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FOREWORD

This is one of many documents tuat constitute the technical basis for the
NUREG-1150 document produced by the NRC Office of Nuclear Regulatory
Research. This document’'s purpose (s ‘o present the resul.s of the
elicitations performed by the Source Term Expert Panel. The document
consists of the distributions snd associated technical rationale provided
by the expert panel for the phenomerological cuestions posed by the N''REC.
1150 analysts.

Figure 1 f{dentifies all the documents that {resent the results of the
accident progression analysis, the source term analysis, the consequence
aralysis, and the overall risk integration. Three Interfacing programs
performed this work: the Accident Sequence Evaluation Program (ASEP), the
Severe Accident Risk Reduction Program (SARRF), and the PRA Phenomenology
and Risk Uncertainty Evaluation Program (PRUEP) Table 1 is a list of all
of the original primary documentation (published in 1987) and the
corresponding revised docum.ntation that supports the current version of
NUREG-1150,

The current NUREG/CR-4551 covers the analysis included in the original
NUREG/CR-4551 and NUREG/CR-4700. The accident progression event trees
originally documented in NUREG/CR 470N are now Jocumented in the appendices
of Volumes 3 to 7 of NUREG 'CR-4551.

Originally, NUREG/CR-4550 was published without the designation "Draft for
Comment." ihus, the final revision of NUREG/CR-4550 i{s designated Revision
1. The label Revision 1 is used consistently on all volumes, including
Volume 2 which was not part of the orfginal documentation. NUREG/CR-4551]
was originally published as a "Draft for Comment®; so, in its final form,
no Revision 1 designator is used to maintain consistency with NUREG-4550
Jdocuments .

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

NUREG/CR-5380, SANDS8-2988, §. J. Higgins, "A User's Manual for the
Postprocessiug Program PSTEVNT," Sandia National Laboratories,
Albuquerque, NM, November 1989,

NUREG/CR-5360, SANDB9-0943, H.-N. Jow, W. B. Murfin, and J. D. Johnson,
"XSOR Codes User’'s Manual," Sandia National Laboratories, Albuguerque,
NM, 1989

NUREG/C"-4624, BMI-2139, R. §. Denning et al., "Radionuclide Release
Calculations for Selected Severe Accident Scenarios," Volumes 1-V,
Battelle Memorial Institute, Columbus, OH, 1986,

NUREG/CR-5062, BMI-2160, M. T. Leonard et al., "Supplemental

Fadionuclide Release Calculations for Selected Severe Accident
Scenarios," Battelle Memorisl Institute, Columbus, OH, 1988,
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NUREG/CR-5331, SANDB9®-0072, §. E. Dingman .t al , "MELCOP Analyses for
Accident Progression lssues.," Sandia National Laboratories,
Albugquerque, NM, 1989,

NUREG/CR-5253, SANDB8-2940, R. L. Iman, J. C. Helton, and J. D.
Johnson, "PARTITION: A Program for Defining the Source Term/Consequence
Analysis Interfaces in the NUREG-1150 Probabilistic Risk Assessn nts
User’'s Cuide " Sandia National Labocatories, Albuguerque, NM, May 1989,

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

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

NUREG/CR-5262, SANEB 3093, R, L. Iman, J. D. Johnson, and J. C,
Helton, "A User's f%uide for the Probabilistic Risk Assessment Model
Integration System (PRAMIS)." Sandia National Laboratories,
Albuquerque, NM, May 1990,
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Table 1-1

Source Term lssues Considered for Expert Judgment Elicitation

Applicable
lssue Plants
Release of Fission Produ-*s from the Fuel All
in the Vessel and from che vissel to the
Containment
Decontamination of Fission Products by the lce Sequoyah
Condenser at Sequoyah
Fission Products Released by Revolatilization All
from the Reactor Coolant System (RCS)
Fraction of Fission Products Released All
During the Core-Concrete Interactions
Release of Fission Products from Containment Surry
for Surry, Zion, Sequoyah and Crand Gulf-- Sequoyah
FCONV & FCONC Zion
Grand Gulf

BWR Late lodine Release from the Suppression
Pool and Reactor Cavity Water

Peach Bottom Reactor Building Decontamination
Factor

Radionuclide Release Associated with Pressure
Driven Melt Expulsion from the Reactor
Coolant System

Peach Bottom
Grand Gulf

Peach Bottom

All

presentations at the meetiigs.

