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ABSTRACT

This report records part of the vast anioun t of information received
during the expert judgment elicit at. ion process that took place in support
of the NUr.EO.1150 effort sponsored by the U.S. huelear Regulatory
Comrni s s ion . 'I n c results of the Source Term Expert Panel are presented in
this part of Volume 2 of NUREG/CR 4551. The Source Term Panel considered
*1ght issues:

1. In vessel f1ssion product release and retention;

2. Ice condenser decontamination factor at Sequoyah;

3. Revol atil l r at a m from the Reactor Coolant Sy_ tem / Reactor Pressure
Vessel;

4. Core Concrete Interaction fission product release;

5. Release of Reactor Coolant System and Core-Concrete Interaction
species from containment;

6. Late sources of iodine from water pools;

7. Reactor Building decontamination factor at Peach bot tom;

8, Ralease during direct cont ainrent heating.

T1- 4 repoic 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 e.:pe r t s , (3) a brief descriptton of the
operations that the project staff performed on the raw clicitation
results in order to aggregate the distributions. (4) the aggregated
distributions, and (5) the individual expert elicitation summaries. The
individual expert e11 citation summaries were written soon after the
elicitation and were sent to the experts for review. They tepresent the
raw results as received directly from the experts.

I
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This is one of many documents enat constitute the technical basis for the
NUREG-1150 document produced by the NRC Office - of Nuclear Regulatory
Research. Thia document's purpose is to present the resulis of the
elicitations performed by the Source Term Expert Panel. The document
consists of the distributions and associated technical rationale provided
by the expert panel for the phenomenological questions posed by the IP' REC-
1150 analysts.

Figure 1 identifies all the documents that tresent the results of the
accident progression analysis, the source term analysis, the consequence
analysis, and the overall risk integration. Three interfacing programs
performed this work: the Accident Sequence Evaluation Program (ASEP), the
Severe Accident Risk Reduction Program (SARRP), 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 documantation that supports the current version of
NUREG 1150.

-i

The current NUREG/CR-4551 covers the analysis included in the original
NUREG/CR-4551 and NUREG/CR 4 700. The accident progression event trees
originally documented in NUREG/CR.4700 are now documented in the appendices
of Volumes 3 to 7 of NUREG/CR 4551.

Originally. NUREC/CR 4550 was published without the designation " Draft for
Comment." shus, the final revision of NUREG/CR 4550 is designated Revision-

~1. The - label Revision 1 is used consistently on all volumes, including
Volume 2 which was not part of the original documentation. NUREG/CR-4551
was originally published as a " Draft for Comment"; so, in its final form, '

- no- Re vision- I - designator is used to maintain consistency with NUREG-4550
documents.

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

NUREG/CR-5380, SAND 88-2988, S. J. Higgins, "A User's Manual for the
Postprocessing Program PSTEVNT," Sandia National Laboratories,
Albuquerque, NM, November-1989.

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

8

NUREC/C" 4624, BMI 2139, R. S. Denning et al., "Radionuclide Release
Calculations for Selected Severe Accident ~ Scenarios. " Volumes I V,
Battelle Memorial Institute, Columbus, OH, 1986.

NUREG/CR.5062, BMI 2160, M. T. Leonard et al., " Supplemental
Ladionuclide Release Calculations for Selected Severe Accident '

Scenarios," Battelle Memorial Institute, Columbus, OH, 1988. >
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'NUREG/CR 5331, SAND 89 0072, S. E. Dingman at al., "MELCOR Analyses for
Accident Progression Issues," Sandia National Laboratories.

!Albuquerque, NM,- 1989

NUREG/CR-5253, SAND 88 2940, R. L. Iman, J, C. lle l t on , and J. D.
Johnson, " PARTITION: A Program for Defining the Source Term / Consequence ,

Analysis Interfaces in the NUREG 1150 Probabilistic Risk Assessm'nts
User's Guide," Sandia National Laboratories, Albuquerque, NM, May 1989.

l"JREC/CR 5382, SAND 88 2695, J. C. llelton et al., " Incorporation of

Consequence Analysis Results into the NUREG 1150 Probabilistic Risk
Assessments," Sandia National Laboratories, Albuquerque, NM, 1989

;

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

NUREG/CR 5262, SAN'48.3093, R. L. Iman, J. D. Johnson, and J. C.
llelton, "A User's Guide for the Probabilistic Risk Assessment Model
Integration System (PRAMIS)," Sandia National Laboratories,

-Albuquerque, NM, May 1990.
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has prepared NUREC-
11501 to examine the risk of accidents in a selected group of nuclear power
plants. The three main objectives of NUREC 1150 are given below.

1. Prepare a current assessment of the severe accident risks of five
nuclear power plants that will:

* Provide a " snapshot" of risks re fl e c t ing 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
~

e

Safety Study;

Include quantitative estimates of risk uncertainty, in response*

to a principal criticism of the Reactor Safety Study; and

Identify plant-specific risk vulnerabilities. in context of thee

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;*

* The potential benefits of a severe accident management program
in reducir. , risk; and

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

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

li support of NUREG-ll50 and as part cf the Accident Sequence Evaluation
Pcogram (ASEP) and the Sevete Accident Risk Reduction Program (SARRP),
Sandia National Laboratories (SNL) has directed the production of Level 3
probabilistic risk assessments (PRAs) for the Surry, Sequoyah, Peach
Bottom, and Grand Culf nuclear power plants. (Level 1 PRAs contain
accident sequence analyses developed to the point of core damagn Lisel 2
PRAs include Level 1 and accident progression analyses; and Level 3 PRAs
include Level 1, Level 2, and consequence analyses.) A PRA for the iffth
NUREC-1150 plant, Zion, has been prepared by EG&C Idaho, Inc., of the Idaho
National Engineering Laboratory (INEL) (Level 1) and Brookhaven National
Laboratory (BNL) (Levels 2 and 3). Two of these analyses (Surry and Peach ;

Bottom) ir'clude external evonts.

1.1



..

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

Expert judgment e11 citation is an . integral part of the methods used to
produce the PRAs .in support of NUREG 1150. Expert judgrunt is used where
applicable experimental data or complete analyses are inadequate. Such
situations are common in analysis of rare events and complicated severe
accident phenomena. The purpose of this report is to provide the results
and technical rationale obtained from the Source Term Panel. The expert
judgment methodology is presented in detail in NUREC/CR-4551 Volume 1.

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

the judgments represent the espert's state of knowledge at the time of
-response to _ the tectinical question. Expert _ judgment is not restricted to ,

_

the experts' answer but includas the experts' mental processes (defini-
"

tions, assumptions, and algorithms) f , .vriving at answers.

Expert judgment is necessarily use? I technical fields. Because these.

judgments are of ten inn, ' 'r ' they .( sometimes not acknowledged as being
,

expert judgments. For example, expert judgment is frequently used
implicitly, even unconsciously, when researchers make decisions about
defining problems, establishing boundary conditions, or screening data. By

contrast, expert judgment c a r. be obtained e , licitly, through formal
processes.

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

p

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

2. High veriability characterizes the data;

3, Experts question the applicability of the data;

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

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

The issue selection process consisted of accumulating an atensive 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 recommended the addition, deletion, or modification of issues
from the initial list.

Eight source term issues were considered important enough to be the subject
of- a formal expert judgment elicitation. Table 1-1 lists these issues.

Section 2 of this report briefly outlines the expert selection process and
gives a short biographical sketch of each expert. Section 3 describes the-

fundamental. expert judgment clicitation methodology. Section 4 lists the

meetings held for the Source Term Expert Panel and the people who gave

1.2
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Table 1 1
Source Term Issues Considered for Expert Judgment Elicitation

Applicable
-Issue' Plants

1. Release of Fission Proder+s from the Fuel All
in the Vessel and from che Vessel to the.
Containment

2, . Decontamination of Fission Products by the ice. Sequoyah ,;
Condenser at Sequoyah i

3, Fission Products Released by Revolatilization All
from the Reactor Coolant System (RCS)

j

4. Fraction of Fission Products Released All
During_the Core-Concrete Interactions

-5. Release of Fission Products from Containment Surry
for Surry, Zion, Sequoyah and Grand Gulf.- Sequoyah
FCONV & FCONC Zion

Grand Gulf

.6, BWR Late Iodine Release from the Suppression Peach Bottom
-

Pool and Reactor Cavity Water Grand Gulf

7. Peach Bottom Reactor Building Decontamination Peach Bottom
Factor

8. 'Radionuclide Release Associated with Pressure All
Driven Melt Expulsion from the Reactor

. Coolant System

presentations 1at. 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 use to aggregate the expert's distributions, the aggregated

,

' distributions, and written accounts of. =ach 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

g by the substantive expert who assisted with the clicitation. In all cases,

L therexperts 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 tarit approval

! .of the write-up.

1.3
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2. EXPERT CREDENTIALS

The objective for selecting the panel members was to obtain experts with
as much expertise as possible in the fields of source terms. The project
attempted to include a wide diversity of expertise that encouraged
alternative points of view. The selection of experts should preclude
stakeholders in the findings of NUREG-1150 frem participating as members
of the expert panel. This led to several criteria in selecting the
experts:

1. Experts should have demonstrated experience by authoring
publications, hands-on experience, and consulting or managing
research in the areas related to the issues;

2. Experts should represent a wide variety of experience as is
obtained in universities, consulting firms, laboratories, nuclear
utilities, or government agencies;

3. Experts should represent as wide a perspective of the issues as
possible; and

4. Experts should be willtag to be elicited under the methodology to
be used.

To ensure proper rep ~sentation, letters were sent to many organizations
reauesting 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 Memorial Insti ute
Bechtel Wescern Power Company

_

Brookhaven National Laboratory
Commonwealth Edison
Electric Power Research Institute
General Electric

Idaho National Engineering Laboratory (EG6G 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 o.

Westinghouse Electric Corp.

2.1
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j

'It was ' impossible to. satisfy each criterion ontirely 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:

,

i

Peter bientarz_ . Risk Management Associates
Andrzej Drozd Stone and Webster Engineering Corporation -j

James Gioseke Bette11e Columbus Laboratories
Robert Henry Fauske 6 Associates j

Thomas Kress Oak Ridge National Laboratory _1

L H. -(Ben) Liu University of-Hinnesota -|
Dana Powers Sandia National Laboratories R

Richard.Vogel Electric Power Research Institute -

David Williams Sandia National Laboratories |
l

Brief biographical sketchs of-the experts are presented below.

Source Term Expert Panel

PETER: P. BIENIARZ. Peter Bientarz is President of Risk Management
Associates, Inc. He - has been heavily involved in ebe n,v a e accident
analysis field 'from both the PRA and fission product behavior ends. As

.part of - his work, Mr, Bieniarz has been either involved in or directed
several PRA's and has developed several analytical methods for calculating
the' progression of severe accidents. -Prior to establishing Rick Management-

-Associates,--Mr. Bientarz was.the General Manager of the Albuquerque office
of Energy, . Inc. , and Senior Technical Consultant with Pickard Lowe and'
Garrick. Inc.

ANDRZEJ DRO2D. 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 Renpelaer 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

.mothodologies for' thermal-hydraulic and fission product transport analyses
for severe accidents. He performed calculations for the 1 ACE and DEMONA

-experimentt/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 II
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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JAMES A. CIESEKE. Dr. Cieseke manages the Environmental Physics and
Chemistry Section at Batte11e's Columbus Laboratories. The technical make-
up of this section is quite diverse with emphases being placed on 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 research 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 colles :lan
equipment; and, in particular, the analyses of gas and particle beha d r
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
managed 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 development of models for predicting the behavior of
concentrated aerosols 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 uty, American Association for Aerosol Research, American
Institute of t,hemical Engineers, Ohio Academy of Science, Alpha Chi Sigma,
Sigma Xi, and Phi Lambda Upsilon. He is author or co-author of more than
60 technical papers,

EgBERT HENRY. Biographical sketch not available.

THOMAS KRESS. . Biographical sketch not available.

BENJ AMIN Y. H. LIU. Benj amin Y. H, Liu is a Professor of Mechanical
Engineering and the Director of the Particle Technology Laboratory and
Environmental Division, University of Minnesota. He received l'ts E.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 and technology of small airborne particles (aerosols)
on which he has published approximately_240 papers and four books. lie is

well known for his research on the basic property and behavior of airborne
particles and methods for aercsol generation, me as u reme n t , sampling and
analysis. He has served on various governmental committees 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 Mechanical
Engineers, a Fellow of the Ame rican Association for the Adycncement of
Science, a Guggenheim Fellow and the recipient 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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DANA POWERS. Dr. Powers obtained a B. S. in Chemistry in 1970 from the
California Institute of - Technology .and a Ph.D. in Chemistry, Chemical
Engineering, and Economics in 1975 from the California Institute of
Technology.

During the period of 1974-1981, Dr. Powers was a Member of the Technical
Staff in the Chemical Metallurgy Division of Sandia National 1.aboratories.
In this capacity, he conducted research on fabrication of thick-film
electrical circuits, uniaxial pressing of metal powders, pyrometallurgical
materials, security of nuclear materials , and analytic representations of
phase relations in materials. On behalf of the U.S. Nuclear Regulatory w
Commission, Dr. Powers initiated an experimental study of the interactions
of reactor core naterials with structural concrete.

_

From 1981 to the present, Dr. Powers has been the supervisor of the Severe
Accid 6nt Phenomenology Division of Sandia National Laboratot les. He has
-directed and conducted experimental studies of high-temperature melt
interaction with concrete, interactions of molten sodium with structural
materials , - design of core retention devices, interactions of molten core

i
' materials with air and watet, high-temperature chemistry of udionuclides,

groundwater leaching of radienuclides, and the sampling- and characteri--
zation- of high concentration aerosols. Dr. Powers is also responsible for
the development of computer models used in reactor risk studies to describe
fission product chemistry under reactor accident conditions and core debris
interactions with concrete. Dr. Powers has directed quantitative studies
of uncertainty in models of reactor accident phenomena and safety studies ,

of research reactors.
,

Dr. Powers has served as a consultant for the Advisory Committee on Reactor
Safeguards, the Rogovin and Kemeny Commissions on the reactor accident at
Three Milo Island, and the International Atomic Energy Agency. He has also
served on the National Academy of Sciences Committee to Assess Safety and
Technical Issues at DOE Reactors, the Steering Committee for Chemical

-

Processes and Products in Severe Nuclear Reactor Accidents, and the Penel

on Cooperation with . the USSR on Reactor Safety. Dr. Powers has been a
member of the Department of Energy's Advisory Committee on Nuclear Facility
Safety since 1988.

RICHARD VOCEL. Dr. Vogel was Manager of the Source Term Program until
April 4,.1988,_in the Nuclear Power bivision at the Electric Power Research
Institute (EPRI) in Palo Alto, California. Since that time, he has been a

. Senior Scientific Advisor to that program. Dr. Vogel joined the Institute
in 1980.

Before joining the Institute, Dr. Vogel was employed by Exxon Nuclear. His
last position was as Manager of the-Research Department. In this capacity,

he - participated in various. R&D programs and was responsible for the
administration of Battelle Northwest work carried out for Exxon Nuclear.''

From 1949 to 1973, Dr. Vogel held various positions of increasing
_

responsibility for Argonne National Laboratory in Argonne , Illinois. He

began as a Senior Chemist and became Associate Division Director of the
Chenical Engineering Division in 1954. Dr. Vogel was Division Director of
Chemical Engineering from 1963 until 1973.
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Dr. Vogel received his B.S. degree in Chemistry from Iowa State University
in 1939. He received an M.S. degree in Biophysical Chemistry from
Pennsylvania State University in 1941. Dr. Vogel received both an A.M.
(1943) and a Ph.D. (1946) in Chemistry from Harvard University. From 1946
to 1949 Dr. Vogel was an Assistant Professor of Physical Chemistry at the
Illinois Institute of Technology in Chicago. Dr. Vogel is a member of the
American Chemical Society and a fellow of the American Nuclear Society. In
1982, he received the American Institute of Chemical Engineering Robert E.
Wilson Award in nuclear chemical engineering.

DAVID WILLIAMS. David C. Williams received a B.S. in Chemistry from
Harvard in 1957 and a Ph.D in Nuclear Chemistry from MIT in 1962. During
the next four years, he did postdoctoral research in nuclear structure
physics at Princeton, NJ, and at Los Alamos National Laboratory, New _

Mexico. Since 1966, he has been a member of the technical staff at Sandia
National Laboratories in Albuauerque, New Mexico. Major work areas at
Sandia have included safety of radioisotopic power supplies used in the
space program, hardening and vulnerability studies for nuclear warheads,
LMFER core disruptive accident analysis, and light water reactor (LWR)
severe accident analysis. In the INR safety field, his specialities have
included severe accident source terms and containment loads resulting from
severe accidents, including assessment of uncertainties in source terms and
containment loads. In March of 1987, he was designated a Distinguished
Member of the Technical Staff at Sandia. He is a member of the New
Production Reactor Engineering Development Division.
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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 judgment 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 on which 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 make 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 ~

*
ntructured and controlled meetings that encourage the exploration
of alternative beliefs while inhibiting pressure to conform.

7. Elicitation of expert opinion should be conducted 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. This study 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 assumptions has a higher likelihood of
being accepted by a randomly chosen expert in accident phenomena The risk

3.1
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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 sometimen_ wrong, and the "true"
risk _could lie outside the ranges found in this study

'3.2 Steps to Elicit- Exocrt Judtment

-The principles . identified above, the criticism of the draft NUREG-1150
expert 'jud jnent efforts, ' and the findings of precursor studies employingf

= expert j udgmenths provided guidance for the design of the NUREG-1150
expert judgment elicitation precess. 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 meetir.gs. Steps 1 a d 2 were accom-
plished before the first meeting of the expert panel. Step 3, elicitation
training, took place in the first meeting, which lasted one-half day. The
presentation and review of issues, Step 4, was done during the second meet-
ing, which, in order to reduce travel costs, took place.immediately after
the first meeting. Step 5 was accomplished between the second and third
meetings:(in-some cases the expert panels net for additional discussions
during-this time)- Discussion and elicitation, Steps 6 and 7, occurred in

-

,

the third meeting, - which usually took place three months af ter the first
.and second T mee tings (the accident sequence frequency group - and the

_

structural _ response _ group met two months af ter th_e first two meetings).
_ _

The final steps, 3, 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 this uncertainty is
phenomenological, some is stochastic , and some is because of 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 an'd issues with the same-degree of thoroughness. The . criteria

used-to select. issues for detailed uncertainty analysis were:

e Hith impact on-~ ri sk. 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 NOREG 1150, by smaller scale side calculations, by
the opinions of the expert panels, and by examination of previous
PRAs.

~

3.2
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* Interest within the reactor safety community. Some issues were
thought not to be major determinants of uncertainty in risk, but had
nevertheless been the subject of intense investigation and debate

e To improve on the treatment in Draft NUREG-1150. Some issues had
not appeared to be important in the draft version; however, it was
recognized that the treatment there was less than optimum. Such
issues were included to determine whether an improved treatment
would change those insights.

* The issue was 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 NUREG-1150 staff.
The preliminary list of issues was presented to a panel of experts, along
with reasons for their inclusion. A list of other issues was also
presented, along with reasons for their exclusion. The expert panel was
asked to review the list of issues, and to add or delete issues. The
expert panels were the same ones that would be asked for quantification of
the uncertain issues. An understanding of the limited tine and resources
available generally militated against an unwarranted or overly generous
expansion of the issues.

Those issues that were selected for quantification by the external expert
panels fell into three broad classes: uncertain issues affecting the
sequence frequency calculation, uncertain issues af fecting the response of
the containment and its systems, and uncertain issues affecting the
radiological source term. There were more issues affecting containment
than for the other classes, and there was a further breakdown into issues
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.

.

J

_

1

- 3.3

._ ________ - ____ _ _ _ _ -



_. __ _. _ .__ . . _ _ . . _ _ . . _ . _ _ . . . _ . . _ . _ _ _ _ _ . . _ _ _ . . _ _

Table 3-1
Issues'Presentedito the In Vessel Panel

. . _

lssue-No. Title' Reason for Inclusion

1 Temperature-induced PWR .Large hot leg failure co~uld
hot leg failure preclude direct containment

heating;.depressurizes RCS and
precludes SGTR

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
h bottom head failure determines subsequent accident
.. n 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'PWRs progression

I
i
L
!

1.

- - -

|

:
|
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f

|_

i.

I

;.

3.4
i.

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



.

Table 3-2
Issues Presented to the Containment Loads Panel

Issue No. Title Reason for Inclusion

1 11ydrogen phenomena at Early failure of drywell or
Grand Gulf wetwell has potential for

causing large source te rm

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

term

u

3 BWR reactor building Bypass of reactor building has
failute due to potential for increasing source
hy cogen burns terms

4 Loads at vessel breach Failure of containment at vessel
at Grand Gulf breach has potential for causing

large source terms

5 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-

-1ssue No.
_

Title Reason for Inclusion ,___

l_ Static failure pressure cor'ainment failure is the
and mode at Zion most important doterminant

>,

of source te:ss

'2 Static failure pressure Same as lasue 1
-and mode at Surty

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

Bottom

4 Reactor Building bypase Bypass of Reactor Building
at Feach Bottom has potential for allowing

lerge release of radionuelides

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

6 Ice condenser. failure Failure or bypass ol' ice condenser
due to deto' nations has potential for large source
at Sequoyah terms

7 Drywell cnd wetwell Failure of drywell bypasses
failure due-to suppression pon1. Failura of wet-

|- detonations at Grand well allows large release to
Culf environment

8 Pedestal-failure due to Pedestal failure is a major far. tor

erosion at Grand Gulf in subsequent accident nrogression

4

4

4

,

b

|
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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 II containment Pedestal failure could les' to
*

failure via-pedestal early containment failure;
failure at Crand Culf controversial issue

o Table 3-5
Issues Presented to the Source Tern Panel

._

Issue No. Title
_,_

Rea son for 1r clusion _,_,,,

1 In-vesse1~ fission product Release and retention are major
release and retention determinants of source term

2 Ite condenser DF at Ice conden.ser is principal' '

Sequoyah. decontamination mechanism in
blackouts

3 Revolatilization from Revolatilization could negate

RCS/RPV effects of high retention; highu
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 issue

6 Late sources of iodine Appeared as important issue in D*. aft
at Grand Gulf -NUREG-1150

-

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

and controversial issue

8- Release during direct Uncertain and controversial issue;

containment heating direct heating is also associated
with early containment failure

3.7
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I3.4 - Selectf m of Exoerts >

. Experts. were chosen _ to ensure a balance of viewpoints. To this end,
__ experts from inoustry' groups, engineering and consulting 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 E11 citation Trainine

Training. in probabil.ity assessment techniques is an integral part of the
expert opinion methodology used in NUREG 1150. Each panel of experts that
participateC in the expert opinion process atten ed a half-day training.d

session. This session constituted the first meeting of each panel. The
. training was given by.consultan:s from the field of probability assessment
and decision 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
clicitation process, Experts J in various fields of science are of ten not
trained ' in probability - theory and the techniques of probability clicita- ,

tion. The experti e possessed- by the scientists and engineers on the
,

panels is_ called substantive expertise and thus they are called mbstantive
experts. Expertise about probability clicitation is cal N cotmative
expertise-and the participants in the expert opinion pcocess chooled in
;.robability assessment - are . known as normative experts. Both w stantive
expertise . (knowledge . of thi problem domain being studied) and normative
expertise _(knowledge of techniques for encoding be'iefs - into probabillty ,

idistributions)-are required for a successful expert opinion process .

During-probability training, expe:rts 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
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 subj ective 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 e11 citation se s sions, run smoothly since the

: normative and substantive experts are working with the same definitions and
the same understanding of the desired product.

13.5.1 Training Topics

The . ;t raining sessions conducted for NUREG-1150 covered several related
,

t' pics. These topics included the expert opinion process itself and the '

need for expert opinion, the elicitation techniques for the probabilities

;-
2
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of various types af 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 be.ckground material on the development of that process.
The process was reviewed in some detail so that the substantive experts
would be aware of what would be required of them and how their elicitations

-

would be used. Because the formalized use of expert opinion was new to
_

many of the participants, come 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 a. C different types of assessments that might be required of the e

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 prt: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-,

icy 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 - c alibration of experts was not attempted in the
NUREG-1150 expert opinion process.

Psychological 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 too narrow and thus understate the
uncertainty or, conversely, overstate 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
discussed include anchoring, which is the tendency to assume an initial
position and fail to give sufficient credit to other ; irces of

information; representativeness, which is the tendency to give too much
credit to other situations that are similar in some aspects but not

3.9
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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 participant's 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- i
pressed overconfidence. Once aware of this tendency, it is easier for the
substantive experts to correct for this bias.

Problem-decomposition was the last major segment of the training session.
Problem decomposition .is the process of creating a model of a conplex
assessment that allows the experts to make a series of simpler assessments.
The simpler assessments are mathematierslly _ recomposed through the model.
The not-result is that the resulting' probability distribution is a better
erpression of-the expert's knowledge than if the expert had been asked to
- make an assessment of the initial issue without the aid of a decomposition.

Training in decomposition was conducted by presenting examples of decompo-
sitions 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 participants indicated that the use of
problems from the nuclear- safety area enhanced the value of the decompost-
tion waining.

3.6 Presentation of Issun
.

During the second meeting, plant analysts presented the issues to the
expert panel. The purposes of the presentations were to ensure that there
was a com:non understanding of the issue being addressed; ensure that the
experts would be responding to the same clicitation 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, at.d forms of analysis.

Each presentation included a suggested decomposition of the problem.
,

Problem decomposition has been used in the NUREG 1150 expert j udgme lt |
process as a mechanism to improve the quality of t: subjective asses -e

ments. Problem. decomposition . improves the quality of assessments by
structuring the analysis so that the expert is required to make a series of
simpler assessments . rather than one complex assessment. 3erimental j"

3studies d have shown that decomposition often improves the accuracy of
assessments. Improvement occurs because the experts are responding to
questions that are less difficult to answer. The experts must state their

i reasoning explicitly by beiny more introspective about their assumptions of
the analysis and thus consider alternatives that they might otherwise4

3.104
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ignore. Some improvement _may_be due to cancellation of errors which occurs-

_

- when Lerrors 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 preconditioning or bias-
ing the experts. For many of the issues, the proposed decomposition
brought about ?ively discussions ' that illuminated the alternative
approaches to analyzing the issue. The plant analysts also presen* d data
sources, models, and reports that were relevant t'o the issue, and provided
references to other sources-of information.

Capturing uncertainty in _ the experts' opinions requires that the various
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 a_nd 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 experts the decomposition and assessments of the problems. The
experts were requir sd to explain their thinking to the assessment team of
one . normative and cne substantive expert. During the discussion of the
elicitation 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.providedi In many cases, the resulting decompo-
sitions and probability distributions 'dif fered somewhat 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 complete and con-
~istent in a probabilistic . sense so that the assessments could bes
recomposed at a later time. Normative experts have the ability to draw
from the experts the important details being elicited. Their talent for
becoming involved 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 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
nornative 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 dusing the assecsment meetings. However, some frilow up work was
necessary- af ter the clicitation sessions to fill in voids in the logic
provided by the experts, or to obtain values that wcre incompleta.

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 19.d ividual assessments are kept anonymous, and the experts are
identified as Experts A, B, C, etc.

#

3.9 Recomnosition and Ancrenation 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,

separate distribution was elicited for cach variable. If all theand a
experts had worked with identical case structures, and if all had producedi

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.

absolutely required that the caseFor the purposes of aggregation it was
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 If the case structure was impractically large and
complex, it-was reduced if possible by an analysis of variance (ANOVA).'

The ANOVA compared the variance in 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 dependent
__ variable. For many issues it was found that the differences between cases
were not significant compared to the differences between experts, that is,
that the-large and complex case _ structure ' had little effect on the
dependent variable. A mathematical procedure was thcn used to determine
which of the cases could be safely combined,

If different experts used dif ferent 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. LIf an expert did not have one of these cases, but did 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 cecognized that this procedure would reduce the range of uncer-
tainty, so the substitution was resorted to as little as possible. For
:ome _- i s sues , 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 elicitttion. 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
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 variable would be no g h at than-

some specific value. The aggregation was carried out by averaging all the
experts' probability _ values for each value of the independent variable.
The aggregated results were thus also CDFs.

-3.10 Review

Following the recomposition 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
ref3-cts 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
from the information presented to the experts to the rationale thati

..
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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 aanipulation of the assessments needed for aggregation. To
this end, the - issue -discussions were recorded on video ~ cassette, Such
racc.* 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 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
technicc1 foundation of information (experience, issue presentation,
existing data or analyses) from which the rationale for the assessment is
derived,

,

d

-
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4. ELICITATION MEETINGS

The first two meetings (the clicitation trainir.g and the presentation and
review of the technical issues) for the Source Tern Expert Panel were
held on January 12 and 13, 1988. Presentations to the Source Term Panel
were made by the following pr.ple:

Nestor Ortiz, SNL
Ward Edwards, USC
Frederick Harper, SNL
Elaine Bergeron, CNL
Roger Breeding, 1
Ed Warman, Stone 6 Webster
Dana Powers, SNL -

James Davis, New York Power Authority
William Camp, SNL
Valt Murfin, Technadyne
Dave Williams, SNL
Herschel Specter, New York Power Authority
Edward Fuller, EPRI
Ken Bergeron, SNL
Hong Nian Jow, SNL
Thomas Kress, ORNL
Chris Amos, SAIC
John Kelly, SNL

There were two interim meetings prior to the Source Term elicitation
meeting. The elicitation meeting for the Source Term Expert Panel was
held on April 12 to 15. Presentations at +hese meetings were made to the
panel by several of the above people and Lj the following people:

M. Khatib-Rahbar, BNL -

Rudy Sher, EPRI '

Normative experts for Source Term elicitation sessions were:

Ralph Keeney, USC
Detlof von Winterfeldt, USC
Richard John, USC.
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5. ISSUB 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 aggregated results
or resolutions for each issue are presented,

5.1 Issue 1. Releaca of _ Fission Products from the Fuel in the Vessel and
from the Vessel to the Contalrent-

5

Summary of Expert Panel's Assessment of
Source Term Issue.1--FCOR AND FVES

Experts consulted: Peter Bieniarz, Risk Management As.sociates; Robert-
Henry, Fauske and Associates; Thomas - S . Kress, Oak Ridge National-
Laboratoryi Dana Powers, Sandia National Laboratories.

To quantify Issue 1, each expert was asked to respond to the following four
quest. ens:

1 7 hat _ 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. Is there a correlation between these distributions?

4. if so, what is it?

Issue Descrintion

FCOR represents . the fraction of radionuclide group i in the initial core -3

inventory that is released from the fuel to the vessel before the vessel
fails. FVES represents the fraction of radionuclide group i released fromt
the fuel in - the vessel that is released from the vessel at, or before,

3

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 af ter vessel breach to be released later
through . revaporization or resuspension is accounted for in another
-parameter and is not included in WES.

A ' distribution is required for both FCOR and FVES for each of the nine

[ radionuclide groups;

Noble or inert gases (xenon, krypton);e

Halogens (iodine, bromine);e
;

| Alkali metals (cesium, rubidium);*
_

Tellurium group (tellurium, selenium, antimony);e-

Barium;e

Strontium;e
..

