging flow, and RCP start.

Depressurization of the RCS during core melt is also likely to cause more
hydrogen production as lowering the pressure will cause flashing. If the
water -level has dropped- below the bo t torn of active fuel,__ there is very
little steam production since the water in the lower plenum is largely
unaffected by the core melt progression. Flashing of this water would
provide a source of stearn during a period when the core is othuwise stearn
starved. The depressurization could come from a hot leg break or the
opening of the PORVs by the operators.

The amount of core blockage and the exposure of the zirconium surfaces have
been considered above, but the crude division into high and low branches is
clearly a source of uncertainty. Other sources of uncertainty are the
strength of natural circulation and c1 caring of the loop seals. These
uncertainties were considered to be less important than those explicitly
considered above, and their effects were not quantitatively included.

However, Expert D concluded that these uncertainties aru relatively small
compared with those accounted fo r by the variations in the analyses
considered, and ho did not take these factors into account explicitly.

Correlations With Other Variables

The core degradation tnodel used in the computer code directly affects both
the amount of hydrogen produced and the temperatures in the upper plenum of

5.5-49
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the reactor vessel, and the temperatures in the upper plenum relate
directly to the terope ra ture s in the hot leg, surge line, and SG tubes.
Since zirconium oxidation is exothermic, a high hydrogen production case is
also a high hot leg temperature case. Thus, in the sarnpling, it would be
inconsistent to take a low core temperature value for hot leg break (Issue
1) and a high zirconturn oxidation value for hydrogen production (Issue 5).

Whether hot leg failure occurs has implications for hydrogen production and
fission product behavior. If hot leg failure does occur, the stearn flow
rate in the core will increase. The amount of increase depends on how much
core blockage is assumed. If the zirconium oxidation has been s t e arn-
lirnited up to this tirne, it rnay increase dramatically after the break due
to the steam produced by flashing as the pressure drops. The same
increased flow rnay also greatly reduce the amount of fission product
deposition that occurs within the RCS, and thus inay affect the source terra.

5.5 50
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Expert E's Elicitation

PWR Hydrogen Production

Descriotion of Expert E's Rationale /Me+hodology

The assessment of Expert E is based upon a considerable amount of TM1 2
accident investigative and analysis experience, leading the development of
and makin6 auch use of two codes for evaluating severe core damage
progression (one for PVRs and one for BVRs), a f amiliarity with the MAAP
code,M and a large number of MAAP calculations. Expert E has had close
involvement with comparison of code calculations to the actual TMI 2 post-
accident findings, and has insight into code limitations and extrapolations
of code calculations to real events. A few basic assumptions utilized in
this assessment include the following:

1. Major movement of much of the remaining metallies (still unoxidized
zirconium,--iron, chromium, nickel, and control materials silver and
indium) to places where they both become inactive and affect steam

,

flow rates and flow patterns in the core (generally as a result of
refreezing);

2. Consideration of the effects of the formation of local blockages
in vessel that alter natural circulation patterns;

3, Natural circulation patterns that are counter to core predictions.
Inactive metallies are those which, as a result of the
configuration in which they exist (location and physical state,
e.g., relocated and refrozen), are unable to be oxidized within a

,

timeframe that would affect reactor _ vessel failure and the ensuing
primary phases of core concrete interaction (CCI) or direct
containment heating (DCH). !

Expert E assumed that once hydrogen production has begun, a ' unit of ;

hydrogen production" is equivalent ef fectively to a " unit of core damage" i

because of energy deposition into the system. That is, the production of
hydrogen from zirconium oxidation (the dominant oxidation process) leads to
significant core damage resulting from the massive energy release associat.
ed with -' the zirconium oxidation. _Thus, there is a direct relationship
between accumulated hydrogen production and progress to vessel failure.
The hydrogen production process was decomposed into two separate tiac
regimes for the assessment. The first time regime covers the fraction of
total zirconium oxidized in the core region whilo the core remained within
its boundaries, and the second time regime considers the additional
fraction oxidized both in the core and in the lower head (or in vessel)
after relocation of a portion of the core into the lower head. Expert E's
judgment is that at vessel breach there is little additional unoxidized
zirconium or other metallics available (uot active), on a practical time
scale, to be oxidized.

5.5 52 |
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Results cf Excert E's Elicitation

Expe r t. E's assessment consisted of two basic classes of accidents. The
first is referred to as the station blackout class of accidents, and the
second is the large break 1,0CA class. The first class of accidents
encompasses all system setpoint, high, and intermediate RCS pressure
accidents, and covers Cases 1, 2 and 3. The second class of accidents is
for low pressure accidents caused by rapid depressurization only and covers
Case 4.

1];ation Blackout Accident Class -Cases 1. 2. and 3

During the in core !! production portion of this class, the median value is2

equivalent to about 25% total zit sonium oxidation. Expert E judged that
oxidation equivalent to 50% of the zirconius inventory oxidation is the
absolute maximum of in core oxidation, because as mentioned earlier, the
system is overwhelmed by the energy release from oxidation. The core
degrades and experiences gross relocation to the lower head well within the
bounds of 50% equivalent zirconium oxidation. Early in the relocation
process, it was judged that snuch of the remaining unoxidized metallies
generally roove to places where they become inactive (e.g., freezin6 atlocations that will not result in their oxidation to any significant degree
prior to vessel failure). The distribution provided for the equivalent
fraction of core zirconium inventory oxidized in core in the first time
regime is as follows:

First Time Rggime In Core Eauivalent' 2r Oxidation Cases 1 3,

Cumulative Probability 0 ,05 .30 .70 .90 1.00
Equivalent t Zr Oxidized 0 10.00 20.00 30.00 40.00 50.00

Expert E determined a correlation between the amount of hydrogen produced
in the second time regime (the time regime in which the debris is located
to the bottom head) and the first time regime (the in core time regime):
higher values of in core oxidation will result in lower values of in-
vessel oxidation during the second time regime. As the in core oxidation
inc re a.s e s , there is both more total energy deposited in the core, causing
imminent vessel failure, and less availability, because of both consump-
tion and relocation of additional oxidizable metallies. This lower
availability wJ11 decrease the later oxidation that results from

! processes arising from molten core material slumping into the reactor
( vessel lower head. Expert E provided distributions conditional upon 5 to

15, 25, 35, and 45% in core oxidation values during the first time
regime.

'Use of the word equivalent refers to the consideration of total energy
release from all oxidation of all metallics as being from oxidation of
the zircaloy inventory in the core region.

5.5-53

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



. - - . __. - - _ - _ ~ _- . - - -

Additional Eaulvalent' Zr Oxidation During Sceond Time Regime Cases 1 3

Cumulative Probability 0.0 .05 .50 .95

Prior in core
Production Additional Oxidation Caused by Major
(equivalent t Core Relocation into the lower Head
2r oxidatim)1 (coulvalent t Zr oxidation)

10 20.0 305 15% -

10.0 2025% 0 -

5.0 1035% 0 -

2.5 545% 0 -

In order to estimate the total in vessel hydrogen production, the in core
and lower head production portions are summed. The in core portion is
divided into ranges of 10% increments with, for lack of sufficient
information, a uniform density assumed across the probability density
function (pdf) . The ranges for the in core portion of the decomposition
will be defined as follows: 0 to 106 - 1,10 to 20% - 1, 20 to 306 - 1,

3 2 3

1, and 40 to 50% - 1 . The cumulative curves of the lower30 to 406 - 4 3

head production portion are approximated with straight lines using the .05
and .95 fractiles as bounds. This yields a convenient uniform conditional
pdf for the lower head portion which can be easily convolved with the
uniform pdf's for in core production.

family of triangular pdf'sThe result of the convolved pdf's is a
describing the total hydrogen production for each of the ranges given in
the first portion of the assessment. For example, the convolved pdf for
the O to 10% range is a triangle with the base ranging from 10 to 40% on
the total hydrogen production axis and with its peak at the half way point
of 25%.

The probability for being within a total hydrogen production range is then
computed. The ranges for the total hydrogen production will be defined as

0 to 106 - T ,10 to 20% - T , 20 to 30% - T , 30 to 404 - T , 40follows: i 2 3

to 50% ~T, and 50 to $5% -T. The probability value is obtained by3 3

summing the multiples of the probability of being within each in core range
by the probability of being within the total range for each in core range:

Pr(T ) - E Pr(l )*Pr(T /I )3 i i 3 i

Pr(T /Ig) is the fraction of the area of the triangle contained inwhere 3
for the in core range I . The values for Ti Te are computedthe range T3 i

as follows (zero values are not listed):

*Use of the word equivalent refers to the consideration of total energy
release from all oxidation of all metallies as being from oxidation of the

zircaloy inventory in the core region.
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Pr(T ) - O3

PriT ) - Pr(I )*Pr(T /I ) - ( 05)*(2/9) = .012 3 3 3

Pr(T ) - Pr(1 )*Pr(T /I ) + Pr(I )*Pr(T /I ) + Pr(1 )*Pr(Ta/Is)3 3 3 3 2 3 2 3

- (.05)*(5/9) + (.25)*(2/9) + (.4)*(2/9) = .18
Pr(T ) - Pr(I )*Pr(T /1 ) + Pr(I )*Pr(7 /1 ) + Pr(1 )*Pr(T /I )4 3 4 3 2 4 2 3 4 3

+ Pr(1 )*Pr(T /I )4 4

- (.05)*(2/9) + ( 25)*(5/9) + (.4)*(5/9) + (.2)*(1/2) = .47
Pr(T ) - Pr(1 )*Pr(T /I ) + Pr(I )*Pr(T /I ) + Pr(I )*Pr(T /I )3 2 3 3 3 3 3 3

+ Pr(1 )*Pr(T /1 )3 3 3

- (.25)*(2/9) + (.4)*(2/9) +( 2)*(1/2) + (.1)*(7/9) = .32
Pr(Te) - Pr(I )*Pr(Te/I ) - (.1)*(2/9) = .023 S

The resultant cumulative probability distribution for total hydrogen
production based on equivalent % zirconium oxidized is:

Cumulative Probability Distribution for Total In-Vessel Eaulvalent
11rconium Oxidation Cases 1-3

Cumulative Probability 0.0 0.10 0.19 0.66 0.98 1.00
Equivalent t Zr oxidized 0.0 20.00 30.00 40.00 50.00 55.00