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 lssue, a description
of the method use to aggregate the expert's distributions, the aggregated
distributions, and written accounts of cach individual's 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. 1In all cases,
the experts were given ample opportunity to review these written accounts
and approve them. In a few cases, the expert did not respond and were
informed that their lack of response would be assumed to be tacit approval
of the write-up.
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It was impossible to satisfy each criterion entirely for every expert/
issue combination. Nevertheless, we were pleased with the high quality
and objectivity of the experts. The experts chosen for the source term
issues were:

Peter bieniarz
Andrzej Drozd
James Gicseke
Robert Henry

Risk Management Associates

Stone and Webster Engineering Corporation
Battelle Columbus Laboratories

Fauske & Assoclates

Thomas Kress Oak Ridge National Laboratory

Y. H. (Ben) Liu University of Minnesota

Dana Powers Sandia National Laboratories

Richard Vogel Electric Power Research Institute

David Williams Sandia National Laboratories

Brief biographical sketchs of the experts are presented below.

Source Tera Expert Panel

PETER P, BIENIARZ. Peter Bieniarz is President of Kisk Management
Associates, Inc. He has been heavil: involved in the szveie acciaent

analysis field from both the PRA and fiseion product behavior ends. As
part of his work, Mr. Bieularz has been either involved in or directed
several PRA's and has deveioped several analytical methods for calculating
the progression of severe accidents. Prior to establishing Riik Manzgement
Associates, Mr. Bieniarz was the Ceneral Manager of the Albuquerque office
of Energy, Inc., and Senior Technical Consultant with Pickard Lowe and
Garrick, Inc.

ANDRZEJ DROZD. Andrzej Drozd is a Senior Nuclear Technology Engineer at
Stone and Webster Engineering Corporation (S&W). He holds both a M.S.
degree in Mechanical Engineering from Warsaw Polytechnic, Poland, and a
M.S. degree in Nuclear Engineering from Remselaer Polytechnic Institute
(RPI) in Troy, New York. At S&W he is currently assigned to the Source
Term Project. In this position he is responsible for developing
methodologies for thermal-hydraulic and fission product transpert snalyses
for severe accidents. He performed calculations for the LACE and DEMONA
experiments as well as for OECD/CREST code comparison exercise. He was
also responsible for the sodium fire studies performed by S&W for the FFTF
power addition and was involved in the licensing hearings of a BWR Mark 11
plant. Having been awarded an International Atomic Energy Agency (IAEA)
fellowship he was assigned for one year to the CNEN-CSN Laboratory at
Cassacia, Italy. While in Poland, he was involved in LOCA lyses at the
Institute for Nuclear Research. Also, he served as a member of the
Technical Program Committee and Session Chairman at 3rd International
Meeting on Reactor Thermal Hydraulics, Newport, RI, October 1985.
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Dr. Cleseke manages the Environmental Physics and
Cho.iltry Section at Battelle's Columbus Laboratories. The technical make-
up of this section is quite diverze with emphases being plasced sn technical
areas of atmospheric chemistry, particulate technology, process and
environmental engineering, geochemistry, and water quality In addition to
his management duties, Dr. Cieseke specializes in ve-earch related to the
dynamics of aerosol particles. He Is an expert in a wide variety of
disciplines including: particle formation; interaction of particles with
gases and with other particles; design of particle sampling and colle 1 4
equipment; and, in particular, the analyses of gas and particle beha..or
during transport by gas flows.

In various analytical and experimental programs sponsored by the U.S.
Nuclear Regulatory Commission over the past 14 years, he has performed and
menaged studies concerned with the nature of fission product release from
the core region and subsequent aerosol behavior within enclosed vessels and
along various flow paths for use in reactor safety analyses. These studies
have included the developwent of models for predicting the behavior of
concentrated aerosals undergoing simultaneous agglomeration, sedimentation,
and deposition on surfaces, as well as the interaction of fission product
vapors with system and particle surfaces. In related studies, he has
directed experimental measurements of the nature of highly agglomerated
aerosols as well as their transport and deposition.

Dr. Gieseke is a member of the Air Pollution Control Association, American
Chemical Soc :ty, American Association for Aeroscl Research, American
Institute of vonemical Engineers, Ohio Academy of Science, Alpha Chi Sigma,
Sfigma Xi, and Phi Lambda Upsiloa. He is author or co-author of more than
60 technical papers.