5.1-1
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a Noble metals (ruthenium, molybdenum,- palladium, rhodium,
technetium);

* 1.anth anide s (lanthanum, neodymium, niobium, europium, yttrium,
praseodymium, promethium, samarium,-zirconium);
Cerium group (cesium, neptunium, plutonium).e

The issue description presented to the expert panel contained a suggested
case structure for this issue. For FCOR, it was proposed that there was no
dependence upon the accident sequence, For FCOR only two cases were
proposed--pressurized water reactor (PWR) and boiling water reactor (BWR),
It was proposed that FVES depended upon the pres sure in the vessel as well
as upon the type of reactor. Thus, for FVES, four cases were proposed for
the PWRs, and three cases were proposed for the BWRs:

PWR-1--Setpoint pressure (2500 psia, blackout, RCS intact)
PWR-2--High pressure (600 to 2000 psia, S break)3

PWR-3--intermediate pressure (200 to 600 psia, S break)2

PWR-4--Low pressure (below 200 psia, large break).

BWR-1--Fast, high pressute (TBUX, blackout)
BWR-2--Fast, low pressure (TBU, blackout)
BWR-3--Slow, high pressur (TCUX, failure to scram).

NOTE: The pressure indicated refers to reactor coolant system pressure
and the TBUX, TBU, TCUX, S , S blackout designators refer to the tyt2 3

4of scquence as defined by NUREG/CR-4550.
4

Summary of Execrts' Rationale

Four members of the source-term panel considered this issue. However,

Expert A was unable to complete his clicitations for FVEG. Thus,
_

elicitations were obtained from four experts for FCOR and from three
y

experts for FVES.

The conclusions of the four experts for FCOR are given in the descriptions
of individual elicitations. Two experts concluded that there were no
significant differences between PWRs and BWRs as far as FCOR was concerned,
and each provided one table that applied to both types of reactors. The
other two utilized the proposed case structure but also considered a high-
zirconium oxidation in-vessel subcase and a lou zirconium oxidation in-
vessel subcase for FCOR.

The conclusions of the three experts for FVES are given in the descriptions
of the individual e11 citations. The panel agreed before the e11 citation
that cases PWR-2 and PWR-3 could be considered together , so the proposed
case structure for FVES was reduced to six before the elicitations. The '

three experts providing values for FVES agreed that all the inert gases
would escape from the vessel in all cases. One expert concluded that all
the fission products except the noble gases would condense to form
aerosols, and he provided one curve for aerosols, which applies to all the
radionuclide groups except the noble gases for each of the six proposed
cases. The second expert distinguished among ine t gases, iodine, cesium,
tellurium, and aerosols. He condensed the proposed number of cases. The

5.1-2
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third ' expert _ distinguished between the radionuclide groups in a 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. lie 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'
MAAps*1 ~ runs for various accident 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
and 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 felt 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

L BWR-11 cases . together, and he grouped the PWR-2, PWR-3, PWR-4, and BWR-2
cases together. He p mvided a separate distribution for case BWR-3, as the
control rod drive (C -). flow has a definite e f fec t . Expert B considered
iodine, c e s ium', tellurium, . an_d. aerosols separately. Although he provided
separate columr.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 -

n also a significant uncertainty. Relocation not only changes the surface to
volume ratio, but it' alters ' the H /H O ratio, which in turn affects the2 2
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 values for
both high a"d_ low zirconium 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 che important chemical forms and the

5.1-3
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,

changes between them, For example, deposited Ca0li may change to a silicate
or horate form. This uncertainty of chemical form and transformation is
thought by Expert C to he more ireportant than the uncertainty in other
important factors such as residence time, gas temperatures, and flow rates, r

Expert C considered lodine, cesium, tellurium, and aerosols separately.
For cases PVR 1, BVR 1, and BVR 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 zirconiwn oxidation in the vessel, this
dependency would not be significant in the aggregate distributions. Thus,4

an average of Expert C's high and low zirconium oxidation caset was used ,

for the three cases in which he made this distinetton. |

Expert D did not consider the amount of zirconium oxidation in the vessel'

or the type of reactor to be important for FCOR; he provided one set. of ,

values for FCOR for both pVRs and BVRs. lie thought that all the noble or,

inert gases (xenon and krypton) would escape from the fuel and did not
.

a curve for this nuclide group. For tellurium, he concluded thatprovide 1

the data were so ambiguous and conflicting that he could not support any
particular distribution for tellurtwn, lie thus spccified that a uniform
distribution between zero and one be s. sed, nport D's distributions for
FCOR are shown in Figure 1 1.
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For IVES, Expert D concluded that b tore release from the RCS, the fission
products would encounter low enough terperatures that all the radionuclides
except the noble gases would mondr,nse to form acrosols. He thus provided
one curve for TYES for each of the six preposed cases (Figure 1-2). The
curve for each case applies to all the radionuclide groups except the noble
gases. Expert D obtained these curves by using the aerosol sarepling and
transport efficiency calculation (ASTEC) code to calculate acrosol
deposition along the flow path. For the calculations, he took the
predominant. sources of uncertainty to be:

Mean particle size;e

Geornetric standard deviation of the particle size distribution;e

Location of the break in the RCS;e

Molar flow through the RCS;e

* Pressure *n the RCS; and
Tereperature difference between the gas and the walls of the RCS,e

I'U Cl | I I | | |
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Figure 1-2. ITES Distributions .
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The differences between the cases were small; a superior case structure
would have been based on the location of the break (.s) in the RCS, lloweve r ,

_

for any case structure the uncertainties in the particle size distribution
would heve been sufficient to produce relatively broad distributions, such
as those shown in Figure 1 2.

A noble gas release fraction value of 1.0 was used for the TVES aggregation
(with the permission of the expert). The nobic gas elease fracttons

originally supplied by t'ic expert (presented in Tables B 2, B 3, and n-4)
applied to relc-age before vessel breach.

Method of Arnregation

All aggregation was performed by averaging based on the rele :+ fraction.
That is, for each value of FCOR or FVES for which any e3. pert gave s

ete nul at ive probability, an av e r a ge was formed of the cumt lative
probabilities of all the experts. This _ usually involved interpolating

of the experts. This rne thod of averaging preserves thevalues for_ some _tails of the individual distributions, nich averaging based upon the
cumulative distribution functica does not.

In his tables of re',ul ts for FCOR, Expert A provided only the 0.1% value
and the 99,9% value for the last five radionuclide groups and stipulated
that a "unif orm distribution" be drawn between thern. lie did not specify

whether the distribution was to be arithmetica11y unif orm or logarithmi-
cally uniform. The difference between the two endpnints ranged from a
factor of 10 to a factor of $00. In the absence of any definitive
instructions, a -logarithmically uniform distribution was used when the
ratio between the upper and lower bound was 50 or more. An arithmetica11y
uniform distribution was used otherwise.

Regarding the e11 citation of Expert B, several assumptions were made.
First, he gave values for lower limit, 90s confidence, 50% confidence, lot

-

confidence, and upper limit without defining either lower or upper limit.
Since some ntunerical value was required, it was assigned to lower limit,
and 99% van assigned to upper limit. Secondly, Expert B did not always
supply a value for his upper limit. The t ables he supplied had telluritun,
for nonvo? :lles in Tables B-2 and B 4, and for all upper limit entries in
Table B 3. Actual values were required for this analysis. The values for
these entries in Tables B 2, B 3, and B-4 were supplied by ext.rapolation.
For the tellurium and nonvolatiles curves in Tables B-2 and B 4, 2% was
based on similarity with Expert B's cesitum curve and the reasonableness of
the result on a log plot. .For the upper limi: values in Table B 3, 70% for
iodine and 50% for the other radionuclide group were selected on the basis
of symmetry between the upper and low ends of the curves.

Expert D provided tables defining caen curve in his clicitation. The
tables for FCOR were not regular in release fraction or in cumulative

*
- probability and each contained between 8 and 16 entries. The values in

Table .10 were obtained from these curves by interpolation. Table 10 was
created for this summary only; the actual tabular values supplied by Expert
D vere used as input- to the program that performed the aggregation.

.
Extrapolutions were made to obtain release fractions at 0.0 and 1.0. These

extrapolations were approved by Expert D.
'
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For TVES. Expert D supplied for each curve (case) a table that was regular
in the release fraction, a plot of the cumulative probability, and a plct
of the probability density. The actual tabular values for INES supplied by
Expert D were used as input to the program that performed the aggregation.
Extrapolations were made to obtain release fractions at 0.0 and 1.0. These i

extrapolations vers .4 p oved by Expert D. |

The aggregate distributions for FCOR are given in Tables 1-1 through 1 4 of
this summary ano plotted in FI ures 13 through 1 6. The aggregatoE

distributions for FYES are given in Tables 1-5 throug. 1 10 of this summary
and plotted in Figures 1 7 through 1 12, >

'
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Table 1 1
Fractional Release from Vessel (t) FCOR j

Case WR-1 High, Zirconiuni Dxidation Aggregate

Naelide Grouc Cumulative Probability

WM . 0.0M M Mg M .0.950 0.990 .1.000

Xenon. Krypton 9.936 16.265 41.968 80.323 92.049 97 . t 99.983 99.999 100.000
lodine, Bromine 9.922 13.916 26.438 55.733 75.048 9. . t J 100.000 100.000 100.000
Ce41um, Rubidium 3.400 6.0$$ 17.423 41.747 61.$68 88.781 100.000 100.000 100.000
Tellurium, Antimony 0.000 0.300 1.796 9.748 33.084 59.090 91.364 98.636 100.000

Berium 0.000 0.022 0.118 0.419 0.8$8 3.008 $2.446 100.000 100.000 l

Strontium 0.000 0.003 0.025 0.211 0.639 1.764 51.659 100.000 100.000 I
.

Ruthenium, etc. 0.000 0.000 0.000 0.005 0.456 1.968 0.088 14.033 26.699 !

Lanthenure, etc , 0.000 0.000 0.000 0.002 0.010 0.118 2.143 9.979 11.054 |
Cerium, etc. 0.000 0.000 0.000 0.002 0.015 0.303 8.540 50.051 100.000

Table 1 2
Fractional Release from Fuel (%) FCOR
Case WR 2 Low, Zirconium Oxidation

Aggregate

Egglide Croup Cumulative Pret ability

0.000 0.010 _0.0$0 jL2,3 0.50Q 0.750 .0.950 0.990 .1.000

Xenon, Krypton - 7.971 9.680 17.590 60.476 90.000 99.90$ 99.0P3 99.998 100.000
lodine, Brcunine 1.987 3.253. 6.394 37.105 69.470 91.035 100.000 100.000 100.000'

Cositan, Rubidium 0.983 2.410 6.703 30.309 56.$36 63.007 100.000 100.000 100.000
'

tellurium, Antimony 0.000 0.226 1.265 7.579 19.595 46.087 66.729 98.220 100.000
|

Barium 0.000 -0.011 0.022 0.174 0.645 2.744 52.448 100.000 100.000
Strontium 0.000 0.003 0.015 0.076 0.402 1.336 $1.659 100.000 100.000
Ruthenium, etc. 0.000 0.000 0.000 0.005 0.204 1.228 5.812 14.033 26.609
Lanthanum, etc. 0,000 0.000 0.000 0.002 0.010 0.095 2.141 9.979 11.054
Cerium, etc, 0.000 0.000 0.000- 0.002 0.015 0.249 8.540 50.951 100.000

|
|

I

|

|
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Table 1 3 )
Fractional Release i' rom Fuel (t) FCOR !

Case BVR 1--H1 h Zirconitun Oxidation6
Aggregate

6

k ilde Grou2 Ja'nistive Probability

OM00 .0.010 0.0$0 .o.210 LR2 0.7$0 0.950 JJ22 1.000

renon, Krypten 4.972 7.349 18.998 $$.714 90.000 99.905 99.983 99.998 100.000 *

lodite, Mrcnine 2.981 4.880 12.$30 33.865 73,531 95.512 100.000 100.000 100.000
Centum Rubidium 1.977 3.253 7.046 26.047 $8.336 88,761 100.000 100.000 100.000 i

- Telluritas, Antimony 0.000 0.300 1.811 7.0$0 15.334 $8.$2$ 91.364 98.636 100.000
.

P arium 0.000 0.022 0.118 0.419 0.8S8 3.006 $2.448 100.000 100.000
Strontium 0.000 0.003 0.02$ 0.211 0.639 1.764 51.659 100.000 100.000
Ruthealum, etc. 0.000 0.000 0.000 0.005 0.456 1.988 8.088 14.033 26.699 iLanthanum, etc. 0.000 0.000 0.000 0.002 0.010 0.118 2.143 9.979 11.054
Co ritas, ' et c . 0,000 0.000 0.000 0.002 0.015 0.303 8.340 $0.951 100.000

- :

+

Table 1-4 !

Fractional Release from Fuel (%) FCOR
Case BWR 2- Low Zirconituo Oxidation

AS6regate

htgilde Groue Cunralat ive Probat tlity

LQQ.Q M2 0.0$0 ,0.250 MJ 0.750 .0.950 .0.990 1.000

Xenon. Krypt <m ( 987 3.253 8.394 4. 429 90.000 99.90$ 90.983 99.998 100,000
lodine, Bromine v.$99 0.663 0.920 16.200 69.470 91.035 100.000 100.000 100.000
Cesium, Rubidiurn 0.499 0.578 0.000 8.820 $8.$36 83.007 100.000 100.000 100.000

,

Tellurium, Antimony 0.000 0.294 0.732 4.938 14.031 46.087 88.M9 98.220 100.000

Ber t urn 0.000 0.011 0.022 0.174 0.645 2.744 52.446 100.000 100.000
Strontitsa 0.000 0.003 0.015 0.075 0.402 1.336 5146S9 100.000 100.0C0
Ruthenita, etc . 0.000 0.000 0.000 0.005 0.204 1.228 5.812 14.033 26.699
Lanthanure, et.c , 0.000 0 000 0.000 0.002 0.010 0.09$ 2.141 9.979 11.054
Cerium, etc. 0.000. 0.000 0.000 0.002 0.015 0.249 8.540 50.951 100.000

-

:.
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Table 1-5
Fractional Release frotn Vessel (t) FVES 1

Case P 4 1 Setpoint Pressure |
Aggregate !

i. .-
l

F.g. glide Group CumuletIve Probability

0.000 . 0.010 0.050 _.9.J3 _P.at2 M - 0.950 -4.990 _L19?9

Xenon. Krypton 100.000 100.000 100.000 400.000 .100.000 100.000 100.000 100.000 100.000
lodine, Bromine .0.000 0.000 0.001 0.031 8.609 35.189 77.143 95.833 100.000
Cesium, Rubidium 0.000 0.000 0.001 0.313 4.248 3$ 189 77.143 95.833 100.000
Tellurium, Antimony 0.000 0.000 0.001 0.163 2.603- 18.408 78.000 95.833 100.000

Barium 0.000 0.000 0.001 0.183 2.603 17.974 76.000 95.833 100.000
Strontium 0.000 0.000 0.001' O 163 2.603 17.974 76.000 95.833 100.000
Ruthenium, etc. 0.000 0.000 0.001 0.164 2.503 17.974 76.000 95.833 100.000 .

Lenthenum, etc. 0.000 0.000 0.001 0.183 2.803 17,974 76.000 95.833 100.000
Cerium, etc. 0.000 0.000 0.001 0.183 2.803 17.974 76.000 95.633 - 100.000

)

Table 1-6
Fractional Release frorn Vessel (t) FVES

Case PWR 2,3- High and Intermediate Pressure
Aggregate

_

Noellde Group Cumulative Pre bbility

M 0.010 _2J.V. 0.250 A* * 2 M 9J,M Q.997 1.000

Xenon, Krypton 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
lodine, Bromine 0.000 0.003 1.068 19.547 41.040 60.764- 69.121 99.219 100.000
Cesium. Rubidium 0.000 0.003 0.895 13.062 29.469 56.548 89.121 99.219 100.000
Tellurium, Antimony 0.000 0.003 .0.804 11.8'9 24,843 42.903 88.806 99.219 100.000

Barium 0.000 0.003 0.858 12.576 23.613 37.186 86.977 99.219 100.000
Strontium 0.000 0.003 0.858 12.576 23.013 37.188 68.977 99,219 - 100.000

Ruthenium, etc. 0.000 0.003 0.858 12.576. 23.813 37.186 _86.977 99.219 100.000
Lanthanum, etc. 0.000 0.003 C.858- 12.576 23.813 37.186 86.977 99.219 100.000
Co>t m. etc. 0.000 0.003 0.858 12,576 23.813 37.186 86.977 99.219 100.000

i

s.1-14
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Table 1-7
Fractional Release from Vessel (t) TVE9

Caso PVR-4*-Low Pressure
Aggregate

N2 elide Gre2E Curwistive Probability

0.000 .0.010 .0.0$0 .0.2SO 0. 300 R 12 0.950 _.0.990 .,,1 000

Xeaon, Kryptun 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100,000 100.000 |
fodinei fronine 0.000 2.$00 11.502 31.079 51.631 86.524 99.314 99.902 100.000-
Cesium, Rubidium 0.000 1.111. 7.199 20.402 40,1$0 86.524 99.314 99.902 100.000
Tellurium, Antimony 0.000 0.$86 4.041 10.682 33.295 66.713 99.167 99.833 100.000

Barium 0.000 0.588 4.041 16.682 33.295 81.773 99.167 99.833 100.000
Strontium 0.000 0.588 4.041 16.682 33.295 61.773 99.167 99.833 100.000
Ruthenium, etc. 0.000 0.586 -4.041 18.682 33.295 61.273 99.167 99.833 100.000
Lanthanum, etc. -0.000 0.588 4.041 18.682 33.22$ 61.773 99.167 99.833 100.000
Cerium, etc. 0.000 0.588 4.041 16.682 33.295 61.773 99.167 99.833 100.000

~

,

Table 1-8
Fractional Release from Vessel (%) FVES
Case BWR 4 TBUX (Fast, !!!gh Pressure)

Aggregate
-.

Noellde Oroy.g Cumulative Probability

9.J2.2 0.010 LL2 .0.750 0.500 .L112 JM 0 922 ,1.000.

Xenon, Krypton 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
lodine, Bromine 'O.000 0.002- 0.008 0.962 8.598 33.205 78.635 96,134 100.000 i

Cesium Rubedium 0.000 0,002 0.006 0.509 3.323 31,596 79.068 96.271 100.000 >

Te11urtwo, Antimony. 0.000 0.001 0.005 0.191 3.32; 30.725 78.222 96.000 100.000

Barium 0.000 0.001 0.005 0.191 3.323. 25,209 76.746 95.484 100.000
Strontium 0.000 -0,001 0.005 0.191 3.323 25.209 76.746 95.484 200.000

' Ruthenium, etc. 0.000 0.001 0,005- 0.191 3.323 25.209 76.746 95.484 100.000
1. ant hanum, etc. .0,000 0.001 0.005 0.191 3.323 25.200 76.746 95.484 100.000
Cerium, etc. 0.000 0.001 0.00$ 0.191 3.323 25.209 75.746 95.484 100.000

i

|

|
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Table 1-9
Fractional Release from Vessel (%) TVES
Case BVR 2 TBU (Fast, Low Pressure)

Aggregate

Natilde Gt W D Cumd etive Probtbility

2.1 22 0.010 0.050 M _ L M0 .0.750 J.J.12 APl2 .1.000

- Xenon, Krypton 100.000 100.000 100.000 100.900 100.000 100.000 100.000 100.000 100.000
lodine, Bromine 0.000 0.592 4.142 22.818 40.703 63.025 98.$58 99.712 100.000
Cesium, Rubidium 0.000 0.334 2.341 13.673 30.000 60.328 98.558 99.712 100,000

tellurium, Antimony 0.000 0.334 2.341 13.673 26.901 58.$62 98.S$8 99.712 100.000
-

Barium 0.000 0.334 2.341 12.776 25.927 58.008 98.558 99.712 100.000
Strontium 0.000 0.334 2,341 12.776 25.92' $8.006 98.558 .98.712 100.000.
Ruthentuni, etc , 0.000 0.334 2.341 12.776 25.927 58.00b 98.558 99.712 100.000
Lanthenum, etc, t.000 0.334 2.341 12.776 25.927 $8.006 98.558 99.712 100.000
Cerium, etc. 0.000 0.334 2,341 12.776 25.927 58.006 98 S$6 99.712 100.000

_ _

Table 1-10
Fractiona7 i tease frotu Vessel (%) FVES

Case BWR-3 4 . LX (Slow, liigh Pressure CRD)
Aggregate

Cumulet ive 7tobability

!!.ge11de Orcue W 0.010 M 0.250 0.?09 Q ,79 J . 950 0.990 .1.000

Xenon, Krypton 100.000 100.000 100,000 100.000 100.000 100.000 100.000 100.000 100.000
lodine, Brcunine 0.000 0.008 1.802 8.933 27.925 *,4.523 94.504 . 99.213 100.000
Cesium, Rubidium 0.001 0.000 0.758 5.187 24.557 63.353 89.885 98.$07 100.000
Tellurium, Antimony 0.000 0,002 0.010 0.488 10.261 39.296 69.677 87.770 98.?26

Berium 0.000 0.002- 0.010 0.476 7.7$6 28.652 69.677 87.778 98.326
Strontium 0.000 0.002 0.010 0.476 7.750 26.652 69.677 87.778 98.326
Ruthenium, etc, 0.000 0.002 0,010 0.476 - 7,756 28.652 69.677 87.778 98.326
Lenthanum, etc. 0.000 0.002 0.010 0,476 7.756 28.652 69.677 87.776 96.326
Certum, etc. 0.000 0.002 0.010 0.476 7.7$6 28.652 69.677 87.778 98.326

C
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Expert A's Elicitation

Issue 1. Release of Fission Products from the Fuel in
the Vessel and from the Vessel to the Containment

The next several pages (including Figures A.1 and A-2) present Expert A's
rationale for FCOR in his own words. To provide a means for considering
different rates of heatup and to integrate easily his decomposition, he
used a computer prorram of several hundred lines. A listing of this
progtam is available a tre detailed elicitation notes.

Description of Expert A's Rationale /Eethodolony
1

1 believe that the release of fission products from fuel is influenced '

by the following:

The fission product species diffusion and volatility-

characteristics;

Fuel heatup rates;-

y

The temperature at which melting (liquefcetion) occurs:-

The time at temperature before relocation and cooling;-

The degree of clad oxidation (for Te and possibly Ba and Ru);-

- Oxidation of fuel;

Liquefaction,-

And on a whole core basis:

The . melt progression characteristice (fractions of core-

involved).

Surface / volume ratios.+

- Quenching effects.

, If one focuses only on a piece of fuel, say a unit mass, then the ORNL
{; experiments indicate that the release of fission products generally .

l
can be correlated by a diffusive-like relationship: !

,

* - ov2c
dt

where Q

D-0"
0
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o

JBest fitting this type of relationship to the ORNL cesium release ,

data gives: ;

Equivalent spherical length parameter - 6 y-

D .0000763 cm2/s-

Q - 74300 cal /mol.-
,

A typical comparison of the predicted release pattern using these
parameters to the experiments is shown in Figure A 1.

" Relative volatility" considerations extracted from the data on the
release of the other fission product species as shown on Figure A 2
can be used to extend the model to the species of interest. The
rationale for this is as follows:

*

-Note on Figure A-2 that Dick Lorenz has correlated a great quantity
of fission product release data and has shown that the release rate

-(fraction / unit time) can consistently be correlated with a " relative
volatillty" (RV) according to

Release rate a Ac ( ,

Therefore, if the release rate of cesium, for example, is known,-the
-release rates for another species, 1, can=be determined as

(RV )g

B(RVCs) (RVCs).(Release rate)g - Ae

But since the release of cesium has been correlated-by our model as

-Q/T
D,e-

,
,

then the release rate of species i should be

! (PV ) I
g

j. -(Q/T)
(gyCs).(Release rate)g - Ae

The values used for the species " relative volatilities" are
-summarized below'as taken from Figure A 2.

5.1 28
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Spec 1es RV

1. NG (Unknown)(determined from ORNL Kr data - 1.1)
2. I 1.03
3. Cs 1.00
4. Se, Sa .68
5. Ba .42

,

6. Sr .34
7. Rn. .25.

8. La, em .14
9. Ce. .085.

_

The release of tellurium is a special case. It is here assumed to be
released from the UO matrix in the same relative amounts as for2

iodine except that it is held up in any unoxidized zircaloy until the
local level of oxidation exceeds 95%.

The " diffusive-lika" correlation with the relative volatilities was
programmed for solution with arbitrary thermal transients on a PC and
the program given the name KREL.

For the purposes of this exercise in determining limits and
distributions on the release, the existing code calculations and #

experimental data Power Eurst Facility ([PBF), NRU) were examined to
establish generalized " bounding" representative thermal transients
during accident sequences. It was observed that, in general , thest
can be described in three phases:

1. A relatively slow rise in temperature to a value of about 1750 K.

2. A faster rise in temperature (depending on the rate of Zr
, oxidation) from 1750 K to some " melt" temperature.

3. A hold fo' some time at the " melt" temperature to liquefy the
fuel and ilow it to relocate to cooler regions.

Examination .i f the existing code calculations and additional " hand"

calculations made here established the following " bounding" values
for the three phases:

J'hase 1 - slow rise:

Fastest ramp is about 0.5 K/s (adiabatic at appropriate decay-

heat 1cvels).

- Slowest ramp depends on the level of cooling but is generally
observed to not be less than 0.1 K/s,

5.1-29
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Phase 2 - oxidation driven heat un

Examination of the various BMI-2104, MELPROG, SCDAP, BVRSAR, MELCOR,
and other calculations as well as observation of experiments (PBF,

.NRU, ACRR) shows that this ramp varies from about 10 K/s to about 40
K/s.

Phase 3 - representative melt temperatui n

Examination of experimental data (ORNL, PBF, ACRR) indicates this
value can be a n, low as 2275 K but generally does not exceed 2700 K
talthough to, mel*. temperature - 3200 K) .

Phase 3 hold at rqgit temocrature:
~

Melting fuel elements require an energy input equivalent to 661 K
increase in temperature. The hold time must be consistent with the
amount of time required to insert this amount of additional eacrgy at
the specified heat up rate.

It is obvious, then, that the maximum release from a segment of fuel
will be obtained from KREL under conditions of:

' Slowest phase-1 heat-up (0.1 K/s up to 1750 K).-

' Slowest phase 2 heat-up (10. K/s from 1750 K to Tmelt).-

lii hest assumed Tmelt (2700 K).6-

lloid time consistent with 10 K/s heat up rate.-

The minimum releas; will be obtained by:
_

Fastest phase-1 heat-up (0.5 K/s up to 1750 K).-

- - Fastest phase-2 heat-up (40 n/s from 1750 K to Tmelt).

Lowest value for Tmelt. (2275 K).-

lloid time consistent with 40 K/s heat-up rate.-

A best tuoss choice is more difficult to make. My selection to be
representative of all the observed behavior is to use a 50-50

- comMnation of the heat-up rates but to select a melt temperature of
2700 K.

On a core-wide basis, the overall release will depend on the
integrated behavior of the various local transients (i.e., what
portions undergo what transients), For this exercise, we are not

given specific sequences with adequate descriptions of the core-wide
global melting process. Ve are asked to characterize the releases

_

under four general conditions:

5.1-30-
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PVRs at high oxidation levels ;-

Pkb at low oxidation levels-

,

BVRs at high oxidation levels-

BWRs at low oxidation levels. '-

,

I believe that the oxidation level is a good general indicator of the
overall " energetics" of the accident progression especially for the.
high temperature phases. That is, the Zr oxidation is believed to be
the dominant energy input at temperatures exceeding 1750 K.

The question is.how to translate a given level of Zr oxidation into '

the extent of core participation in the previously defined bounding
thermal transients.

This was rationalized as follows:

If a e,cm ' melting temperature (Tmolt) is presumed, then the amount
of energy upu t into unit mass of the fuel element that will be
required to heat ' from 1750 K to Tmelt plus adding the additional
amount of melting energy is given by

E - MC AT - [Hrust Cpt + M, Cp,] [Tuelt - 1750 + 661).p

A general value- for the energy released during Zr/ steam oxidation is
about 2762 BTU /lb of Zr reacted.

-Therefore, the_ required amount of Zr reaction to provide all of this
energy is Mg,_,,, mon - E/2762.

The required = fraction of the clad to be oxidized to provide the
energy for the - particular specified thermal ' transient (assuming
negligible heat losses) is

- 'M

f Cpg + Cp Tmelt - 1750 + 661g
_ f . ,, .1LIUlc.tl211, 'c- .

"c 9762
# *

M
~Typically for btth BWR and PWR: '

c

Cp - 0.12 BTU /lb *Fg

Cp - 0.08 BTU /lb 'F.

5.1 31
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,

These relationships determine the required fraction of clad oxidation
to produce the specified thermal behavior. llowever, we are given as
a " sequence" condition, the overall integrated core wide Zr oxidation

i. level. To be consistent with the specified thermal ttansient, then
we mus,t have a specific value for the fraction of the core involved
in the transient that would result in this specified oxidation icvel.

>

For PWRs, in which the only Zr involved is the clad, the fraction of
core involvement, F, to give a specified cyidation level, f ,, must
be:

E

F = fox /fx c.

For BWRs, the situation is a little more complicated because of the
presence of significant Zr in the channel boxes. (It is assumed that
the sequence-specified oxidation 1cvel includes oxidized channel
boxes as wel? as oxidized clad.) Therefore, the BWR case is
rationalized as follows:

i

The fraction of clad oxidation, f, required for the presc:ibede

thermal transient is the same as for the PWR:

*M
'

y
= -

Cpf + Cp [Tmelt - 1750 4 661) / 2762.f
c M c

c,
,

If_we now as swee that the ratio of channel box oxidation to clad
A /A , then theoxidation is equal to the ratio of surface a re as ,- b c

f , is given byfraction of channel box oxidation, t

, ,

f ~f R where R = ratio of mass of Zr in the clad
b c A 9 3

c to that in the channel box, M /M
b,

R = .73 and (A /A ) - .22.3 p

There fore the total fraction ot Zr reacted to produce the given
transient is

f -f + f ' ""d
b

as with'the PWR, the fraction of core involvement, F,, to produce the
transient and to produce the specified Icvel of overall Zr oxidation

; is given by

! F -fox /(f +f)
C b.' x

|
|
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The various core involvement fractions for the specified 1cvels of
oxidation and the specified bounding and best guess t he rit a l
transients are summarized below:

~

Case Trae l t Overall Zr Fraction of Clad Core Involvement
oxidation level Oxidized Fraction

(K) (fn) (f ) ( r,)e

PWR 111C11

111 - 111 2700 84 0.70 1.00

11 1 - lo 2275 36 0.51 0.71

Nominal 2700 f,0 0.70 0.86

PWR LOW

Lo - 11 1 2700 36 0.70 0.51

to le 2375 14 0.51 0.27-

Nominal 2700 25 0.70 0.36

BWR llIGli
lli - 11 1 2700 39 0.70 0.48

111 - Lo 2275 25 0.51 0.31

Nominal 2700 32 0.70 0.40

IWR LOW
Lo - 11 1 2700 12 0.70 0.15

Lo - Lo 2275 8 0.51 0.10

Nominal 2700 10 0.70 0.12

5.1-33
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Results of Expert A's Elicitation

Expert A's conclusions, about FCOR are contained in Tables A-1 through A-4.~

.He provided five points defining a t., lativa distribut!on for radionuclide,

groups 1 through 4. For groups 5 thro h 9, he provided only the lower andy

upper bounds (0.1% and 99.9% values) . lie ' stated that a uniform distribution
-should be used between these points. As the differen e between the two i

endpoints ranges from.a factor of- 10 to a factor of 5do, it is not clear
whether Expert A had a uniform arithme tic ' distribution or a uniform I

logarithmic distribution in mind.