Larce Break LOCA Accident Class- Case 4

The main difference between the station blackout case and the large-break
LOCA case is that in the blackout case, zirconium oxidation is the most
dominant mechanism for energy transfer to the system and subsequent core
degradation, whereas, for the large break case, decay heat relatively has a
much larger effect in core heatup and melting. Also in Case 4, there is
less water in the system, and therefore less potential for zirconium
oxidation. So, for the in core portion during the first time regime, the
values Expert E supplied in the distribution were lower than for the
blackout case:

First Time Recime In-Core Eaulvalent Zirconium Oxidation--Case 4

Cumulative Probability 0.0 0.20 0.70 1.00
Equivalent % Zr oxidized 0.0 10.00 20.00 30.00

for the lower head portion, Expert E utilized the same type of correlation
and reasoning as for the blackout case. Distributions were provided
conditional upon 5, 15, and 25% in core oxidation values:
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Additional 7auivalent Zirconium Oxidation Durine Second Time Regime Case 4

Cumulative probability 0.0 0.05 0.50 0.95

Previous In Core Additional Oxidation Caused
Production by Major Core Relocation into
(equivalent % the Lower 11ead (equivalent %

Zr oxidation) 2r oxidation)

5% 10 15 20-

15% 5 10 15-

25% 0 5 10-

Again, using the same process for cor.volving, and the same range values for
1 to I3 and Tt to Te as outlined above, the results are as follows:3

Pr(T ) O3

Pr(T ) - ( .2)*(1/2) + ( .5)*(1/8) = .162

Pr(T ) - ( 2)*(1/2) + ( .a)*(3/4) + ( .3)*(1/2) = .633

Pr(T.) - (.5)*(1/8) + ( . 3)*(1/2) = .21
Pr(T ) - O3

Pr(Te) - 0

In additior.~ the value for 25% Zr oxidation for Case 4 can be calculated:

Pr(0-25%) - (.2)*(7/8) + ( 5)*(1/2) + (.3)*(1/8) = .46.

The resultant cumulative probability distribution for total hydrogen
production based on equivalent % zirconium oxidized is:

Cumulative Probability Distribution for Total In-Vessel Eauivalent 2r
Oxidation--Case 4

Cumulative probability 0 0.16 0.46 0.79 1.00
Equivalent % Zr oxidize.1 0 20.00 25.00 30.00 40.00

Sources of Uncertainty

The primary sources of uncertainty Expert C denoted in this assessment deal
with the core relocation processes. Another uncertainty is how much of the
metallies becomes inactive after relocation. Uncertainties arise as to the
timing of the relocation with respect to in-core zirconium oxidation.
Considering the time span to vessel failure and the ensuing primary
ramifications of that failure, uncertainties in how much of the relocated
unoxidized metallies remain inactive and for how long affect the outcome.
Also, the amount of steam that is actually availrble to the metallics that
still have the potential to oxidize (are still potentially active) provides

L additional uncertainties.
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Succested Methods for Reducint Uncertainty

The TMI 2 core and reactor vessel examinations already have provided unique
and highly appropriate data on both full scale reactor cora melting, and
slump'og progression and hydrogen production during in core zirconium
oxida.~;n (the first time regime). Completion of this examination,
including the further characterization of the slumped core rnaterials in the
reactor vessel lower head and damage caused to the lower head and its
components, will provide invaluable data on the effects of gross core
slumping ouc of the core boundacies (the second time regime),

It is of paramount irnportance that this THI 2 data base be more completely
used in- improving core melt progression modeling- Since zirconium
oxidation /H2 production is the dominant force in core melt progression,
such use of TMI 2 data therefore improves Ha production modeling.

The OECD LOFT LP FP 2 experimente2 is the second most important (after
TMI-2) data base for improving core melt (H2 production) modeling. The
data from this, experiment are extremely appropriate for making core melt
progression modeling improvements.

The many small scale experiments, such as the NRC Severe Fuel Damage
experiments in the PBF, ACRR, NRU reactors and the German out of pile CORA
experiments, offer very limited appropriate data that must be used with
extreme care and with great selectivity to avoid modeling assumptions in
core melt progression that represent small scale systems and si.g not apolv
to light water reactor (LWR) cores.

,
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5.6 Issue 6: PWR Bottom Head Failure

Summary and Aggregation of In-Vessel Issue 6
PWR Bottom Head Failure

Experts Consulted: Richard R. Hobbins, EG6G Idaho, Inc., (Idaho National
Engineering Laboratory); Garry R. Thous, Electric Power Research
Institute; Peter Bieniarz, Risk Management Associates; William Camp, Sandia
National Laboratories.

Issue Descriotion

What is the probability that temperature induced failure of the bottom head
in PWRs will result in the pressurized ejection of the molten core debris
rather than a gravity pour? Also important is the consideration whether
the vessel fails by formation of a .large hole, such as a penetration
failure by formation of a large hole. Throughout the description of this
issue, the hole size refers to the initial size not the ablated size.

In addition to the probability of failure mode, the Containment Loads
Expert Panel requested information about mass ejected as a function of
time, the temperature of the melt, the unoxidized metallic fraction of the
ejected material, t t the fraction of ejected material which is molten.

Initially, three cass . defined for this issue:

RCS Pressure Accumulators UHI
Case (osia) Discharred Discharred

1 2500 No No
2 2000 No Partial
3 200 to 1200 Partial Yes

The state of RCS pressure, the state of the accumulators, and the state of
the upper head injection (UHI) defined' in the case structure apply to the
time of vessel failure. The reference scenario representing Case 1 has no
break in the RCS pressure boundary until the vessel fails and the entire
meltdown takes place at the PORV setpoint pressure. In Case 2, there is an
S -size brcak as defined in NUREG/CR 4550 in the pressure boundary. Much3

of the core melt may-take place at 1200 to 1500 psia, but in the reference
scenario the RCS repressurizes to around 2000 psia shortly before vessel
failure.- In Case 3, there is an S size break in the pressure boundary.2

Most of the core melt is expected to occur below 600 psia, but - some
repressurization may occur before vessel breach. .Most simulations of core
meltdowns with-S breaks show complete or nearly complete discharge of the2

accumulators before vessel failure.

"'he pressures at vessel breach listed above can reruit from many different
scenarios. There are numerous variations on the cases listed above, and
they cannot all be considered here. Operation of the auxiliary feedwater

-

system, especially when the secondary system is depressurized, may lower
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the pressure at vessel breach si ,nificantly, and will af fect the timing ofE

accumulator discharge. There is no case for vessel failure at 200 psia or
less since gravity pour is assured for those cases.

UHI refers to the upper head inj ection system, a feature found only on
Westinghouse reactors in ice condenser containments. Of the three PWRs
considered in this study, only Sequoyah has a UH1 system. In this regard,
TVA has received NRC permission to physically remove the UHI at the next
refueling outage. The NRC has decided that Sequoyah should be analyzed
without UHI for this project, but this information was received only after
most of the experts had completed their assessments.

Summary of Exnerts' Rationale /Methodolotv

Four members of the panel considered the issue of the mode of failure of
the vessel for PVRs; their conclusions are shown in Tables 6-1 and 6-2.

Expert A based his analysis upon his work on the TMI 2 accident, MAAP
calculations, and experience in comparing cc 'e results to the TMI 2
accident. Expert A treat +d all three cases toget.her since he felt there
would be no significant differences between them. He believed that vessel
failure will always be a penetration failure, The initial hole size will
be about 1 or 2 square inches, and will ablate rapidly. No more than 60%
of the core can be ejected, and the portion that is ejected will all escape
in about a minute.

Expert B based his analysis primarily on the accident at Three Mile Island
(TMI). He has spent most of the past few years analyzing the data that has
been developed as the core at TMI 2 has been dismantled and removed.
Expert B divided PWR bottom head failures into three types: high pressure
melt ejection (HPME), gravity pour, and dump. (He uses the term ' dump' to
denote a massive creep rupture failure of the vessel.) Expert B concluded
that the vessel failure mode depended directly on the amount of zirconium
oxidation in vessel, and divided the zirconium oxidation into three ranges.
To obtain his split fractions for vessel failure mode, Expert B decomposed
the problem on the basis of: crust formation, lower support plate failure,
debris quench in bottom head, penetration failure or vessel failure by jet
impingement, and f raction molten at vessel failure. His split fractions
for HPME ranged from 17 to 31% , for gravity pour from 23 to 27%, and for
dump from 46 to 58%.

Expert C based his conclusions primarily on MELPROC calculations and on
experimental results. Expert C felt he could not distinguish subcases on
the basis of zirconium oxidized in-vessel. For Cases 1 and 3, his
assessment was that the vessel would always fail at a penetration,
resulting in HPME. For Case 2, he felt'that 75% of the time the loop seals
would clear and that the debris in the 5 ttom head would be rich in
unoxidized metals, which would fall the vessel by eutectic formation with
the steel. The other 25% of the time he felt the loop seals would not
clear and Case 2 would behave like Case 1.

5.6-2
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Expert D based his conclusions on the experiments, the analysis of TMI 2,
and on the results of variouc computer codes. He concluded that the high
pressure sequences would probably result in vessel failure due to the
impingement of an oxidic jet. Thus the material initially ejected would be
largely oxidic and contain only a small fraction of unoxidized metal. As
the vessel fails relatively early in this mode, only the material already
in the bottom head at the time of failure is available for expulsion. If

the impinging jet did not fail the bottom head, then the accumulating
debris would fail it somewhat later, and the debris ejected initially would
still be largely oxidic , but with a higher metallic fraction. The low
pressure sequences would result in the accumulation of core debris in the
bottom head, and the most likely failure mechanism would be thermal attack
and a large local failure. The ejected material would be highly metallic.

There was a wide difference of opinion for the mode of vessel breach. One
expert was certain that vessel failure would always be by failure of a
penetration, resulting in HPME all the time for all three cases. Another
expett concluded that HPME would occur only about 25% of the time for all
three catas. Only Expert B thought that a " dump" or gross bottom head
failure was pec.sible. Expert B also provided failure mode split fractions
for three ranges or in-vessel zirconium oxidation while none of the others
did. Since his results for the three oxidation ranges were not markedly
different from each other, in the aggregate there is no significant
dependence on the fraction of zirconium oxidized in vessel. Thus, Expert
B's failure mode fractions for the 30 to 60% zirconium oxidation range were
used to obtain Table 6-3.