ROBERT HENRY. Bicgraphical sketch not available.
THOMAS KRESS. Biographical sketch not available.
=ENJAMIN Y., H. LIU, Benjamin Y. H. Liu is a Professor of Mechanical

Engineering and the Director of the Paiticle Technology Laboratorv and
Environmental Division, University of Minnesota. He received b s B .S M E,
degree from the University of Nebraska and his Ph.D. from the University of
Minnesota, both in Mechanical Engineering. His main research focus has
been in the science aud technology of small airborne particles (aerosols)
on which he has published approximately 240 papers and four books. He is
well known for his research on the basic property and behavior of airborne
particles and methods for aercsol generation, measurement, sampling and
analysis. He has served on various governmental connlttees dealing with
small airborne particles. He is the President of the American Association
for Aerosol Research and an Editor-in-Chief of the journal, Aerosol Science
and Technology. He is a Fellow of the American Society of Mechanfcal
Engineers, a Fellow of the American Association fer the Advencement of
Science, a Guggenheim Fellow and the reciplent of a Senior U.S. Scientist
Award from the Alexander von Humboldt Foundation of West Germany. He is a
member of the National Academy of Engineering.
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Table 3-1
Issues Presented to the In-Vessel Panel

lssue No, Title Reason for Inclusion
1 Temperature-induced PWR Large hot leg fallure could
hot leg failure preclude direct containment

heating; depressurizes RCS and
precludes SGTR

2 Temperature-induced PWR SCTR glves 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 ervironment
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
| preduction in PWRs causing release to environment
6 Temperature- induced Mode of bottom head failure
bottom head failures determines subsequent accident
in PWRs progression
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Table 3-3
Issues Presented to the Structural Response Panel

lssue No, Title —= e Reason for Inclusion
1 Static failure pressure Cor ainment failure is the
and mode at Zlon most important determinant

of source teilus

2 Static failure pressure Same as .ssue 1
and wmode at Suryy

3 Static failure pressure Same as Issue 1
and mode at Peach
Bottom
4 Reactor Building bypase Bypass of Keactor Building
at Feach Bottom has potentiul for allowing

lrrge release of radicvnuclides

5 Static failure pressure bame as Issue 1
and moda at Sequoyah

6 Ice condenser failure Failure or bypaus ol ice condenser

due to detonations has potential forv large source
. at Seguoyah terms

7 Drywell and wetwell Failure of drywell bypasses
failure due to suppression ponl., Failurz of wet-
detonations at Grand well allows large release to
Gulf environment

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

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

Lssue No. Iitle ———Beason for Inclusion

1 Mark I drywell melt- Drywell meltthrough bypasses

through at Peach Bottom suppression pool; controversial
issue

2 Mark 11 containment Pedestal failure could les”’ ‘¢
failure via pedestal early containment failure;
fatlure at Crand Culf coniroversial issue

Table 3-5

Issues Presented to the Source Term Panel

issue No, Title i Reason, for liclusion .
1 In-vessel fission product Release and retention are major
release and retention determinants of souvce term
2 I:e condenser DF at Ice condenser is principal '
Sequoyah decontamination mechanism in
blackouts
3 Revolatilization from Revolatilization could negate
RCS/RPV effects of high retertion; highi;
uncertain issue
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 i{ssue
6 Late sources of iodine Appeared as important issue in D-aft
at Crand Gulf NUREG-1150
7 Reactor Building DF at Natural decontamination processes
Peach Bottom could reduce source term; uncertain

and controversia! issue

8 Release during direct Uncertain and controversial issue;
containment heating direct heating is also associated
with caily containment failure

3.7
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3.4 Select’ n of Experts

Experts were chosen to ensure a balance of viewpoints. To this end,
expercs from inonst. y groups, engineering and consuiting firms, the federal
government, and the national laboratories were included in the panel. A
brief summary of their credentials has been presented in Section 2.

3.5 Elicitation Training

Training in probability assessment techniques is an integral part of the
expert opinion methodology used in NUREG-1150. Each panel of experts that
participate. in the expert opinion prucess atten’ed a half-day training
session. This session constituted the first meeting of each panel. The
training was given by consultarcs from the field of probability assessment
and decisfon analysis. The trainer for the “Source Term Panel was Professor
Ward Edwards of the University of Southern California.

The purpose of training in probability assessment is to facilitate the
elicitation process. Experts in various fields of science are often not
trained in probability theory and the techniques of probability elicita-
tien. The experties possessed by the scientists and engineers on the
panels is called substantive expertise and thus they are called svhstantive
experts. Expertise about probability elicitation is call:. ro.mative
expartise and the participants in the expert opinion pcocess <thaoled in
probahility assessment are known as normative experts. Both ». =stantive
expertise (knowledge of th- problem domain being studied) and normative
expertise (knowledge of techniques for encoding be'iefs into probability
distributions) are required for a successful expert opinion process.

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

The training sessions conducted for NUREG-1150 covered several related
t pies. These topics included the expert opinien process itself and the
need for expert opinion, the elicitation techniques for the probabilities
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of various types >f quantities and everts or phenomena, the psychological
aspects of probability assessmencs, and the decomposition of complex
issues.