-He felt that not all of the noble gases would be released from the fuel
bafore vessel breach because some of the rods on the periphery of the core
would remain relatively cool ~ during the core melt. For the other
-radionuclide groups, he obtained his midpoint _ by assucing that half the
-corn heated up from .1750 K to 2700 K quickly and the other half heated up
slerly. The results of this approximation compared reasonably well with
CORFOR results,

Expert A had difficulty obtaining realistic heatup rates for the core.
Only MELPROC has core heatup as a function of radius, and very few MELPROC
results are available. Using average core temperature to determine release'

rates is inadequate because of the strong temperature dependence for most
of the nuellde groups-,

,

Expert A obtained his upper bounds by assuming a siry heatup, a high
a zirconium oxidai lor e. * the uppermelting : temperature , high volatility,

end of the range, and a large 'vaction of the core molten. For his lower
bounds, he assumed the opposit: a fast heatup, a low raelting temperature ,

low volatility, a zirconium oxidation at the lower end of the range, and a
sma11' fraction of the core molten.

Expert A concluded that the releases for the fuel for . the BWRs would be
less than for the NRs mainly because the peripheral cold region is larger
in the BURS. The BWR power profile is steeper at the edge, and the channel
boxes restrict radial natural circulation during core melt.

!

I-
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Table A-1
Fractional Release (%) from Fuel to Vescel--FCOR

Case 1--PVR with High Zirconium oxidation

CumulDtive Probability

Nuclide Groun ,_9.1% 25% 50% 75% 99.9t ,

1. Xenon, Krypton 10.0 50.0 70.0 90.0 95.0
2. Iodine, Bromine 10.0 35.0 5.0 60.0 80.0
3. Cesium, Rubidium 10.0 30.0 1.0 50.0 70.0
4. Tellurium, Antimony, 5.0 10.0 30.0 45.0 60.0

Selenium
Barium 0.1 0.25* 0. 5* 0.75* 1.0.

C6. Strontium 0.1 0.25* 0.5* 0.75* 1.0
7. Ruthenium, etc. 0.1 0.3* 1.0* 3.0* 10.0
8. Lanthanum, etc. 0.01 0.03* 0.1* 0.3* 1.0 '

9. Cerium, etc. 0.01 0.03* 0.1* 0.3* 1.0 .

* Interpolated values

'Inle A 2

Fractional Release (t) from Fuel to Vessel--FCOR
Case 2--PWR W)th Low Zirconium oxidation

_

_ C'mql a t ive Probability

_Nuclide Grouc , 0.1% 25% _50% 75% 99.9%

1. Xenen, Krypton 8.0 20.0 35.0 45.0 60.0
2. lodine, Bromine 2.0 10.0 20.0 30.0 40.0
3. Cesium, Rubidium 1.0 10.0 20.0 30.0 40.0
4. Tellurium, Antimony, 0.1 5.0 15.0 20.0 30.0

Selenium
5. Barium 0.01 0.03* 0.07* 0.19' O.5
6. Strontium 0.01 0.03* 0.07* 0.19' O.5
i. Ruthenium, etc. 0.01 0.05* 0.22* 1.05* 5.0
8. Lanthanum, etc. 0.01 0.03* 0.07* 0.19* 0.5
9. Cerium, etc. 0.01 0.03* 0.07* u.19' O.5

* Interpolated values
_

|
|
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Table A 3
?Fractional _ Release-(%) from Fuel to Vessel--FCOR

Case 3--BWR with High Zirconium Oxidation

Cumulative Probabih tv

-- Nuc1ide Groun 0.1e J1._, 50e 75% 99.9%

_ 1. - Xenon', k'rypton ' 5.0 20.0 30.0 45.0 55.0<

2. Iodine,. Bromine 3.0 15.0 20.0 30.0 35.0
3- Cesitun, _ Rubidium - 2.0 '10.0 15.0 25.0- 30.0

.

4. Tellurium, Antimony, 2.0 5.0 10.0 13.0 15.0
Selenium

5. Barium' '0.1 0.25* 0.5* 0.75* 1.0
6. Strontium 0.1 0.25* 0.5* 0.75* 1.0
7.. Ruthenium, etc. 0.1 0.3* 1.0* 3.0* 10.0
8. lenthanum, etc. .0.01 0.03* 0.1* 0.3* 1.0
9. Cerium, etc. 0.01 0.03* 0.1* 0.3* 1.0

* Interpolated values
.

Table A-4
|- Fractional Release (%) from Fuel to Vessel--FCOR

Case 4--BWR with Low Zirconium Oxidation
.--

Cusilative Probability

Nuclide Groun 0.1% 25% 50% 75% 99.9%
,

1. Xenon,-Krypton 2.0 10.0 -20.0 30.0 40.0
2. ; Iodine,- Bromine -0.6 -1.0 7.0 9.0 10.0

3. : Cesium,- Rubidium 0.5 -1.0 -6.0 8.0 9.0 -

.4. Tellurium. Antimony, 0.5 1.0 6.0 .7,0 8.0
Sele,nium 0.01 0.03* 0.07' O.19* .0.5

'

5. Barium
~6. Strontium. 0.01 0.03* 0.07* 0.19* 'O.5

-

7. Ruthenium,.etc. 0.01 0.05* 0.22* 1.05* 5.0
8. . Lanthanum, etc. 0.01- 0.03* 0.07* 0.19* 0.5

9. Cerium, etc. 0.01 0.03* 0.07* 0.19* 0.5

|
i* Interpolated values
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. Expert-B's E11 citation

Issue 1. Release of Fission Products from the Fuel in the Vessel
-and from the Vessel to the Containment -

,

Description of Expert B's Rationale /Methodolony
k

Most of Expert B's contribt cions were derived from a wide array of MAAP84
runs of various accident scenarios. k'hile the MAAP runs were the basis for

-input, .the expert's distributions included uncertainty because of phenomena
* other_than those specifically repres.nted.in MAAP. Note that the MAAP runs

'did not directly translate into the 'oints on his distribution, and some
MAAP= analyses woult. possibly give results outside this expert's uncertainty
ranges. This is possible because of this expert's knowledge that MAAP can
overstate the releases as a result of phenomena not modeled, such as
limitations imposed on other physical events by the process of core
collapse.

Expert B did not believc that the distinction between cases depending on
the-level of. zirconium oxidation was necessary; thus, that aspect of the
originally defined case structure is excluded here. This decision was

_

based on his observation that the circonium dependence was not of great
significance for the paramuters considered here.

Finally, - Expert B cautioned that the elicitation of input in this manner
(limited distinction of scenarios) necessitates. a careful examination of
the results and possible reiteration. If, for example, one type of

_

scenaric -dominated the results, the uncertainty in this issue may be-
overstated;

Besults of Expert B's Elicitation: FCOR

Expert LB' _did _ not believe . that it was necessary to - distinguish the-
uncertainty ranges for the BiJRs and Pk'Rs for this variable. Therefore,
.with no . dependencies on circonium of dation or RCS pressure, only one set
of values was provided (Table B-1).

l.
Sources of Uncertaintv: FCOR

Expert B discussed-the factors most affecting his_ selection of uncertainty
ranges for each of the individual groups. For the noble - gases , the
uncertainty is - not large, and the range of-values represents the
uncertainty of not being able to specify the exas '; nature of the meltdown.
The iodine' values represent primarily cesium isdide. This uncertainty
range _was derived from the MAAP code results, inr egrated with the evidence

-from the Three Mile Island (TMI) accident Expert B also broadened this
distribution somewhat to account for the other states of iodine. The
cesium distributio_n -is also based on MAAP, but it has been more strongly
affected by Expert B's_ review of TM1 data, which shows that cestum remained -
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Table B 1
Values of-FCOR for Radionuclide Groups *-

Noble
Distribution Gases (CsI) Cs Te (Sro) (Mo01 ibilo)

Lower Limit 0.70 0.30 0.20 0.0 1 x 104 - 1 x 10-3 1 x 104
90% Confidence" 0.80 0.60 0.40 -0.01 l ' x 104 5 1"3 1 x 10-3
50%' Confidence 0.90 0.75 0.60 0.05 1 x 10-3 0.01 5 x 10-3
10% Confidence 0.99- 0.90 0.90 0.20 0.01 0.05 0.01
-Upper Limit 1.0 1.00 0.95 0.50 0.10 0.10 0.10

* Expert B - divided - the groups somewhat differently. Specific spec es were
used for the nonvolatiles. Lanthanum ard cesium releases were estimated to
be less than 1 x 104 and were not' included in the uncertainty elicitation.

"Th e confidence level is the likelihood of an equal or greater FCOR value
than the leve1~ indicated. For exanple, there is a 90% chance that FCOR is
. greater than or equal to 0.8 for iodine.

_

in portions of the core that had experienced very high temperatures during
the accident. It is - therefore reasonable to assume that there are

-mechanisms that could -limit the amount of cesium release.

= The - tellurium release is low because the tellurium gets bound up with
unreacted zirconium clad. 'l h e r , is- no dependence on the -amount of
zirconium oxidation,--however, because there is so much cladding that even a
very small- unreacted portion would . control the tellurium release. The
uncertainty- range is- dominated by the -uncertainty of the exact nature of
the mel toown . progres sion , but it is also broadened by the potential for
unknown chemical' states.

'

For = the - nonvolatiles , Expert B. provided separate ranges for different
species. Expert B also suggested that these could - be combined, if
excedient to do so, into a s%gle uncertainty range (that provided for
strontium - oxide) to apply to all nonvolatiles. The uncertainty in the
nonvolatile releases _is-from uncertainty in the exact scenario. The ranges
are vide , re flecting -- the ranges of MAAP results for different scenarios.

-

The distributions are similar, although the MAAp results indicate-slightly_
! higher volatility for molybdenum oxide. The lanthanum and cesium releases
were thought to be too small to be significant.

Results of Expert B's Elicitation: FVES
i;

The - FVES values were provided with a case structure, altheugh Expert B
required only two pressure regimes rather than the three suggested. Note

L that the pressure regime was assumed to be defined by the pressure at the
l' time of lower head ' feilure. All scenarios involving induced ruptures
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should use the lower pressure values, since the time at low cressure will
dominate the process and the larger release would be expect-1. The high
and low pressure-cases were construed to have the same uncer a 2inty ranges
for either the PWR or the BVR, with only case 3 for the BWR requiring a
special distribution. Expert B's inputs for each of the cases are given in
Tables B 2 through B 4.

Table B-2
FVES FWR Case 1. High Pressure (P-17 Mpa)

or BWR Case 1 (TBUX)

Values of FVES for Radionuclide Grouns*>

Cesium
-Noble Iodide

RLg,q tibution Gases (CsI) Cesium Tellurium Nonvolatiles

Low a Limit 0.01 1 x 10-4 1 x 10-' 1 x 10-5 1 x 10-5
'903 Ganfidence* 0.1 1 x 10-3 1 x 10-3 1 x 10-' 1 x 10-4
50% Confidence 0.5 0.01 5 x 10-3 1 x 10-3 1 x 10-3
10% Confidence 0.9 0.1 0.01 0.01 0.01
Upper Limit -1-0 0.2 0.02 0.02 0.02.

..

*The confidence. level is the likelihood of an equal or greater FVES value
than the level indicated.

Table B 3
FVES PWR Cases 2 and 3, Intermediate or Low Pressure

or BWR Case 2-(TBU)

Il

Values of FVES for Radionuclide Groups *

Cesium
, .

Noble Iodide
Distribution Gaseq (CsI) .C_qs iunt Tellurium Nonvolatiles:

Lower Limit 0.4 0.1 0.01 0.01 0.01
90%' Confidence * 0.6 0.2 0.1 0.1- 0.1
50% Confidence 0.9 0.4 0.2 0.2 02

!: 10% Conf 1 der.ce 0.99 0.6 0.4 0.4 0.4
Upper Limit 1.0 0.90 0.7 0.7 0.7

*The confidence - level is the likelihood of an equal or greater FVES value
this the level indicated.
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Table B-4
FVES BWR Case 3, High Pressure with CFD Flow (TCUX)

Values of FVES for Radionuclide Groups *

Cesium
Noble Iodide

Distribution Cases (CsI) Cesium Tellurium Nonvolatilfj.

Lower Limit 0.01 0.01 1 x 10-3 1 x 10-5 1 x 10-5
90% Confidence * 0.1 0.05 0.02 1 x 10-' 1 x 10-'

50% Confidence 0.5 0.1 0.05 1 x 10-3 1 x 10-3
10% Confidence 0.9 0.2 0.1 0,01 0.01

-

Upper Limit 1.0 0.3 0.2 0.02 0.02

*The confidence level is the likelihood of an equal or greater FVES value

than the level indicated.

Sources of Uncertaintv: FVES |
As with the FCOR ir. puts , Expert B provided the factors that most affected
his uncertainty range for each of the radionuclido groups. For the BWR and
PWR high pressure cases, the re::ults are driven by the scenario's long
hold-up times, resulting in high aerosol deposition. For the noble gases,

the uncertainty is due almost solely to the uncertainty of whether the
instrument tubes will fail; thus, this result is heavily influenced by the
TMI insights concerning failed instrument rubes. For iodine, the

uncertainty includes uncertainty in chemical states, as well as in the
scenario (whether the it,strument penetrations fail). Thus, the lower bound

~

would be a stable cesium iodide and no penetration failures. The cesium
distribution is further affected by- the possibility of surface reactions
for Cs0H; hence, the cesium distribution is different from the iodine
-distribution. The tellurium range reflects the element's strong affinity
for mecals and low revaporization potential. The low FVES values for
tellurium reflect Expert B's belief that what escapes the fuel will very
likely find other metal before getting out of the vessel. Finally, the

nonvolatiles all have the same distribution as tellurium because all are
governed by aerosol physics rather than by any species-dependent quality.

For all of the lower pressure cases, the same uncertainty distributions
apply. As noted above, these cases also apply to all cases of induced
rupture, even if the system was at high pressure for some time before
rupture. FVES for these cases is driven by the iact that there is a hole

dependence onin the system and the residence time is low. There is a
where the location of the hole in the sy s t e.1, and the uncertainty in this

is factored into Expert B's distributions. The noble gas range is small,
since most would likely escape through the hele in the system. The iodine

releases are higher than in the high pressure cases because of the reduced
residence time. Once again, the iodine distribution included the
uncertainty because of the possibility of alternative chemical states.
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Revaporization also affects the iodine release uncertainty. The cesium
range is somewhat different than the iodine ranSe because c on; pounds other
than cesium iodide could be involved. The cesium distribution reflects the
fact that release would be governed by the aerocol deposition rate. For
tellurium and the nonvolatiles, the process is completely governed by the
aerosol deposition physics, and the uncertainty in that process overrides
any species dependencies.

The only B'a'R distribution provided separately was for the case of high
pressure with CRD flow. For this case, MAAP runs on similar sequences
provided most of the background for Expert B to select distributions. The
noble gas results are the same as for the other high pressure cases. The
iodine distribution has been alte ed to reflect the possibility of
increased residence time in this case. As with the other cases, the
uncertainty is also affected by the evaporization and the potential for-

decomposition. For c e s i '.un , the distribution is changed to reflect the
possibility of more effective retention caused by the CRD flow. The
nonvolatiles and tellurium reflect Expert B's judgment of effective
deposition and no revaporization.

Correlations with other variables

As provided by Expert B, the only correlations required for these variables
are in the case structure.

REFERENCE

B-1. Fauske and Associates, Inc., "MAAP Modular Accident Analysis Program -

User's Manual," Vols. I and 11, IDCOR Technical Report 16.2-3,
February 1987.
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Expert C's Elicitation

Issue 1. Release of Fission Products from the Fuel in the Vessel
and from.the Vessel to the Containment

Description of Expert C's Rationale / Methodology

Expert C relied heavily on code calculations to support these results.
Uncertainty ranges were produced from both code sensitivity studies and
physical reasonin6 that considered deficiencies in the models for in-vessel
release and transport of fission products that were implemented in the
ecdes. The following sources of informatiori were cited:

_

STCP results;e

.

QUASAR study conducted by Brookhaven National Laboratory (bNL);*

QUEST study conducted by SNL;e

Assessment of the CORSOR and TRAP-MSLT codes by ORNL;*

* Calculations made with the MARCll-RMA code.
,

4 =
The discussion that follows is derived primarily from Expert C's written
notes,

Expert C developed a case structure. IIe felt that he could not distinguish

between PWRs and BVRs for the release from fuel in the vessel (FCOR).
Ilowever, he felt that release from fuel correlated with the extent of in-
vessel zircaloy oxidation. Thus, results were provided for high in-vessel
zirconium oxidation (definied as 50% or greater oxidation of the fuel
cladding, corresponding to 20% or greater total zircaloy oxidatioit in a

'

BWR) and for low zirconium oxidation, in the determination of the release
of fission products from the vessel (FVES), he felt that the -- extent of
zircaloy oxidatlon was important. Cases were added for PWRs and PWRs when
high system pressure was present. While~ Expert C could not distinguish
between PWR cases with the system at the setpoint pressure and simply high ,

system pressures (PWR Cases 1 and 2), a distinction based cn the extent of
'in-vessel zircaloy oxidation was made. For BWRs, Cases 1 and 2 were
subdivided based on the extent of in-vessel zircaloy oxidation. Case 3 for
the BWR was not subdivided, since it was believed that this case would
always result in extensive zircaloy oxidation. Figure C-1 shows the
resulting case structure.

(

;
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"raction of Fuel inventory Released in the Vessel (FCOR)

Expert C stated that the models used in contemporary severe accident
analysis codes considered by him employ the Arrhenius equation. This
equation represents the _ temperature dependence of the release rate of

_

fission products. There are several factors other than temperature that
can influence the ' release rates -of fission products. The most prominent
are

. Fuel, structure, and aerosol chemistry;e

Concensed phase transport;e
rBoundary layer transport;*

Coolant velocity effects;e

Fuel geometry (surface-to-volume ratio).e

Expert C stated that.the Arrhenius equatio" can rep;esent some but not all
important temperature - dependencies. No simple e -^M expression can

represent the temperat ure dependence of releases. Moreover, many of the
factors listed above are also dependent on system pressure, chemical
potentials, and flow velocities,

In addition to these factors, Expert C believed that inere is a significant
uncertainty in the prediction of the fuel ccmperatures and the extent of
local oxidation during~ core degradation. The inability of codes to predict;- - reliable fuei temperature history stems from the lack of sufficiently
mechanistic and validated core damage and degradation models. Note that

even if = there were excellent fission product release models, the boundary
conditions and the parameters fed into these well-undetstood release models

_

would be highly uncertata. Therefore, the lack of these fission product
release models did not concern Expert C. What did concern him is the
inability to predict better the core damage and melt progression.

The present methodology employed by severe accident codes uses the
Arrhenius equation to relate the release races of the fission products to
nodal temperature. -The applicability of this approach may be argued .

successfully only up to the point at which relocation of molten zirconium-
uranium dioxide catectics begins to take place. At that time, the nudal

temperature of the remaining uranium and zirconium oxides changes, as does
the' temperature of the relocated solution, which refreezes onto the_ lower
portion _of-the rod. This relocation changes the surface-to-volume ratio of
the - involved = nodes and also affects the dif fusion _ and transport of the
fission products. The relocation of the zirconium oxides also affects the
hydrogen-to-steam ratio, which significantly affects the release rate of
fission products such as barium and molybdenum.

| The current analyses with the STC? overpredict the maximum temperature in
!.

the core and do not account well for the formation of cutectics and gradual
f core relocation. Accounting for these processes would probably reduce the
| release . rates. Simultaneously, the persistence of these slower release

rates would be greater. Expert C believes that the overall effect will be
I to reduce the. total quantity of fission product released from the fuel.
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In the PVR cases for which there is discharge of upper head injection (UHI)
or accumulators to the vessel before vessel breach, an enhanced release of
fission products would be expected.

The effect of losing geometry was seen to have a far greater impact on the
release of fission pre..ucts than the differences between a PVR and a BVR.
Thas, the cases were combined. Zirconium oxidation is a significant energy
soutce during core degradation. High levels of oxidation imply higher core
temperatures overall and thus higher reinases. Higher core temperatures
would increase the release of iodine, cesium, barium, and strontiuru. The
effect of high temperatures on other radionuclides was not seen to be as

j important. Tellurium releases also increase when more zirconium is
oxidized, but this is because 1e.s zirconium is available for the formation
of tellurides.

.

For the cerium, rt.th e nium , and lanthanide groups, Expert C stated that the
uncertainty in the in-vessel release was large but that the absolute
magnitudes of the releases were so small that they warranted little
attention.

Eract_Lon of In-Vessel Releases Escaninz to the Containment

Expert C stated that the retention of fission products by the RCS or
reactor pressure vessel (RPV) depends principally on the following factors:

Chemical interactions between radionuclides and structures;*

Residence time;e

e Carrier gas and structure temperatures (governed by core blockage
formation and steam flow rates);

e Ratio of structural surface area to gc,s volume.

_

These factors depend in turn on the accident sequence and can vary widely,
dere.; ding on the undarlyin5; uncertainties in the thermal-hydraulic analysis

- of each accident sequence.

During an accident, fission products released from the core will be
transported to the rest of the primary system by the mixture of steam and
hydrogen exiting the core. Depending upon when fission product release
occurs, the temperature of this carrier gas may be quite high (1650 to
2200 K). During the early stages of the a c c i de t.t , when the carrier gas is
relatively cool, the volatile fission products (iodine, cesium, and
tellurium) transported out of the core region are removed from this gas
stream by condensation onto the cool structures or condensation onto the
entrained aerosols (presumably isothermal t:ith the carrier gas), and are
subsequently deposited (to some extent) onto primary system surfaces. The
aerosols transported out of the core, both fission product and ine r' , are
removed from the gas stream by several mechanisms, such as sedimentation
thermophoresis, turbulent or laminar diffusion, and other means. Thus,

during the early stages of an accident, high retention of the fission
products released from the core would be expected.

1
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As the accident progresses, the structures in the path of the carrier gas
becoms hotter because of heat transfer from the carrier gas and heating
from fission product decay of the deposits. If the temperatures of the
structures, and thus the deposited matter, become sufficiently high,
revaporization of the volatiles not chemisorpted may take place. The
extent of this revaporization depends greatly on the chemical form of the
deposited species. For example, the deposited C ,0H may not remain as pure
Cs0H but rather may cornbine with impurities in the stainless steel or boric
acid to produce cesium silicates or cesium borates, respectively. In this

example, the chemical reactions produce less volatile species. However,
little is known of the chemical effects of the ambient atmosphere or '

structural impuritie on the subsequent form and the volatility of the
deposited speciea. The tendency. based on the limited information

e available, is to expect less volatile forms and thus to reduce the
~

volacility of the species. Expert C therefore believes that revaporization
of deposited fission products will be hindered by chemistry aspects. '

Furthermore, it is Expert C's opinion that the uncertainty in this area
overshadows the other factors specifled earlier. The lack of data and
adequate models to account for chemistry of the deposits is a very serious
deficiency in the available models.

The residence time of the fission products inside the reactor system is
directly related to the flow rate of the gas mixture leaving the reactor
core and, during low through-flow perions, to the natural circulation
established. The through-flow is dependent on the accident sequence.
During the early stage of the accident, the composition of the carrier gas
will be mos tly s team, and the flow rate sill be basically equal to the
steaming rate of the core. When the core heats up and hydrogen begius to
be produced, the flow rate diminishes as steam begins to be consumed by
zirconium oxidativn. The uncertainties of core degradation and relocation
then become significant and influence the fission product behavior. The
zirconium-uranium oxide ralocation and the possible subsequent formation of
core blockages affect not only the flow rate of gases leaving the core but -

also their composition (steam-to-hydrogen latio) and, to a much greater
completely blocked core, the averageextent, their temperature. With a

tore exit gas temperature will ba considerably cooler than for a partially
blocked core. The cool + gases will allow the primary system structures to
remain cooler, and thus the retention af fission products will be much
higher, owing to reduced revolatilization.

The structural surface-to-ras volume ratio plays an important role in
fission product retention by the reactor system, given that the carrier gas
temperature is not hot emugh to result in revaporization. The volatile

species condense readily onto the surfaces of fered by the aerosols. The
surface area of these aerosols is much greater than that of the primary
system structures. Thus, if the carrier gas and therefcre the ac rosols %re
cool, the volatiles will readily condense onto the aerosol surfaces. The
aerosols, depending on the currier gas flow rates and the existence of
natural circulation flows, deposit primarily by gravitational settling and
impac tion , taking with them the condensed volatiles. The existence of
sutficient aerosols to f ac ili tate this behavior is uncertain. Also

uncertain is the aerosol physics inside the primary system. Experiments
cenducted during the LACE program (LA3 tests) indicate that computer codes
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tend to underpredict greatly the remeval of flowing aerosols inside - mock
reactor system piping.

If the carrier gas temperatures become high,' as with a partially blocked or
unblocked core, the aerosol behavior becomes less critical until the gas
(and thus the aerosol) loses some of its energy. This ma," happen in
upstream volumes of the primary system (particularly a PVR RCS) where the.
aerosol particle sizes may be small because larger particles would have
settled ir. earlier volumes. The _ deposition rate of the smaller particles

! depends not only on their terminal velocities, but also on the
'

agglomeration rate of the smaller particles and on the through-flow rate of
the gases.

Expert C believes that retention of volatila fission products in th9
primary system is generally inversely correlated with in vessel zirconium
oxidation. Higher zirconium oxidation produces higher . temperature within
the primary system and thus greater revolatilization. Primary system
pressure affecto retention through its effect on the carrier gas flow rate.
High pressures lead to lower (volumetric) flow rates and thus greater
aerosol retention. Thus, both volatile and nonvolatile fission products
are affected. Tellurium retention is governed by chemisorption and thus is

~less impacted - by zircaloy oxidation and primary system pressure than-are
the other species. Some small effect of residence time (i.e., system
pressure) is expected.

In general, retention in' BWRs is lower than that _ in PWRs because of the
reduced mass of primary system structures in BWRs. The reduced mass leads
to higher tempera tures , promoting revolatilization. Much of the primary ;

system retention in CWRs occurs in the safety / relief valve tailpipes.

Observations by Expert C for specific cases are provided in Table C-1.
(Case designations are shown in Figure C-1.) Expert C believes that there
is no correlation between FCOR - and FVES except that from the e ffec t of
zircaloy oxidation, which is aircady reflected in his case structure.

__

|
|

p
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Table C-1-
Observations on:In-Vessel Retention for Specific Cases

-Case
Desienator Descriotion Observations

P-FVESol' PVR, high pn .*sure, high Low carrier gas flow but high
zircaloy oxication- gas temperatures. Competing

effects add to the uncertainty.
Steam generated by core slump

'may sweep material- into cooler
portions of RCS, enhancing
retention. Timing of core slump

~

relative to when revolatization
occurs adds to the uncertainty. .

.P FVES-2. PWR, high~ pressure, low Retention improved relative

zircaloy oxidation to previous case because of
lower temperatures.

P-FVES-3 FWR, intermediate pressure, Few calculations available and
little impact from zircaloy thus greater uncertainty. High-
oxidation level er gas flow rates reduce reton-

tion relative to previous cases.
Little natural circulation can
develop because of system leak.
Tellurium is efficiently retain-
ed because of chemisorption.
Flow rather than temperature
controls retention, so no
dependence on zircaloy oxidation

-

was noted.
'

P-FVES-4 PWR, low pressure, little Little or no core through flow. -

impact from zircaloy oxi- Fission products stay in core
-dation level region until core slump occurs.

High flows at core slump tend to
sweep fission products out,
However, structure temperatures-
arn low. Coinpeting ef fects lead
to high uncertainty.

B-FVES-1 SWR, high pressure, high Generally high retention due to

zircaloy oxidation (TBUX) -low flow rates. Changes in
chemical form of cesium and
iodine tend to increase reten-
tion over code predictions.
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Tuole C 1. (Continued)
_

>

Case
Desicnator Description Observations

B FVES-2 BWR, high pressure, low Increased retention over pre-
zirealoy oxidation (TBUX) vious case because lower

temperaturer

B FVES-3 BVR, high pressure, inj ec - Low residence time because of
tion from control rod drive high steam flows. High struc-
hydtailie system leads to ture temperatures expected.
high zircalo; xidation Retention of volatiles ir low.

(TCUX). (Use B FVES-2 if Tellurium chemisorption is stil!
in-vessel experts think expected.
low oxidation possible.)

B-FVES-4 BWR, low pressure, high Low flows and low temperatures,
zircaloy oxidation (TBU) Indistinpishable from B-FVES-2.

B-FVES-5 BWR, low pressure, low Low flm . and low temperature.
zircaloy oxidation (TBU) Retontivn of tellurium partic-

ularly efficient enhanced by
very low flows

.

Results of Expert C's Elicitationq

Fraction of Fuel Inventory Released In Vessel (FCOR)

Results for high in-vessel zircaloy oxidation are provided in Table C-2.
-Table C-3 provides the results for low in-vessel zircaloy oxidation. - '

Figures C-2 = and_ C - 3, respectively, display these high and low results-
. graphically - (except for ruthenium and lanthanum,- which are too low for
, appropriate display).

;
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L
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Table C-2
FCOR for High In-Vessel Zirconium Oxidation

..

.Esdionuclide Distribution (%)
_._ Croup 1 25 50 75 99

Cesium-and Iodine 0.50 0.65 0.85* 0.95 1.00
Telluri 0.05 0.45- 0.65 0.80 1.00
Barium. 0.00 0.01 0.02 0.03 0.05
Strontium .0.00 0.005 0.015 0.02 0.05
Ruthenium 1 x 10*7" 1 x 10*8 -- 0.01*"--

Lanthanum 1 x 10-7" 1 x 10-3 0 . 01"*-- --

* Median is adjusted downward from typical code _ predictions to account for
_

the ' possibility that fuel relocation begins at lower temperatures than
currently . believed because of the formation of low melting-temperature
cutectics.

**Sth percentile

" * 9 5 th percentile

1.0 i i i i 3

0.9 - ~
g O Co
Y + Te -

7h0.8
A Ba|

0.7 - O Sr -

o

h 0.6 - -

o
5 0.s dg -

'o
# 0.4 - i

5 |
j 0.3 -

o
E 0.2 -

0.1 - -

' ' ' ': 0.0 'l'
O.0 - 0.2 0.4 0.6 0.8 1.0

(f), Release Fraction (FCOR)

Figure C-2. Release from Fuel in the Vessel (FCOR); P'a'R and PNR
High Zirconium Oxidation.
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Table.C-3
FCOR for Low In-Vessel Zirconium Oxidatiot-

_

Radionuclide Distribution (%)
_ Groun 1 25 50 75 99

Cesium and Iodine 0.50 0.65 0.70 0.85 1.00
Tellurium 0.50 0.25 0.40 0,65 1.00
Barium 0.00 0.005 0.015 0.025 0.05
Strontium 0.00 0.005 0.01 0.015 0.02
Ruthen um 1 x 10-"d 1 x 10-3 0.01"-- --

Lanthanum 1 r 10'" 1 x 10-3 o,ola-- ..

*Sth.-percentile
* * 9 5 th percentile

1.0 3 i , , , ,

0.9u. 0 Cs & I
-

$ 0.8 + Te _

] A Ba
3 0.7 O sr -

x I

30.6 -

o
z

0.5 p -3
# 0.4 -

=.