Method of Acgrega d9.D

None of the experts gave all the information requested about the melt
ejection process, While each expert provided some of the requested
information, there was no common form for what information was received.
Thus it was very difficult to derive the inforn.ation requested by the Loads
Panel. The steps taken to put some of the information in a common form are
described in this section.

For the mode of vessel failure, the fractions were averaged across the four
experts. Expert B gave failure mode split fractions as a function of the

amount of in vessel zirconium oxidation (see Table 6 2). As none of the
other experts considering this issue felt the failure mode depended in a
known way on the amount of zirconium oxidation in-vessel, when an aggregate
was formed that preserved the dependence on zirconium oxidation, it was not
significant. This follows from the fact that the failure mode spi n
fractions provided by Expert B for the three ranges of zirconium oxidation
were fairly similar, especially compared to the conclusions of the other
experts. Thus, no dependency on zirconium oxidation is shown in Table 6 3.
As the values of Expert B for 30 to 60% zirconium oxidation were very close
to the average of his three ranges , those failure mode split fractions were
used in the averaging performed to obtain Table 6 3.
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To aggregate the results for the core fraction ejected promptly, several
inferences had to be drawn from the material provided by the experts in the
elicitation sessions. Expert A provided a probability density distribution
which was summed to give a cumulative distribution. Expert B said only
that he was 80% confident that less than 40% of the core would be ejected. a

To obtain endpoints for his distribution, it was inferred from his
discussion that not less than 10% of the core would be ejected, nor more
than 60%. This gave the three points for Expert B shown in Figure 6-1.
Expert C provided relative weights for four ranges of temperature and total
mass in the bottom head at vessel failure. From his statement that all of
the molten material plus 20 to 30 tons of the solid material would be
ejected promptly, the first table in Section 6.2 was used to form the
following table, based on a total core mass of 176 tons.*

In Lower Head_

Total Fraccion Ej ec ted
Temperature Weight Mass Molten Material

Recion m) (%) (Tons) (%) (Tons) Lil
1 2600 to 2900 16 150 45 98 55
2 2450 to 2600 32 140 40 84 48
3 2250 to 2450 31 120 30 61 35
4 2210 to 2250 21 100 15 35 20

The total mass and fraction molten refer to all the material in the bottom
head. The last column gives the promptly ejected material as a fractbn of
the entire core (mass basis). These values were used with the relative
weights to construct a probability density function, from which was derived
the cumulative distribution for Expert C shown in Figure 6 1.

The information that Expert D provided indicated that the minimum fraction
ejected was 14 t. , and the maximum was 27%, These two points were used as
the endpoints for a straightlina distribution.

Ageregated Results

The range of information about the fraction of core material ejected is
very broad and covers the entire range of plausible values. Figure 61
shows the distributions provided by the four experts and the aggregate i

distribution for the fraction of the core ejected promptly. The maximum
fraction of the core ejected is about 60%. The midpoint value for the
aggregate distribution is about 30%. Several assumptions had to be made to
get a distribution for the fraction of the core ejected for some of the
experts. There is not enough information for the other properties of the
ejected debris to make plotting distributions worthwhile.

*This is not the current core mass for the Surry case. The Expert,
however, carried out all of his calculations with an oversize core so that
the percentages provided are current.
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Experts A and B thought that there was a direct relationship between the
amount of zirconium oxidation in-vessel and the temperature of the ejected
material. Expert A expected the ejecta to be between 2000 and 2800 K.
Expert B gave temperatures ranging from 1300 K to 3100 K which depended on
the amount of zirconium oxidized before vessel failure. For the HPME
failure mode, he provided three points for each of the oxidation ranges:

Zr Oxidation 5% Prob, }0% Prob. 95% Prob.

< 30% 1300 K 2000 K 2600 K
30 to 60% 1300 K 2400 K 3100 K
> 60% 1300 K 2600 K 3100 K

Expert C concluded that the ejecta would have a temperature between 2200 K
and 2900 K. He placed 63% of his weighting on temperatures between 2250 K
and 2600 K, which were the central two regions of the four he defined. It

is difficult to say what Expert D intended, but it is inferred from the
information he provided that he expects the ejected core debris to have a
temperature around 2800 K.

For the fraction of the ejected core debris that is unoxidized metal,
Expert A provided a number of distributions which were convolved together
to obtain a distribution for the fraction of the total zirconium which is
both unoxidized and ejected. The range of this distribution is from 0% to
17.5%. If the maximum fraction is applied strictly to the zirconium then
the ejecta is about 4% unoxidized metal. It may also be argued that the
metal in the core other than zirconium should behave in much the same way.
If the 17.5% is applied to the total metal in the core, then about 12% of
the debris is unoxidized metal.

Expert B gave a singic value for the fraction of unoxidized metal in the
ejecta for each of his zirconium oxidation ranges: 15% metal for > 60%
oxidation, 35% metal for 30 to 60% oxidation, and 60% metal for < 30%
oxidation.

From the information provided by Expert C, the fraction of unoxidized metal
can be calculated for Case 1:

In Lower Head In Eiecta
Total Fraction Metal

Temperature Weight Mass * Molten Fraction
Recion (K) (%) (Tons) (%) (%)

1 2600 to 2900 16 150 40 41
2 2450 to 2600 32 140 40 48
3 2250 to 2450 31 120 20 33
4 2210 to 2250 21 100 10 29

"This is not the current core mass for the surry case. The Expert,
however, carried out all of his calculations with an oversize core so that
the percentages provided are current.
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As in the table for Expert C on the previous page, the total mass and metal
mass refer to the material in the bottom head just before vessel failure.
The metal fraction is the fraction in the ejected debris. It may be noted
that the fraction molten is highest for the range which has the second
highest fraction ejected. In deriving the metal fraction in the ej ected
core debris it was assumed that all the n.etal was molten at the time of
vessel failure. (Expert C stated that all the molten debris plus 20 to 30
tons of the solid material was ejected at vessel failure.)

Expert D did not give a fraction for unoxidized metal in the ejected
debris, however, it appears from his tables that he expects the unoxidized
metal to constitute about one quarter of the ejected material for the high
pressure cases.

The experts were asked to estimate the time for the melt ejection and the
time for the gas blowdown following the melt ejection. The information
obtained in the elicitations is as follows:

HPME Cas Blowdown
Extie r t (s) (s)

A = 60 N.A.
B < 60 N.A.
C 4 60
D 30 20
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Figure 6-1. Core Fraction Ejected.
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Table 6-1
Experts A, C, and D

Mode of Bottom Head Failure

Case Expert A Expert C Expert D

RCS Pres.
(osta) HPME' E2MI HPME Ennr HPME Pour

1 2500 100% 0% 100% 0% 90% 10%

2 2000 100% 0% 25% 75% 90% 10%

3 200 1200 100% 0% 100% 0% 20% 80%

Table 6 2
Expert B; Mode of Bottom Head Failure

Failure Mode

RCS Pres. Zirconium
gagg (osia) Oxidntion llE11E Epar _Dum2

1 2500 < 30% 31% 23% 46%

1 2500 30 to 60% 25% 23% 52%

1 2500 > 60% 21% 23% 56%

2 2000 < 30% 28% 25% 47%

2 2000 30 to 60% 21 24% 53%

2 2000 > 60% 20% 23% 57%

3 200 to 1200 < 30% 25% 27% 48%

3 200 to 1200 30 to 60% 21% 26% 53%

3 200 to 1200 > 60% 17% 25% 58%

Table 6 3
Aggregate; Mode of Bottom Head Failure

Failure Mode
_

RCS Pres.
Case (osia) HPME Pour Dumn

1 2500 79% 8% 13%

2 2000 60% 27% 13%

3 200 to 1200 60% 27% 13%
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Expert A's Elicitation

Issue 6: PWR Bottom Head Failure

Descriotion of Exoert A's Rationale /Methodole ry

For. this assessment,- Expert A's. judgment is based upon extensive
' involvement in the TMI-2 accident ^ 1 investigation,-including many detailed
analyses.of the core damage phases of the accident up through the slumping
of.10 to 20' tons of molten core material into the TMI-2 vessel lower head,

Also, the assessment is ba. sed-on long-time familiarity and utilization of
- the MAAP code ^-a,to A 5 and. its preceding model for lower vessel head failure
developed as part of the Zion safety study. A*8' Expert A has been-involved
with detailed comparisons of code calculations to the actual TMI 2 post-
accident findings ,^ 7 --and has insight into code limitations and
extrapolations, of code calculations to real events.

' A $ basic assumption used in this assossment is _ the relatively early and
- maj o r_ slumping - movement of unoxidized metallies _(still unoxidized
zirconium, _ iron, nickel, chromium, and control materials such as silver and

indium) within the_ reactor vessel during core relocation. Specifically, the
impact. of . the refreezing- of these metallies upon both components of-the
lower core and vessel internals, as occurred at TMI-2, is taken into

'

account. This process effectively separates many of the still. potentially
- unoxidizable .netallics from the later slumping of a large portion of the
core-mass;into the reactor vessel lower head. The slumping core material
then would'be composed primarily of (uranium, zirconium) 0 , i.e., composed-

2
mainly of . 'a' fully oxidized material. -Most of these separated metallies

! then can-be considered to be inactive (unoxidizable) within the - timeframe
- of vessel? lower head' failure.

|
Expert |A believes that 11ower . head ' failure will' always be local and
- initially. - small, . e . g . , at a penetration- (~ 1/2 ain ), with follow-on
ablation of the hole _ as ;the molten core is ejected from the-vessel; failure-

. . time would be delayed for only a short time ( 10 minutes) following major
|~ core _ slumping into the lower head. : The post-failure ejection time would be

about o. .. minute (i.e., several tens of seconds),- and constant ' rate of
ej ection can be assumed across _ the - time- span for practical- purposes.

|'

Results of Excert A's Elicitation h

L

Expert - A did not d' ifferentiate between the three cases supplied,- a single -iL

distribution ' was provided ' for all three cases, since - the overall-

progression _ of core melting _(i.e. , the overall thermodynamic state of the
partially _ molten core) in these: cases would be similar if evaluated at the
point where there would be major core slumping into the lower head. As the
first part of the. elicitation, the fraction of core mass that is ejected at

- vessel failure is provided. The upper bound of this mass is 60% because
some of the _ core (probably at least 40%) is judged either not yet _' melted
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(primary) or to be refrozen upon reactor vessel internals (secondary) prior -/

to gross core slumping into the lower head. The distribution provided for
the fraction of core mass ejected is as follows:

Fraction of Core Mass Eiected Uoon Lower Head Failure

Cumulative probability: 0.0 .05 .15 .40 .70 .90 1.0
% Core ejected: 0 10 20 30 40 50 60

The median value ia at about 33%. The fraction of core mass ejected from
the vessel would be directly correlated to the amount of hydrogen
produced in vessel; but, due to several effects such as refreezing (even
in the lower plenum of the vessel), the correlation holds only to the
first order.