Each training session began with an overview of the goals of the expert
opinion process and buckground materisl orn the development of that process.
The process was reviewed in scme detail so that the substantive experts
would be aware of what would be required of them and how their elicitations
would be used, Because the formalized use of expert opinion was new to
many of the participants. some were initially uneasy with the concept of
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 ... -~ different types of assessments that might be required of the
experts. The type vi 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, zerc-one events, and dependent events, At
appropriate points in the training, the experts were asked to make
assessments using the methods under discussion. Using pre-tice 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.

Since 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 assessment 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 elicitation 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 functions was also introduced.
However, mathematical calibration of experts was not attempted in the
NUREG-1150 expert opinion process.

Psychologlical aspects of probability elicitation received much attention in
the training because failure to recognize and deal with psychological
biases can impair the quality of the resulting assessments. One of the
psychological aspects discussed is the tendency to give subjective
probability distributions that are tos narrow and thus understate the
uncertainty or, comversely, overctate knowledge. This phenomena is often
called “overconfidence," since the effect is that expressed probability
distribution expresses greater certainty than is warranted. Other
psychological aspects of subjective probability assessment that were
tiscussed include anchoring, which is the tendency to assume an initial
pesition and fail to give sufficient credit to other . irces of
information; representativene s, which is the tendency to give too much
credit to other situations that are similar in some aspects but not
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others; the ‘endency tc overestimate the probabilities of rare events; and
and proeblems with group behavior such as personality dominance. Whenever
possible, examples of these difficulties were presented and the experts
being trained were asked to participate {1, 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 two-fold:
to give the substantive experts experience with the elicitation instruments
and to provide feedback on the quality of the individual's assessments., As
expected, most participants found that their assessed distributions ex-
pressed overconfidence. Once aware of this tendency, it is easier for the
substantive experts to correct for this blas.

Problem decomposition was the last major segment of the training session.
Problem decomposition is the process of creating a model of a complex
assessment that allows the experts to make a series of simpler assessments.
The simpler assessments are mathematically recomposed through the model.
The net result i{s that the resulting probability distribution is a better
erpression of the expert's knowledge than 1if the expert had been asked to
make an assessment of the inftlal issue without the alid of a decomposition,

Training in decomposition was conducted by presenting examples of decompo-
sitlons that had been developed for the NUREG-1150 study. Several types of
decompositions were shown and the process of recombining the assessments
was discussed. Comments from the participante indicated that the use of
problems from the nuclear safety area enhanced the valus of the decomposi-
tion wiaining,

3.6 Presentation of Issues

During the second meeting, plant analysts presented the issues to the
expert panel. The purposes of the presentations were to ensure that theve
was a common understanding of the issue being addressed; 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 a forum for
the discussion of alternative data sources, models, aid forms of snalysis.

Each presentatien included a suggested decompesition of the problem.
Problem decomposition has been used in the NUREG-1150 expert judgmet
process as a mechanism to improve the quality or i » subjective asses -
ments Problem decomposition improves the quality of assessments by
structuring the analysis so that the expert {s required to make a series of
simpler assessments rather than one complex assessment. ¥ serimental
studies® * have shown that decomposition often improves the accuracy of
assessments, lmprovement occurs because the experts are responding to
questions that are less difficult to answer., Tae experts must state their
reasoning explicitly by bein: more introspective about their assumptions of
the analysis and thus consider alternatives that they might otherwise
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ignore. Some improvement may be due to cancellation of errors which occurs
vhen errors of underestimation are offset by comparable errors of over-
estimation. Decomposition also provides a form of self documentation since
the expert’s thought process is made explicit In the decomposition.

Plant analysts usually presented the suggested decompositions without
suggested probabilities or distributions to avoid pieconditioning or bias-
ing the experts. For many of the 1issues, the proposed decomposition
brought about !ively discussions that illuminated the alternative
approaches to analyzing the i{ssue. The plant analysts also presen’ 4 data
sources, models, and reports that were relevant to the issue, and provided
references to other scurces of Information.

Capturing uncertainty in the experts' opinions requires that the wvarious
experts be permitted to follow alternative analyses. Since the process was
designed to take advantage of the diversity of approaches, experts were
encouraged to seek their own decompositions or to modify decompositions
that were suggested by the analysts. 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 Analyses

Two or three months were allowed between the initial presentations of the
issues and the elicitation sessions. During this period, the experts
studied the issues. Some experts chose to alter the proposed decomposi-
tions or create new decompositions and made preliminary evaluations of the
subjective probabilities represented in their decompositions of the issues.
The elicitation meeting provided a forum for discussion of alternative
views of the issue. Presentations from both the panel members and invited
observers of the meetings were encouraged. These sessions generated a
substantial amount of discussion and interchange of information that often
led the experts to make revisions of their prepared analyses., In some
instances, the panel members prepared documentation that amounted to brief
reports. It became apparent in the elicitation sessions that this
interchange was an important source of information for the experts.