)m 0.3 4
e op '

c. 0.2 -
.-

0.1 -
-

0.09 * ' ' ' '

O.0 0.2 0.4 0.6 0.8 1.0

(f), Release Fraction (FCOR)

Figure C-3. Release from Fuel in the Vessel (FCOR); FVR and BWR Low
| Zirconium Oxidation.

_.
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Fraction of Release from Fuel Released from the Vessel (FVES)

Expert _C provided these results in- terms of a retention factor (i.e.,

1-FVES). The results below'have been translated to release factors (i.e.,
WES - is reported), Values are given for iodine and cesium together for
PWRs (Expert C could not differentiate between these two radionuclide
groups),-tellurium, and aeroscis. The aerosol category includes all othar
radionuclide groups plus inert aerosols.

Results- for a PWR at high pressure with high in-vessel zircaloy oxidation
are_provided in Tchle C-4 Table C-5 is for a high pressure WR with low
in-vessel _zircaloy oxidation. Figures C-4 and C 5 show these results
graphically.

Table C-4
FVES for a High Pressure PWR with High In-Vessel Zirconium oxidation

Radionuclide Distribution '%) -

Group 1 25 _M_ 75 99

r

Cesium & Iodine- 0.00 0.15 0.35 0.45 0,75

Tellurium 0.00 0.05 0.15 0.20 0.50
Aerosols 0.00 0.05 0.10 0.20 0.25

.

1.0 -

, 3 i ,, , , .

0.9 - - $
g .

I 0.8 -
-

- -
-

'

0.7 - -
'

,

h 0.6 - -

o
z

0.5 - -
.-
o
N 0.4 -

5
.

-

0 Cs & I |-;j 0.3 - +

o + To I

E J.2 ~

o Aerosols
~

0.1 - -

' ' ' '0.0(
O.0 0.2 0.4 0.6 0.8 1.0

(F), Release Fraction (FVES)

i Figure C-4. Fractional Release from Primart (FVES); High Pressure FWR,
High Zirconium Oxidation.
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Table C-5
FVES for a High-Pressure PVR with Low In-Vessel Zr Oxidation

Radionuclide Distribution (%)

_
Croup 1 1 1 75 99

Cesium & Iodine 0.00 0.10 0.25 0.35 0.75
Tellurium 0,00 0.05 0.10 0.20 0.50
Aerosols * 0.00 0.05 0.10 0.20 0.25

-_

* Sarne as for Case P-FVES-1

1.0 , , , , ,

0.9 -
-g

$ 0.8 -
-

E
g 0.7 -

-

0.6 -
-

0.5 -
-

[? 0.4 -
-

5
3 0.3 - O Cs & l -

.

a 0.2 ~
+ Te8
o Aerosols

-

0.1 -

- 0.0 ' ' ' ' '

O.0 0.2 0.4 0.6 0.8 1.0

(F), Release Fraction (FVES)

Figure C-5 Fractional Release from Primary (FVES); High Pressure
PWR, Low Zirconium Oxidation.
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Tables C-6 and - C 7, as well as Figures C-6 and C-7, provide results for
PWRs at intermediate and low pressure, respectively. These results are
- independent.of the level of in-vessel ziticaloy oxidation.

Table C-6
FVES for an Intermediate Pressure PVR

Radienuclide Distribution (4)
Group 1 1 50 75 99

Cesium 6 Iodine .0,00 0.25 0.50 0.65 0,90

Tellurium 0.00 0.15 0.30 0.40 0.90
Aerosols 0.00 0.20 0.25- 0.35 0.40

i i b1.0

0.9 -
-

g

.E._ 0.8 -
-

0.7 -
-

0.6 -
-

:S
0.5 -

-

-
o
n 0.4 -

-

=

-j .0.3 - O Cs & l -

o + Te
,

. Et 0.2 -

O Aerosols
-

- 0.1 -
-

' ' ' '
0.0'

O.0 0.2 0.4 - 0.6 0.8 1.0

(F), Release Fraction (FVES)

Figure C-6. Fractional Release from Primary (FVES);
Intermediate Pressure PWR.

15.1-56
|

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



.. .. .
.

_ _ __ _

Table C-9
FVES for a liigh Pressure BWR (TBUX) with

Low In-Vessel Zirconium oxidation

Radionuclide Distribution (%)
Grouc 1 2 50 75 99

Iodine 0.00 0.10 0.20 0.35 1.00
Cesium 0.00 0.05 0.15 0.30 1.00
Tellurium * 0.00 0.05 0.20 0.40 1.00
Aerosols * 0.00 0.05 0.15 0.30 1.00

_.

* Same as for Case B FVES-1

1.0 , i i i .,

0.9 - -

g

$ 0.8 - -

o

{ 0.7 - -

x
$ 0.6 - -

e
0.5 - -g
0.4 - -

g 0.3 - OI -
..

o + Cs
E 0.2 -

O Te .
-

0.1 . A Aerosols _

' ' ' '
0.0 '

O.0 0.2 OA 0.6 0.8 1.0

(F), Release Fraction (FVES)

Figure C-9. Fractional Release from Primary (FVES);
BWR TBUX with Low Oxidation
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Table C 10 and Figure C-10 provide the results for a low-pressure BWR with
low in-vessel zircoloy oxidation. Expert C indicated that for high
zircaloy oxidation- cases, system pressure had a small impact, and thus
Cases B-FVES-1 and B-FVES-3 were essentially identical in this respect.

Table C-)e
FVES for a Low Pressure BWR (TBU) with Lov

In Vessel Zirconium Oxidation
-

Radionuclide Distribution (%)
Groun -1 _21_ 50 75 ._92., ._

Iodine 0.00 0.05 0.15 0.25 0.50'

Cesium 0.00 0.05 0.10 0.20 0.50
Tellurium * 0.00 0.05 0.10 0.15 0.50
Aeroscla* 0.00 0.05 0.10 0.15 0.50

* Same as for Case B-FVES-1

1.0 i i i i

0.9 -

g
-

.E. 0.8 - -

0.7 - -

_ 0.6 - -

$
~

0.5 - -g
p 0.4 - -

3
3 0.3 - OI -

e + cs
n. 0.2 ~

C Te
~

6 Aerosols _0.1

' ' ' '0.0 '
O.0 0.2 0.4 0.6 0.8 1.0

(F), Release Fraction (FVES)

Figure C-10. Fractional Release From Primary (FVES);
BWR TBU with Low Zirconium Oxidation.
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'lable C-11 and Figure C-11 provide the results for a high pressure BWR with
injection from the .CRDi(S.

Table C-11
FVES for a High Pressure BWR (TBU) with CRDHS Injection -

Radion2clide Distribution (O
Grovo _1., _ h 50 75 _J)_

Iodine -- 0.40 0.70 0.80 0.90 1.00
Cesium 0.40 0.55 0.65 0.80 1.00
Tellurlua* 0.00 0.20 0.30 0.45 0.50
Aerosols * 0.C0 0.10 0.20 0.30 0.50

* Same as for Case B-FVES-1

1.0 i i i >.

0.9 -
-g

E 0.8 -
-

_ 0.7 -
-

h 0.6 -
-

S
0.5 -

-g

_y 0.4 -
-

E 0.3 -

OI -

0.2 - Cs
_

O Te
0.1 - ,p Aerosols -

' ' '0.0 -

O.0 0.2 0.4 0.6 0.8 1.0C
(F), Release Fraction (FVES)

Figure C-11. Fractional Release from Primary (FVES);
BWR TCUX (High Pressure and Injection) .
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Sources of Uncertainty

Fractioi of Fuel Inventory Released in,1be Vessel (FCOR)

Expert C' felt that the dominant contributor to uncertainty in FCOR vas the
effect of rraterial relocation on the core geometry (i.e. , the fuel surface-

. to-volume. ratio). lie felt that more der. ailed mechanistic modeling of melt ~
,

_

relocation could reduce these uncertainties. Prediction of . fuel |

temperature history is a related-uneettainty. !

Fraction of In Vessel Releases-Escr.oine--to the Containment

Expert C felt that changes in tbe chemical form of fission products within
the primary system are the dominant sources of uncertainty. Such changes
are known to occur, but they have not been adequately studied. lie felt

e that further research -in this area could reduce uncertainties. Gas flow
velocity uncertaint.ies and, in particular , the effect of natural
circulation flows were also seen as contributors to uncertainty.

I

:'
i

|

|
|

1
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Expert D's Elicitation

Issue 1. Release of Fission Products from the Fuel in the Vessel
and from the Vessel to the Containment

Expert D provided considerah:y more documentation than is appropriate for
. this section. The (. icitation appears in-its entirety in NUREC/CR-4551
Vol. 2. Part 5.

I
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5.2 Issue 2. D e c o n t a m i n a t i o n o f fhshrdeduct s b,y_t b e Ite condttmer_qi
Sequoyah

Summary and Aggregation of Expert Panel's Assessment of
Source Term Issue 2: Decontamination of Fission Products

by the Ice Condenser at Sequoyah

Experts Consulted: James Cieseke, Battelle & morial Institute (BMI); Ben
Y. H. Liu, University of Minnesota; Richard Vogel, Electtic Power Pescarch
Institute (EPRI).

I s sue De s.c_IMihD
_

What distributions characterize the uncertainty in decontamination of
fission products by the ice condenser at Sequoyah? In the parametric
equation utill:ed by the source term calculation, the ice condenser
decontaminati,n factor (DF) variables are DFICV and DFICC for1 3

radionuclide group i. The DF variable for RCS releases is DFICV, and that
applied to CCI releases is DFICC. The DF is set equal to 1 for noble gases
and the organic iodide species, and is also set equal to 1 for all ,

radionuclide groups if the ice is melted from the ice condenser. The cases
to be considered incl te the following-

Case 1. Air return fans operating, no containment failure within 1
hour of r e l e a r, e , no direct containment heating (DCH),
multiple passes through ice condenser, low steam
concentrations at ice condenser inlet.

Case 2. Air return fans operating, early containment failure in upper
compartment, no DCH, single pass through ice ondenser, low
steam concentrations at ice condensor inlet.

,

Case 3. Air return fans not operating, no DCH, single pass through
ice condenser, high steam concentrations at ice condenser
inlet.

Case 4 DCH event, single pass through ice condenser, high steam
concentration at ice condenser inlet, and high velocity gas
through ice condenser.

Summary of Evnerts' Rationalg

Expert A based his results on code calculations made by the STCPi^-1- ^-2.

^-3) and supplemented this information with his general knowledge of aerosol
behavior. He explained taat the particles smaller than 0.1p and particles
larger than 0.5p are removed more efficiently than are particles in the 0.1
to 0.5p range. The additional removal mechanisms that act on the smaller
particles are Brownian diffusion and thermophoresis, while the additional
removal mechanisms that act on the larger particles are impaction and
sedimentation. The upper bound DF would require that there be very few
particles in the 0.1 to 0.5p range.

5.2-1
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Two. factors that could reduce the ice.DF are preferential ,assage thrnogh
channels in the ice condenser and compaction of the ice (reducing the
surface : area available for deposition) . The - expert felt that both were

';

the hi h DFs oflikely in a full-scale ice condenser and would tend to make 3
25 to 40 observed in the laboratory very unlikely in a reactor accident.

Expert A used . the code calculations and experimental observations to get ,

single pass aerosol DFs. He then took into consideration the behaviar !

during multiple passes through the ice condenser; the DFs observed on
subsequent passes are always less than on the preceding pass.

Expert B based his assessment largely on the ICEDF code written by EPNL and
previous STCP calculations-L s-z (ICEDF is part of the STCP suite ofe

codes). He also used the empirically derived equation presented by Expert
C that approximates the ICEDF code and considers the parameters of steam
concentration, aerosol size, number of passes through the ice condenser,
and the presence or absence of ice. He used the DCH CONTAIN calculations ,

as a basis for Case 4

Expert B adjusted the values obtained from the above scurces if he believed
some effects were not adequately treated in the calculations:
(1) condensation on aerosol particulates (would increase the DF), (2) flow

. velocity, (3) flow recirculation, (4) channeling wit. tin the ice condenser,
(5) hydrogen burn rearrangement of the ice beds, (6) impaction mechanism of
aerosol removal (most codes overpredict the DF), and (7) condens.ation (most
codes underpredict DF).

parametric study using an approximate empiricalExpert C performed a
equation that he developed:

.

*k '

n -1
(1 - fa) k DFDF '-<

'

k
,

s

! where

f - 1, ice present; - 0, no ice present,
o - volume fraction of steam in the carrier gas,
n - number of passes through the ice condenser,4

[ k - mass fraction of aerosols in the size tange k,
DF ^

k - decontamination factor for a single pass of aerosol particles
of size k with only noncondensible carrier gas.t

!

The derivation of the equation was based upon work performed at Batte11e's
Pacific Northwest 1.aboratory (BPNL) (the ICEDF code). The parameters j

varied were. aerosol size, fraction of the ice remaining, carrier gas steam i

fraction, number of passes through the ice condenser, and time. Two time i

regimes were considered: the time in which primary system releases occur
1 and the time during which the core-concrete interaction releases occur.
1-

; 5.2-2
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Expert C believed that the driving force - for - ice condenser DF is steam
condensation. ; Aerodynamic particle size distributions-for Cases 1, 2, and
3 yere obtained from Reference C 2. For Case 4, th e. DCH case, Expert C
obtained particle. size distributions from the Sandia Surtsey DCH 2 Test.

.

Actrerated Results

values in Tables 2-1 through-2-6 are cumulative probabilities.

Table 2 1
Case 1: RCS and CCI Releases

DF Aggregatt Expert A Exoert B Expert C

1.000 0.000 0.000 0.000 0.001
_1.100 0.009 0.001 0.001 0.026
1.300 0.127 0.055 0.250 0.076
1.600 0.263 0.139 0.500 0.150
2.000 0.357 0.250 0.571 0.250'

3.000 0,528 0.500 0.750 0.333
5.000 0,666 0.583 0.916 0.500
6.000 0.750 0.625 0.999 0.625
7.000_ 0.806 0.667 1.000 0.750 ,

9.000 0.887 0.750 1.000 0.910 '

10.000 0.917- 0.762 1.000 0.990
30.000 1.000 0.999 1.000 1.000

.

Table-2-2
Case.2: RCS Releases

DF Accrenate Exoert A Expert B Exoert C

1.000 0.001 0.001 0.000 0.001
i 1.050 0.047- 0.126 0.001 0.013

1.100 0.109 0.250 0,051 0-026.

1.250 0.255 0.500 0.200 0.063
1.300 0.281 0.517 0,250 0.076
1.500 0.403 0.583 0.500 0.126

p 2.000 0.528 0.750 0.583 0.250
3.000 0.694 0.999 0.750 0.333

-5.000 0.805 1.000 0.916 0.500
6.000 0.875 1.000 0.999 0.625
7.000' O.917 1.000 1.000 0.750

10.000 0.997 1.000 1.000 0.990

|
5.2-3
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Table 2-3
-. Case . 2 : CCI Releases .i

,.
3

DF Jggre ga t e_. Expert A Expert B Expert C

1.'000 ~0'.001 0.001 0.000 0,001-
-1,050- 0.047 0.126 0.001 0.013
1.100 0.109 0.250 0.051 0.026

I1.250- 0.255 0.500 0.200 0.063
1.300 0.281- 0.517 0.250 0.076
2 000 0.500 0.750 0.500 0.250
3.000 0.694 0.999 0.750 0.333 ;

5.000 0.805 1.000 0.916 0.500
6.000 0.875 1.000 0.999 0.625
7.000 0.917 1.000 1.000 0.750 ,

10.000 0.997 1.000 1.000 0.990
9

't

. Table 24
Case 3: RCS Releases. . .

,

DF Accrenate Expert A Expert-B Expert C

:1.000 .0.000. 0.001 0.000 0.000
1.100 0.017 0.051 0.001 0.000
1.500 0.101 0.250 0.053 0.000
2.000 0.206 0 $00 0.11.9 0.000
3.000- 0.333 0.750 0.250 0.000
5.000. 0.458 0.999 0.375 0.000
7.000 0.500 1.000 0.500 0.000

- 10.000 0.584 1.000 0.750 0.001
20.000 0 683 1.000 0,999 0.050.

28.000. 0.833 1.000 1,000 0.500
36.000- 0.967 1.000 1.000 0.900
42.000 0.C97 1.000 1.000 0.990

_

d

,

b

I
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Table-2-5
.. Cas e 3: CCI Releases .

DF Accrecate Expert A Expert B Expart C

1,000 0.017 0.001 0.000 0.050
1.'100 0.045 0.051 0.001 0.082
1.500 0.191 0.250 0.112 0.211
2.000 -0.374- 0.500 0.250 0.371
2.400 0.472 0.600 0.311 0.500 ,

3.000 0.689 0.750 0.417 0.900
3.500 0.752 0.812 0.500 0.945
4.000 0.797 0.875 0.528 0.990
5.000- 0.861 0.999 0.583 1.000
8.000 :0,917 1.000 0.750 1.000

20.000 1.000 1.000 0.999 1.000
_

Table 26
Case 4: RCS and CCI Releases

DF- Acgregate Exoert A Expert B Ezoert C

1.000 0,000 0.001 0,000 0.000
1.200 0.017 0.051 0.001 0.000
2.000 0.167 0.250 0.250 0.000
2.100 0.200 0.275 0.267 0.058
2.350 0.248 0.338 0.308 0.099
2.790 0.361 0.448 0.382 0.255
-3.000 0.400 0.500 0.417 0.282 ,

3.500 0.463 0.542 0.500 0.347 1

6.000 0.724 0.750 0.750 0.673 ;

6.380 0.745 0.761 0.753 0.722
'

15.000 0.884 0,999 0.816 0.838
15.690 0.889 1 000 0.821 0.847
29.700 0.942 1.000 0.924 0.903 i

40.000 0.974 1,000 0.999 0.923
63.500 0.989. 1.000 1.000 0.967 ;

I
i

: 6

:
L

I
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Expert A's Elicitation

Decontamination of' Fission. Products by the Ice Condenser
at Sequoyah

*

1

Descrirtion of Expert A's Rationaleggthodolor,y I,
,

Expert A based his results on his extensive knowledge of aerosol behavior
,

in general and' on the results of calculations by the STCP'AA*^9 and other '
,
'

cedes. He also used the results that were reported in an unpublished '

document supplied by another panel member. He noted that the code results
show a wide range for -the ice condenser DF, from 1.01 to 25. Expert A
assumed that a low steam fraction meant that the steam mole fraction was in
the 5: to 20% range, while a high steam case meant that the steam mole
frection was 50% or greater.

Expert A pointed out that particles smaller than 0.1 and particles larger
than 0.5p are removed more efficiently than are particles in the 0.33 to
.5p range. Particles with diameters in this range are always the most
difficult to' remove, whether by natural or engineered means. Below 0.1p,
Brownian diffusion and thermophoresis are effective removal mechanisms.
Above C Sy, impaction and sedimentation are effective. One factor required

'
- to obt 'n Expert A's upper bound DF values is that there be very few

'

particles in'the 0,1p to 0.5p range.
,

Expert ' A decided that - he could not distinguish between hygroscopic and
- nonhygroscopic aerosols, since other unknowns, such as the exact steam
concentration or the amount of channeling, had much larger effects than
whether the particles were hygroscopic. Thus, he had one curve for ice ,

condenser DF for each of the four cases.

The other factors in determining the upper bound DFs are a lack of
channeling, uniform steady flow through the ice condenser, and a large ice

,

- surface area. Channeling is particularly difficult to avoid because of its
inherent positive feedback nature. That is, if a channel starts to open,
the increased flow through that part of the ice bed tends to melt the ice
preferentially in that area, thus increasing the size of the channel and
causing.more flow and more melting in the area. In the real world, wh'ere
- ideal small-scale laboratory conditions are very dif ficult to obtain, it
seems unlikely that channeling, to some extent, can be avoided. Some areas

' are certain to - get more flow than -others , and increased melting in these
- areas will ensure that flows increase in these areas disproportionately.
Compaction of the ice over time,-especially in the bottom of the baskets,
also seems difficult to avoid-and may significantly reduce the surface area
of - the --ice . When all these factors are considered, the. high DFs of 25 to

| 40 sometimes observed in the laboratory are not likely to be observed in a
i reactor accident.

Expert A's method used the calculations and tests to get single pass
aerosol penetration values. The DFs observed on subsequent passes through
the ice condenser are always less than on the preceding pass, but this can
be accounted for by using an effective number of passes rather than the

5.2-11
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actual number, (The effective nunber of passes is the number of passes
required to get the total decontamination factor, assuming that each is as ,

effective as the first pass.) From the Battelle STCP calculations, he
observed that ice condenser DFs were usually in the range of 2 to 5. This
agrees well with five effective passes and single pass penetration values
around 0,80. Expett A would exaect both these numbers, based on
experiments and other code results.

Considering the likelihood of some channeling, some reduced ice surfacc
area from compaction, and unsteady, nonuniform flow, Expert A concluded
that a DF of 3 was his midpoint value for the low-steam, multiple pass case
and for the high-steam, single-pass case.

ILealt s of typuLA' S_ElLc.1.Lg5 Len

Expert A gave the following ice condensor De table, which cot,t ains his
results for all four cases.

Table A-1
Ice Condenser DF

__

Cumulative Probabi1ity

0.001 [Lll 0.50 {Lik 92dT1

Case 1 1.1 2.0 3.0 9.0 30.0
Case 2 1.0 1.1 1.25 2,0 3.0
case 3 1.0 1.5 2.0 3.0 5.0

Case 4 1.0 2.0 3.0 6.0 15.0
_ _

_

The lower bounds are approximately the same and a t, s u m e that the ice
condenser is essentially ineffective. Either a hydrogen detonation has
made the ice condenser nonfunctional, or channeling is so sen ce that
aerosol removal is negligible.

Case 1

This case has multiple passes through the ice condenser because the fans
are operating, there is n, DCH, and the steam fraction is low. Expert A
determined his midpoint DF of 3.0 as described above, A large amount of
uncertainty is in this value because the steam fraction and the particle
size are not well known. For 5% steam, par -icle eize is very important;
for 20% steam the particle size has only some importat.ce; and for 501 steam
the particle size is cotapletely irrelevant. As the low steam case includes
both the 5% and the 20% steam fractions, this leads to considerable
uncertainty. Expert B determined his upper bound by assuming that there
was no channeling, steady and uniform flow, little or no ice surface
reduction by compaction, and very few particles in the O.1p to 0,Sp range.
In the unlikely event (99.9%) that all these conditions were met, then DFs
around 30 like those found in carefully controlled laboratory experiments
could be realized. Expert A obtained his 25% and 754 values by taking

5 2-12

l
1

_ ._ __ _ _



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

- !

|
|

geometric means using ' the 0.1% , _506 and 99,9% values and then seeing I
whether the resulting quartiles seemed reasonable. Sonie of.the geometric
means for the 256 and 75%. values were adjusted up or down slightly -in the
rounding off process to obtain quartile points that seemed more reasonable.

:
Case 2

Even though the fans are operating, this case has few passes through the
ice condenser, since the containment is failed in the upper compartment.
There _-is - no DCH , and the steam fraction is low. Expert A determined his
midpoint DF of 1.25 by assuming that one pass through the ice condenser is
all that really can be counted on,- and an 80% penetration for one pass is
.i n the middle of the reported range. While a small failure size might
result in two to five passes for some of the gas, channeling is also ,-

"

possible, The one will increase the removal, while the other will reduce
it. For the midpoint, Expert A figured they would effectively cancel out.
The upper. bound was obtained by assuming that five effective passes with a ;

single pass penetration of 80% were the most that could be expected under
any conditions with a failure in the upper compartment. The 25% and 75% |
values were obtained by geometric averaging as discusrad above.

Case 3
i

This case has a high steam fraction, but the fans are not operating, Thus,
there is only one pass through the ice condenser and no DCH. Expert A felt
that the high _ steam fraction would enhance aerosol removal more than the
. lack of multiple passes - forced by the fans would degrade the removal.
Therefore, the DFs for this case fall between those for case 1 and Case 2,
and are-closer to Case 2 than to Case 1 He determined the midpoint DP of
2 by adjusting the Case 2 penetration (0.80) downward to 0.50, The upper
bound was obtained similarly.

Case 4

This case has a very high steam fraction, DCH, and only_ one pass through
the ice condenser. The high steam fraction could lead to very high DFs'if
channeling. or a hydrogen detonation (from the high hydrogen concentration
in -his case) does not compromise the integrity and functionality of the

- ice condenser. The DFs for this case also fall between those for Case 1
and Case 2, but are closer to Case 1 than to Case 2. E pert A thought the
midpoint DF of 3 should apply to this case as well as to Case 1 but that

! the upper. bound should be lower because multiple passes were not possible.
! Thus, - the. 99.9% DF was obtained by adjusting the Case 1 value downward.

Sources of Uncertainty
|

The. largest single source 3f uncertainty is in the steam fraction. The
- large ' and small fractions used here encompass a wide range, and for the
lower steam fractions, the removal effectiveness is sharply dependent on

- the esteam fraction. Also . important in determining the uncertainty are
channeling, type of flow, and r: duced ice surface area (discussed above). ,

The effects of aerosol densities and the temperature of the gas coming into
the ice condenser are small compared to the other uncertaintles.

5.2-13
,

,-..-,-o ---- - -,- ne, - ,,---,-.w-r - - - - - - --e-r- m-m .=r- , - - , , - , , , m io - -~--+,---g,n.-------,.- -- n-w- ,,,-rrr"'



_. _ .-._ - . . . - . _ . . _ _ . _._ , . . _ _ _ _ . _ _ _ . . _ . . - ..._.____._.__m.-_. _ . . _ _ . . _ . . _ _

4

,

REFERENCES

A- 1. . J . A. Gieseke et al., "Radionuclide Release Under Specific LWR
Accident Conditions,-Vol. IV: PWR Ice Condenser Desien," BM1-2iO4, ,

Battelle Memorial Institute, 1984. !

A-2. R. S. Denning et al., "Radionuclide Release Calculations for Selected
A Severe Accident . Scenarios ," Vols. I-V, hTREC/CR-4624, BMI-2139

Battelle Memorial Institute, 1986.

A-3. M. T. Leonard et al., " Supplemental Radionuclide Release Calculations
for Selected Severe Accident Scenarios." hTREC/CR- 5062, BM1-2160,
Battelle Memorial Institute, 1987.

;

f

t

.

d

;

5.2-14 1

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



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

Expert B's Elicitation

' Decontamination of Fission Products by the Ice Condsnser
at Sequoyah i

|

Descriotion of Extiert B's Rationale /Methodolony

Expert B largely relied upon knowledge of, and familiarity with, the ICEDF
--code written _ by BPNL, and has performed various calculations with the code.
Previous STCP calculationsa s a-2.a-a were utilized as base . values for the
assessment:- for ice condenser containtnents , the STCP code suite utilizes
the ICEDF code within its framework. Conditions from the calculations were
matched to thosa in the specified cases to obtain base values for ~ the ;

assessed distributions.
,

' Expert B also utilized the Electric Power Research Institute (EPRI) +

approximation equation that was distributed by another panel expert. The
equation 'is ~ empirically derived and approximates results of calculations
from the ICEDF code, considering the parameters of steam concentration,
mass fraction of aerosols in various size ranges, number of passes through
the ice condenser, and the presence or absence of ice. The CONTAIN
calculations performed at Sandia for DCH in an ice condenser containmente-. ,

were utilized as a basis for Case 4.

Base values were adj us ted if Expert B believed certain effects were
neglected in the calculations, and consideration of uncertainty was
incorporated into the ranges provided for the assessment. It was judged

'

that one-of the decontamination ef fects routinely neglected in the ICEDF
code is condensation of aerosol particulate, Considerntion of this effect
increases the base value DF. Some of the uncertainties in the modeling
include flow velocity, flow recirculation and channeling within the ice4

condenser, and hydrogen burn rearrangement of the ice beds. Expert B also
thinks that most codes overpredict the impaction mechanism of aerosol

~

: removal, and underpredict condensation, which was judged to be the dom:.nant
mechanism in decontamination of fission products within an ice condenser.

'

For the assessment, Expert B considered the initial findings of the
exnerimental result /ICEDFB1 code prediction comparison being performed at
BPML. The code underpredicts deposition in the lower part of the ice'
condenser. The experiments.show a higher melting rate in the lower part of
*he condenser, and experimental conditions demonstrate a maldistribution of.

the- temperature field across the flow channels within the condenser. The
model used in the ICEDF code assumes a single, well-mixed node; further
nodalization could provide higher DFs but would probably predict channel
meltings that would then decrease the DF. The BPNL results have

Ldemonstrated recirculation flows within the ice condenser even when the air
return fans are operating.

Results of Expert B's ElicitatioD

For all the cases provided, the median value sas usually based on a
particular calculation with adjustments for certain considerations. The

1
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=1ower end of each ~ distribution accounts for effects such as channeling,
early mel' ting of ice , - and .-rearrangement- of ice because of hydrogen
deflagrations. The upper end of each distribution accounts for intact
e f fe c tive ice configuration, fission product release synchronized with
steam release, and' conditions generally conducive to aerosol removal from
the gas flow.

Case-1

The assumptions in.the case assessment were-106 steam concentration at the
ice condenser inlet, five to ten effective passes through the ice
condenser and DF values obtained before vessel failure. The BMI sequences

and S HF , whichused in-determining the base, or 50 percentile, were Salift 3 2

for - all fission - prt, duct groups provided DF values on the order of 1.56. -

The EPRI empirical equation distributed by Expert C provided a value of 2.7
for the DF. The resulting distribution supplied for primary system and

-core-concrete-interaction releases is as follows

Cumululative Probability 0 001 0.25 0.50 0,75 0.999
DF i.1 1.3 1.6 3.0 6.0

Case 2

The assumptions in the case assessment were 10% steam concentration, a
single pass through the ice condenser, and DF values obtained after vessel
failure. The BMI sequences used in determining the base were again S 11F23

and -. S HF , and for the primary system releases, they provided values3 2

= ranging from 1.36 to 1.52. The resulting distribution for the prinry
system releases group is

Cumulative Probability 0.001 0.25 0.50 0.75 0.999
DF 1.05 1.3 1.5 3.0 6.0 ;

The BMI seq 2ence DF values for the CCI releases ranged from 1.65 to 2.50.
'The empirical equation-provided a value of 1.1 when utilizing particulate
size distributions for the CCI releases. The retulting distribution for

the^ primary system release group is

Cumulative Probability 0.001 0.25 0.50 .0.75 0.999
DF 1.05 1.3 2.0 3.0 6.0

case 3

The assumptions in the case assessment were 80 to 90% steam concentration,
a single pass through the ice condenser, and DF values obtained after
vessel failure. The BMI sequence utilized in determining the base values
was the TB sequence, and for the primary system releases, the DF values
ranged from 5.42 to 6.59. These values should be higher, however, when
cendensation on particles is considered, and the values were adjusted
accor_dingly for the median of the distribution. The empirical equation

provided values ranging from 1.03 to 10, with certain parameters varied.
The resulting distribution for the primary system releases groups is

5.2-16
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1

Cumulative Probability 0.t01 0.2S 0. 50 -- 0.75 0.999
DF 1.1 3.0 7.0 10.0 20.0

For the CCI' releases the DF values are lower because the CCI releases occur
when less steam is in the lower compartment. The DF values in the BMI TB
sequence ranged from 3.35 to 4.85. The resulting distribution for the CCI I

releases is:

Cumulative Probability 0.001 0.25 0.50 0.75 0.999
DF 1.1 2.0 3.5 8.0 20.0 ,

! Case 4

The assumptions in the case assessment were 100% steam concentration, a
single pass through the ice condenser, and DF values obtained after vessel
failure. The only source of information that Expert B used in this case '

was .the Sandia CONTAINa-' -calculation for DCH. The high steam
concentration and lower residence times because of high velocities increase
DF values for the entire distribution in this case. Expert B believed that
the impaction removal efficiency for the 10 particles in the CONTAIN
calculation was too optimistic and lowered the median as a result. Expert >

.B = also felt - that thermophoretic e f fec ts are the force driving the
decontamination process in a DCH event because of the large temperature
gradient between the gas and.the ice; with this in mind, the upper end of
the distribution was increased. The resulting distribution for both
primary system and CCI releases is: *

.