The next step was to determine the fraction of equivalent total zirconium,

that is both unoxidized and ejected from the vessel at failure. This
value includes metals other than zirconium (e.g., iron, chromium, and
nickel) treated as equivalent zirconium. In general, as noted above, ,

Expert A believes that most of the still unoxidized metal will be held up
in vessel where it - will have never melted (e.g., in both the outer
periphery and the lowest portion of the core) or will have " moved and
refrozen" in the lower core or on vessel structures as is directly
supported by TM1 2 evidence. In Expert A's judgment based directly on
chemical analysis of the core material in the lower head of TMI-2 if
vessel breach had occurred during the TMI 2 accident, the metallic
content of the ejected molten core would have been totally " inactive."
That is to say, virtually all of the metal in the ejected core would
already have - been - oxidized, and most, if not virtually all, of the
remaining unoxidized metals would have been held up in vessel.

Of course, a limited amount of unoxidized metallies, primarily components
of steel and stainless steel (iron, chromium, and nickel), would have
been entrained in the ejected material as a result of the limited
ablation of both lower core support structures along the slumping core
pathway and the vessel head at the failure locations. These metallies
contribute much less potential exothermic energy upon oxidation than an
equivalent mass of zirconium and are therefore of notably less importance
in determining ensuing core-concrete interactions and any direct
containment heating effects.

There are correlations between the amount of core available to be ejected
(i.e., molten and mobile) and both unoxidized metal in the ejected melt
and the temperature of the melt at ej ection. For a given temperature at
ejection, if there is a small amount of core available to be ejected,
there will be relatively small amounts of unoxidized metal in the ejected
melt. If there is a high amount of core ejected, there will be
relatively higher amounts of oxidized metals, but relatively low amounts
of unoxidized metal. The intermediate values of ejected mass probably
will possess the highest relative amounts of unoxidized metal.

The absolute amounts of equivalent unoxidized zirconium are strongly
dependent upon the temperature of the core mass at ejection, with less

5.6 12
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equivalent unoxidized zirconium available as temperature increases.
Expert A therefore initially provided the amount of unoxidized equivalent
zirconium in the ejected core melt for levels of about 10 to 20%, 30 to
40%, and 50 to 60% core mass ejected at an initial ejection temperature
of 2000 K. The effect of increasing the initial temperature of the
ejected mass will be discussed later,

Equivalent Amount of Unoxidized Zr Ejected as a Function of Ejected
Core Mass if Ejected Core Material is at 2000 K

Cumulative Probability: 0,0 .10 .75 .90 .98

Core fraction Equivalent % unoxidized Zr in melt
ejected at 2000 K:

10% to 20% 0 2.01.5- -

30% to 40% - 5.0 7,5 12.0 15.0
50% to 60% 3.0 6.0 9.0- -

To obtain the fraction of core zirconium that is both unoxidized and
ejected at a temperature of 2000 K and at failure, the two distributions
must be convolved. Discrete ranges for fraction of core ejected are
selected in 10% increments as follows F - 0 10%, F - 10 20%, Fe3 2 ....

50 60%. Discrete ranges for % of unoxidized equivalent zirconium in-

the ejected melt are then selected in 2,5% increments: 2 - 52,5%, 22-3

55%, 2 - s17.5%, Probabilities associated with each of the core,,,, 7

ejection ranges is then multiplied by the probability that the zirconium
value is less than or equal to 2 and summed for each core ejection3

range, 1 - 1 through 6:

Pr(Z ) - I Pr(F )*Pr(Z /F )3 t 1 3 i

Where Pr(Z /F ) is the probability that the zirconium value is less than3 t
or equal to Z3 for the core ejection range F . The values for Z through

3 i

Z are computed as follows:7

Pr(Zg) - Pr(F )*Pr(Z /F ) + Pr(F )*Pr(Z /F ) + . . . + Pr(Fe)*Pr(Z /Fe)1 t 1 2 i 2 i

- (.05)(1)+( 1)(1)+(,25)(0)+(.3)(0)+(,2)(0)+(,1)(0) - .15

Pr(Z ) - Pr(F )*Pr(2 /F ) + Pr(F )*Pr(Z /F ) + . . . + Pr(Fe)*Pr(Z /Fe)2 1 2 1 2 2 2 2

= (.05)(1)+(.1)(1)+(.25)(.1)+( 3)(.1)+(.2)(.6)+(.1)(,6) = .39

Pr(Z33 - Pr(F )*Pr(Z /F ) + Pr(F )*Pr(Z /F ) + , , . + Pr(Fe)*Pr(Z /Fe)3 3 2 2 3 2 3

= (.15)(1)+( 55)(,75)+(,3)(.85) = .82

Pr(Z.) - (.15)(1)+( 55)(.85)+(.3)(1) = .92=.

Pr(Z ) . . . = ( .15)(1)+( 55)( .9)+( . 3)(1) = .953

Pr(Ze) - ( 15)(1)+(.55)(.98)+(.3)(1) = .99=.

Pr(Z ) - 1-
7 !

,
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The resulting distribution for the equivalent fraction of core zirconium
that is both unoxidized and ejected from the vessel at 2000 K is:

Eguivalent Amount of Unoxidized Zr Ejected if
Ejected Core Material is at 2000 K

Cumulative probability: 0.0 .15 .39 .82 .92 .95 .99 1.0

% equivalent zirconium
unoxidized and ejected: 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

It is then necessary to consider the effect of melt ejection temperature.
Expert A judged that the ejected melt temperature would range from 2000
to 2800 K, with temperature increasing with increased oxidation of the
molten core material that will be ejected. That is to say, Expert A
believes that there is a direct relation between the amount of unoxidized
metal in the melt and its temperature; the higher the temperature, the i

lower the fraction of unoxidized zirconium contained in the melt.

The distribution of equivalent unoxidized zirconium in the ejected
material is given in the following table as a function of ejection
temperature. Note that the variable in the table is expressed as a
fraction of equivalent unoxidized zirconium in the melt at 2000 K. For
example, if the 2000 K ejected material contains 10.0% equivalent
unoxidized zirconium (cumulative probability of 92% from the table
above), then an ejected mass at 2400 K would contain 0.7 (from the table
below) times 10,0%, or 7.0% equivalent unoxidized zirconium.

Effect of Initial Temperature of Ejected Core Material
on Ejected Fraction of Eauivalent Unoxidized Zirconium

Melt ejection temperature (K) 2000 2200 2400 2600 2800

Fraction of equivalent
unoxidized Zr at ejection 1.0 0.9 0.7 0.4 0.05

Sources of Uncertainty

The maj or source of uncertainty arises from determining the combined
amount of core material that has not melted prior to vessel failure and
that has refrozen in-vessel. Another source of uncertainty is the amount
and types of unoxidized metals that are frozen in the vessel- i.e., it is
believed, based upon TMI 2 experience and logical sequencing of core melt
progression, that an effective zone refining is occurring as the core
melts, rasultine in a relatively efficient separation of unoxidized
metallies from the primary material that is ejected upon vessel failure.
Very high temperature (> 2200 K) oxidation kinetics are additional
uncertainties.

k
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Surgested Methods for Reducing Uncetrainty

| A careful evaluation of the data that has been and will be obtained from
| TMI 2 regarding both the slumping of molten core material into the TMI 2

vessel lower head and the damage caused to the head and its components
(e.g., the in core instrumentation penetrations) should provide the basis
for a well defined problem of lower head damage caused by a slumping
molten core. Applying existing models for such events to this problem
will enable checking and improvement of these models.

The inferred core melt progression and effective zone refining of
unoxidized metallics that occurred in the TMI-2 case must be accounted
for in core melt progression models. For example , data show that the
upper core debris bed and both the large nearly homogeneous once molten
reS on in the lower core and the virtually identical (chemically)t
relocated inass in the lower head are notably deficient of zirconiwn
(about 50% and approximately 30 to 40% missing, respectively). The
latter material, as represented by the relocated material in the lower
head is essentially 100% oxidized i.e., no remaining unoxidized
metallics.

.
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Expert B's Elicitation

Issue 6: PVR Bottom Head Failure

pAserintion of Expert B's Rationale / Methodology

Expert B based his assessment primarily on the evidence obtained from the
accident at Three Mile Island 2.8-1 to 84 He has had extensive experience
analyzing this accident, and applying information from this accident and
the PBF tests -a to e lo to reactor accidents in general.e

Expert B felt that the failure of the bottom head would proceed similarly
for the PWRs and - the BWRs. For the PWRs, he divided the failures into
three clastes:

1. HPME,
2. Gravity Pour, and
3. Dump.

The HPME failure mode implies both a relatively small hole and high enough
pressure in the RCS at the time of failure to eject the core material. The
gravity pour failure mode implies either a hole large enough that HPME does
not occur or insufficient driving pressure in the vessel. Expert B uses
the term ' dump' to denote a massive creep-rupture failure of the vessel.

Expert B concluded that the vessel failure modo depended directly on the
amount of zirconium oxidation in vessel, and divided the zirconium
oxidation into three ranges. Below 30% zirconium oxidation, there would be
lots of unoxidized metal present in *.he core material in the bottom head,
and eutectics would for:n readily. The alpha form of zirconium dominates,
with ' melting temperatures around 2200 K. Between 30 and 60% zirconium
oxidation in-vessel, there is less unoxidized metal available. The
monotectic dissolution of of UO by zirconium implies a melting temperature2
around 2700 K. Above 60% zirconium oxidation, the material in the bottom
head is largely oxidic, and the temperature of the core material will be
above 2800 K.