3.8 Elicitation

The discussion of each issue was followed by elicitation meetings between
each expert and a team composed of one normative analyst and one
substantive analyst, Documentation of the experts’ assumptions and
reasoning was produced during the elicitation meetings. 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 ewperts the decomposition and assessments of the problems. The
experts were requir:d to explain their thinking to the assessment team of
one normative and cne substantive expert. During the discussion of the
elicitatlion process, the expert being elicited was questioned about stated
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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 =omewhat from the initial
assessments .

The role of the normative experts was to assist the expert in codifying the
experts’ beliefs and to ensure that the assessment was complcte 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. Thelr talent for
vecoming involved in the technical aspects of issues, which are not thelr
basic area of expertise, is a crucial factor in facilitating the experts’
abilities to develop logically consistent assessments. Such individuals
are recessary in any expert judgment elicitation process.

The role of the cubstantive expert was to assist the expert by answering
questions related 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 cf the plant analysis
teams .

Much of the 4documentation of the experts’ assumptions an¢! reasoning was
completed dui lng the assecsment meecings. However, some frilow-up work was
necessary after the elicitation sessions to fill in wvoids in the loglc
provided by the experts, or to obtain values that were incomplete.

Documentation of the elicitations is provided in Section 5 of tl. s report.
Note that while the experts participating for each issue are identified,
the irdividual assessments are kept anonymous, and the experts are
identified as Experts A, B, C, etc.

3.9 Recomposition and Aggregation 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 i{f all had produced
their results in the same form, the task of aggregation would have been
simply 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 the accident progression event trees or the XSOR codes. On
some issues, experts gave their results in different forms.

For the purposes of aggregation it was absolutely required that the case
structure be small enough to fit into the containment event trees and XSOR
codes and that the case structure and dependent variables be the same
between experts. 1f the case structure was impractically large and
complex, it was reduced if possible by an analysis of variance (ANOVA).
The ANOVA compared the variance {n the dependent variable attributable to
the differences between cases and the variance attributable to the
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differences among experts to the unexplained variance in the devendent
variable. For many issues it was found that the differences between cases
were not significant compared to the differences between experts, that is,
that the large 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 f'nd
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 did have
a closely analogous case, the analog was used for the missing case. 1f 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 .ecognized that this procedure would reduce the range of uncer-
tainty, so the substitution was resorted to as little as possible. For
come 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 pur all the outputs i{nto the same form. Whenever this was done
the experts involved might find the final form of their data difficult te
reconcile with what had been produced in the eliciti.tion. Therefore, ana-
lytical alteration of results was resorted to as little as possible, and
attempts were made to explain the reasons for and methods of analysis to
the experts.

After each of the experts’ distributions was in the same format, they were
agpregated 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 variable would be no g:éa:&r “han
some specific value. The aggregation was carried out by averaging all the
experts’ probability values for each value of the independent variable.
The aggregated results were thus also CDFs.

3.10 Review

Following the recompecsition of 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 Decumentation

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
from the information presented to the experts to the rationale that
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motivates 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
reci ing 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 sessicn. 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 assessment is
derived.
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8, ISSUE DESCRIPTIONS AND ELICITATION RESULTS

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 their rationale are discussed, and the agpregated results
cr resolutions for each issue are presented.

5.1 lssue 1. Relesse of Fission Products from the Fuel in the Vessel and
from the Vessel to the Contalument

Summary of Exper: Panel's Assessment of
Source Term Issue 1--FCOR AND FVES

Sxperts consulted: Peter Bieniarz, Risk Management Acsociates; Rabert
Henry, Fauske and Associates; Thomas S. Kress, Oak Ridge National
Laboratory; Dana Powers, Sandia National Laboratorjes.

To quantify Jssue 1, each expert was asked to respond to the following four
ques. ons:

4 ‘That distributions characterize the uncertainty in the release of
fission products from the fuel to the vessel?

2. What distributions characterize the uncertainty in the release of
fission products from the vessel to the containment?

3., 1s there a correlation between these distributions?

4, 1f so, what is it?

Issue Description

FCOR; represents the fraction of radionuclide group i in the initial core
inventory that is released from the fuel to the vessel before the vessel
fails., FVES; represents the fraction of radionuclide group i released from
the fuel in the vessel that is released from the vessel at, or before,
vessel failure. The release at vessel failure includes the blowdown period
and extends until the reactor coolant system (RCS) reaches the same
pressure as the containment. Material deposited in the vessel before
breach and remaining until well after vessel breach to be released later
through revaporization or resuspension ieg accounted for in another
parameter and is not included in FVES.