Jumulative Probability 0.001 0.25 0.50 0.75 0.999
DF 1.2 2.0 3.5 6.0 40.0

,

Sou rc e s o f Unc e r t a.J.n_,ty

Expert B-- believed that a large source of uncertainty was in the sequence
definition, that is, the boundary conditions ' for the problem._ This
uncertainty includes the level of steam concentration in the ice condenser
. inlet, and also the timing of the radionuclide release with respect to the
steam concentration. Ott r uncertainties include the degree of
condensation on particulate, velocity and temperature distributions within
the ice condenser, the degree of flow recirculation and channeling, and the ,

,

:effect of hydrogen phenomena on the rearrangement of the ice bed.
,

.

4
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Expert C's Elicitation

Decontamination of Fission Products by the Ice Condenser
at Sequoyah

Description of Expert C's Rationale /Melhodology

Expert C developed an approximate empirical equation to calculate ice
condenser DFs based on the parametric variables of aerosol size
distribution, a parameter representing whether or not ice remains, carrier
gas steam fraction, and number of passes through the ice condenser. The
equation was based upon work at Battelle's Pacific Northwest labora tory
(BPNL). The equation approximates results of the ICEDF code and uses -

certain simplified assumptions from the code, as well as information and
analysis from the BFNL document NUREC/CR-3248.C-1 The ICEDF code invokes
standard aerosol deposition mechanisms in addressing the problem of
calculating Drs in an ice condenser. The NUREG/CR-3248 document details
analyses at BPN'L for fission product scrubbing in ice condensers.

The approximate equation was used in a parametric study in which the
variables treated were ice /no ice, steam concentration, passes through the
condenser, particle size, and time. The two time regimes were
characteristic of primary system releases and core-concrete interaction
(CCI) releases. The time element is manifested implicitly in the variables
of particle size and carrier gas steam content; therefore, time was not
treated as an explicit independent variable in the approximate equation.
The equation is described as follows:

*k '

n -1 *

DF (1 fa) v-< -

tot "k DF '

k,

.

where

f - 1, ice present; - 0, no ice present,
- volume fraction of steam in the carrier gas,o

- number of passes through the ice condenser,n
,

b - mass fraction of aerosols in the size range k,
DFk - decontamination factor for a single pass of aerosol particleo

of size k with only noncondensible carrier gas.
A single effective pass was assumed for assessment of the distribution
medians because continual release of fission products results in an c crage
of only one effective pass through the ice condenser. The effect of
multiple passes in the ice condenser was accounted for in the upper ends of
the distributions.

Expert C believed that the driving force for ice condenser DF is steam
condensation. Thus, with no dependency on the number of iasses through the
condenser and a large dependency on steam conder, sat oa, the cases were

5.2-19
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classified as either having low steam concentrations (50s, Cases 1.and 2),
or high - steam _ concentrations .(906, Cases 3 and 4). Because of the nature
of the DCH phenomenology, the cases with high steam concentrations were
then classified as with DCH, Case 4, or without DCH, Case 3.

Originally, Expert C supplied separate information for primary releases and
CCI releases for all the cases. The CCI release 61stributions for ice

- condenser DF had originally been based on calculations that assumed no ice
in the condenser and very low steam concentrations. (10%) in the carrier
gas. The - values for- DF were therefore approximately 1.0, When it was
acted that ice is still present for most of the CGI release and that the DF
was set equal ' to 1.0 when the ice is melted or totally bypassed, the
distributions for Cases 1, 2, and 4 for the primary system were deemed
sufficient for the CC. releases. For Case 3, a separate distribution was
provided for the CCI releases because of the wide disparity in the s te are
content between the primary system releases and the CCi releases.

,

Aerodynamic particle size distributions for all but Case 4 were obtained
,

from the calculation -2 for the 5 HF accident sequence at Sequoyah. For-e
3

'

Case 4, the DCH case, Expert C based his assessment on aerodynamic partitle
size and requested that Sandia Surtsey Test particle size results be ,x e d
to quality the distribution. Impactor data obtained during the DCib 2 -

test-3 were used. The data indicate a unimodal aerosol distribution ofC

less than 10 pm aerodynamic equivalent diameter with a mass mean diameter
between 1 and 2 pm. Attachment C-1 describes the method used to obtain~the
distribution for aerodvnamic equivalent diameter. The distribution is

,

i.

Cumulative Probabil' ty 0.058 0.099 0.255 0.722 0,847 0.903 0.967
Aero.-Dia, (um)- 0.4 0.7 1.1 2.5 4.5 6,4 10.3

l' The decontamination of the aerosol-laden gases in Case 4 was specified by
Expert C to be obtained from Table 4 in NUREG/CR-3248. The predicted DF is

. - a -tunction of aerodynamic particle diameter :
|
,

Aerodynamic Case 4-DF
Particle tF - 0.3

Dia. (um) Xi - 0.5: L - 3.0 5
-

i.

! 0.001 203.1
' O.01- 11.2

0.10 23
0.40 2.1
1.0 2.6 |
2.0 4.5

4.0 12.0
8.0 41.5

-10.0 63.5
20.0 248.9 .)

50.0 1529.5
100.0 6064.0

The gas flow rate - 18.9 m /s , T - 293 K, P - I arm; p- 1. 8 x 10-* poise ,3

i. - fraction of bed filled with ice, F - fraction of ice surface available

!'
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l

for sedimentation, and X - mole traction of gas that is steam where i is
the it.let gas and o is the outlet gas.

E,gsults of Expert C's Elicitation

For Ccses 1 and 2, all radionuclide groups, the distribution for the ice
condenser DF is as follows:4

Cumulative Probability 0.001 0.25 0.50 0.75 0.99
DF 1.0 2.0 5.0 7.0 10.0

For Case 3 primary system releases, the distribution for the ice condenser
DF is as follows:

Cumulative Probability 0.001 0.25 0.50 0.75 0.99
DF 10.0 90.0 28.0 36.0 42.0

..

For Case 3 CCI releases, the distribution for the ice condenser DF is as
follows:

Cumulative Probability 0.001 0.25 0.50 0.75 0.99
DF 1.0 1.0 2,0 3.0 4.0

For Case 4, all radionuclide groups, the listribution for the ice condenser
DF is as follows:

Cumulative Probability 0.05-8 0.099 0 255 0.722 0. t. / 0.903 0.967.

DF 2.1 2.4 2.8 6.4 15.7 29.7 63.5
-

.

Sturces cf Uncertainty

Expert C believed that a Isrge part of the uncertainty in this issue is in
the sequence definition. The boundary conditions for the problem
definition itself are not well defined. There is uncertainty associated
with the timing of the releases with respect to steam concentration in the
lower compartment and also with respect to the amount of ice left in the
ice condenser. There is also uncertainty concerning the acrosol size
distributions of the releases. The process of finsion product
decontamination by the ice condenser is pretty well understood, but the
boundary conditions pose the largest ataount of uncertainty to the issue.

Surgested Methods for Reducing Uncertainty

Expert C feels that after the top sequences affecting risk are determined
in the Sequoyah NUREG-1150 analysis, there should be some effort devoted to
executing mechanistic analyses for those sequences. The analyses should
focus on the uncertain phenomena in a more detailed fashion to help resolve
some of the existing uncertainty.

5.2-21
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Attachment C 1
DCH-2 Aerosol Size Distributis.D

The distribution ' for the serosol particle size distribution was obtained
from the data in the DCH-2 test result report. The data were digitized and
plotted:

10 i 3 g , , ; i

9 - -

,

8 - -

^7 - -.,

E

j 6 ~ a-a -

tz 5 - -

9
g4 - -

"
3 - -

2 - - --

1 - -

b' ' ' ' '0
1 -0.6 0.2 0.2 0.6 1.0 1.4 1.6

Log of Area Olameter in Microns

The area under the curve of the --discrete ranges was obtained and then
normalized to the total area under the curve. From each normalized
integral, a cumulative distribution was obtained:

Integral
,

Iag of Particle Particle of Spe- Normal-*

Particle ~ Size dM/dlogDp Range cified ized In- Cumulative
i _ (nieron) Ranee tegral DistributionSize (micron) (c/m )3

-1.000 0.100 0.000
-1.000 0.100 0.681 .1 - .4 0.416 0.058 0.058
-0.389 0.409 0.681'

-0.389 0.409 -1.209 .4 -- .-7 0.301 0.042 0.099
-0.139 0.-725 1.209--

, . -0.139 .0.725 5.823 .7 -- 1.1 1.125 0.155 0.255
| 0.054 1.132 -5.823

:0.054 1.132. 9.823 1.1 -- 2.5 3.386 0.468 0.722
0.399 2.503 9.823

;_

;_ 0.399 2.503 -3.492- 2,5 -- 4.5 0.905 0.125 0.847
i 0.658 4.547 3.492

_

| 0.658 4.547- 2.647- 4.5 -- 6.4 0.401 0.055 0.903
L 0.809- ' 446 2.647
| 0.809 6.446 2.302 6.4 -- 10.3 0.467 0;065 0.967
L 1.012 .10.285 2.302

1.012 10.285 -0.240 10.3 ---100. 0.237 0.033 1.000
2,000 100.000' O.240

-2.000 100.000 0.000
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'5.3 Issue 3. Fission Products Released by Revolatf11:ation from the RCS
(
>

Summary and Aggregation of Expert Panel's Assessment '

of Source Term Issue 3: FLATEl and FLATE2,

i

Experts Consulted: Peter Bieniarz, Risk Management Associates; Andrzej I

Drozd, Stone 6 Webster Engineering Corporation: Robert Henry Fauske and
Associates; Dana Powers, Sandia National Laboratories.

Issue Den ription

khat distributions characterire the uncertainty in the fraction of
radionuclides that remain in the RCS af ter vessel breach and are then
released to containment? The' radionuclides may be released as a result of
material released from the fuel -he vessel, deposited in the RCS, and"

then revaporized and released fr# je RCS during and after vessel breach
or volatilization of material ren s.Ing in the RCS reactor pressure vessel
(RFb after vessel breach (0 to 20% of the fuel rods may be unmelted but
fractured).

,

In the parametric equation used for the source term calculations, the
revolatilization variables are FLATEl and FLATE2 for radionuclidei igroup 1. The variables represent the fraction of the material available

4 for each process that ultimately becomes volatile: FIATEl g is multiplied
by the fraction of the . nuclide group i originally released from the core
in-vessel and not. released from the. vessel and FLATE2 is multiplied by thet

!. fraction of the nuclide group i not released from the core in the vessel
ud also retained in the vessel af ter breach. FLATEl and FIATE2 can be the '

aame. The cases originally considered-include the following:
,

J

Case 1. PWR with a ruptured RPV and a rupture in the RCS piping,

Case 2. PVR with a ruptured RPV and intact PCS piping

Case 3. BWR with a ruptured RPV, an intact piping system, and low
drywell temperature ,

Case 4 BWR with a ruptured RPV, an int 9ct piping system, and high
| ' drywell temperature
i

I'

|- . Sprays are always assumed to be recovered in 24 h from core damage (there
are no drywell sprays in the Crand Gulf containment) .

Summarv of Exonrts' Rationale

| Expert A used MARCH-RMACT calculation's (a modified version of the STCP) as
his primary aid to evaluate this issue. He also referred to information :

from the Brookhaven National Laboratory's (BNL's) QUASAR study,
revaporizationi studies at S NI. , and source term safety assessment work for
the Indian Point Nuclear Power Plant.

5.3-1
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Expert _ AL pointed out that the revaporization of fission products from
reactor _ pressure vessel and RCS surf aces depends nn the temperature of the
surfaces and the heat and mass transfer between the vessel and the
containment. He felt that the natural circulation between the hot and cold
regions of the RPV/RCS could transport the revolatilized materials to
cooler regions of_the RCS where they might be deposited (avoiding release
to the containment.)

In the case of BVRs, the revolatilization will be dependent on the drywell
temperature and ' the chemistry aspects of the deposited materials. For

'

24 h, the drywell temperature would be low enough to keep the reactor
vessel walls cool enough to prevent revaporization. Even in the event of

high drywell . temperacures , natural circulation within the reactor ' system
and~ the chemistry of the surfaces would prevent significant
revolatilization. The tellurium and aerosol nuclide groups will not '

revolatilize because no highly reducing gases are in the BVR system; iodine
and cesium are the only species with the potential to revolatilize.

t

Expert A felt that there would be less revolatilization for a breach in the
PWR involving one hole than in the BWRs because _ the contaitunent teopera-
tures - would be lower and the thermal mass in the RCS would be nigher.
Revolatilization is higher if there are two RCS breaches (e.g., in the

vessel and in the hot leg) because the RC5 is hot.ter than if - there were
only_ one . breach and because natural circulation is cet up between the RCS
and the containment. The Expert felt that there was a very low probability
that the material not released in the RCS/RPV would revolatilize and ,

provided zero values for FIATE2.

Expert B based his elicitation on the results of MAAP calculations for
several different sequences for both BWRs and PWRs. The major contributor
to revaporization in BWRs is the early revaporization release within a few
hours of vessel breach, dominated by vaporizing water held in the downcomer
region and-flush @ out of the vess4

i.

-The Expert stated that the A 0H is tightly bound by the surface of the
reactor vessel structure than ceslun, ;odine, and he would therefore expect

;

higher revaporization rates for iodine than cesium. The expert did not'

differentiate between FIATE1 and FIATE2.
!

Expert C developed a mechanistic model for the phenomenon of revaporization|

of radionuclides' deposited on RCS structures. Parametric quantities within
the model ' were varied through 'tse of a Monte Carlo sampling scheme. The
. uncertain parameters included variables related to initial and boundary-
: enditions,-decay heating rates, chemical speciation of the radionuclides,
chemical and thermophysical properties, geometry of- the degraded core,
configuration of the system, chemical environment in the reactor system, <

degradation of materials,-and thermal and hydraulic conditions. The three
parts of-the model_and some of the. uncertainties considered for each part |

are listed below.

1. Estimation of the vapor phase and system surface temperatures:

Depth and thermophysical properties of the porous oxide layer*

that coats the inside of the RCS piping;

5.3-2
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I

Properties and deptb of the RCS piping insulation;e

Ambient temperatures of containment;*

Decay heating rates;*

Gas a:id sur face emissivi ties ;e

e Correlations for heat transfer coefficients; and

Length of piping.*

2. Estimation of the flow velocitim through the piping system:
FVessel hole size;=

Length of pipino before the break;e

Diameter of piping break;*

Length of the fuel remaining in the core and inside diametere

of core annulus;

Hydraulic parameters (loss coefficients and friction factoc);*

Thermophysical proporties of the gas (conductivity, heat*

capacity, and viscosity); and

Parameters for core de'aris.*

3. Estimation of the equilibrium partial pressure of the vapor
species:

.

Uncertainties in the chemistry of each radionuclide were varied,*

Expert D used a simple model to estimate the amount of revolatilization
than can be expected:

REVOL - (Voy - Fm.)

where

Fey fraction of cesium, iodine, and tellurium inventory depoal ted-

in the RCS/RPV before vessel breach,

Fu; - ratio of cesium, iodine, and tellurium inventory decay heat to
RCS/RPV ^3at losses.

Although many other parameters had an impact on revolatilization (gas
temperature, structure temperature, fission product flow rate, chemical
binding, and others), the driving. force is "l oc.al" decay heat. He used

-Risk Management Assessment (RMA) an 'yses of the TMLP, accident sequence for
Surry to estimate the heat rejection capabilities of the RCS/RPV. He also
used ORIGEN2 calculutions to provide decay heat values.

S.3-3
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The Expert ; pointed out that in the Bk'R cases, high drywell temperature
could ~ reduce the amount of RCS/RPV heat. rejected to the containment and
would increase revolatilization. He felt that Pk'R Case 2 was similar to
the Bk'R high drywell temperature case and that the PVR Case 1 was similar
to the'BWR lov temperature case.

Expert D felt that it was unlikely that the nonvolatiles would be released
from the fuel before vessel breach, and therefore, they would not be
available to be revolatilized after vessel breach, Consequently, he
considered only revolatilization of cesium, iodine, and tellurium.

Method of Argreration ,

Case Structure Modification

The. original case structure was redefined after reviewing the clicitation
summaries of four experts on this panel as follows:

1. PVR Case Structure. Only Expert B did not follow the original WR
case structure. He made two subcases for Pk'R Case 2; two holes

with water in the contairaent and two holes without watn in the
containment. The re fo re , it was necessary to create three cases to
average distributions for the Pk'R.

Case 1: one opening after vessel breach,

Case 2: two openings after vessel breach (i.e., consequential pipe

break) and no water in containment, and

Case 3: two openings after vessel breach and water in containment.
.

2. BWR Case Structure. Three experts used the original Bk'R case
structure. Experts A and C assigned the ~ distribution to thesame

two Bk'R c a s e s . Expert D assigned different distributions to the
two Bk1 cases, but the difference between the two distributions was
not .s i'gni fic ant . Expert B used a different case structure for the
Bk'R cases . For the station . blackout sequences (TBUX- or TBU) in
which there is no water injection capability - af ter vessel breach,
he considered revaporization release of iodine and cesium. For the

high pressure _ anticipated transient without scram (ATVS) sequence
TCUX, the low pressure injection systems would become available for

-

injecting water into the reactor vessel. Expert B argued that this
would cool the reactor vessel and result in no revaporization
release for TCUX sequence.

For the station blackout sequences, Expert- B also provided
different distributions for the EARLY PHASE (within . a few hours
after vessel breach) and the LATE PHASE (from a ft:w to-24 h after
vessel breach). The LATE PHASE applies . to the high drywell

5.3-4
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,

temperature condition. For the st 2 rated or low dryvell temperat.are
condition, the IATE PHASE revapo .zation beccmes 0.

Since PBSOR and GCSOR do not have time dependent source term '

capability, these two ' phanes of Expert B's release fractions were
added together for the station blackout sequences with high drywell
temperature,

,

Therefore, there are three cases for the BkR: '
-

Case 1. Fo water injection .if ter vessel breach (TBUX or TBU) and
high drywell temperature,

;

Case 2. No water injection after vessel breach (TBUX or TBU) and
low drywell temperature, and

,

Case 3. Water injection available af ter vessel breach (e.g. , TCUX)

Radionuclide Groues Considergd

Experts A and B . only considered revaporization releases for iodine and
cesium groups. Expert D stated that tellurium group would behave like,

"

iodine and casium groups as far as revaporization release. Expert C
calculated revaporization release distributions for iodine, cesium,
tellurium, strontium, ruthenium, and barium. However, the median values of,

revaporization release for strontium, ruthenium, and barium calculated by
Expert C.were rather small. Therefore, three groups were constdered in the
revaporization release: iodine, cesium, and tellurium.

Assumrtions Used in Averacinc Distributions
.

* For those experts who did not assign values for the two endpoint
probabilities (i.e . , O and 1), linear extrapolation was used to
obtain these endpoints.

* The arithmette mean is used for calculating the average frequency
among different experts for a given value of revaporization ,

,

fraction,
.

e Linear interpolation is used to obtain the values between the
expert assessed points.

i=

Af"J%Sied Result s

.The aggregation for each PVR t 4 given in Tables 3-1 to 3-3 and for.

;. each BWR case in Table 3-4 t; ;- 6. These results are then plotted in
Figures 3-1 to 3-6,

i

i

,

; 5.3-5

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



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

Table 3-1
Aggregate for WR Case 1. One Opening after Vessel breach

Fractiles

Nuclide 0 000 0.010 0.050 [L210 [LiGQ Om750 0.950 .Q.JLoD 1.000

lodino 0.000 0.000 0.000 0.011 0.045 0.102 0.439 -O.800 1.000
Ces turn 0.000 0.000 0.000 0.011 0.023 0.072 0.171 0.248 0.750
Te11urim 0.000 0.000 0.000 0.000 0.000 0.024 0.209 0.413 0.800

Table 3-2
Aggregate for PVR Case 2. Tve Openings after Vessel Breach, Dry

-

Fractiles
i
1

Nuclide [LQ1LQ 0.012. 0.050 0.250 { liq 2 ILLtQ . 0.950 0,990 LoaQ

Iodine . 000 0.000 0.000 0.044 0.170 0.305 0.715 0.920 1.000
Cesiurn 0.000 0.000 0.000 0.025 0.113 0.274 0.700 0.912 1.000 )
Tellurium 0.000 0.000 0.000 0.000 0.000 0.077 0.628 0.890 1.000

,

i

fTable 3 3
Aggregate for WR Case 3. Two openings after Jos.el nreach, Wet

Fractileg
i

Nuclide 0.000 0,010 0.05L 92Q 0,500 0 750 0.950 0.990 1.000 ,

Iodine. 0.000 0.bbo 0.000 0.000 0.060. 0.268 0.715 0.920 1.000-
Cesium 0.000 0.000 0.000 0.000 0 . 0! '. 0.251 0.700 0.912 1.000
Tellurium 0.000 0.000 P.000 -0.000 0.000 0.077 0.628 0.890 1.000

_ _ _

.

i-

!-
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Table 3-4
Aggregate for BWR Case 1. Station Blackout, Ill y,h Terrpe r at ure

Eractllen
_

t

lbLclMe 0,000 OJLQ 0.050 (L230 M0 O 7'0 o o' n (L32n Lptg

lodino 0.000 0.000 0.000 0.030 0.115 0 . 3 0 f, 0.557 0.800 1. 0> o
Cesium 0.000 0.000 0.000 0.001 0.051 0.132 0.?84 0.535 0.7'O
Tellurium 0.000 0.000 0.000 0.000 0.000 0.0?4 0,224 0.413 1. 0m i

. _ .

Table 3-5
Aggregate for BWR Case 2. Station Blackout, low Tenperature

Fr a e t 111'Jj
,_

"

Nuclide 0.000 g 01Q 0.050 0.?53 0.$00 0.73 O Jjn n.490 1, t o m

lodine 0.000 0.000 0.000 0.030 0.114 0.261 0.4a6 0.800 1. 0 %
Cesium 0.000 0.000 0.000 0.001 0.050 0,122 0.236 0.438 0.75-0
Tellurium 0.000 0.000 0.000 0.000 0.000 0.024 0.209 0.413 1.000

Table 2 '-
Aggregate for BWR Case 3. Station Blackout, TCUX -

Fr a t.t i l e s _

Nuclide 0.000 [Ln10 0.050 0.252 0 500 0.750 0.050 0.09n 1. gig

lodine 0.000 0.000 0.000 0.011 0.045 0.102 0.43c 0.800 1.000
Cesium 0.000 0.000 0.000 0.001 0.023 0.072 0.171 0.248 0.750
Tellurium 0.000 0.000 0.000 0.000 0.000 0.024 0.209 0.413 1.000

_
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Expert A's Elicitation
,

Fission Products Released by Revolatilisation from the RCS ,

FIATEL and FIATE2 i

i

Description of Expert A's Rationale Methodg192y ,

'
;

Expert A ran a series of 10 calculations with MARCH RMMCT (a modified
version of the STCP)^4 in order to aid in the quantification of this !issue. Information from the QUASAR study (unpublished draf t) at BNL,A2

tand. to a lesser degree, Re fe re nce s .A 3 , A 4, and A 5 were also used. '

Expert A provided a detailed description, supplemented with discussion, of ;

the rationale used to formulate distributions for this issue.
FLATE1

$

The revolatilization of fission products deposited in the reactor system ,

d(pends on the temperature response of the reactor system. Following i

vessel failure, the materials deposited on the structures can be
revaporized only if their temperature increases enough. Also, even if the i

,

materials revaporize, outflow from the vessel to the containment has to
exist for these materials to become part of the source term. The natural
circulation between the hot and_ cold regions of the reactor vessel could
transport the revohtilized materials to cooler regions where they might be
deposited. Overall, the amount of revolatilization will depend on the heat,

transfer between the containment and the reactor system.

In the case of the BWRs, the revolatilization will be entirely dependent on
(1) drywell temperature and (2) chemistry of the deposited materials. With !the exception of Grand Gulf, containment spray would be available by 24 h r

after the start of the event. Before 24 h, the drywell temperature would
be low enough to prevent revaporization. .Even if the drywell temperature
.was high enough,-as in the case of an early blackout sequence, the
chemistry aspects and the natural circulation in the system would prevent
significant revolatilization. . Regardless of the presence of drywell

,

sprays, natural circulation in the reactor system causes-revaporization and
settling within the system itself, rather than outside the - system, For
BWRs, the tellurium and aerosol nuclide groups will not revolatilize
_because there are no highly reducing gases in the BWR system; iodine and
cesium are the only species that revolatilize.

In the case of the PWRs, the temperature in the containment would be lower
| than in the BWR case. Moreover, the thermal mass of the PWR is

considerably larger than that of the BVR. As with the BWRs, only iodine
'

and cesium are revolatilized for the PWRs. For a single opening in the
vessel, the RCS remains cooler ' than when there are two openings in the-

vessel. _ Efficient. natural circulation flow within the system is
established, preventing release of whatever revolatilized fission products
may be-in the gas phase. If a second opening exists in the system, such as
in the hot leg, a natural convection flow is established between the hot
cavity and the containment. This hot through flow consiste of reA ' ag
gases may revolatilize : the volatiles and carry them to the cv.cainment.
However,.the chemistry of the deposited materials may discourage this.

5.3-17
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}_'_LAT E2

The volatflization of material never released in the RCS/RPV, such as
unmelted -fuel rods within f ractured clad, has such a low probability that
this value is included within the uncertainty of the FLATE1 distribution.
As such, a distribution was not provided for FIATE2, which _is considered to
be a zero value.

Results of Expert A's Elicitation

BVR Cases 1 and 2

For the nuclide groups cesium and iodine, the distribution for FLATE1 is
~

the following:

Cumulative Probability 0.05 0.25 0.50 0.75 0.95
FLATE1 (%) 0.0 3.0 5.0 10.0 20.0

For the remaining nuclide groups, FLATE1 - 0, no distribution; and for all
nuclide groups, FLATE2 - 0, no distribution.

PVR Case 1

For the nuclide groups cesium and iodine and i single opening in the RCS,
the distribution for FLATE1 is the following:

Cumulative Probability 0.05 0.25 0.50 0.75 0.95
FLATE1 (%) 0.0 1.0 2.5 5.0 10.0

For the remaining nuclide groups, FLATE1 - 0, no distribution; and for all
nuclide groups, FLATE2 - 0, no distribution. _

PWR Case 2

For the nuclide groups cesium and lodine and two openings in the RCS, the
distribution for FLATE1 is the following:

Cumulative Probability .05 .25 .50 .75 .95
FLA1El (%) 5.0 15.0 25.0 50.0 70.0

For the remaining nuclide Eroups, FLATE1 - 0, no distribution; and for all
nuclide groups, FLATE2 - 0, no distribution.

5.3 18



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

Sources of Uncertainty

Expert A believes that the uncertainty for this issue involves the:

Cheinical form of the deposited material;*

Temperature of the reactor system;*

Presence of natural circulation within the reactor system;*

Possibility of natural circulation between the reactor cavity and*

the reactor vessel.

The first uncertainty results from lack of specific data and inadequate
modeling of the potential chemical changes of the deposited ins t e ri a ls .
Expert A feels that the chemical forts of the deposited species is most
likely to favor the formation of less volatile species.

The second uncertainty depends upon the amount of energy deposited in the
reactor system. This energy can be obtained from several sources,
including the decay energy from the deposited fissien product materials and
the energy transported from the containment to the reactor system surfaces.
The energy transport from containment is similarly dependent upon uncertain
phenomena including atmosphetic terope rature s resulting frorn CC1, energy
transport from the corium surface to the atmosphere, and the heat transfer
to the reactor system through degrad'ing or degraded insulation. ;

The third uncertainty relates main 1'/ to the mode of core degradation. This
includes whether blockages are formed within the vessel, as well as the
subsequent development of natural circulation within the vessel. Another
uncertainty is the circulation pattern of any natural circulating flows.
Natural circulation can affect the _ subsequent settling or redeposition of
revolatilized material.

The fourth uncertainty is dependent upon the size of the reactor vessel
breach, the pressurization rate of the reactor vessel volune with respect
to the containment, and the - establishment of natural ci'.culation paths
within the reactor systein. Expert A believes that a natu al circulation
path between the cavity region and the vessel is not likely. For a 1%'R ,
this is because the circulation would more likely develop between the
cavity and the much larger, unobstructed path to the containtnent volume.
For a BWR, the path between the cavity and the vessel is heavily obstructed
by structural mesh that would interfere with circulation into the vessel.

5.3-19
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Expert B8s Elicitation !

|

Fission Products Released by Revolatilisation from the RCS |

FIATE1 and FIATE2
|
a

Descriotion of Expert B's Rationale /Methodolorv

Expert B _ did net differentiate between revolat111 ration release from
previously deposited fission products and volatilization release from fuel >

remaining in the reactor vessel. The release fractions that the expert
gave during elicitation included considerations of both contributions. ,

t

The case structure for IVRs (i.e., one hole and two holes) was used by the
expert, However, he did not use the BkR case structure suggested during

,the elicitation meeting. Instead, he used the IWR case ctructure discussed '

1st the previous source term experts' meetings. The drywell temperature |would affect only the late revaporization release. The expert stated that '

the maj or contributor of revaporization in Bk'R s is from the early
7

revaporization release within a few hours after vessel breach, which is
dominated by vaporizing water held in the downcomer region and flushing it ,

out of the vessel after vessel breach.

He stated that the Cs0H is more tightly bound by the surface of the res.ctor
vessel structure than cesium iodide. Therefore, he would expect higher
value of-revaporization fraction for iodine than that for cesium.

,

The approach used was the result of MAAP calculations of a variety of
accident sequences for both the IVR and the BL'R systems.

,

Ri=Jiyits of Expert B's Elicitation

Since Expert B did not dif fe rentiate between FLATE1 and FIATE2, the
uncertainty distribution functions given include both FIATEl and FIATE2.

3

PWR Case 1: Single Hole--TMLB Sequence

The characteristics of this case are:
,

Single opening in RCS;*

Circulation flows distribute material;*

RCS-heat loss;*

Containment pressurizing.*

The expert explained that there would be little or no revaporization for [this case._ Surface reactions are the one unce r ta inty for this case.
However, the expert concluded that this uncertainty would more tightly bind !

| - the_. material deposited on the structure surface and hence reduce the !

| fractiot. revaporized. Table B1 shows the probability distributions of
|'

iodine and cesium revolatilization release fractions for this case.
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Table B 1 j

Cumulative Distribution Function of FIATE
P'n'R Ca s e 1: One Opening |

|

Cesium i

Cumulative Probability Iodide Cesium i

4 (Cs1L (Cs0H)
f

i 0.001 0.001
10 0,01 0.01 -

50 0.05 0.05
90 0.1 0.1 {
99 0.12 0,12

FWR Case 2: Two Holes--Consequential Pipe Rupture Qiot Leg) with No Vater +

in the containment
t

The characteristics of this case are:

Multiple openings in RCS;*

* Circulation flows distribute material;
No water in containment;*

Some fuel could be held up in the RPV. 1*

Expert B concluded that there would be some revaporization for this case
but. it would not be extensive. Table B-2 shows the probability
distributions of iodine and cesium revolatilization release fractions for
this case.

r

Table B-2
'

Cumulative Distribution Function of FIATE
1%'R Cue 2 : Two Openings, Dry *

~

I

Cesiwn .