To obtain his split fractions for vessel failure mode, Expert B decomposed
the problem on the basis of:

1. Crust formation,
2. 1.ower support plate failure,
3. Debris quench in bottom head,
4 Penetration failure or vessel failure by jet impingement, and
5. Fraction molten at vessel failure.

Export B quantified an event tree containing these five questions for the
three levels of zirconium oxidation for each of the three cases (nine trees
in all). Each of the 32 endpoints in the tree was assigned to one of the
three failure modes listed above. Evaluation of the tree gave the fraction
for each failure mode for each of the nine combinations of case (RCS
pressure) and subcasc (fraction of zirconium oxidized in-vessel) .
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Results of Expert B's Elicitation

Expert B provided failure mode information for three levels of zirconium
oxidation for each of the three cases. lie did not provide durations for

the gas blowdown following melt expulsion, nor did he provide values for
gas temperature at vessel breach. The nine cases and subcases are:

Failure Mode

RCS Pres. Zr
Gug (osia3 0x- RE f.mir _umn

1 2500 < 30% 31% 23% 46%

1 2500 30 60% 25% 23% 52%'

1 2500 > 60% 21% 23% 56%

2 2000 < 30% 28% 25% 47%

2 2000 30-60% 23% 24% 53%

2 2000 > 60% 20% 23% 57%

3 200 to 1200 < 30% 25% 27% 48%

3 200 to 1200 30 60% 21% 26% 53%

3 200 to 1200 > 60% 17% 25% 58%

-

For each of the three values of zirconium oxidation for each case, Expert B
provided a table of ejection mode and probability, mass ejected, melt
temperature and superheat, and fraction molten for different portions of
the debris ejection. The meaning of the first two columns for HPME and
Dump is that the essentially all of the core that leaves the vessel at all
will leave the vessel is less than one minute. For the Pour failure mode
in Table B-1, Expert B expects 5% of the core that leaves the vessel at all
to have escaped in 5 minutes, 50% to have escaped in 100 minutes, and 95%
to have escaped in 225 minutes. Note that these_ percentages are of the
core that escapes; the amount that escapes is given in columns 3 and 4.
According to Expert B, the probability is 80% that less than 40% of the
core will escape at vessel failure, for all cases and subcases. The next
three colwnns provide the 5%, 50%, and 95% values of the melt temperature
distribution for each subcase. The last two columns give corresponding
values for the fraction of metal in the melt and fraction of the ejected
material which is molten.
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Table B 1
Information for Each of the Three Values of Zirconium Oxidation

RCS at 2500 osia - Zr oxidation < 30%

Time Melt Ejected Temnerature
Super Metal Molten

Prob, (min) Prob. Core Prob, Melt heat in Melt Fraction
(O E (O (O ,(yd E (O (O

31% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 60 10
20 > 40 50 2000 100 60 80

95 2600 400 60 100

23% - Gravity Pour

5 5 80 < 40 5 1300 50 60 10
50 100 20 > 40 50 2000 100 60 80
95 225 95 2600 400 60 100

46% - Dump

100 0 80 < 40 5 1300 50 60 10
20 > 40 50 1800 100 60 50

95 2300 200 60 90

RCS at 2500 osia - 30% < 2r oxidation < 60%

Time Melt Ejected Temperature Super Mer.a1 Molten
Prob. (min) Prob. Core Prob. Helt . heat in Melt Fraction

(O E (O (O ,(yd E (O (O

25% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 35 10
20 > 40 50 2400 100 35 80

95 3100 400 35 100

23% - Gravity Pour

5 5 80 < 40 5 1300 50 35 10
50 160 20 > 40 50 2000 100 35 80
95' 300 95 2600 400 35 100

52% - Dump

100 0 80 < 40 5 1300 50 35 10
20 > 40 50 2000 100 35 50

95 2700 200 35 90
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Table B 1 (continued)

RCS at 2500 osia - 60% < Zr oxida_ti2D

Time Melt Elected Temperature
Super Metal Molten

Prob. (min) Prob, Core Prob, Melt heat in Melt Fraction
(%) /.11 (%) (%) .(fl (yd __f t ) (%)

21% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 15 10
20 > 40 50 2600 50 15 80

95 3100 50 15 100

23% - Gravity Pour

5 5 80 < 40 5 1300 50 15 10
50 200 20 > 40 50 2600 50 15 80
95 375 95 2600 50 15 100

56% - Dump

100 -0 80 < 40 5 1300 50 15 10
20 > 40 50 2200 50 lb 50

95 2800 50 15 90

RCS at 2000 osia - Zr Oxidation < 30%

Time Melt Ejected Temperature Super Metal Holten
Prob,'(min) Prob, Core Prob, Melt -heat in Melt Fraction

(%) __(11 (%) (%) .(fd G1 (%) (%)

28% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 60 10
20 > 40 50 2000 100 60 80

95 2600 400 60 100

25% - Gravity Pour

5 5 80 < 40 5 1300 50 60 10
'

50 100 20 > 40 50 2000 100 60 80
95 225 95 2600 400 60 100

47% - Dump

-100 0 80 < 40 5 1300 50 60 10
20 > 40 50 1800 100 60 50

95 2300 200 60 90 !
1
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Table B-1 (continued)

RCS at 2000 osia - 30% < Zr Oxidation < 6Q1

Time Melt Ej ec ted Temocrature
Super Metal hol ten

Prob. (min) Prob. Core Prob. Melt heat in Melt Fraction
(%) _Lil (%) (%) IEl _LEl (%) (%)

23% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 35 10
20 > 40 50 2400 100 35 80

95 3100 400 35 100

24% - Gravity Pour

5 5 80 < 40 5 1300 50 35 10
50 160 20 > 40 50 2000 100 35 80
95 300 95 2600 400 35 100

53% - Dump

100 0 80 < 40 5 1300 50 35 10
20 > 40 50 2000 100 35 50

95 2700 200 35 90

RCS at 2000 osia - 60% < Zr oxidatiqn

Time Melt Ejected Temperature Super Metal Holten
Prob. (min) Prob. Core Prob. Melt heat in Melt Fraction

(%) _Ill (%) (%) IK1 _IEl (%) (%)

20% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 15 10
20 > 40 50 2600 50 15 80

95 3100 50 15 100

24% - Gravity Pour

5 5 80 < 40 5 1300 50 15 10
50 200 20 > 40 50 2600 50 15 80
95 375 95 3100 50 15 100

53% - Dump

100 0 80 < 40 5 1300 50 15 10
20 > 40 50 2200 50 15 50

95 2800 50 15 90
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Table B 1 (continued)

RCS_at 200-1200 esta - 2r oxidation < 30%

Time Melt Eiected Tamperature

' Super Metal Molten
Prob.;(min) Prob. Core Prob, Melt --heat in Melt Fraction

(t) ,,,(3.), (t) (t) ,(K), E (t) ,_,-(t)

25% _High Pressure Melt Ejection g

100- 0 80 < 40- 5 1300 50 60 10
20 > 40 50 2000 100 60 80

95- 2600 400 60 100 ;

27% - Gravity Pour

5 '5 80 < 40 5 1300 50 60 10
50. 100 20 > 40 50 2000 100 60 80
95 225 95 2600 400 60 100

48% - Dump

100- 0~ 80 < 40 5 1300 50 60 lo-

20 > 40 50 1800 100 60 50-
95 2300 200 60 90j

RCS at 200-1200 psia - 30% < Zr' Oxidation < 60%;
.

Time __Jgit Eiected TemoJrature
Super Metal Molten

-Prob. (min) Prob. Core Prob, Melt- . heat in Melt Fraction
(ti ,_I3.), (t)- . (t) .(X), ,_(K), __,,,(,L), (t) ~

21% --High Pressure Melt' Ejection
'

~100: 0- .80 < 40 ' 5 1300 50 35 10
20 > 40- 50 2400 100 35 80

95 3100 400 -35 100

'26% - Gravity. Pour-

5: 5 80 < 40 - 5- 1300 50 -35 10
50 160 20 > 40 50~ 2000 100 13 5 80
95 300 .95 2600 400 35 100

-53% . Dump
.

100. 0 -- 80 < 40 5 1300 50 35 10
20 > 40 50 2000 100 35 50

95 2700 200 35 90
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Table B 1 (continued)

RCS at 200-1200 osia - 60% < Zr Oxidation

Time Melt Ej ec t ed Temperatgrn
Super Metal Molten

Prob. (min) Prob. Core Prob. Melt heat in Melt Fraction

(%) _(,gl (%) (t) JX), _(yd (%) (t)

17% - High Pressure Melt Ejection

100 0 80 < 40 5 1300 50 15 10
20 > 40 50 2600 50 15 80

95 3100 50 15 100

25% - Gravity Pour

5 5 80 < 40 5 1300 50 15 10
50 200 20 > 40 50 2600 50 15 80
95 375 95 2600 50 15 100

58% - Dump

100 0 80 < 40 5 1300 50 15 10
20 > 40 50 2200 50 15 50

95 2800 50 15 90

-

Sources of Uncertainty

Expert B observed that there were many uncertainties in the entire ceve
meltdown process . The largest unc'ertainties in determining the mode of

-

bottom head failure are the composition and temperature of the molten debris,
the mechanical behavior of the penetrations and their velds, and of the head
itself.
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Expert C's Eiicitation

Issue 6: PWR Bottom Head Failure

Descriotton of Excert C's Rationale /Methodols.gy

Expert.C based his conclusions primarily on the large number of code
calculations thst-have:been-made. He . wa.i of the opinion that MELPROG,c-1 t

SCDAP,C*2 and CORMLT,C3-gave the most reasonable and realistic results. He-
also took into' account experimental results and the TMI 2 accident. Expert
C concluded that he would be unable to distinguish between low and high
oxidation of zirconium-in the vessel before breach. Thus-his results apply
to all levels of. in vessel metal oxidation. fHe began his assessment by
considering what constituted reasonable ranges for important parameters for
Case l'just before the failure of the vessel. His results were (for
Surry):

i

Mass in-lower head 100 to 150 tons |

Temperature of debris 2100 to 2600 K
Mass of metal in debris 10 to 40 tons
Liquid fraction - 15 to 40%

- For : converting to ' core fractions , the initial composition of the core for
Surry is:

branium dioxide 101.1 tons
Zirconium 23.1 tons
Other metal 8.7 tons
Grids 43:1' tons i

'
Total 176.0' tons *

He next- considered what' could prevent the material from being ejected, and
: considered -- that the --formation of sintered material or hard dense crusts-
would= suffice.