A distribution is required for both FCOR and FVES for each of the nine
radionuclide groups:

e Noble or inert gases (xenon, krypton),

¢ Halogens (iodine, bromine);

o Alkali metals (cesium, rubidium);

¢ Tellurium group (tellurium, selenium, antimony);
e Barium,

¢ Strontium;
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third expert distinguished between the radionuclide groups in & manner
similar to that of the second expert, but he expanded the proposed case
structure by distinguishing between high and low zirconium oxidation in the
vessel for some of the six cases.

Expert A based his analysis for FCOR upon the experimental work on the
release of fission products from fuel. He concluded that the results for
cesium could be well represented by an equation similar to the diffusion
equation and that the constants in the solution could be determined from
the data, He obtained release rates for the other fission products by
"relative volatilities.™ The results of applying this method of
calculating release rates agree reasonably well with experiments. He then
wrote a computer program to vary the temperature rise with time over a
range of reasonable scenarios, keeping track of the amount of each fission
product released. Expert A provided FCOR values for both high and low
zirconium oxidation in the vessel for both types of reactors. Expert A
declined to provide any values for FVES.

Expert B based his conclusions for FCOR and FVES on a large number of
MAAPR'? yuns for various acclident scenarios. He also relied on the
evidence from TMI-2. The MAAP results served as the basis for his
conclusions, but he included uncertainty for phenomena not modeled in MAAP
a’d phenomena that MAAP currently does not treat in sufficient detail. For
example, Expert B felt that MAAP sometimes overestimated the releases of
certain nuclide groups because the process of core collapse imposed
physical limitations on other processes that MAAP does not consider
adequately at this time. Expert B felt that neither the reactor type nor
the amount of zirconium oxidation in core had a significant effect on FCOR.
He also feit that the amount of zirconium oxidation before vessel failure
did not significantly affect FVES, He viewed the important factor to be
the hold-up time in the vessel: the longer the hold-up time, the more
deposition, agglomeration, etc. Thus, for FVES, he grouped the PWR-1 and
BWR-1 cases together, and he grouped the PWR-2, PWR-3, PWR-4, and BWR-2
cases together, He j~ovided a separate distribution for case BWR-3, as the
control rod drive ((i.) flow has a definite effect. Expert B considered
fodine, cesium, tellurium, and aeroscls separately. Although he provided
separate colum.s for tellurium and nonvolatiles, the values in those
columns were identical in all cases.

Expert C concluded that even if the dependency of the fission product
release rates on temperature were much better known, the release rates, and
thus FCOR, could not be much better predicted because the variations of the
temperatures in the core by time and location are not well known,
especially after the onset of relocation. The extent of metal oxidation is
also a significant uncertainty. Relocation not only changes the surface to
volume ratio, but it alters the H/H;0 ratio, which in turn affects the
diffusion and transport rates of the fission products. Thus, the current
models, which largely depend upon Arrhenius-type equations, have definite
limitations. The Source Term Code Package (STCP), for example, tends to
overpredict FCOR because it treats the formation of eutectics and the
gradual relocation of the core poorly. Expert C provided FCOR wvalues for
both high a~d iow zirconlum oxidation in the vessel for PWRs and BWRs.
Expert C thought that the biggest problem with the code predictions of FVES
was the failure to account for all ‘he important chemical forms and the
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changes between thew. For example, deposited CsOM may change to a silicate
or borate form. This uncertainty of chewical form and transformation is
thought by Expert C to bhe more important than the uncertainty in otuer
fmportant factors such ss residence time, gas temperatures, and flow rates.
Expert C considered lodine, cesiun, tellurius, and aerosols separately.
For cases PWR-1, BWR-1, and BWR-2, he provided separate tables for high and
low zirconium oxidation in the vessel. Since he was the only expert to
make a distinction on the amount of zirconlum oxidation in the vessel, this
dependency would not be significant in the aggregate distributions. Thus,
an average of Expert C's high and low zirconfum oxidation case: was used
for the three cases in which he made this distinction

Expert D did not consider tie amount of sirconium oxidation in the vessel
or the type of resctor to be important for FCOR; he provided one set of
velues for FCOR for both PWRs and BWRs. He thought that all the noble or
inert gases (xenon and krypton) would escape from the fuel and did not
provide » ~urve for this nuclide group. For Lellurium, he concluded that
the data were so ambiguous and conflicting that he could net support any
particular distribution for tellurium He thus spccified that a uniform
distribution between zero and one be Lased, wxioert D's distributions for
FCOR are shown in Figure 1-1.
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Figure 1-1. FCOR Dlstributions.
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For FVES, Expert D concluded that b 1ore release from the RCS, the fission
products would encounter low enough tecperatures that all the radionuclides
except the noble gases would _ondense to form acrosols. He thus provided
one curve for FVES for each of the six preposed cases (Figure 1-2). The
curve for each case applies to all the radionuelide groups except the noble
gases. Expert D obtalned these curves by using the aerosol sampling and
transport efficiency calculation (ASTEC) code to calculate aerosol
deposition along the flow path For the calculations, he took the
predominant sources of uncertainty to be:

Mean paiticle size;

Geometric stand od deviation of the particie size distribution;
Locs*ion of tle break in the RCS;

Molar flow through the RCS;

Pressure n the RCS; and

Temperature difference between the gas and the walls of the ROS,
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Figure 1-2, FVES Distributions.
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For FVES, Expert D supplied for each curve (case) a table that was regular
in the release fractlon, & plot of the cumulative probability, and a pl-t
of the probability density. The actual tabular values for FVES supplied by
Expert D were used as input to the program that performed the aggregation.
Extrapolatic s were made to obtain release fractions at 0.0 and 1.0. These
extrapolations we.» 8} .oved by Expert D,

The aggregate distributions for FCOR are given in Tables 1-1 through 1-4 of
this summary ana plotted in Figures 1-3 through '-6. The aggregate
distributions for FVES are given in Tables 1.5 throug. 1-10 of this summary
and plotted in Figurves 1.7 through 1-12.
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Table 1-1
Fractional Release from Vessel (%) FCOR
Case PWR-1--High, Zirconium Dxidation Aggregate

Nuglide Orour Smesative Frebakilaty

2000 .00 0007 G2 90800 D2 L8850 0880 L0000
Kenon  Krypton 0836 16 265 41 968 B0.223 2. 049  9F - N 96 863 B9 Ge 100,000
lodine, Bromine D822 13,916 26 408 45,733 75048 B 4 100.000 300000 100.000
Cosiwe, Rubjdiue  2.400 6.085 17,420 41 747 61 868  B8.78)  160.000 100.000 100 000
Tellurium, Antimony 0.000 ©0.500 1.798 . 748 30 084 80 .90 B1.884 @8 K36 10D OGO
Barium o000 0022 0,138 0.4 0,858 3.008 $2. 448 100,000 100 000
Btront ) um 0.000 0.003 0 025 0.211 0 838 1.764 $1.649 100.000 100.000
Ruthenium, ete. 0.000 0.000 ©.000 0.008 0 A%6 1. 688 B.UBE 14 033 26 600
Lanthanum, ete. 0000 0000 G000 ©.002 0.010 0,118 2.143 679 1) USe
Corium, ote. 0.000 O 000 0000 .00 0,018 6,303 $.560 S0 881 100 000

Table 1:2
Fractional Release from Fuel (%) FCOR
Case PWR-2--Low, Zirconium Oxidation
Agpregate

Nuslide Qxoup Cumulative Frobability

0000 _0.000 .0.080 .0.A50 0500 0280 0080 Q880 000
Kenon, Krypton 7071 9,880 17,480 60 476 90000  ©9 VO3 99 0R)  99.888 100 000
jodine, Bromine 1. 9BY 9.28%8 B 3Da  37.10% 89 470  @1.08% 100,000 100.000 100000
Cosium, Rubidium  0.983 2.410  6.703 90,308  SB.%36 83 007  100.000 100.000 100,000
Teliurium, Antimany 0.000 0,226  1.265  7.576  18.%9%  4B.087 88,728 #8230 100,000
Barium o000 0,011 0,022 0.174 [ TH) 2. 744 52 448  100.D00 100 D00
Btrontium 0000 0.000 ©.008  O.LYB 0.402 1.336 $1.8560 100,000 160 000
Ruthenium, wete. 0.000 0,000 0 000  0.008 0.204 1.228 $.812 14000 26.60%
Lanthanum, etc. 0.000 0.000 A.000  0.002 0.010 0.098 2141 8.978  11.084
Corium, sbo. 0.000 0.000 ©0.000 - © 002 0013 0,248 £.560 50,851 100,000
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Table 1-3
Fractional Release from Fuel (%) FCOR
Case BWR-1--High Zirconium Oxidation