Cumulative Probability Iodide Cesium
(%) (CsI) (Cs0H)

.

1 0,01 0.01
10 0.05 0.02
50 0.2 0.05
90 0.3 0.2
99 0.4 0.4

|
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FVR Case 3: Two Holes--LOCA or Consequential LOCA with Vater in the
Cont a inn.e nt

This case is the same as PVR Case 2, except that there is water in the
containment fic Expert B stated that for this case, the water in the
contaitment provides an extensive heat sink. Therefore, he concluded that
the extensive heat loss from the RCS results in no revaporization.

BVR Case 1: TBUI--Station Blackout, liigh Pressure

The characteristics of this c.:se are:

Slagle opening in RCS;*

Circulation flows distribute material;
~

e

+ RCS heat losses;
e Conta itune nt pressurizing;

Vaporization of water held up in the vessel downcerter.e

For this case, the revolatilization release would be larger than those for
the previous two FVR cases. The first and dominant contributor is from the
initial blowdown after vessel breach. There would be a substantial amount
of water in the downc orr.e r cegions of the reactor vessel at the time of
vessel breach. This water would be vaporized and flushed out of the vessel
within a few hours after vessel breach and provide a mechanism for fission
products revaporization. Table B 3 shows the probability distributions of
iodine and cesium release fractions for the early revaporization phase.

Table P-3
Cumulative Distribution Function of FIATE

BWR Case 1: TBUX--Early Phase

(
Cesium

Cumulatise Probabf11ty lodide Ce s t urn

D) f&s.11__ 1Cs01D

1 0.1 0.01
10 0.2 0,05
50 0.3 0.1
90 0.4 0.25
99 0.5 05

Longer term revaporization release to containment will occur if the drywell
temperature becomes hot af ter vessel breach (from a few hours to about 24
h). Expert B stated that the release fraction for the later phase of
revaporization would be about orm qualter that of the early phase Table
B-4 shows the probability cistribut ions of icdine and cesium
revolatilization release fractions for the late revaporization release
because of high dryvell temperature.

5.3-23
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Table B-4
Cumulative Distribution Function of FIATE

BVR Case 1: Late Phase

Cesium
Cumulative Probability lodide Ce s itun

(t) (Csi) .(ftQlil

1 0.01 0.001
10 0.05 0.01
50 0.07 0.03
90 0.1 0.06

^

99 0.12 0.12

BVR Case 2: TCUX--ATVS Sequence, liigh Pressure

The low pressure sys teras should be available after vessel breach. The low

pressure inj ec tion syst erns could prov!de cooling to the reactor vessel;
therefore, no revaporization would occur.

BVR Case 3: TBU--Station Blackout Sequence, Low Pressure

This case is similar to BVR Case 1: TBUX, except that there is less water
in the downcomer at the time of vessel breach. The same uncertainty
distributions as for BVR Case 1: TP,UX were used.

SotIces of Uncertaintyoj

Expert B ident ified the following key issues in considering the uncertainty
of revolatilization from the RCS after vessel breach:

~

Fraction of fission products deposited;*

Structure masses;*

Circulation flown;*

Chemical state of deposited fission products;e

Primary system heat losses or gains;*

Aerosc1 transport and deposition;*

Containment pressurization;*

* Core left in the RCS;
Vater remaining in the RCS.*

(Lqrrelations with Other Variables

Even though the Expert did not explicitly correlate this source term issue
with any other issues, he indicated that the amount of fission i , ducts
deposited (i.e., 1-WES) was used as part of the information t his
assessment, lie indicated that larger deposition would result in larger
revaporization. The MAAP calculations showed that the high pressure
sequences in PVR Case 1 (TMLB) would have higher fission product deposition

5.3-24
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than the interinedicte/ low pressure sequences in IVR Case 2. Therefore,
even though IVR Case I has only one hole, the expert assigned the saine 50th
percentile value to ceslute for both IVR Cases 1 and 2.

Therefore, the' expert used a negative correlation between paramet er FIATE i

and FVES. -

t
.

Succested Metheds for Reducine Unce.I.lainty

None. I

i

1

e

E

e

k

[
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Expert C's Elicitation

|. Fission Products Released by Revolatilisation from the RCS
FLATE1 and FIATE2 |

J

Descrintion of Extscrt C's Rationale / Methodology

Expert C conducted the assessment for revaporization of radionuclides
deposited on RCS structures (FIATE1) and noted that late time releare of- ,

radionuclides f rotn . the residual fuel (F1 ATE 2) needs to be recognized ;

elsewhere. A mechanistic model for the phenomenon of revaporization was - |
*

developed, and parametric quantities within the model vere varied through
use of a hente Carlo sampling scheme. The uncertainty parameters included ;

variables related to initial and boundary condicions, decay heating rates, I

and chemical speciation of the radionuclides, chernical and thertnophysicL1 |
properties, geometry of the degraded core, configuration - of the systern,

'

chernical environment in the reactor system, degradation of materials, and
thermal and hydraulic conditions and- models . The - analyse s and

_ justifications used to conduct the assessment ere _ documented in their ,

entirety in.Part $ of this volume, and will only be summarized here.

Expert C - chose to inodel the uncertainty for the issue through distinct
parametic quantities and not in the integral quantity. He felt that ad hoc

= estimation' of the ranges of an integral quantity fa arbitrary, ,

qualitatively based upon intuition, and not easily justified. The approach
'of Expert C, however, lends itself to the evaluation of the sensitivity of

the integral ' quantity upon a microscopic quantity. The uncertainty range

of the microscopic - parameter has been studied and e s ta,bli shed with a
significant and justifiable basis.

The initial and boundary conditions for the source term nstimates are
heavily dependent upon the accident progression up to the revaporization
process. Therefore, three steps were used in developing the mechanistic'

-

model:
!

1, Estimation of the vapor phase and system surface temperatures;

2. Estimation of the flow velocities through the piping systern; and |

3. Estimation of the equilibrium partial pressure of the vapor
species.

The accident situation for the four cases of the revaporization problem was
, . explained as follows:
1

The reactor vessel-has been breached by core debris. Residual fuel
remains in the core region. Gases are drawn -through the breach,

through the fuel and- then flow along the piping systein. The retnaining

fuel heats the gases to-drive the flow. Radionuclides along the piping

system may also heat' the gases or the piping systern may act as A heat
sink. A second breach in the piping system allows the gas flow to
escape. Since the results are to be applicable to arbitrary accidents,

5.3 26
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,

4

dimensions of the _ breaks and tha length of the flow pathway are
cons!dered uncertain.

I
; Surface TemDeratur_gs in the Reactor Coolant Syste.g )

1

iThe inper surfn c of the stainless steel piping in the reactor coolant j
syareu is, in normal operation, corroded and coated with a magnetite layer. |
During an accident, the corrosion increases because of steam oxidation end I

boric acid, onlcrgins the deeth of the oxide layer. The exact depth and
thermophyncal propertto of this porous oxide layer are not known and w=re
varied in the executit,n cf the analysis. The radionuclides are deposited ;
on top of|the oxide leyer and, for this analysis, were assumed to be spread +

uniform 1) over 6.6 x 108 cr? . Initivity, the deposition will probai,1y not i

be unifore, b9t c ont it' uni vaporization end redeposition will even the
distributlon ny the tice the net revaporization is of interest. The layer'

of radionuclides was considered to creatt no therrrd resistance to heat
- transfer. '

The exterior of the piping may be covered with insulation that during the >

accident degtades somewhat. The proporties and depth of the insulation l

were uncertainty parameters in the analysis. The ambient temperature range
in contairunent -is different for pk'Rs and BVRs. For a Pk'R , the long-term,
gnaal-steady temperature (ignoring transients) will not exceed the
saturation temperature of water at the rnax imum pressure attainable in
containment. The temperature may be lower because of engineered safety

,

features such as cooling of the atrnosphere by the ice condenser or sprays.
For a BVR, the drywell temperatures could possibly be higher. Because of
the uncertainty of the arabient temperature, it was yet another parameter-

>

varied in the analysis for the separate cases.

Heat transport froa the gas to the pipe was uodeled as the sum of the
convective and . radiative c ornponent s . The vaport s:ation of radionuclides !

from the pipe. surface - was considered negligible and not included in the
model. Decay heating from 'the deposited radionuclides was considered,
however, and included in the steady-state transfer of heat through the
syster. Decay heat from the radionuclides and/or heating.from the gas is
conducted from the inner layer of radionuclides through the corrosion.
layer, metal pipe, and insulation. Because of the decay heating
contribution, the gas within the RCS is some tirnes heated and sometimes

,

cooled.

For the length of piping from the reactor vessel to the break, the axial
,

temperature distribution in the pipe was determined with a 10 node model,
,after coupling with the flow rnode l to obtain the gas temperature.

' Uncertainties in the model include decay heating rates, gas and surface
ernissivities, correlations for heat transfer coefficients, length of

j piping,'and-those parameters mentioned above.

Flow Through the Runtured Coolant System

The flow in the RCS is induced by buoyant effects from heating of the gases
and is resisted by the viscous forces in the system that include friction,-

and entrance and exit effects. The total pressure drop through the entire

! 5.3 27
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system is approximately zero thus, the pressure rise froa thermal r erects
,

is offset by the pressure drop from viscous forces. The pressure d.sp in i
'

the system is the result of:

Entrance effects at the rupture in the reactor vessel;*
e Exit losses at the rupture in the piping system;

Entrance effects to tne piping system;*

Friction losses during flow through the piping systern;e

Friction losses during flow through the residual core material. !e

:

For the analysis, it was assumed that the residual fuel is present as rod
ctubs arrayed in an annulus and the flow through the annulus is laminar.
Although the debris may be in a rubble bed, only a fraction of the total *

flow would actually pass - through the bed. The low flow through the bed
ouN - cause little cooling, and the bed would reheat, melt, and leave a
geoma:rv cid ler to the assumed geometry.

!

lleat transport from ti,c co"e region to the gas was modeled as the surn of
the convective and radiative components. The mode of convective heating is ;

natural convection and was treated aa such. The gases passing through the
system co~tain optically active gases such as carbon dioxide and water and ,

will be laden with aerosols produced in CCI. The gas can therefore be
considered as optically thick. Thus, for the analysis, the heat transfer '

from - the core to the gas'was approximated by an expression for radiative
exchange between parallel plates.

For this phase of the analysis, there were s.any uncertainty parameters that
include the boundary conditions of temperature, pressure, .,d composition
of-the gas drawn into the systern -as well as the temperature of the core
debris. Physical parameterr were varied such as vessel hole size, length
of piping before the break, diameter of the piping break, and length of the
fuel remaining in the core, as well as the % side diameter of the core
annulus. Uncertainty was associated with the briraulic parameters of loss
coefficients and friction factor, and the thermophysical properties of the
gas including conductivity, heat capacity, and viscosity (any ef fects of
aerosols on . the properties were neglected). The correlation for the
convective heat transfer coefficient incorporated uncertainty ranges, and
the parameters for core debris and gas emissivities were also varied,

Radionuclidt Chemistry

.

-The uncertainties in the chemistry of the radionuclides will be discussed-
for each radionuclide, Cesium, iodine, tellurium, ruthenium, barium,
strontium, cerium, and lanthanum were considered in the analysis,

Cesium. It cannot be assumed that cesium is deposited on the RCS surfaces-
in L the form of pure Cs0H, It may chemically react with other species-
deposited on the surface and form products such as cesium borate, cesium
ferrate, cesium phosphate, cesium manganate, cesium silicate, cesium
tellurate, cesium molybdate,-cesium uranate, or cesium zirconate. It might

_

react with the carbcn dioxide produced during CCI to form cesium carbonate.
Any . reaction - results in substantial reduction of its activity. For the
analysis, the deposited ceslura was assumed to be in the forra of cesium

L 3-28 i
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borate. The uncertainties in the vapor pressures of the vaporizatlon of
CsB0 were ascribed to the uncertainties in the ent halpy of formation of2

the g;aseous species and also the activity of the condensed csBn .2

Iodine. There is much evidence that little iodine is retained in the RCS
during core degradation, because it is converted to tha volatile forms of
Hl. 1, or 1. Although the deposited iodine rnight be present in the form2

of Nil or Agiodine, it was a s swte d for the analysis that whatever lodine2

is retained in the sys t ern was Cs1; hence, its activity becomes reduced.
The vaporization reactions that vere connidered noglected the oxidation
process because oxygen levels will be low from oxidation of hot metals
within the vessel. Uncertainties in the vapor pressures were ascrlhed as
f o r c e s iu:n .

_

Tellurium. There is much controversy over the behavior of tellud um during
core degradation; it is an issue of contention that any significant amount s
are released. It nas been proposed that tellurium is roleased from the
fuel as either Te2(g) or SnTe(g), or even Cs2Te Te2 vapors react readily
with etainless steel to form nickel telluride or iron telluride The
deposited form of tellurium, for this analysis, was assumed to be nickel
telluride because it was believed that SnTe is reactive and that the
transport pathways and environments were unrealistic in the tests that show
tellurium may be associated with cesium in releases. Because all the
oxygen drawn into the vessel will not be available to drive the
vaporization of tellurium, the oxygen potentini was calculated from the
iron oxide equilibrium. l'nc e r t a i nt i e s in the vapor pressures were ascribed
as for cesium.

la u t hr n ium . P u t h e n iurn behavior during core degradation is not yet
understood. If prerent in a suf ficiently oxidizing atmosphere , it reacts
to form very volatile species, although this condition would not- likely
exist in the vessel, kuthenium bear'ng metallic i t.c wione may alloy with

~eteal or zirceloy during core degradation, it ~ que *!onable whether
*

there is any ruthenium to revaporize, and if there is, the question of what
its chemical form will be remains. Routine t he rmachem i c a l calculations
show that the deposited mat erial will be a metal in the hydr ogen /s t e am
ctmosphere produced during core degradation. In the analysis, therefore
it is assumed that the deposition of ruthenium will be as a relatively pure
metal par ticulate As with tellurium, the oxygen potential necessary to
drive the vaporization was obtained from the iron oxide equilibrium.
Uncertainties in the revaporization were assumed to be adequately indicated
by the encertainty in the enthalples of the formation of t'e vapor species.

Barium and Strontium. Qualitatiw ly, the chem; cal f(at ures of t he alkaline
earthe barium a,i strentium are similar, al though quant i tatively , they are
not. High oxygen potentials inhibit vaporizaticn of the alkaline earths,
but the low oxygen potentials present in a reactor accident will enhance
vaporization. Even if the alkaline earths are released from the fuel as
metal vapots, they quickly convert to the oxides in the cooler environs of
the piping system, and are thus deposited as monoxides. At elevated
temperatures, they are quite reactive toward other oxides, producing
zirconates and uranates. Alkaline tart h oxides are also quite soluble in
B0, forming borates and will react with silica to form silicat.s Among2 3
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the possible chemical forms of the deposited raaterial, the monoxide should [be the most- volatile and the zirconate among the least volatilo, llenc e , !
the deposited forms assumed for the analysis were split equally between the !
monoxides and the zirconates. Steam and hydrogen partial pressures were |
calculated assuming up to 0.1 atmosphere of hydrogen and the oxygen !

potential was dictated by tha iron oxide equilibtfum. Uncertainties were
'

ascribed to the uncertainties in the enthalpy of formation of the vapor
species. i

1.an thanum . Lanthanum is considered to be quite refractory, being present ,

in the fuel as the . oxide , La20, and thus its release from the fuel is !3

small. Because of its hexagonal structure, La20 that is released is not |3

very soluble in solids deposited on the RCS surfaces. It will, however,
dissolve in borates on the surfaces. It is assumed, in this analysis, that
the deposited form of lanthanum is the lanthanum oxide and t.h a t its
activity is 1.0. A9 before, the ambient oxygen potential is taken to be
dictated by the iron oxide equilibrium, and uncertainties were associated
with.the enthalpy of formation of the vapor species. J

-Cerium. Cerium is considered to be present in the fuel as the oxide, Ce0 - !
2

Its activity, however is largely variable depending on the ambient oxygen
potential. The deposited form of cerium dioxide was used in the analysis.
1ncertaintier in the vapor pressures of the vaporization of Ce0 were2
ascribed to the uncertainties in the enthalpy of formation of the gaseous
species and al so the activity of the deposited Ce0 .2

i
,

Results of Expert C's Elicitation

Case 1.

After 2,900 calculations with the Monte Carlo approach for Case 1,
probability densities were obtained for the_ flow rate through the system,
the temperature of the gas entering the piping, and the structural surface

.

temperature nt the entrance and exit of the piping. The mean value for '

flow rate was -213 g-moles /s. The ' temperature of the gas entering the
vessel was an uncertainty variable with an assumed uniform distribution and
a mean value of 900 K. The mean temperature of the Sas entering the piping,

| sys t.em was ~1084 K. The mean values for the structural surface at the
j . piping entr ance .and exit were determined to be ~1056 K. and ~1013 K,
| respectively. The calculation for structural temperatures indicated that
j there was . indeed both heating (from deposited radionuclide decay) and
| cooling of the gas within the piping system.
!

| The cumulative probabilities for the first six radionuclide groups ' are
presented for Case 1_in Table _C-1.
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Table C-1
<

Case 1. Radionuclide Revaporization
--

;

Cutnulative Probabilities ;__

i
Revaporization

Traction Ce s iu:n Jodine Ir uur iu:n . Ruthenium Strontiun Barium

10-7 0.431- - - - -

10-8 0.490- - - - . e

10-5 0.153 0.064 0.073 0.536 0.808 0.566 -

-10-4 0.175 0.1'41 0.123 0.585 0.864 0.645

109 0.212 0.155 0.178 0.612 0.921 0.714
0.01 0.259 0.210 0.228 0.658 0.966 0.786
0.02 0.283 0.244 0.265 0.680 0.977 0.803
0.03 0.315 0.263 0.283 0.687 0.980 0.821

0.04 0.333- 0.277 0.297 - 0.694 0.827-

0.05 0.341 0.294 0.329 0.702 0.983 0.834
40.06 0.349 0.302 0.338 0.711 0.986 0.838

0.07 0.365 0.308 0.361 0.716 0.989 0.845 i

0.08 0.376 0.319 0.374 0.718 0.991 0.855
0.09 0.384 0.332 0.379 0.721 0.992 -

0.10- 0.392 0.349 0.384 0.723 - -

0.15 0.463 0.402 0.443 0.743 0.883-

0.20 0.511 0.432 0.470 0.772 - 0.907 '

O.25 0.553 0.499 0.511 0.798 0.994 0.921
0.30 0.595 0.546 0.548 0.825 0.928-

0.35 0.645 0.598 0.589 0.845 0.938-

1 0.40 0.682 0.634 0.635 0.864 0.997 0.941
0.45 0.714 0.670 0.676 0.881 - 0.959

'O.966 I0.50 0.757 0.709 0.717 0.896 -

0.55 0.788 0,734 0.749 G.910 - 0.972

0 60 0.807 0.762 0.785 0.927 - 0.976
0.65 0.839 0.784 0 813 0.934 - 0.979
0.70 0.868 0.823 0.849 0.947 0.983-

0.75 0.892 0.856 0,890 0.949 0.983-

0.80 0.926- 0.892 0.927 0.959 .0.990-

0.85 0.936 0.931 0.945 0.971- 0.993-

.. 0.90 0.955 0.953 0.968 0.985 - 0.997
0.95 0.987 0.975 0.977 1.000 - 0.997
1.00 1.000 1.000 1.000 1.000 1.000-
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Sevetal executions of the models produced release fractions for lanthanum
and cerium of less than 10 7 This is probably because of low piping
temperatures resulting in low vapor pressures. If the piping temperatures
were sufficiently high, - the oxygen partial pressure was - high enough to
suppress release.

Cases 2, 3, and 4

The remaining three cases involve rupture of the RCS only through a single
failure in the vessel. If a leak tight RCS is assumed, the flow of
radionuclides out of the vessel would entail a counter-current flow through
the opening in the vessel. Natural circulation thrrugh the vessel might I

not-even be conducive to involving flow over deposited radionuclides, and
the revaporization process could thus be negligible.

Reactor _ coolant systems, however,_ leak during normal operation. This
leakage is equivalent to a hole about 3 mm in diameter. This opening in
the system ensures net flow through the RCS. Thus, the analysis for Case 2
was executed as for Case 1, but the parameter for the - piping breach was
changed and was again variable. The execution of the: analyses for Cases 3.

and 4 was the same as for Case 2, except that the ambient temperature
values were increased accordingly. For the three cases - results for

.

revaporization of Lodine and barium showed little difference, and
| therefore, the results of Case 2 were applied to Cases 3 and 4. All the

species, with the exception of- iodine showed substantially reduced
vaporization relative to Case 1. The revaporization of cesium iodine is
very sensitive to the activity coefficient of cesium iodine. The results
for Cases 2, 3 and 4 are presented in Table C-2.

I
) Table C-2

Ca =s 2, 3, and 4 Radionuclide Revaporization

.

Cumulative Probabilities

Revaporization
Fraction Cesium Iodine Tellurium Ruthenium itI.9D%1EE hall E

10-7 0.243 - 0.141 - 0.664 0.515
10-6 0.276 0.147 - 0.809 0.580-

10 5 0.333 .0.000 0.147 - 0.909 0.633
10-' O 391 0.000 0.166 - 0.973 0.726

10'3 0.543 -0.065 0.233- 1,000 0.854-

0.01 0.728 0.108 0.399 0.950- -

0.02 0.786 0.135 0.454 - - 0.969
0.03 0.798 0.184 0.509 0.983- -

0.04 0.811 0.243 0.577 - - -

0.05 0.852 0.260 0.620 - - -

0.06 0.868 0.300 0.675 - - 0.989
0,07 0.868 0.331 0.699 - - -
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Table C-2 (Continued)
_ _ -

Cumulatige Probabilities_ _ _ _

Revaporization
Fraction fd. slum Iodine Tellurium Ruthenium Strontium Darium

,

0.08 0.876 0.371 0.724 - - -

0.09 0.401 |- - - - -

!0.10 0.420- - - - -

0.15 0.926 0.519 0.853 0.992- -

2

0.20 0.951 0.595 0.890 - - -

0.25- 0.967 0.654 0.920 0.997- -

0.'0 0.988 0.700 0.957s - - -

0.35 0.992 0.770 0.957 1.000- -

.

0.40- 0.992 0.814 0.963 - - -

0.45 0.996 0.848 0.963 - - -

0.50 0.996 0.876 0.969 - - -

0.55 0.996 0.897 0.976 - - -

0.60- 0.996 0.920 0.982 - - -

0.65 .0.996 0.932 0.988 - - -

0.70 0.996 0.935 0.988 - - -

0.75 1,000 0.952 0.988 - - -
<

.

0.80 -0.958 1.000 - - -
-

0.85 0.958 i- - - - -

0.90 0.985- - - - -

0.95 0.994 {- - - - -

1.00: 1.000- - - - -

Sources of Unctrtainty

.The uncertainty parameters, as mentioned earlier, included variables
related to initial _ and boundary conditions ,- decay heating rates and
chemical speciation of the __ radionuclide1, . chemical and thermophysical
prope* ties, geometry of the degraded core, system and piping configuration, ,

chemical environment in the reactor system, degradation of materials,_and
-thermal and hydraulic conditions anu models. Expert C noted that the flow
of gas through -_ the - RCS appears - to affect the revaporization release,:

although the effect -is modest- for the - more volatile - radionuclides such asI

iodine. At a low flow condition, the ambient temperature has a_very-small~

effect on-revaporization. Far more important seems to be the temperatures
and heat transfer inside the piping system, which are again dependent upon
radionuclide deposition and surface degradation on the inner surface of the
piping.
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Chemical phenomena and the chemical forms of the deposited radionuclides
also affect the revaporization of some species, particularly the deposited ;

. form of cesium. The deposited form of iodine, however, had a much lesser :

effect. It would require great dilution of anf iodide in other materials
to significantly alter its revaporization characteristics.

Correlation Vith other Variables

Expert C noted many correlations between variables used in the ant. lysis and
those developed throughout the accident progression. Some of the explicit !

references to correlations are provided below: ;

1. The ambient temperature and pressure are de pende rst upon DCil, ;

hydrogen phenomena, engineered safety features, and containment -'

failure and mode of failure;

2. Decay heating by deposited radionuclidee is correlated to the
amount initially deposited;

3. The radiative heat transfer to aria from the aerosol-laden gas ,

depends upon the nature of the aerosols produced (and possibly '

scrubbed) during CC1;
[

4 The temperature of the gas entering the system depends upon the
nature of the CCI;

a

5. The molecular weight of the gas depends upon the CCI aerosols;

6, The diameter of the breach in the RpV affects the calculation.

Suerested Methgds for Reducing Uncertainty

None.

i

,
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Expert D's Elicitation

Issue 3: Fission Products Released by Revolatt11:stion
from the Reactor Coolant System (RCS)

,

Description of Expert D's Rationale /Methodolory

i >

Expert D indicated that several parameters affected the revolatilization of '

fission products from the RCS/RPV. These parameters included the decay
heat level, gas temperature in the RCS/RTV, temperature of the structures,
fission product distribution, flow rate and flow pattern in the vessel, i

fiasion product vapor pressure and chemical form, and chemical binding with
structures, However, it was the expert's position that revolatilization is
driven by energy distribution. He felt that the drivin6 force is " local"
decay heat. -

For the Pk'R cas e s , the number of openings in the vessel affects the flow
patterns in the RCS/RPV. For the one-opening case, it was likely that
natural convection would evenly distribute the fission products throughout >

the RCS. On the other hand, for the two opening case, it was likely that
all the airborne fission products would be convected into the containment.

For _ the BWR - cases , the temperature in the drywell affects the amount of
heat rejected from the RPV. For the case in which the drywell temperature
is high (and thus temperature gradient betw*en the RPV and the drywell is
small), the expert felt that the ainount of energy rejected from the RPV
would be small, and therefore, the RPV would stay hot. A high RPV
temperature favors a relatively large amount of revolatilization. For *he

' low drywell . temperature case, a relatively large amount of heat would be
rejected from L the RPV, and therefore, the amount of revolatilization would
be less than for the high drywell case.

The effect on revolatilization of two openings ir, a WR and a high drywell '

temperature for the BUR would be similar. Similarly, the ef fec t on
revolatilization of one hole in a WR would be. similar to a low drywell
temperature in a BWR. Therefore, the axpert combined Cases 2 and 3 and
Cases 1 and 4,

Expert D ' considered two groups of radionuclides. He grouped 6estum,
lodine', and tellurium into one group and nonvolatiles into a second group.
The expert thought it was unlikely that the nonvolatiles would be released'

before vessel : breach, and therefore, they would be unavailable for
revolatilization after vessel breach. There is thus no revolatilization of-

the nonvolatiles. 5' rom he e on, any reference to fission products, unless
specifically stated, will refer to the first group (i .e . , cesium, iodine.
tellurium),

i Expert D felt thr cevolatilization was based on the heat rejection
capabilities of tt3 RCS/RPV. Based on a heat rejection model, he expressed
the revolatilizat on as:
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,

RLv0L - (Foy - Fn)/Foy,

where

Fev - fraction of cesium, iodine, .and tellurium inventory deposited
in the RCS/RPV prior to vessel breach,

Fa - ratio of cesium,. iodine, and tellurium inventory decay heat to
RCS/RPV heat losses.

r

This simple model' was used . to estimate the ~ amount of revolatilization
expected for diff erent values of Fev and Fn. Based on this model, if-the
heat rejection capabilities are greater than the-decay heat, there will be
no revolatilization of fission products. To use his . model, the heat
rejection capabilities of the RCS/RPV and the amount of decay heat
associated with the fission products were estimated. "ased on RMA analysis
of the TMLB accident sequence for Surry,* the heat rejection capabilities-
of the' RCS/RPV could be _ as high as 3.5 MW . In the analysis. two levels ofe

-heat rejection were considered: 3. 5 MV ed 2 MV . A heat rejection levelt t

of 2 MW was' thought to be a conservativa. To estimate the level of decay
'

e

heat,Jthe expert reviewed References D-1 and D-2 to obtain a representative
:timeLof vessel failure. 'From these references, the vessel failure time for
38 _ accident sequences ' (six' plants) were obtained. For 26 of these 38
sequences, vessel failure occurred between - 2 - and 5 h, Vessel failure
-before 2 h occurred in only twa sequences. Therefore,.to be conservative,
a - decay heat level was used that corresponded to 2 h af ter vessel breach.
The values for decay heat were obtained from ORIGEN2 calculations performed
for Surry.** From these calculations, the amounts of beta and gamma energy
'being released vere obtained. Two levels of decay heat were-considered.
'The first = level corresponded to 100% beta and 25% gamma energy being
deposited' in' . the_' RCS/RPV. The expert felt that the -large mass of the
RCS/RPV would absorb . 75% of the gamma heating. The second level
corresponded ' to 100% of both beta = and - gamma energy deposited in the
RCS/RPV. Four combinations were analyzed:

,

1. High heat' rejection with low gamma heating;
2i Low heat rejection witn low gamma heating;
3. High heat rejection with high gamma heating;
4 Low-heat rejeccion with high gamma heating.

The.results for_ these combinations are presented in Table D-1. Based on-
the expert's - model, there - will be no revolatilization for combination 1.
The heat rejection capabilities of the RCS/RPV are sufficient to offset the
-decay heat of the fission products. . Futhermore, _ combination 4 was thought
extremely unrealistic- because it contained both a low value for heat

|* . - Andrzej Drozd, Stone & Webster Engineering Corporation, to Peter
' Bicaiarz ,- RMA, Personal Communication, RMA Analysis ot TMLB Accident
for Surry Plant.

** Stone & Webster Engineering Corporation Calculation: 5220236-UR(B)-
006-0. Relevant excerpts - from this proprietary document are included
in Part 5 of this volume.
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rejection and a high value for gamma heating. It was the expert's opinion
that the most probable range for FIATE was from 0 to 0.3 with a heavy bias
towards the low end of the range.

Table D 1
Estimation of Revolatilization Base on an

RCS/RPV Heat Rejection Model
- 1.54 MV, y - 4.70 MV

Decay Heat %at Rejection Revolat'11zation
(MW) (MV) ( FIATE)

,

2.70 3.5 0.0 for all Foy

2.70 2.0 0.0 if Fey < 0.75
0. 06 i f Fev - 0. t;-

6.24 3.5 0.0 if Fey < 0.55
0.3 if Foy - 0.8

6.24 2.0 0.2 if Foy - 0.4

0. 6 it~ Fev - 0. 8

Results of Extsert D's Elicitatiom

The range for FIATE and the corresponding probabilities are presented in
Table b 2.