To determine the hole size, he : relied _o n experimental -- data 'and
3

calculations. Although the SPIT, HIPS, and Surtsey experiments are not '

strictly applicable since all the material- is ' molten,: they form the:best
data - available . It ; was Expert C's assessment that the hole size is'
independent.of the-RCS' pressure. For 17 MPa (2500 psia), he expects core

.

; ej ection . co ; take about -4 s , - with gas blowdown continuing for another ' 60 s .
At 2 MPa ~ _ (290 = psia) , core ' ej ection should take about ~10 s, with gas
blowdown. continuing for another 30 s.

To determine the; composition of the ejecta, Expert C divided the continuum
of poss ible states into - four regions based on temperature. He concluded
that tl.e failure -mode would - always be .a penetration' failure, which would-

rapidly ablate to about 0.4:m in diameter.

*This is not' the current core mass for the Surry case. The Expert,
however, carried out all of his calculations with an oversize core so that
-the percentages provided are correct.
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Expert C thought that his distribution for Case 1 was large enough to be
applied to caso 3 as well. For Case 2, the situation is quite d!fferent
because the S break in the example case is a pump seal failure, and thic3

failure causes the loop seals to clear. There is little oxidation of
zirconium because the steam is less available.

It was Expert C's assessment that reasonable ranges for important
paremeters for Case 2 just before the failure of the vessel were:

Mass in lower head 20 to 70 tons
Temperature of debris Not given
Mass of metal in debris 15 to 60 tons
Liquid fraction- Not given

If the break is in the hot leg, or if the code results are wrong and pump
seal failure does not cause the loop seals to clear, then Case 2 will be
much like~ Case 1. To account for this possibility, Expert C combined two
distributions, one for the seals clear case and one for the seals not clear
case. For Case 2, Expert C concluded that a gravity pour was probable as
the MELPROC calculation showed the pressure to be about 40 bars (600 paia)
and decreasing rapidly at the time of vessel failure. Further, for Case 2
the large amount-of unoxidized metal in the debris in the bottom head will
form a eutectic with the steel in the vessel wall and melt through the wall
forming a large hole.

Expert C observed that it might be possible for radiation heat transfer and
conduction through the vessel wall to quench the debris in the bottom head
in the absence of water. If the maximum amount of mass is in the bottom
head, the probability of quenching is small enough to be ignored. For the
minimum amount of debris in the bottom head, the probability of quenching
is about 40%. This quenching is not permanent, however, Large amount of

| UO will . later como down on top of the quenched material and eventually2

reheat it to the . melting point. This quenching delays vessel failure
considerably,

gesults of Excert C's Elicitation

i For Case 1 (RCS at 2500 psia), Expert C divided the possible states into
I four regions based on temperature. For each region he provided a weight

or probability, the total mass of material in the lower head at the time
of vessel' failure, the mass of unoxidized metal in the lower head-at'the
time of vessel failure, and the fraction of the total mass which is
molten.

|
'

Total Metal Fraction
Temperature Weight Mass Mass Molten

Recion (K) _(1), (Tons) (Tons) (%),

1 2600 to 2900 16 150 40 45
2 2450 to 2600 32 140 40 40
3 2250 to 24S0 31 120 20 30
4 2210 to 2250 21 100 10 15
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The weight s gi% Expert C's estimate of the likelihood that each of the
; four regions would be observed. Expert C concluded that all vessel
! failures for Case 1 would be penetration failures and would result in
i high pressure melt ejection (ilPME) . The results from mechanistic code
| calculations almost always fall in the three '<'er regions. The inaterial

rial plus 20 to 30 tonspromptly ejected .u Gd te all of the tuolten m
of solid material.

Por Case 2, there is the question of whether the loop seal will clear in
the loop with the break. Expert C's distribution for this case was a
romposite one. If the loop seals do not clear, the results for Case 1
,above) apply. tie gave this s e nario a weight of 25%. If the loop scals

clear, which has a 75% weight, then the following describes the molten
material in the bottom head at the cime of vessel failure:

Lower Bums} h r Bound

Temperature 1800 K 2200 K
Zr metal 10 tons 15 tons
ZrO 2 tons 12 tons

2

Steel 5 tons 50 tons
Control rods 5 tons 5 tons

U metal 2 tons 6 tons

Expert C thought that s log-uniform distribution between the lower and
upper bounds would be appropriate. At vessel failure, all the molten
material plus 20 tons of solid material will come out. The failure mode

will be a gravity pour.

For Case 3, the information given for Ca.e 1 is appropriate as the
d!stribution is wide enough to include the effects of lower pressure.

Expert C noted that afcer the prompt ejection or pour, most of the
remaining material in the bottom head will eventually ,ome out, floweve r ,
there will be some peripheral fuel rods which never melt, and some material
frozen on tha vessel wall or on remaining support structures which never
remelts.

Sources of Uncertainty

Expert C felt that essentially all the phenomena involved are uncertain;
thcre is very little in any of the proposed scenarios that can be
considered tfaust. The behavior of the core before relocation fro:n its
initial location is much better understood than the behavior of the debris
it, the bottom head. More is known abot.t Case 1 than about the lower
pressure cases , and very little is known about Case 1. The SPIT, ilIPS, and

Surtsey tests are not directly applicable since almost all the material was
molten in those experiments. The uncertainty in the temperature and timing
of clad failure mean that the timing of the relocation is uncertain, and
the path and final location of the relocating material is also uncertain.
There is little or no evidence for the location and extent of crust
formation. The result is that there is a uncertainty of several hundred
degrees (K) in the melt temperature at vesse! failure.

5.6-27
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Expert D's Elicitation

Issue 6: PVR Bottom llead Failure

Descriotion of Exocrt D's RationaleMethodology

The bottom head of a PWR contains numerous penetrations of different sizes.
| When the bottom head contains high temperature core debris, the welds

securing these penetrations could fail. Alternatively, the high
temperature core debris could heat up the bottom head so that th6 strength
of the steel decreases appreciably. The load of the hbris plus the

,

internal pressure could then exceed the strength of the vessel resulting in
the fo mation of a hole or even gross failure of the bottom head.

Urnally the bottom head contains water at the time when the core debris
relucates into the bottom head. Thermal attack is likely to be either jet
impinBement on a penetration or a slower temperature rise due to heat
transfer frsm the debris in the bottom head. The water in the bottom head
at tho time of relocation could conceivably quench the debris- to
temperatures below those which threaten the integrity of the vessel,
although this appears to be unlikely to Expert D. lloweve r , should this

happen, the debris can be cooled indefinitely if it is in a coolable
configuration and water continues to be supplied. Particle size and
porosity determine whether the debris bed is coolable.

If the. debris bed is not in a coolable configuration, or if there is no
make up of water to the vessel, the debris will evsncually reheat and start
thermal attack of the vessel. Thir could result in penetration failure,
localized failure of the vessel shell, or shell failure near the point
where the top of the debris contacts the vessel wall.

The different modes of thermal attack complicato quantification of the mode
of vessel failure and the characterization of the debris in the bottom head
at the time of vessel failure. If a penetration fails due to jet
impingement, only the molten material actually in the bottom head would be
available for immediate discharge. After it had been forced out, the
blowdown of the remaining water and gases would depressurize the RCS. The
bulk of the core debris might than exit ths vessel over a considerable
period under the influence of gravi';y alone. The amount released from the
vessel this way would depend upm the amount of core involved in the
original relocation jet which failed t% vessel.

If the vessel fails by the slower mechanism of increasing temperature due
to accumulated core debris in the bottom head,-a substantial portion of the
core could be ejected at hign - pressure . - This - would be true whether the
failure was at a penetration or was a larger localized shell failure. In
this failure mode also, tha ejection of the molten debris would be followed
by a blowdown of water and gas, which in turn would be followed by gravity
pouring of core debris that was not in the bottom head at the time of
failure.
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1 If the vessel failed near the contact of the upper surface of the debris
] and the wall, Expert D felt the failure would be localized in an ' aneurism'
' on the side of the vessel. As the rupture location is above the sulk of

the molten material in the bottom head, only a small portion of the molten
corium would be ejected under pressure before the blowdowt. of wa ter and

i gas. The bulk of the molten corium would pour out later, driv a by gravity
| alone, after a penetration or other local failure occurred near the bottom
) of the head. *

!

! Thermal attack of the lower head may depend upon the rate and maount of
1 metallic oxidation in the lower head. However, Expert D does not believe
'

that much oxidation will occur in the lower head, so he does not expect
oxidation to significantly influence the mode of vessel f ailu~ .

In summary, Expert D identified three failure modes:

j 1, Jet impingement,
2. Direct thermal attack by accumulated debris, and,

' 3. Side failure,
i
i In the written material accompanying his elicitation on In Vessel Issue 5

VR Hydrogen Production, Expert D divided the degradation and melting of -;

| the core into six stages:
:

1. Core heatup to the start of geometry changes (ballooning),

2. From the start of fuel ballooning to the start of autocatalytic
; oxidation,

a 3. From the start of autocatalytic oxidation to the start of zircaloy' relocation,

4. From the start of zircalo;' relocation to rod collapse,

! 5. From rod collapse to support structure failure, and

6. -The period of debris water interaction in the lower plenum.,

Expert D's discussion of each of these phases in detail is not reproduced
here,-but may be consulted-in the summary of his elicitation for Issue 5.

; In those discussions, Expert _D_ concluded that the high pressure sequences
would probably result in vessel failure due to the impingement of an oxidic
jet. Thus. the material initially ejected would be largely oxidic and
contain only a small fraction of unoxidized metal. If the impinging jet
did not fail the botton; head, _ then the - accumulating debris probably would.

-fall it somewhat later. .If the vessel failed in this way, then the debris
ejected initially would still be largely oxidic, but with a higher metallic
fraction than if it failed earlier _due to jet impingement.

The low pressure sequences would result in the accumulation of core debris
in the bottom head, which would boil off the remaining water and reheat.
The primary failure mechanism would be thermal attack resulting in local
failure. The ejected material would be highly metallic. For the low

i
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pressures cases, it is possible, but unlikely, that the initial relocation
of core debris into the bottom head would fail the vessel by jet
impingement. The composition of the ejected core debris in that case wou',d
be even more metallic than if the head failed later due to thermal attack.