Aggregate
]
Buclide Sroup Lamiletive Frobability
LA 2000 030 L.B80 L0500 280 L0950 LEE0  _L.000
Xenet, Keyptom 4073 2348 10 9RE S5 714 B0.00C DG BOS 99 863 B0 998 100 000
lodive, Rromine 2.980 4. BE0 12 530 53,865  73.S31  85.%12  100.000 100 000 100,000
Costum, Rubidium 1. 877  3.259 7 046 26 047 88,506  88.761 100000 100.000 100.000
Teliurium, Astimeny 0. 000 © 300 1.811 7.080 15 854 56 528 1 364 98 638 100 000
Barium DOBO 0,022 0,118 0 418 o B4 3.008 82,448 100.000 100,000
Btrontdum 0.000 0.003 0.02% 0.2i1 0 889 1.784 51 8650 100,000 300 080
Ruthenium, eto 0.000 0000 ©0.000 O 008 b 4% 1088 $.0B8  14.003 26 898 |
Lanthanam, ebc 0.000 0080 0000  ©.002 0.010 0. 118 2.143 807 11 0% ,
Coriwn, oto. 0.000 0.000 0.000 .00 0.01% 0 303 B0 80.881 36D 000 I
' ' i
|
Table 1-4 |
Fractional Release from Fuel (%) FCOR |
Case BWR-2--Low Zirconium Oxidation :
Aggregate |
— I
Muckide Growp |
, e SR A VS _PrODAR LA LY .
Xenor, Krypten LBB? 0,253 M.3D4 4. 428 BO.DCD 0B, 00% 99 983 @9 988 100 000 |
Todine, Bromine v.S08 0.86Y 0.820 1A.200 BB 40  B1.035 300 000 100.000 100,000
Cosium, Rubidium 0. 488 0.%78 0,000 8.820  S5B,538  B3.007 300 000 100.000 100,000 |
Tellurium, Antimony 0 000 © 204 0 782 4008 14,081 46 087 86.°% 98 220 100,000 |
Barlum 0000 0011 0.0 0.174 T 2 744 $2.448 100,000 100000
Strontium 0.000 ©0.009 0.01% 9.076 0. 402 1.338 §1.650 100,000 100,000
Ruthenium ete. 0.000 0.000 0.000 0008 0,204 1,228 S.812  14.033 28 698 :
Lanthanum, etc. 0.000 © 050 0.000 t.002 0.010 0.00% 2.141 9878 11.0%5 |
Corium, et 0.000 ©.600 0. 000 002 0.01% 0 248 8.50  S0.851 100 000 |
i |
I
)
I
1
i
!
|
!
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Table 1-5
Fractional Release frowm Vessel (%) FVES
Case PWR-1--Setpoint Pressure

Aggregate
Buglide Group Swmaletive Probabllity
Yenon Keypton 100,060 100.000 100.060 (00.000 100.000 100.000 100.000 300.000 160 000
lodine, Bromine 0.006 0,000 0.001 6 .95 B.600 35 18R 77,143 95.833 100,000
Cowium, Hubidium 0.000 0000 0001 0 513 4,248 385180 77,143 95 B3% 100,000
Tellurium, Antimany 0.000 ©0.005 ©0.001  ©0.183 2,803 1B A0 75,000 9% 833 100, 000
Barium 0.000 6.000 G001 0. 183 2.808  17.97 76000 95,833 100 060
Brront ium 0.000 0.000 0.001 ©0.183 2.803 17,974 76,000  ©5.833  100.000
Ruthenium, etc. 0.000 0,000 0.001 0. 1bs 2008 17.974 78,000 95,833 100,000
Lanthanum, ebec. 0.000 ©.000 0.001 0.i82 2800  17.97%4  E.000  95.803  100.000
Cerium. ote. 0,000 0.000 0.001 €.183 2.809 17,974  76.000 95,833  100.000
Table 146
Fractional Release from Vessel (%) FVES
Case PWR-2,3--High and Intermediate Pressure
Appregate
Buclide Sroup —Cuwmuiative Probability
2000 G010 008 0280 0.0 L2500 0050 0.8R0 1000
Xenon, 100, 60¢ 100,000 100, 000 100,000 100,000 100,000 106,000 100,000  100.000
Todine, Bromine 0.000 0,003 1.088 186,547  A1.040  80.764  63.121  99.218 100.000
Costum, Rubidium 0.000 ©.003 0 BES 10,082 26468 58, 548 89 421  99.210 100 DOO
Tellurium, Antimony ©.000 ©.003 ©0.804 11.8% 24 BaY 42 903  B8.806 90,218 100 000
Barium 0,000 0,003 O HS8 12 576 23,810  A7.186  86.977  99.21%8 100 000
Stront fum D.OB0 ©0.003 O.8S8 12,876 23.813  37.186  86.977  BU 218 100.000
Ruthenium, ete. 0.000 ©0.003 ©0.838 12.876 23,810  37.186 86 977  §9. 218  100.000
Lanthanum, etc. 0,000 0,008 G 848 12,876 23,813  37.186 86 977  $9.218 100,000
Coitum, oto. 0.000 0,003 0 858 12 576 23 813 37,186  66.877  §9.218  100.000
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Table 1
Fractional Release from Vessel (%) FVES
Caso PWR-4- -Low Pressure
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i Agpregate
Macldde Grow : Cymedative Probability
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