Table D-2
Amount of Revolatilization (FIATE)

Case 1 (PVR) Case 2 (PWR)
Case 4 (BWR) Case 3 (BVR)

FIATE [umulative Probabilit" FIATE Cumulativa Probabilitv-

0.00 0.50 0.00 0.50
0.15 0.85 0.15 0.85
0.25 1.00 0.30 1.00

Sources of Uncertain a

Expert D felt that the major source of uncertainty was the rather coarsely
defined initial conditions. The uncertainties of the phenomenology were
small compared to that of the initial conditions.
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Correlations with Other Variables

Expert D indicated that FIATE is correlated with the fraction of cesium,
iodine, and tellurium inventory deposited in the RCS/RPV before vessel
breach. In the terminology of XSOR, this corresponds to roughly
(1-FVES)*FCOR,

_

f

9

e

n

4
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5.4 Issue 4 Fraction of Fission Products Released During the Core-
Concrete Interactions

Summary and Aggregation of Source Term Issue 4: FCCI

Experts Consulted: Peter Eteniarz, Risk Management Associates; Robert
Henry, Fauske and 'ssociaten; Richard Vogel, Electric Power Research
Institute; David Williams, Sandia National laboratories.

Issue Description

The experts were asked what- distributions characterize the uncertainty in
_

the release of fission products , f rom the molten fuel to the containment
during the core-concrete interaction (CCI).

FCCIi represents the fre..: tion of radionuclide group i in the co)a debris at
the time of vessel failure that is released to the containment during the
CCI. The nine radionuclide groups are:

1. Noble or Inert Gases (xenon, krypton)
2. Halogens (iodine, bromine)
3. Alkali Metals (cesium, rubidium)
4. Tellurium Group (tellurium, selenium, antimony)
5. Barium (barium)
6. Strontium (strontium)
7. Noble Metals (rubidium, molybdenum, palladium, rhodium, technetium)
8. Lanthanides (lanthanum, neodymium, niobium, europium, yttrium,

prasecodymium, promethium, samarium, circonium)
9. Cerium Group (cerium, neptunium, plutonium)

A distribution is required for each radionuclide group for each case ,

described below. The fraction of the core participating in CCI will be
accounted for in the accident progression event tree. The fraction of the
core participating in direct c o n t a i nme nt. heating or ex-vessel steam
explosions is assumed to be unavailable to participate in CCI.

Releases of the fission products from the containment and removal from the
containment atmosphere by natural processes (e.g., agglomeration) and
engineered processes (e.g., sprays) will be accounted for elsewhere in the
source term calculation and are not considered in this issue. In
particular, fission product removal by a water pool overlying the core
during CCI is not to be considered in determining FCCI. FCCI should
represent the release from the top surface of the core debris. Retention
in the pool will be calculated separately.

Of the five plants being considered in this study, only Surry has siliceous
or basaltic concrete. Sequoyah, Zion, Peach Bottom, and Grand Gulf are
believed to have limestone / common sand concrete, i.e., the coarse aggregate
in the concrete is limestone and the fine aggregate is common sand.

5.4 1
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Thef experts were asked to consider combinations of the following initital
conditions:

,

1. FWRs. -High and low zirconium content' in the debris, the presence
a

of concrete at the plant (Surry, siliceous;of water, and-the type _
Zion,-limestone / common sand; Sequoyah, limestone).

2, BWRs. High and low zirconium content in the debris, the presence -

of water, the spread area, and the type of concrete (believed to be
limestone / common sand for both BWRs).

Summary of Experts' R a t i ona,le.
.

Expert 'A's results . represent the work of two experts who collaborated.
Each expert considered different. aspects of the issue: one generated
activity coefficients , - and the other used these activity coefficients to ,

gene: ate the required release fractions.

Expert A's activity coefficient distributions were based on the
distribution for activity coefficients predominantly on experiments done by

,

Carl Alexander: at Battelle Memorial Institute, This information was
augmented by CORCON-MCD2/VANESA results - and work from small-scale
laboratory studies by Mike Roche at Argonne National Laboratory.

The other expert used Zion MAAP calculations to formulate Expert A's
release fractions. - He made no dif ferentiation between the nigh - and low

pressure cases and the high and low zirconium cases. For the wet cases, it

so that the CC1- was_ assumed that the debris was eventually quenched,
releases were assumed to occur during a quenching interval (5000 s for the

; nondispersed-case.)

Expert B based.his results on a variety-of sources: the BNL Quasar study, a
paper presented to the panel by Dave Williams (SNL), a summary article by
Brad-Burson'of the Nuclear Regulatory Commission (NRC), and CORCON results'

!' (see individual . elicitation notes for refe, nces). The export did not

distinguish between prompt and delayed CC1. Water in the covJ ty was

assumed to rapidly oxidize the _ zirconium in the debris resulting in low
levels of zirconium available for CCI-in the wet cavity cases.

Expert C. created a base distribution from the results of code calculations
. (predominantly - Source Term Code Package Calculations from BMI-2104, BMI-.

2139, and BMI-2160) . He then modified the distributions - to account for
uncertainties not considered in the code calculations, tie accounted for-

mechanical aerosol release _ from CCI~by considering the old VANESA bubble
burst model, observations of SNL's WITCH experiments, and observations from
'the steel industry's carbon holl experience.

2

Method of Angreration

Simple interpolation was performed on the results of Experts A and B to
aggregate results with Expert C. In addition, several modifications and

assumptions were made to aggregate the results of Expert B: PW F.
,

'
5.4-2
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Limestone / Common Sand Concrete results were used for both Sequoyah and
Zion; the PVR Basaltic Concrete results were used for Surry; the BVR
Limestone Concrete results were used for the BVRs, although the BWRs are
thought to have limestone / common sand; high zirconium cases were usert for
both wet and dry cavity high zirconiurn cases; low zirconium cases were used
for both wet and dry cavity low zirconium cases; all cesium and iodine are
asstuned to come out; and an insignificant fraction of the molybdenum and
ruthenium is assumed to come out.

All of the operatiotis to perform the aggregation were approved by the
experts.

Aggrecated Results

The results of the aggregation are presented in Figures 4-1 to 4-20.

_

=
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Expert A's Elicitation

Fraction of Fission Products Released During the
Core-Concrete Interactions '

Description of Excert A's Rationale /Methodolocy

Two experts collaborated to work on different parts of this issue; one
generated the activity coefficients, and the other used these activity
coefficients to generste the re-quired release fractions. r

t

Ea,tionale for Activity Coefficienta

Most of the rationale for the activity coefficients is presented in the
attached paper given to the panel which ipp rars later in this section.
Some additional comments from the elicitation session are provided below.

The values are good for a medium amount (10 to 904) of zirconium in the
debris. The expert stated that the activity coefficients are thermodynamic
equilibriu.' values.

Expert A statsd that he suspected that the type of concrete did not impact
the results, tae also stated that most of the release will be within one
hour.

Rationale for Release FIactions
!

For PWRs, the expert based his results on Zios D.AP alculations.made with
limestone / common sand concrete and assumed 1001 f the debris in the'

cavity. The uncertainties in the thermal ':ydrn.ite portion of the FCCI
analysis were on the order of two and three much less than those in the
activity coefficients.

Expert A sent the-following comments with the completed results:,

!

"As discussed during the elicitation, I would expect the release
'

fractions per unit mass of debris to be different for high pressure
and low pressure accident sequences, This is due to_the potential for
debris dispersal and the long term heat losses which af fect the debtis
temperature and thus the fission product release rate, llowever, these

uncertainties would-be encompassed by those assigned to the activity
Loefficients. Thus, the values given in the tables should be used for
high pressure a'nd low pressure sequences en a per unit mass basi-

,

.

I
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,

In terms of the high and los circaloy mass for PWRs, and following the
guidance given t'uring the Committee's meetings, in tsy assessment the
limits imposed on the unreacted zircaloy in the debris would assure
that sufficient zircaloy would be available for significant reaction.
Therefore, little difference in the release fractions would be
expected. Consequently, the release fractions ,xported in the tables
are the same for both high Zire and low Zire conditions. This is
consistent with my elicitation.

For wet cavity cases, my assessment is based upon water being present
at all times such that the debris would eventually be quenched. With
the potential for quenching, fission product release would be
terr 89ated. Therefore, the release from debris would only occur
during the core-concrete attack with simultaneous debris quenching,

~

Depending upon the plant and the accident sequence, this would vary
from a few minutes to tens of tainutes. In particular, those with
smaller reactor cavity configurations would require a longer interval
to quench the material. This would allow for additional release to
occur and has been taken into account in my assessment for the wet
cavity conditions in the various plants.

Since the major release occurs during zircaloy oxidation, this celease
is over an interval comparable to the quenching time. This

substantially complicates the analysis for a wet cavity, In

particular, it emphasizes the sequence specific features such as the
tirne required for core debris .to leave the reactor vessel and enter
the reactor cavity / pedestal region, i.e., minutes, tens of minutes,, or

hours. To make the problera tractable, I used the release rates for a
non dispersed case with a quenching interval of 5000 seconds which
overstates the quenching time (understates the quenching rate). The

highly non lineardebris temperature enters into the release in a
manner. As an ' overstaternent of the release during the quenching, I

"

decreased the teleases from the dry cavity case by a factor of three._
This accounts for the_ initial rapid release in a simultaneous cool
down, With the' confined pedestal region for Grand Gulf, the release
is suf ficiently rapid that the wet and dry conditions are given the
same release f ractions . ''

Results of Er, pert A's Elicitation

The initial distribution for the activity coefficients can be foand in the
paper supplied by the first expert. The activity coefficient distributions
that were obtained in the elicitation session are found in Figures A 1 to

A 3.

5.4-28
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Figure A-1. Distributions for Barium and Strontium.
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Figure A 2. Distributions for Lanthanum and Cerium.
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The release ~ fraction distributions supplied by the second expert are
presented 'in the Tables A 1 through A-5. The-Sequoyah and Surry cases are
the satse as those for-Zion. Iodine and cesium fractions are assumed to be-
1.0 in all cases.

1
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Table A-1
Case 1, Zion--Dry Cavity, liigh Zirconium
Case 2, Zion- Dry Cavity, low Zircontwa

Nuclide LL . 0.1 0.5 _L2._ UL

Tellurium .5 45 .6 .7 .7
Strontium 2E-4 8E-4 1.6E-3 1.6E-2 1

Lanthanwn 2E-5 2E-4 4E-4 2E-3 .2
Cerium 2E-5 2E-4 4E 4 2E-3 .2
Barium 2E 4 $E-4 1E-3 1E-2 1

--

Table A 2
Case 3 Zion--Vet Cavity liigh Zirconium
Case 4, Zion -Vet Cavity, Low Zir. onium

_

Nuclide LL 0.1 0.5 0.9_ R
i

Tellurium IE 2 SE-2 2E-1 3E 1 3E-1
Strontium 7E-5 3E 4 SE 4 SE-3 1E 2
Lanthanum 7E 6 7E-5 1.3E 4 7E-4 1E-3
Cerium 7E-6 7E 5 1.3E-4 7E-4 1.3E-3
Barium 7E-5 1.5E-5 3E-4 3E-3 SE-3 *

Table A-3
Case 13, Peach Bottom--Dry Cavity liigh Zirconium -

Case 14, Peach Bottom- Dry Cavity Low Zirconium

Nuclide LL 0.1 0.5 0.9 _1 tim

Tellurium E-1 1.5E-1 2E-1 45-1 4E-1
Strontium 7E-5 3E-4 SE-4 SE-3 E-2
Lanthanum 7E-6 7E-5 1.3E-4 7E-4 E-2
Cerium 7E-6 7E-5 1.3E-4 7E-4 E-2
Barium 7E-5 2E-4 3E 4 3E-3 E-2

_

5.4-31

._



|.. . . . . .

Table A-4
Case 15. Peach Bottom -Wet Cavity liigh Zirconium
Case 16 Peach Bottom Vet Cavity Low Zirconium

Nuclidg E- ,,Q,d M _9J UL

Tellurium E-2 SE 2 E-1 2E-1 3E 1
Strontium E6 E5 SE-5 E3 SE-3
Lanthanum E-7 E6 SE-6 E4 E-3
Cerium E-7 E6 SE 6 E-4 E-3
Barium E-6 'E-5 SE-5- E3 SE-3

-

Table A-5
Case 17, Grand Gulf--Dry Cavity liigh Zirconium
Case 18 Grand Gulf -Dry Cavity Low Zirconium
case 19, Grand Gulf- Wet Cavity HISh 7.irconium
Case 20, Grand Gulf--Vet Cavity Low Zirconium

Nuclidei _LL_ 0.1 0.5 0.9 UL

. Tellurium 6E 1 6.5E 1 7E 1 8E 1 9E-1
Strontium 2E-4 SE 4 2E 3 2E-2 3E 2
Lanthanum 4E-5 E4 4E 4 4E 3 5E 3
Cerium 4E-5 E4 4E-4 4E-3 SE 3
Barium E-4 SE-4 E3 E-2 2E-2

-

Sources _gf Uncertainty

A large source of the uncertainty for the activity coefficients was the,

question whether hydroxides exist for lanthanum, barium, and strontium. As

.the amount of hydroxide increases, the activity coefficients incraase.

The entire uncertainty in FCCI is driven by the uncertainty in the activity
coefficients.
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M1Rsitte n t t o Expe r t A ' s Vr l t if n El ic i t a t lRD

Rationale for Activity Coefficients

This issue is concerned with the estimation of FCCI under various
conditions. FCCl represents the fraction of the radionuclide group i ini

the core tea t e rial at the time of breach which is released to the
contaitment during the CCI .

These fractions are generally calculated by the combined CORCON-MOD 2/VANESA
code. There are two- areas in th e.s e calculations with which we are
uncornfor t able . First, the VANESA code uses ideal solution concepts which
means that the activity coefficients are assumed to be 1. These activity
coefficients should be measured under controlled conditions. This is a
very - dif ficult experiment. The second area is the estimation of
temperature of the corium-concrete reaction mixture.

,

With - regard to the first area there is little experimental data. The
second potential problem area,-the temperature, involves the oxidation of
zirconium in a rmiten oxide media by steam and of special importance, heat ;

-transfer considerations of a complicated nature. I have talked with one of
the other expe.rts on the panel, and he shares rny general views but is much '

more proficient in the heat transfer area than 1. Therefore, I will defer '

to hita in the development of the detailed case in this area. In general,
however any decrease in temperature should be reflected in an almost
exponential way by decreasing the release fractions as corrected by
modified activity coefficients.

With these two caveats,-it seems appropriate to use as a starting point the
CORCON H002/VANESA 101 calculations to be furnished by Dana powers (SNL)
for the various cases and suggest changes.

It is my_ understanding that the VANESA code pe rmi ts -- the changing of the
release fractions - by directly multiplying the release fraction by - the
activity coefficient, _ The rest of _ this memorandum addresses the activity
coefficient question.

Argonne* has very recently obtained a small amount of activity coefficient
data on Sr and Ba . These data are at an oxidation potential characteristic;

' of the absence of airconium. Therefore, the data may not be applicable to
accident cases, 'These data were reported at the Captiva Island meeting in
December. In the Argonne view, a complicating factor is the prearnce of Ba
and Sr as the dissolved zirconates rather than as dissolved oxides (really

l. ions). If calculations using SOLCASHIX to predict the' amount vaporized in
-the Argonne . transpiration experiments a t- 2150 K are carried out, the
_ predictions and results in tog are as follows:

*There are two groups at Argonne working on this problem. The work
reported.here is from small-scale laboratory studies carried out by Mike
Roche,
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Calculated Not Calculated Assuming Experinnentally j
Asstunine Zirconates - Zirconates Observed

.

Sr .0.122 .003 .018
,

Ba- 0.216 .006 .006

Thus one may estimate the activity coefficients as follows: ;

Sr .003/ 122 - 2.5 x 10-2 ;

Ba- .006/ 216 - 2.8 x 10-2 ,

These numbers would then be our-activity coefficients for the system in the
absence of zirconium, and it can be seen that the amount experimentally
vaporized agrees roughly _ with assuming that zirconates are decreasing the
volatility of the barium and strontium. It should be mentioned that these
experirnents were carried out in the presence of lirnestone concrete. The
presence of silicates might further decrease activity coefficients.,

With regard to lanthanum in. a . system not containing zirconium metal,
assuming' an activity coefficient of 1, the calculated transport was
0.013 mg. The measured transport was < 0.002. Thus one snight very roughly

,

iestimate an activity coefficient of less than .002/.013 .15.

Other species of interest are tellurium, ceriusa, rubidiurn, iodine, and q

cesium. In the cases of tellurium, cesium and iodine, there seems to be .

'ample evidence that tellurium is very readily volatilized as would also be
I-the ' case for cesium and iodine. Therefore there seetas to be no good reason

to assume any hindering of_ volatilization. In the cases of Ru at'd Ce there ;

are no data frorn the Argonne. small-scale laboratory group yet.

In'most accident - scenarios. - the core concrete - reaction initially takes-

place' in= the _ presence of zirconitun metal. Thus the oxidation potential _is

. quite low. This - is really the regime - of importance since the fission
products are released _during the period when zirconium - is present. .We

badly- need more experirnental data in this regime. Two groups at Argonne i

are working on the problem. One troup is using transpiration experirnents
on a small scale. The.' data previously cited comes from this group. The ,

other effort involves experiments on a 30 kg scale. These_. data are not yet
in a usable. form.

- Carl . Alexander is : carrying out experiments at Battelle Memorial Institute
to measure activity coefficients. These experirnents seem to be in a proper '

oxidation potential regirne. The date was reported at the Captivu Island
meeting in December _1987. This information was augmented by extensive
telephone __ conversations with _ Carl.- _one particularly interesting set of
experiments done.at 2400 K using mass spectroscopic techniques involves an-

A inixture of Zr0 , UOz, and Zr was used withoxygen to metal ratio of 1.5. 2

'Ru, Ba, Sr, Y, La, Sm and Ce added' (0.3 to 1 atorn percent) .'

-)
|

l
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Activity coefficients for some of the interesting elements at 2400 K are as
follows:

< ,

Ba: -10 3
Sr: 10-8
La: 2 x 10-3

-Ce: 2 x 10-8
Ru: very low (barely detectable).

The .- que s tion of volatile hydroxides was discussed since this mass
'

spectroscopic approach involves no steam. It was Carl's opinion that the
hydroxides would not becone stable until lower temperatures, perhaps in the
neighborhood of 1900 K. Itowever , there ~ to be - some difference ofseems
opinion among experts on this - subj ect so the activity coefficients are
" tilted" toward the.high end.,

Based on these rather ' thin experimental data, the following uncertainties
in the activity coefficients are estimated at 2400 K:

ff32hahilh2f._S3 ng Corres_t; O.25 .5 .25i

B4 10-2 10-s S x 10-4 -
Sr 10-2 10-3 5 x 104
La 10 2 2 x 10-3 10-3
Ce 10 2 2 x 10-3 10-3
Ru' 2 x 10-' 10-' 5 x 10-5
Cs 1 .9 .8
1 1 .9 .' 8
Te 1 .9 .8

_

|

s
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Expert B's Elicitation
,

. Fraction of Fission Products Released During the ;

Core-Concrete Interactions ;

b.ggIlotion of Exoert B's Rationale /Methodolocy
,

Expert B used the results of the QUASAR study 84 for the plants which had .

limestone concrete. For all plana he referred to the panel presentation
by Williams,* and Burson's summary article 34 He also used results from j

the CORCON module, which is incorporated in several different computer -

codes.

Expert B defined six cases:

|1. PWR -Basalt Concrete, High Zirconium Oxidation in the Vessel

2. PVR -Basalt Concrete. Low Zircon 1 urn Oxidation in the Vessel

3. PWR -Limestone / Common Sand Concrete, High Zirconium Oxidation. In
the Vessel

4. PWR--Limestone / Common Sand Concrete, Low Zirconium Oxidation. In
the Vessel

5. BVR--Limestone Concreto, high Zirconium Oxidation in the Vessel
,

6. BWR--Limestone Concrete, Low Zirconlurn Oxidation in the Vessel.

He made no distinction between whether the CC1 was prompt or delayed. If r

the cavity was full of water, Expert B believed that e unoxidized
zirconium in the. molten core debris would oxidize rapidly ont the debris
contacted the water. Thus, the low zirconitun oxidation cases in the vessel
with water.in the cavity should be treated as high zirconium oxidation in
the vessel. Note that low zirconium oxidation in the. vessel implies high
unoxidized zirconium fraction in the core debris, and that high zirconium
oxidation in-vessel implies low unoxidized zirconium fraction in the core
debris. .To avoid confusion, the_ terms " Low Zirconium" and "High Zirconitun"

will not be.used.

Of.the nine radionuclide groups, the core debria is not expected to contain
significant amounts of the: noble gases, so no distribution was provided for
that group. Expert B stated that all the iodine and cesium would be
released from the melt for all cases, so no distributions were provided for

those. groups either. Expert B considered the lanthanum and cerium groups- |

'D. C. Williams and A. W. Shiver, "Some Uncertainties in Radionuclide and
Aerosol- Release . During Core Concrete Interactions," Presentation to the
Source Term Panel, March 15, 1988.
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together for the PVRs. Thus, for the PVRs, he previded distributior i for
four groups: tellurium, barium, strontium, and lanthanum /ccrium. For the
BVRs he provided distributions for five groups: tellurium, barium,
strontium, lanthanum, and cerium. Expert B did not provide distributions

,

-

for the ruthenium radienuclide group because he felt that there was
insufficient information on which to base an estimate and that the releases '

! vould be very low,

t

Results of Excert B's Elicitation
.

'

Expert B's conclusions about FCCI are contained in Tables B-1 through B 6.
A discussion of each of Expert B's six cases follows.

Case 1. PVR--Basalt Concrete, Low Unoxidized Zirconium Fraction in Debris

-For tellurium, Expert B selected his cidpoint, 20% release, frota CORCON
results.* lie reasoned that it wou;d be impossibic to get more than 50% of
the telluriurn released, since the outgassing of the concrete will be t

relatively small--and the period of concrete attack relatively short. This '

value formed his upper bound (99 percentile value) . For his lower bound, +

he thought there could be-as little as 5% of the tellutium released if the

oxidic material came out of the vessel first and the tellurium came out
with the metallic fraction later. When the tellurium leaves the vessel,
the oxides have already quenched and cooled off, and there is no immediate '

reheat. Much of the unoxidized metal may remain unoxidized in this
scenario.

The release of the berium group is more affected by temperature than is the
tellurium release. The more reducing the atmosphere, the more barium is
released. With basaltic concrete and a low zirconium fraction in the melt,
little outgassing of the concrete is expected, and the barium release rates
should be relatively low. Similar reasoning applies to the strontium group
and the lant.. anum / cerium groups.

Table B-1
Fractional-Release (%)'from CCI

Case 1. PWR--Basaltic Concrete, Low Zirconium in Debris

Cumulative Probability W

Nuc1#de 1 25 1Q J.} 19

Tellurium 5 15 20 30 50
Barium 0 2 5 10 25
Strontium 0 5 12 17 25
Lanthanum /ceriua 0.01 0.05 1 5 10

*CORCON- results supplied privately by Dana Powers of Sandia National
. Laboratories.
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Case 2. PVR--Basalt Concrete High Unoxidized Zirconium Fraction in Debris

As there is more zirconium to oxidize during the CCI. higher temperatures
may be expected in this case than in Case 1. As the aggregate is all
basalt, however, only a little more gas will be produced. The middle three
points of the tellurium, barium, and strontium distributions are all higher
than for Case 1 to account for the higher temperatures. The upper bound of
the tellurium distribution increases to 75% released. The same upper bound
as in Case 1 is retained for barium and strontium, since there would not be

enough gas generated to release more than a quarter of the fission products
in these radionuclide groups.

Table B-2

Fractional Release (%) from CCI
-

Case 2. PWR -Basaltic Concrete. High Zirconium in Debris
__

Cumulative Probability W

Nuclide 1 25 }0 21 12._

Tellurium 10 25 35 50 75

Barium 0 5 10 17 25
Strontium 0 10 15 22 25

Lanthanum / cerium 0.01 0.05 2 7 10

Case 3. PVR--Limestone / Common Sand Concrete, Lov Unoxidized Zirconium
Fraction in Debris

Cos ared to Case 1, a great deal more gas evolved in this case because ofe
the decomposition of the limestone aggregate. Expert B moved the middle
three points of his tellurium distribution up somewhat to account for the

~

extra gas production. The endpoints of the tellurium distribution,
however, are not affected by the amount of gas generated and are the same
as in Case 1. The middle portions of the barium and strontium
distributions are significantly increased relative to Caso 1 because of the
increased amount of gas released. The lanthanum / cerium distribution
remains the same as in Case 1. The amount of gas liberated should have a
relatively small effect on the release of these fission products. The
range for these groups is already so vide that the effects of concrete
composition are included. The uncertainty in the oxidation potential and
the activity coefficients overshadows the effects of concrete composition.
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Table B 3
Fractional Release (t) from CCI. Case 3.

PWR Limestone / Common Sand Concrete, low Zirconium in Debris
,

1

Cumulative Probahj fly (1)

Nuclide 1 .25 3 D H
|

Tellurium 5 17.5 25 35 50
Barium 0 10 15 20 25

'Strontium 5 10 20 25 30
Lanthanum /ccrium 0.01 0.05 1 5 10

_

.

'

Case 4. TWR- Limestone / Common Sand Concrete. High Unoxidized Zirconium
Fraction in Debris

The upper bounds are similar to those in Case 2 since they depend only
weakly on the amount of gas generated. The middle portions of the
distributisns for tellurium, . barium, and strontium are all higher than in
case 2 because of the increased amount of gas generated by the concrete
decomposition. Of the four PVR cases, the release fractions are highest in
this one.

.

Table B 4
*

Fractional Release (%) from CCI. Case 4.
PWR -Limestone / Common Sand Concrete, High Zirconium in Debris

I

Cumulttive Probability (%)

Nuclide 1 25 M H M i

Tellurium 10 30 40 55 75
'Barium 0 10 15 20 25
'

Strontium 0 15 20 25 30
Lanthanum / cerium 0.01 0.1 3 8 10 !

Case 5, BWR--Limestone Concrete, Low Unoxidiced Zirconium Fraction inp
' Debris-

Expert B felt that his distributions were wide enough to encompass the
_ uncertainty in the concrete composition at Peach Bottom. Expert B expects

|= the unoxidized metals to come out first following vessel failure in a BWR,
I so it is quite conceivable that all the tellurium could be " cooked out" of

'

the metallic fraction of the debris by the hot oxide coming out after the
metal. His midpoint (40%) is based on CORCON results adjusted upward to
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account for deficiencies. The lower bound, 20% released, allows for the
_ possibility that the initial discharge from the vessel is a metal oxide -

n.ixture. The barium and strontitun releases are much higher thau in the PVR
,

cases. The BVR core contains rouch more zi rconitun than the PVR core, so !

there will be more zirconitun to oxidize during the CC1. In addition to the !
higher temperatures, the aggregate is all limestone, and amount of gas !

generated will be large. The baritun and strontium release fractions are ;

more dependent upon temperature than are the telluritun release fractions. |
As for telluritun, the upper bounds for the barium and strontiura groups are !4

t 100% release. The ceriurn and lanthanum radionuclide groups are separated '

in the BWR cases because of the teroperature dependence. ,

Table B-5
'

Fractional Release (%) from CC1.
Case 5. BVR- Limestone Concrete, Low Zirconium in Debris *

Cumulative Prgbability (t)

!

Nuclide _) _ 1 M M M i

Tellurium 20 25 40 70 100
Barium 20 30 50 75 100
Strontium 20 50 70 90 100
Lanthanum 0.1 0.7 2 7 10 ;

Cerita 0.1 0.5 4 15 20
,

i
Case 6. BVR--Limestone Concrete, High Unoxidized Zirconium Fraction in |
Debris

The release fractions are generally somewhat higher than in Case 5 to i

account for the higher temperatures that result from the large amount of ,

unoxidized zirconitun in the core debris.

Table B 6

Fractional Release (%) from CC1.,

Case 6. BVR- Limestone Concrete, liigh Zirconium in Debris
,

Cumulative Probability (%)

Nuclide-- - -1 25 M -H 94

Tellurium 30 35 55 90 100
Ba ritun 20 40 60 80 100
Strontium 20 55 75 95 100
Lanthanum O.1 0.8 4 8 15
Cerium 0.1 0.5 6 15 20
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Snur.ces of Uncertain,ty ,

Expert B felt that the uncertainty in the distributions for FCCI vaa
,

largely because _ of uncertainties in the oxidation potentials and the '

! activation. coefficients.

,

i

B

h

i

I

!
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Expert c's Elicitation

Fraction of Fission Products Released During the
Core-Concrete Interactions

.

!Description of Expert c's Rationale /Methodolorv

Expert C considered both thermochemical vaporization and mechanical ,

acrosolization processes in evaluating the release associated with core- '

concrete interactions. Of the two, he believed that vaporization had the
greater potential to yield large release fractions, and he felt that it was
more arenable to detailed analysis. Hence, he devoted most of his efforts
to assessing the vaporization release. Expert C developed separate
distributions (CDFs) - for the vaporization release and for the mechanical
aerosol release. In developing the final distribution fot the CCI release
for each fractile, Expert C used the higher of the vaporization release
fraction or_the nochanical acrosolization release fraction corresponding to
his distributions.

Vaporization Relealg

Expert C analyzed CCI releases in terms of the parameter FCCig, which is
defined, for each radionuclide group 1, as the ratio (radionuclide released
from the melt)/(radionuclide in the melt at the time of CCI onset) . For
the vaporization contribution to FCCI , Expert C felt it was necessary tot
address two fundamental considerations:

1. Many 1 calculations with mechanistic accident analysis codes (the
STCP, MAAP, etc.) have been performed for a variety of accident
sequences. Expert C believed that these codes combine evaluation
of the boundary and initial conditions for CCI with treatments of
many phenomenologies involved in CCI to .a degree that no simpia
stand alone, separate effects calculations could match. Hence, he
believed that any uncertainty methodology should incorporate the '

information represented - by the code calculations as directly as
possible. (Expert C noted that in the VANESA calculations,
mechanical aerosol generation was quite minor . compared with
vaporization except when _ total releases were extremely small;
hence, he ~ assumed the code results to be representative of the

- vaporization contribution to . FCCI . )t

2. Despite the value of the code calculation Expert C also believed
that there are some - important uncertainties in them because of
phenomenological uncertainties in both the CCI modeling and _ the
modeling = of. the processes that determine the -boundary / initial
conditions for CCI_(e.g., the.in-vessel meltLprogression). Hence,
any uncertainty methodology should explicitly take into account the
more - important modeling uncertainties that might affect the code
results. Since these uncertainties involve limitations of the code

| models themselves, some of them are not readily investi ated simply '
6

L by performing sensitivity studies with the codes, even if it were
feasible to perform any desired number of such sensitivity studies.
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To meet these needs, Expert C devised a two step process for developing
I uncertainty distributions fc.r FCCl . The first uep was t o de'. el op what he

i

called a " base distribution" using the results of code calculations. F.e

relied primarily upon STCP calculationsC+C-3 and calculations ath stand
alone versions of the CORCON and VANESA codes -'.' (which constitut> the CClC

modules in the STCP), although he also considered some MAAP code results
**

Many code results used by Expert C and the base distributions he estimated
f ro n them, are summarited in the Results of Expert's Elicitation section of
this docun.ent.

The second step was to make substantial changes to the base distribution to
account for the uncertainties that he believed could have potentially
ittpo rtant effects upon the code calculations. Expert C reasoned that for
small release fractions, FCCl would be proportional to the time integrali

of the quantity Pyi(dV,/d t) , where P is the ef fec tive vapor pressure ofyi

radionuclide species i and dV,/dt is the volumetric rate at which gas ,

sparges. Expert C felt that P was uncertain by orders of magnit ude ,yi

a reasetnblywhile CCI e xpe r ittent s indicated that the codes generally did
good job of predicting the concrete ablation rate (which controls gas
sparging rates); hence, he emphasized the uncertainties in Pyi and assumed
that the uncertainty a given effect could introduce in FCCl would be

i

proportional to its effect upon P yi.