In all cases sufficient zirconium 1 caves the vessel unoxidized to result in
significant zirconium oxidation during the core-concrete interaction. Thus
the dependency on the unoxidized cetal content of the ejected coritta im not
particularly important.

Results of Exoert D's E11cital12D

Expert D grouped the two higher pressure cases together, and provided jet
impingement and debris accumulation (thermal attack) scenarios for the two
remaining cases.

RCS Pres. Failure Prob. Blowdown
fait 12nini Mechanism ability Duration Cas Terro.

162 2000 to 2500 Jet Imp. 906 20 s 1400 K
162 2000 to 2500 Debris Accm. 10% 20 s 1400 K

3 200 to 1200 Jet Imp. 20% N.A. 700 K
3 200 to 1200 Debris Accm. 80% N.A. 700 K

That is, for his high pressure case, Expert D envisaged vessel failure by
jet impingement occurring 90% of the time, resulting in an initial small
hole in the vessel. The other 10% of the time for his high pressure case,
Expert D thought that a large hole would result from thermal attack. For
the low pressure case, Expert D thought that a large hole resulting from
general thermal attack was more likely.

For each of the four scenarios above, Expert D provided a table of mass
ejected, melt temperature, and fractic molten for dif ferent portions of
the debris ejection.

High Pres.ure; Jet Impingement

Time Percent of Melt Temperature
Ejected (K) Percent Molten

_9xidg _ Metal Oxide Metal Oxide Metal

0 to 30 s 20 40 5 10 3000 2100 75 to 100 100
30 s to I h 40 50 10 30 3000 1900 75 to 100 100
1 to 4 h 50-55 30 60 2900 1800 75 to 90 100
4 to 10 h $5-65 60 80 2900 1800 70 100
10 to 24 h 65 75 80 85 2800 1800 70 100
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High Pressure; Debris Accumulation

Titt e Percent of Mnit Temperature
Elected mi Eereent Molten,

_ Oxide 8g10.1 Oxide Metal Oxide Metal

O to 30 a 20 40 20 30 3000 2200 75 to 90 100
30 s to I h 40 50 30 50 3000 2100 75 to 90 100
1 to 4 h 50 55 50 60 3000 1900 75 to 90 100
4 to 10 h 55 65 60 80 2900 1800 70 100

10 to 24 h 65 75 80 85 2800 1800 70 100

low Pressure; Jet Impingement

Time Percent of Melt Temperature
Ejected (Y) Percent Molten

oxide Metal Oxide Metal Oxide httal

O to 10 min 25 1$-25 2600 2700 100 100
10 min to 1 h 5 30 25 50 3000 1900 75 to 90 100
1 to 4 h 30 30 50 70 2800 1900 75 to 90 100
4 to 10 h 50 60 70 80 2800 1800 75 to 90 100

10 to 24 h 60 80 80 85 2800 1800 75 to 90 100

Low Pressure Debris Accumulation

Time Percent of Melt Temperature
Ejected MS Percent Molten

Oxide . Metal Oxi_de Metal Oxide Metal

O to 10 min 5 10 20 40 3000 2100 75 100
10 min to 1 h 10 30 40 60 3000 1900 75 to 90 100
1 to 4 h 30 50 60 70 2800 1900 75 to 90 100
4 to 10 h 50 60 70 80 2800 1800 75 co 90 100
10 to 24 h 60 80 80 85 2800 1800 75 to 90 100

The percent of the mass ejected is cumulative, but the temperature and
percent molten columns refer to the material ejected during the time period
indicated.

Sources of Uncertainty

Expert. D observed that there were many uncertainties in the entire core
meltdown process. The largest unce rtainty in determining the mode of
bottom head failure is the specific composition of the melt and its
associated temperature. This factor influences the time and rate of
release from the melt.

'
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References

Regarding references, Expert D writes: "No specific references can be cited
on this issue as very little is available. My thinking was mostly

'

deductive and guided by the work which Marty Pilch presented, ' Modes of
Lower llead Failure,' at the meeting on November 13, 1987, and Carry Thomas'
presentation on the TM1 accident progression at the meeting on December 17,
1987."
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Probabilistic 14: del for Induced Rupture of
Steam Generator Tubes

Waltar B. Marfin

1. Inspection of Steaun Generator Tubes

Rafaret.oes 1 through 3 ruport stama generator tube defects for 1981
through 1984. The table below summarizes data taken from those
references ("Praction defective" is the fraction of tubes inspected
which were pitxpged or otherwise romerved fran servioet this may be taken
as a prury for tubes having defects exceeding 40% of wall thickness).

Table 1
Year Traction of Tubes Fracti.On

inW Defedive

1981 19.8% 0.30%
1982 26.1% 0.20%
1983 21.8% 0.18%
1984 26.8% 0.16%

Avenges 23.6% 0.21%

The average interval bewteen inspections is the inverse of tha fraction
inspe:ted par year, or 4.237 years. If defects gm linearly with
time, and if the " oldest" tubes are inspected each time, the average
rate of defect growth is 4.96 x 10~ x (number of tubes) per calendar
year. The average number of defects at any t3Jne, anywhere in the steam
generators, is 0.1055%, casuning that all tubes defective are caught
when inspected. There are thus, on the average, about 11 uuncaught"
defective tubes at Curry and about 14 at Sequoyah and Zion.

2. Frequency Distrubution for Number of Defective Tubes.

Historical data show that akrmt half of all defects in tubes are at or
near the inlet tube rheet. The rate for defects near the inlet plantan
is thus half the total rste, or 5.27E-4. With this as a true rate and
with a total number of tubes as 10,164, the cuatlative probabilicy
distribution for the gnanbar of defective tubes near the inlet planta at
any time at surry (assuming a binomial distribution) is shown in Table
2.

A-1
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Table 2

N Prob (No. defects $ N)
0 0.0047
1 0.030
2 0.097
3 0.218
4 0.379
5 0.553
6 0.708
7 0.826
8 0.906
9 0.953
10 0.979
11 0.991
12 0.996
13 0.999
14 1.000

3. Rupture of Defective Tubee
f

'!he analysis by- J. Miller (attached) for creep rupture of a tube with
2400 psid differential pressure - indicates equivocal failure for a
hemispherical defect 0.030" deep (0.020" wall remaining) at 1000K. A
50% failure probability is assigne6 to defects et this depth. With 50%
less well (0.010" remaining) failure is virtually. certain, with 50%
more wall (0.030" renaining) failure would be extrenely .unlikely.
- Assume a straight line etsuulative failure probability, 0.0 probability
of failure at 0.030" wall (0.020" defect depth), 0.5 probability of
failure at 0.020" wall (0.030" defect depth) and 1.0 probability of
failure at 0.010" wall (0.040" defect depth).

The distribution of defect depths is not well known; however, tubes
would not be taken out of service with less than 40% wall thickness
defects. Asstane a triangular probability density function with a peak
at 0.020" depth, dzrapping to saro at 0.040" depth. (If there were many
de facts with depths of 0.040" or nere, leaks would be common in
ortiinary service.)

A - Monta carlo simallation was run using these distributions. 'the
calculated probability of at least N tubes r@tuMM is shown on Table
3.

Table 3.,

'

clamulative probability distrihrtion for manbar of tubes rwtured
at 1000 K.

He NLamber of Probability that ntenbar ,

tubes. of tubes zw tured is less
than or equal to N.

0 0.431
| 1 0.792
i - 2 0.952
| 3 0.993
' - 0.999

1.000

A2
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stated anothat way, at 1000K there is a probability of 0.560 of l

'r@ turing at least one tube.

We do not have an analysis for a tube tamparature othat than 1000K. At
800K the yield stzungth of the material is apprtacimately 30% highar1

than at 1000K. The defect depth distribution was scaled down by a4

factor of 1.3, and a similar mate Carlo analysis was carried out. We
otan114tive distribution function for rnanbar of tubes failed at 800K is
shown in Table 4.

Table 4.
cumulative probability distribution for ronhar of tubes r@turid 1

at 800 K.
N, Ranbar of Probability that rnanbar
tubes. of tubes r@ tured is less

,

than or equal to N.
1 0 0.779

1 0.978
2 0.999
3 1.000

stated anothar way, the probability of rupturing at least ona tube at
SC0K is 0.221.

The yield stren;rth of the material is 30% lower at 1060K. The defect
depth distribution was scaled up by a factor of 1.3 for 1060K, and the

'.
Monte Carlo simulation was rerun. Table 5 shows the cumulative
distribution function for rnanbar of tubes failed at 1060K

Table 5
cumulative probability distribution to rnanbar of tubas ruptured

at 1060K.
N, Number of Probability that number
tubes of tubes ruptured is less

than or equal to N.
0 0.053
1 0.211
2 0.470
3 0.736
4 0.911
5 0.982
6 0.998
7 1.000

There is thus a probability of 0.947 of rupturing at least one tube at
1060K.

At 600K the yield strargth of the material is about 50% higher than at
,

1000K. The probability of rupturirq at least one tube, at least with
the distributions assumed hara, is essentially zero.

If the steam generators are not depressuri':ed, or do rot remain
depressurized on the secondary side, theit is varf low probability of
r@turirg any tubes at any ta:(<srature below atout 1040K.

A3
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'these cors & not include ths probebility that the tubes am at the !
temperature indicated; the probabilities must be conditioned by the
probability of being at temperature, on the other hand, the
contalment event tree already precedes the question on oocurrence of
SGIR by a question on indmoed hot lag IDCA. The probabilities should
5th be conditioned by the probability of hot leg IDCAs.

i
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Sandia National Laboratcries ),

J Albucuergue. New Mexico 87285 |

sate. .\1 arch 10,1988 |

l

to: W. B. Murfin,6413 i
-

wom: J. D. Miller,1521

s m ect: Stress Analysis of an Inconel 600 Steam Generator Tube

INTRODUCTION

Risk' assessment analyses for nuclear reactors must account for many different possible
modes of failure.- One of those modes has been postulated to be failure of tubes in a
reactor's steam generator under severe accident conditions. Steam generator tubes are
inspected regularly. during periodic scheduled maintenance, so some statistics are available
concerning defecti which develop in these tubes under ordinary operating conditions. At-

your request. a structural analysis has been performed which investigates the possibility
of failure, due to the existence of defects, for steam generator tubes under severe accident
conditions. The purpose of the structural analysis is to assess whether this is a viable

'failure mode which should be included in a risk analyt' ..

-Under Sesere accident conditions, high temperatures and pressures will be present
within the reactor. The survival or failure of steam generator tubes will depend on the .

. creep rupture strength of the material from which they are made. The structural analysir,
addressed a specific defect and tube geometry under specified accident conditions, with
the objective of identifying the length of time the tube may be expected to survive before
rupturing:. In particular, can the tube survive for one hour?

The steam generator tube analyzed is made of Inconel 000 alloy. A spherically shaped
-indentation is assumed to exist on the out ide surface o the tube. This defect was specified

.

r

to be a void of diameter 0.060 inch ano depth 0.030 !nch. thus extending over halfway
through the 0.050 inch-wall thickness of the 0.675 inch outside diameter inconel tube. I

The _ tube is bent around a radius at its midpoint so that it resembles a large letter l'.
The defect is located near the midlength of one of the legs of the C. Under the specified
accident conditions. the tube is assumed to be at a temperature of 1.000 K (1,340 #F) and

_

to have a pressure loading of 2,500 psi internal.ly and 100 psi externally.

FINITE ELE.\ TENT .\lODEL

Since the tube is relatively long and free to expand axially due to its oVerall fishape,
and the assumed defect location is far away from the constrained chds of the tube, a finite i

,
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element model of a small section of the tube near the defect could be used in the analysis.
A three dimensional finite element mesh was constructed with PATR AN 1; and is shown
in Figures 1 and 2. In order to reduce the total number of elements. to increase the
computation speed, and yet retain fmeness of the mesh in the vicinity of the defect, the
geometry was assumed to be octosymmetric. Although this assumption implies that two
defects exist on opposite eldes of the tube, the results of the analysis should be identical
whether there is one defect or two presentt no interaction in the hoop, meridional,or radial
stresses and strains would occur between defects on opposite sides of the tube because of
their spacing apart and small sizes in relation to the circumferential dimension of the tube.
The modeled section therefore extended 90 degrees around the circumference of the tube.

Boundary conditions on the model were consistent with the assumptions of symmetry.
The origm of the model was located at the center (origin) of the spherical void, with the
Cartesian X dimension extending toward the center of the tube and the Y dimension along
the length of the tube. Thus the X Y plane passes through the radial-longitudinal cross-
section of the tube and forms the boundary at the defect, and the X Z plane cuts through
the circumferential cross section, forming another boundary. A plane parallel to the Y Z
plane, at X=0A375 inch, forms the boundary at 90 degrees. Geometric constraints were
placed on the nodes of the mesh lying on these planes such that they were allowed to
displace within but not off of the plane. The top boundary of the model, at Y=0.5 inch,
w as assigned a uniformly distributed traction corresponding to the meridional membranc
stress in a cylinder with internal pressure. which in this case was 9.900 psi based on net
internal pressure of 2A00 psi.

Pressure loads were distributed along both the inner and outer surfaces of the model.
rather than as a net internal pressure. This explicitely accounts for the effects of pressure
acting on the surfaces of the spherical void. Since the meridional and circumferential
stresses due to the net internal pressure are tensional. the pressure on the surfaces of the
void will add to the tension stresses. in efTect tending to expand the defect. A pressure
load of 2.500 psi was distributed along the inner surface of the model and a pressure of
100 psi was distributed normal to each element face on the outside surface. including ihot,e
exposed in the spherical void.

The three-dimensional sersion of the static structural analysis code J AC 2. J AC3D
was used ,o calculate the stresses in the model due to the pressure loading. While the pres.-
sure loads were ramped up frorn zero to their full magnitudes, the effect of temperature
was included by assuming that the entire model was a constant 1,000 K. This was accom-
plished by using appropriate material properties for the Inconel 600 at that temperature.
These properties 3-6; are listed in Table 1. in which E is the modulus of elasticity e is
Poisson's ratio. Er is the hardening modulus, o, is the yield stress and as is the ultimate
strength. Since stress-strain data on the post yield hardening behavior of inconel GOO at
high temp rature was not available, a total of fine calculations woe made, for variations
of bilinear elastic-plastic behasior ranging from purely knear elastic to elastic with perfect
plasticity.
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~

| Property 0 1.000 K '
l

6E (psi) 18.0 > 10 '

u 0.3
'

'

'Er/E 0-1
8i o, (psi) 20.65 * 10

h (psi) 39.2 > 108

Table 1: Mechanical hiaterial Properties of Inconel 600

FINITE ELEMENT RESl'LTS

The results from J AC3D are summarized in Table 2,in which the peak values of the
effective and principal stresses are listed for each of the five calculations. The resulting
stresses in the tube section are highly dependent on the value chosen for the ratio of post-
yield hardening modulus to the elastic modulus, shown in Table 2 as the hardening ratio.
it is unlikely, however, that the behavior of Inconel 600 is either purely clastic or perfectly
plastic, so the true result is probably closer to one of the three middle, non bounding
calculations. As the hardening ratio approaches 1.0 (linear clastic behavior) the resulting
stresses become more sesere, since plasticity allows redistribution of stress which in effect
lessens the extent of the stress concentratior, created by the presence of the void. Complete
resulth for the case of hardening ratio equal to 0.1 are shown in the forrn of contour plots
of stress in Figures 3 through 0.

fiordo,ing Ratio Effective Stress Hoop Stress Radial Stress Axial Stress
Et E o At ouax 0.u is ors

0.0 (perfect plasticity) 19.25 27.02 3.59 17.39

0.001 20.68 27.02 3.58 17.40

0.01 20.95 27.07 3.57 17.54

0.1 22.95 29.12 3.40 | 18.48
1.0 (purelv elastic) 32.39 35.36 2.58 19.73'

8Table 2: J AC3D Peak Stress Results, psi s 10

DISCl'SSION

Because the objective of the analysis was to determine the length of time the steam
generator tube could last without rupturing from i , assumed loading, calculated valuest

of the effective or von Mises stress must L compared to published values of the creep
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rupture strength of Inconel 600. Available creep rupture data are reproduced in Figures 7;

5 and 5_6. The published data were empirically derived and shows how much time,in
~

hours, specimens of inconel 600 survived at certain temperatures under certain amounts
of uniaxial tensile stress. UnfortunateTy, most of the data at the temperature of interest
was collected for lower streu levels than were calculated in this analysis, so the curves
were published with minimum times of at least ten hours. In addition, the fabrication or
work harder 4.ories of both the creep rupture data specimens and the actual tube#

are either unu vr unknown, so this effect cannot be accounted for. Nonetheless. linear
extrapolation of the published curves (for 1.350 *F) back to one hour results in a possible |

'

range of values of the rupture stress between about 23,000 psi to 32.000 psi. These values
would be slightly greater at 1,340 'F (1,000 K). The calculated peak values of effective !

stress range between 19,000 to 32,000 psi depending on the atsumption made for post yield
hardening. It is therefore impossible to tell whether the tube would definitely last for an
hour under the stated accident conditions. |

A further consideration is that the defect was assumed to be a perfectly spherical void
of completely specified dimensions. in an otherwise ideal tube. In reality of course. any
actual defect in an actual tube would probably not be perfectly spherical and possibly not |
even smooth surfaced. The rounded defect assumption results in a stress concentration
in the tube wall, but any more sharply delineated void for which the cross section of the
tube wall changes rnore abruptly would increase the seserity of the stress concentration.
The tube must also have been manufactured within a range of tolerances for both wall
thickness and merall roundness,which might make an actual void extend relatisely deeper
through the tube wall.

CONCLUSIONS

Finite element analysis of an inconel 600 steam generator tube with an assumed defect
in the shape of a spherical void on the outside surface of the tube and subjected to high
temperature and pressure loads shows that a significant stress concentration arises due to
the defect. Although an ideal tube without defects would probably survive this loading for
ses eral hours, the question as to how long the defective t ube would last cannot be answered
with certainty. The rise in stress due to the defect is enough to yield the inconel and cause
stress redistribution, but published material properties for Inconel are not complete enough
to allow calculation of more than a possible range of resulting stress values. In addition,
the failure limits of the material concerning creep rupture at very short times, such as
one hour, are also not well characterized. which again results in identification of a range
of possible values. Since the two ranges, that of stress in the material and that of failure
limits for the material, oserlap significantly,it is impossible to tell whether the tube would
survive for one hour at 1.000 K with an internal pressure of 2.500 psi and an external
pressure of 100 psi. It would be conservative to assume at this point that the tube will
fail.

|

|
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~
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.
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80. To Peter Bieniarz from John Kelly, " Trip Report for CORA
Workshop Meeting", October 23, 1987.
81. By Stone & Webster, E. A. Warman et al, " Fission Product
Transport and Retention in PWR Reactor Coolant and Containment
Systems", CSHI/OECD Meeting, Karlsruhe, FRG, Sept. 4, 1984, pp
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2-5.
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" Analysis of Retention Revaporization in a BWR Mark II Power
Plant", IAEA Meeting, Columbus, Ohio, Oct. 28-Nov. 1, 1983. ,

83. Available at elicitation meeting: P. B. Bieniarz, " Report (on the Analysis of TCI 8equence for Fitzpatrick Nuclear Station, ~
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In support of the Nuclear Regulatory Commission's (NRC's) assessment of the risk
from sevure accidents at commercial nuclear power plants in the~U.S. reported in

,

! NUREG-1150, the Severe Accident Risk Reduction Program (SARRP) has completed a
revised calculation of the risk to the general public from severe uccidents ate

'

five nuclear' power plants: Surry, Sequoyah, Zion, Peach Bottom and Grand Gulf.

=The. emphasis in this risk analysis was not on determining a_"so-called" point-

estimate of risk. Rather, it was to determine the distribution of risk, and to

discover the uncertainties that account for the breadth of this distribution.
Off-site risk _ initiation by events, both internal to the power station and external
to the power station were_ assessed.

Much of the important input to the logic models was generated by expert panels.
' Ibis document presents the distributions and the rationale supporting the

; dis elbutions for the questions posed to the In-Vessel Expert Panel.
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