.

When the release fractions were large, Expert C modified his approach to
take into account the reduction in vaporization rates as the melt becomes

depleted in the vaporizing species. In most cases of interest, Expert C

noted that vapor pressures calculated by the VANESA code were approximately
proportional to the concentration remaining in the melt. This leads to z

simple exponential decay in vaporization rate with time, other parametet
remaining constant, Hence, Expert C defined a " release parameter" RCCl i,

related to FCCl by . .

i

1 - exp(-RCCl ) . Eq. (1)FCCl -
ii

He then converted his base distribution for FCCl into an equivalenti

distribution for RCCl and analyzed the effects of the various
i

uncertainties in terms of the factors by which they might alter P w!!hyi,

emphasis on their effects during the time period that dominated the g

releases in the code calculations. He then assumed that these effects
would alter RCC1 by the same factors.3

The uncertainties considered by the expert were the following , .

1. Uncertainty in the amount of unexidized circonium in the melt; . . "
p

'D. C. Williams and D. A. Powers, "Some Uncertainties :a Ralionuclide
'

1

Release during Core-Concrete Interactions," SAND 87-2558A, presented at the [ .,
Second Symposium on Nuclear Reactor Severe Accident Chemistry, Third ,' c

,

Chemical Congress of North America, Toronto. Canada, June 5-10, 1988, p-
i

"E. L. Fuller, Presentation to Source Term Panel, Albuquerque, New Mexico,
January 12-14, 1988; E. L Fuller to D. C. Williams, Letters on Peach

Bottom MAAP Analysis for Station Blackout, March 14, 1988 and March 28, s

1988.
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2, Uncertainties in the radionuclide chemical speciation in the melt:,

' 3. Uncertainty in the oxygen potential characterizing the oxidic phase
of the melt;

:
4 Uncertainty in the effects of water overlying the rmelt; &

[5. Uncertainty in the temperature of the melt during the time of
maximum vaporization. This uncertainty includen uncertainty in
debris temperature at vessel breach (VB) and also includes other
factors, e.g., heat generation by oxidation of metallic r.irconium
in the melt;

6. Uncertainty in the concrete type. and in the effect of concrete -

type upon the releases (virtually all available BWR STCP '

calculations assumed a high-limestone concrete. while information
provided to the experts shortly before their elicitations indicated

,

that the concrete type - is actually LS/CS in the BWR plants ;
-considered);

7. Uncertainty in the free energies oi _ formation of the various
species involved in vaporization of a given radionuclido;

,

.

8, Uncertainty in the activity coefficients of radionuclide species in
the melt;

.

Expert-C did not believe that . all these uncertainties were necessarily
important for all radionuclide species or for a'' cases considered, llence , .
the . number of unecrtainties he treated in any one - analysis was less than '

the eight listed above. Information on the uncertainties considered for
individual cases is given in the summary of the results of the clicitation,

For each uncertainty considered in a part'icular analysis, Expert C defined
a: small number (usually three or four) of discrete levels; i.e., he
selected three or more values for a parameter representing the u crtainty.
For the CCI analysis, this parameter was the factor R by which tha
uncertainty could alter Pg and, hence, alter RCCl , lie then assignedy i a
weight U to each level, i.o,,-a subjective probability that'the parameter R

- vould take on a value close to the value representing each level. ;

In developing his. distributions for the . R values, Expert C employed stand-
alone thermochemical calculations using the VANESA data base to assess the

- effects. of uncertainties in condensed phase speciation, melt temperature.
-and oxidic phase oxygen potential, lie used a number of CORCON/VANESA
calculations; performed specifically for- his elicitation, to assess the

- possible effens of uncertainty in melt circonium content and uncertainties
j associated with the - concrete type.* - Uncertainties in free energies and
| - activity coefficients were directly converted into corresponding

*D. C.. Williams and D. A. Powers, "Some Uncertainties in Radionuclide t

Release During. Core-Concrete Interactions," SAND 87-2558A, presented at the
Second Symposium on Nuclear Reactor Severe . Accident Chemistry, Third '

Chemical-Congress of North America, Toronto, Canada , Jut.e 5-10, 1988.
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uncertainties in vapor pressures. R-value distributions for the effect of
overlying water were essentially subjective.

The R values developed by Expert C are inultiplication factors, which nay be ;

applied directly to the RCCl distributions that he derived frorn the code {i

c al cula tions . The base CDP for RCCI, was modified using a " decomposition
tree" s truc' .tre that allowed for all possible combinations of the levels
defined for all the uncertainties to be considered. Each of the endpoints ,

of the tree yleids a reproduction of the base CDF for RCCI, shif ted by an I
amount equal to the product of the R values assigned to the branches

'

;

corresponding to the particular path taken through the tree. The weight !

assigned to this endpoint is equal to the product of the W values assigned'

to'each of the branch points. The final distribution for itCCl was forrnedi
by combining the weighted distributions obtained for all the tree
endpoints. This distribution was then converted back to a distrik.ntion for ;

i usinF Eq. (1).FCCI <>

Expert C's. decomposition tree is illustreted schernatically in Figure C 1.
The figure is drawn for _a case in which five uncertainties are considned,
with four levels defined for the-first uncertainty and three levels for the
other four uncertaintlec yielding 324 endpoints for the entire tree. Each
branch point is associated with an (R,W) pair. The superscripts in the
figure . refer to the 1st, 2nd, 5th uncertainty considered. The. .,

subscript refers to the level chosen for that uncertainty. A given path
through the tree can be represented by the five numbers (jkiron), where

j - level chosen for uncertainty 1,
k - Icvel chosen for uncertainty 2,
1 - level chosen for uncertainty 3,
m - level chosen for uncertainty 4,
n - level chosen for uncertainty 5.

In Figure C-1, comple'.3 paths and the corresponding (jklmn) values are
shown schematically for nine of the 324 endpoints of the tree.

In principle, dependencies between the uncertainties could be taken into
account by allowing'the R values and/or the W values assigned at any branch !

point to depend upon which branch had been taken at the previous branch
points. Practiaal considerations imposed severe limits upon the degree to
which this could ' be done, however. Except where otherwise noted in the,

discussion of . . the clicitation results, the various uncertainties were
assumed to be phenomenologically independent.

,

For each endpoint of the tree, a CDF for RCCl can be generated. This CDP
i

is

RCCI N(P) - RijRikR31R'rtR5 RCCIlo(P), Eq. (2)t n

where RCCI D(P) is the value of the release parameter, defined by Eq. (1)g

for radionuclide group 1 corresponding to the Pth fractile of the base
distribution, while RCCI N(P) is the 7alue of the release parameter.1

5.4-46

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



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

(
(Uncert. 1) (Uncert. 2) ( Ur.c e r t . 3) (Uncert. 4) (Uncert. 5)

(j klmn)

(12311)

f (R11W11) (R22g22)
~

(12312)

(12313)

(31211)

(R12W12 )

(31212)

(R21g21)

(31213)

(R13W13)

(R2 W2 ) _3 3

(R14W14)

(41331)

(41332)

(41333)

Figure C-1. Schematic of Decornposition Tree Used by Expert C.
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corresponding to the Pth fractile of the distribution for the Nth endpoint
of the tree. The veight assigned to this particular result (tree endpoint)
is given by

.

V" - VijW2kW31V'mW$n . Eq. (3)

To obtain the final combined distributions, Expert C inverted the endpoint
'

distributions and sumn.ed the resulting weighted probabilities corresponding
to a given value of RCCl , thus,i

P(RCCl ) - ZV"P8(RCC1g) . Eq. (4j
~

i

n

liere P"(RCCl ) is the probability that the release parameter will be less
i

than RCCl for the Nth endpoint distribution, and P(RCCl ) is the
i i

probability that the release parameter will be less than RCCI in theg

combined distribution. Finally, Expert C converted the combined
distribution back into a distribution for FCCl , using Eq. (1).

i

Although it was possible, Expert C did not apply these procedures to
radionuclide group 6, the " ruthenium group." This group is represented by
the elements rutheniuta and molybdenum in the VANESA calculations.
Calculated releases were always very small for this group, usually <10-S.

straightforward application of his proceduresThe expert believed that a
would have generated distributions that would generally be lower than the
distributions the expert obtained for mechanical aerosol generation, lle nc e ,

the expert used his mechanical aerosol generation distributions for these
species, with some modifications to the high end.

In the STCP calculations, nobic gas, cesium, and iodine are almost always
calculated to undergo quantitative release. llence, it would not be possible

to apply Expert C's standard procedure, since no base distribution for RCCI
could be defined from the code calculations. Expert C believed that the
release fractions for these species should be large (>50%) in most cases but
acknowledged that they could be somewhat less than unity, especially under
special circumstances.

Finally, Expert C emphasized that despite the use of the formalism described
k re , Ma distributions should still be viewed as being fundamentally
* ibj ec t iv a . The V values, in particular, represent subjective

ababilities, and even the R values include subjective elements despite the
a of code results, experimental results, and thermochemical calculations
inen these were available and applicable. Since the expert did consider
these distributions to be subjective, he therefore revised the final results
when he considered them to be unreasonable in some respect. In general,
these revisions were limited to adjustments to the tails of the
o?stributions to modify release fractions he considered to be too high or
toe .ov
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Rationale f orjicehanical Aerosol Release i

!After calculating distributions for. the vaporization release us i r.g the
method described above, Expert C then considered the rnechanical aerosol
release a modeled a separate distribution for it. lie did not allow the |total release to be lower than the greater of the tocchanical aerosol release !
and the vapcrization release,

i

The expert used experiraental data supplemented by a bubbic burst roodel to
describe the mechanical aerosol generation. The latter model neglected the i

aerosols entrained in the gas from the CCI that flows through the melt. He
assumed snechanical acrosolization to be negligibic when overlying water is

; preser..,(bubble burst phenomena are not important if a crust is present). ;

The expert used the old VANESA default bubble burst roode l to form one
estimatn. The VANESA default assurtes that for every bubble that bursts, an '

acrosol of 2000 particles with 1.0 um diarne t e r is created. The expert
calculated the mass / unit volume of gas as follows:

4 .. - 2000 * p * V /V , - 2000 * p * (1/6 * d3 * e)/(1/6 * d 3 * n)p t p p 3- 5. 5 * 104 kg/rnf at 400 K,

i

where

4 ... is the aerosol mass / unit volume of gas,
is the density of aerosol particle.pp

V, is the . volume of particle,
Vv is the volume of' bubble,

i
d is the diameter of particle,p
d, is the diameter of bubble.t

The expert stated that. other more mechanistic models gave similar results,
such as: the correlation in the current version of VANESA. Actual
rneasurements - yield a wider range. The NITCH experiments gave a mass / unit
volume on the order of 10-e kg/m , but carbon boil experience frorn the steel3

industry reported aerosol densities of up to several hundreds of g/m . lie3

also fortned what he considered to be very rough upper limit estimates frorn
the SURC4 experiments, which gave'results in the range of 0.03 to 30 kg/m3 '

(gas-temperature - 400 K), depending upon which stage of the experiment was
considered (see Table C 2).

To estimate the aerosol released by mechanical processes during CCI, Expert
C multiplied the estimates of aerosol concentrations from the various
sources noted above by the volume of gas CORCON calculated to be evolved
during the first 12 h of CCI in the Peach Bottorn TB| scenario. He considered
calculations that assumed both limestone and LS/CS concretes (Tables C 1 and
C-2).
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Table C-1
Some Mechanical Aerosol-Generation Estimates

Cases from Cases from
Livestone Concrete Ljnestone/CoGLrgqn Sand Concrete

Source of Aerosol Mass Mass Mass Mass
Estimate Ji Fraction * (ke) Fraction *_

VANESA 2.84 1.42 * 10 5 1.08 5.4 * 10-e
WITCH 0.0515 2.6 * 107 0.0196 9.8 * 10-e
CARBON B011/* 155000 0.0775 870 0.0294

-

*Assuraing 2*105 kg of melt
**3100 g/m3

Table C 2
Estimates Based Upon SURC 4 Results

Cases From Cases From
Limestone Concrete Limestone / Common Sand Concrete

Stage of
SURC 4 STP 400 K Mass Mass Mass
Exneriment n/m3 3._g/m.. (k t) (kg) Fraction

Pre zirconium < 0.66 < 0.45 23.2 8.81 4.4 * 10-5
-Addition

Zirconium Addition < 43 < 29.3 1509 574 0.0029.

Late period < .045 < 0.031 1.6 0.61 3.1 * 10-6

Based on the above information, the expert produced tho following cumulative
distribution (shown in Table C-3) for mechanical aerosol release fractions
assuming gas volumes calculated by CORCON to be generated during the first
12 h of CCI-in-Peach Bottom assuming a limestone / common sand concrete.
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Tabic C-3 I

Cumulative Distribution for Mechanical
Aerosol Release Fractions

Cumulative.Weicht Release Fras11.nn Cgwtent !

0.01. 10-e -i

0.05 10-7 VITCil I

0.25 5*10-5 VANESA 1.00
0.50 7.l*10-5

,

0.75 10'3 (SURC 4, upper limit)/3
0.95 0.03 Steel making experience i
0.99 0.1

<

Result _s of Exocrt's Elicitatiom

1. BVR Results '

A. Base Case Distributions for BVRs

'me of the data used by the Expert C to generate the base case
u_stributions are presented in Table C4 (Peach Bottom) and Table

1

C-5 (Grand Culf). '

Table C-4 i

Summary of Peach Bottom FCCI Results Used by Expert C i

STCP and Stand Alone
CORCON/yANESA Results MAAP Results

Tellurium 0.48 - 0.93; 0.966 - 0.4-
Strontium 0.62 - 0.88; 0.10, 0.95 0,18 - 0.48; 0.02
Lanthanum 0.015 - 0.07; 0.006 - 0.02 ,

Cerium 0.025 0.09; 0.006, 0,12 - 0.02
Larium 0.44 0.67; 0.80 - 0.07 3

Ir. Table C .- 4 , values separated by a - hyphen represent _a range of
results that Expert C considered reasonable and representative of '

-the cases at- hand; values following the semicolon represent
atypical values -(e . g. , sensitivity studies with extreme values of

1: important _ parameters or a:cident sequences nonrepresentative of
those of- interest here) . Expert C felt that the STCP MAAP

,

differences could be ascribed to some of - the phenomenological
uncertainties represented in his decomposition tree and therefore
derived his -base distribution ' primarily f rom' the STCP results,
since he - believed that including the MAAP results in the base
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distribution would be double counting the ph e nome riol o gi c al
uncertainties. lie also noted tnat STCP41AAP difforences were
rather sttall compared with his uncertainty ranges.

Table C-5
Summary of Grand Gulf FCCI Results Used by Expert C

(STCP Analyses, Reference 1)
_ ___ _

IC __1B TM

NC, Iodine, Cesium 1.0 1.0 1.0
_

Tellurium 0.19 0.35 0.23
Strontium 0.42 0.55 0.42
nuthenium 3. 6 x 10-7 8.0 x 104 2.5 x 10 - '
Lanthanum 0.029 0.037 0.024
Cerium 0.047 0.060 0.035
Barium O.25 D.36 0.26

,
.- - . - -

e

The expert stated that the data could be interpreted as inplying
that Grand Gulf has significantly lower releases than Peach Bottom.
llowever, the only possibly irtportant difference in the calculations
is that the Grand Gulf cavity permits less spread of the debris,
lie believed that this would be expected to increase the releases,
not decrease them. The expert assumed that the difference between
the calculations represented typical case-to-case variability in
the calculations and did not reflect actual dif ferences between the
plants. lie therefore combined the two plants and produced results
general to the BWRs considered in this analysis. .

The base case BWR distributions produced by the expert are
presented in Figure C-2.

B. Subuncertainties Considered in BWRs.

Seven uncertainties were considered by the expert that were not
considered in the code calculations and experimental results that
made up the base case distributions. The R-factor values and the
respective weights assigned to them for the seven uncertainties are
given below. In this issue, Expert C considered two specific
questions related to VANESA's calculation of lanthanum and cerium
releases, respectively: the assumption of La 02 3 versuu "La0 . , " and3

Ce (IV) oxide versus Ce(III) oxide in the condensed phase. In each
case, VANESA assumes the first form, while assumption of the second
can yield lower calculated releases.*

*This subject iT discussed further in D. C. Wi.111ams and D. A. Powers,

"Some Uncertainties in Radionuclide Release during Core-Concrete
Interactions," SAND 87-2558A, at the Second Symposium on Nuclear Renetor
Severe Accident Chemistry, Third Chemical Congress of North America,
Toronto, Canada, June 5-10, 1988.

5.4-S2 ,
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d.4t..-6_a+*_ d~ 8- +8"d^"--

To: 1.0
10,5

N
0.19 0.89 0.93 0.966

Sr.
~

0.15 0.35 0.60 0.88 0.95

La:

0.01 0.015 0.059 0.07

Ce:

0.01 0.025 0.09 0.12

0.25
Ba: f

0.15 0.25 0,45 0.65 0.80

Figure C 2. BWR Base Distributions for CCI.

i
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Uncertainty in Condensed Phase Specf .fon*

1.a R value - 1.0, Weight (W) - 0.1
R - 0.1, W - 0.9
Ce R - 1.0, W - 0.2
R - 0.0107, % ~ 0.8

Lanthanum and. cerium are the only species affected.

Uncertainty lu 0xygen Potential (OP) in the Oxidic Phase*

Expert C generally f avors values that are close to the VANESA
standard. The basis is that gas a6 tation likely mixes1

constituents during periods of maximum release.

In Table C 6, OP is_ a measure of the degree to which oxygen
transport from the oxide layer to the rnetallic layer results in
oxygen potential equilibration between the layers OP-0
corresponds to cornplete equilibration (the VANESA assumption),-

while OP-1 corresponds - to an H /H O ratio of 2 in the oxide2 2'

layer independently of the metallic layer oxynen potential.*

Table C 6
R Values for Different Oxygen Potentials (Oxide Phase)

R for OP - 0.0 R for OP - 0.1 R for OP .5 1
Nuclide (Weicht 0.34) (Weight 0.33) (Weight 0.33) Comment

Tellurium. Unaifeeted by this
uncertainty

Strontium. 1.0 0.4 -0.002 Standard condensed
1.anthanum 1.0 0.68 0,044 phase
Cerium 1.0- 0.49 0.077

Cesium 1.0 0.73 2.0 Alternate con-
densed phase -

Barium- 1.0- 0.42 0.0163

,.

*For details see D. C. Williams and D. A. Powers, "Some Uncertainties in
Radionuclide Release during Core Concrete Interactions," SAND 87-2558A, at the
Second Sympesium on Nuclear Reactor Severe Accident Chemistry, Third Chemical
Congress of North America, Toronto, Canada, June 5 10, 1988.
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I
e' Uncertainty in Temperature

This is calculated from vapor pres.sure -using VANESA thermoche.
mistry and T - 2500 1 250 K. Values - for species in the oxide
layer depend somewhat on the oxygen potential. Refer to Table
C-7.,

Table C-7
R Values for Different Temperatures

_.
,

R for T - 2250 R for T - 2500 R f( T - 2750
Nuclide (Weicht 0.3) (Weicht 0.4) (Weicht 0.3)

Tellurium 0.405 1.' 2.11
Strontium 0.51 1.v 1,74

_ _ La n thanum ' O.11 1.0 6.1
Cerium 0.12 1.0 5.6
Barium 0.53 1.0 -1.71

__

, --

Uncertainty in' Concrete Typee

Game effects of silica are not modeled in the codes. However,
there is only a marginal excess of' silica over Ca0 in LS/CS
concrete. Hence, these effects are neglected for the BWRs.

The values that follow are based upon comparing, CORCO"/VANESA
calculations f<r the Peach Botton TB sequente with LS and LS/CS
concre te .c-1

Table C-8-
Release Parameters for Different Concrete Types

-.-

R tot LS CON R for L5/CS R for TB CALC *
Nuclide (Weirbf 0.33) JSeicht 0.33) (Weicht-0.34)

Tellurium 1.0 0.47 0.22
- Strontium- 1.0 0.53 0.28
--Lanthanum 1. 0 - 0.28 0.078
Cerium- 1.0 0.33 0.108
Barium- -1.0 0.58 0.340-

:
r
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Uncertainty in Effect of Overlying Water*

The codes (and some experiments) suggest that there is not
much ef fec t , but the . codes neglect the possible effects of
crust formation and the available experimental data are
limited. BWR CCIs generate a lot of heat, and c rus t formation |
may be minimal. |

|

)
'

Table C-9
R Values for Effect of Overlying Water

i

R R R
Nuclide (Weight 0.5) (Weicht 0.3) (Weizht 0.2) Comment

All 1.0 0.5 0.1 All species assigned these
values

Uncertainty in Free Energies of Formatione

Expert C included in this category uncertainties in the free
energies of formation of the various radionuclide vapor
species, as voll as uncertainties in the free energies of the
condensed phase when in the pure state. He did not attempt a
detailed species-by-species assessment of the available data

,

'

base; rather,.he relied upon the general observation that free
energy uncertainties of the order of 10 kcal/g mole are rather,

common in high-temperature thermodynamic data, and free energy
uncertainties of this magnitude would contribute roughly an
order . of magnitude uncertainty in vapor pressures at CCI
temperatures.

Table C-9a
R Values for Free Energy Uncertainties

Low Value Intermediate Value High Value
Nuclide (Weinhe 0.25) (Weizht 0.5) (Weinhe 0.25)

All. ..I 1.0 10.0
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Uncertainty in Activity Coefficients*

i --

category all intc,raction within theExpert C included in thisi

melt that would introduce errors into VANESA's treatment of.the
^

-melt as-being an ideal solution. Again, he did not attempt a
| detailed species-by-species assessment, except to note-that the ,

[ effects of n'onideality are likely smaller for the metallic |
L . phase than- for the oxidic phase of the molt. Hence, he
L- assigned a smaller range of R values for tellurium than for the '

'
other species.

>

|
I

-
t.

| Table C-9b
: R Values for Activity Coefficients i

! i

!
,

t

,
Low Value Intermediate Value High Value '

| Nuclide- Weirht 0.25) LWsight 0 O Jeight 0.25)-

|

Tellurium 0.32 1.0
i --

- 3.2
,

[ Strontium,- .0.1 1.0 10.0
! Lanthanum,

[ Cerium, '

Barium j
;
-

.

[. Uncertainty in Zirconium oxidation.*

| The extent of in-vessel oxidation of .:irconium is potentially
significant because it affects the amount of metallic circonium

,

in the melt, wMch is known to be important to CCI. However,
; Expert C did not believe that in-vessel oxidation is likely to

be sufficient to deplete the melt of circonium, so all BWR
melts could be considered to be zirconium rich. Hence,_he didt

,

not consider uncertainties for in-vessel circonium oxidation)
for BWR melts. ,

,

i

.- - Ef fec t of Revisions to the VANESA Thermochemical Data Base. i,

i,
'

)

| - All the STCP . calculat : >ns Expert C used to define his base ;
.

[ - distributions were performed with VANESA Version 1.0.
E Calculations - using the more recent Version 1.01 resulted in
L significantly different release - f rac tions in some cases.* By

comparing vapor pressures calculated using the thermochemical ~ |

data incorporated into the two code version, he concluded that . t

changes to-' these thermochemical data were the principal !

!

,

|:. = Williams and D. A. Powers, "Some Uncertainties in Radionuclide*D C.
: Release during Core-Concrete Interactions," SAND 87-255dA, presented at the i

Chemical Congress of North America, Toronto, Canada, June 5-10, 1988.
~jsecond Symposium - on Nuclear Reactor Severe Accident Chemistry, Third

,

.. )
'

-
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reason for the differences in the results, He felt that these
changes _did not reflect clearly improved new dat a; rather, they
reflected uncertainties and ambiguities in the underlying
thermochemical data base used in developing both code versions.
Hence, he viewed the differences as - representative of those
arising because of uncertainties in the free energies, rather .,

4than one data set being "right" and the other " wrong."

These differences did not exceed the uncertainty range he had
allotted to free energy uncertair. ties, and the expert therefore
felt no need to broaden his d! tributions to reflect these
differences. However, he believed his distributions should
acknowledge the implications of t'Te data set used by the newer
code version in some degree. Fence, he shifted his base

,

distributions for RCCl by a factor equal to the square' root ofi

the ratio (.VANESA 1.1 release)/(VANESA 1.0 release) for the
- Peach Bottom TB sequence ; thus, for this particular analysis,

'

the shifted release values correspond to the geometric mean of
the two code results. For tellurium, lanthanum, and cerium,

*
the respective shift factors were 1.98. 0.67, and 2.49. For
strontium and barium, differences between the two code results
were very small, and no shift factors were applied. (The base
distributions given in the tables that rollow are the unshifted
values,)

C. Final BWR Distributions

The final release fraction distributions are presented in Tables
C-10 to C-19. 3

Table C-10
IWRs; Telluriur, Dry Cavity

<

Cumulative Veir.ht Final Distribution

1,000E-02 5,402E 03

5.000E-02 1.804E-02
2.500E-01 1.315E-01
5.000E-01 4.754E-01
7.500E-01 9.,200E-01

9.500E-01 9.500E-01
9,900E-01 9.900E 01

;
I

$
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Table C-1)
BVRs: Tellurium, Wet Cavity

Cumulative Weight final Distribution

1.000E-02 1.572E 03
5.000E-02 6.853E-03
2.500E 01 6.394E-02
5.000E-01 2.870E-01
7.500E-01 8.170E-01
9.500E 01 9.400E-01
9.900E-01 9.900E-01

--

Table C-12
BWRs: Strontium, Dry Cavity

__

Cumulative Weicht Final Dietribution

1.000E-02 7.425E-06
5.000E-02 5.615E-05
2.500E-01 2.770E-03
5.000E 01 5.246E-02
7.500E-01 4.5846-01
9.500E-01 7.500E-01
9.900E-01 9.500E-01

Table C-13
BVRs: Strontium, Wet Cavity

,

__

Cumulative Weicht Final Distribution

1.000E-02 2.822E-06
5.000E-02 2.531E-05
2.500E-01 1.350E-03
5.000E fl 2.662E-02
7.500E-01 2.653E-01
9.500E-01 7.000E-01
9.900E-01 9.200E-01
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Table C-14
BWRs; Lanthanum, Dry Cavity

Cumulative Weicht Final Distribution

1.000E 02 7.024E-08
5.000E-02 .6.602E 07
2.500E-01 1.737E 05
5.000E-01 1.853E-04
7.500E 01. 1.903E 03
9.500E-01 3.000E-02
9.900E-01 1.000E-01

Table C-15
-BWRs: Lanthanum, Wet Cavity

Cumulative Weicht- Final Distribution

1.000E-02 2.955E-08
5.000E-02 2.884E 07
2.500E-01 8.590E-06
5,000E-01 9.784E-05
7.500E-01 l'. 070 E- 03
9.500E-01' 1.000E-02
9.-900E-01 5.000E-02

.

Table C-16
BWRs: Cerium,-Dry Cavity '

Cumulative We(ght Final Distribution

.1.000E-02 5.137E-07
-5.000E-02 3.431E 06
2.500E-01 7.061E-05
-5.000E-01 6.591E 04
7 . 500E-01 -- 6.475E-03
9.500E-01 7.000E-02
9.900E-01. 2.000E-01

,
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Table C 17-
BWRs: Cerium, Vet Cavity

Cumulative Weight Final Distribution

1.000E 02 1.772E-07
5.000E-02 -1.394E-06
2.500E 01 3.387E-05
5.000E 01 3.40SE-04
7.500E-01 3.571E-03
9.500E 01 4.000E-02 ,

9.900E 01 1.200E-01

Table C-18
BWRs: Barium, Dry. Cavity

,

Cumulative VgJzh1 Final Distribution

1.000E 02 4.668E 05
5.000E-02 3.377E-04
2.500E 01- 7.077E-03
5.000E-01 6.120E-02
7.500E-01 3.874E 01

19.500E-01- 6.' 500 E - 01
- 9.900E-01 9.200E-01

Table C 19
BWRs: . Barium, Vet Cavity

Cumulative Weight Final Distribution

- 1.000E-02 1.877E-05
-5.000E 02 1.442E-04
.; 2,500E-01 3.438E-03
5.000E-01. 3,152E-02
.7.500E-01 2.382E-01.

9.500E 01 6'.000E-01
9.900E-01 8.800E-01-

5.4-61
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2. PVR Results

A, Base Case Distributions for PWRs

Some f of' the - data used by Expert C to generate the base case
distributions are presented in Table C-20 (Surry), Table C-21 !

(Zion), and Table C 22 (Sequoyah), ,

The base distributions for Surry were built using calculations in4

BMI - 2139, c-1 BMI- 2160c-2 . and some sensitivity calculations by Dave
Bradley. The expert also considered some of the high release
fractions calculated in BMI-2104,c-3

Af ter __ evaluating the Zion data he _ noted that some release
fractions tended-to be higher than those in recent Surry. analyses,

- but the scenarios - were ' different and direct comparisons of the
results may-_not be appropriate. Running Surry TMLB' calculations
with-a LS/CS concrete - resulted in releases similar to those for
calculations using basaltic concrete with the exception of the
lanthanum and- cerium releases, which were somewhat lower for the
LS/CS concrete. The expert therefore used the same base release
distributions for the Zion and Surry releases, The predicted
releases for Sequoyah tended to be higher than the-predicted Surry
releases. - Running the Surry TMLB' analysis with a limestone
concrete (as in Sequoyah) also yielded higher releases. Separate
base distributions were therefore used for Sequoyah.

The . base distributions used by the expert are presented in Figures
C-3 and C-4.

.

4
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Te: 1.0

0.09 0.12 0.29 0.42

Sr;

0.05 0.075 0.2 0.40

La:

1.0

0.2-----

1.4 (-4) 5 (-4) 5 (-3) 0.b11
0.04

0.2-----

3.5 (-4) 1 (-3) 7 (-3) 0.023 0.04

! Ba:

0.035 0.054 0.15 0.24

Figure.C-3. Distribution for Surry and Zion.
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Te:
1.0 1.0

0.14 0.28 0.45 0.6

Sr:

.

0.07 0.14 0.30 0.51

La:

3(-4) ' 6( 4) 0 013 0.052

Ce

- 7(-4) 1.4 (-3) 0.015 0.079

Ba:

0.05 0.1 0.25 0.25

..

. Figure C-4. D_istribution for Sequoyah.
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Table C-20
Previous Data on Core-Concrete Interactions

Release Fractions

.Surry-

Old- From BMI-2139 and
Surry BMI-2160 From Bradlev Calculations

. Tellurium 0.3-0.42 0.13-0.15 0.09 0 23; .29'

Strontium -0.08-0.34 -0,09- 0.086-0.155; 0.40*-

Ruthenium. 6(-7)-4(-9)

Lanthanum 2(-4)- .04 4.2(-3)-3.7(-3) 5( 4)-5(-3);.011*
Cerium 9(-4)-1(-3) 0.001 0.007;0.023*

IBarium' O.06 0.058-0.096;0.24*

* Maximum case.

Table C-21-

Previous Data <xt Core Concrete Interactions
Release Fractions

Zion

Surry TMLB' with LS/CS
From BMI-2139 Concrete

Tellurium 0;36-0.47- 0.114
.

u

| Strontium -0.10-0.34; 1.5(-4) 0.073
|-

Ruthenium- 9(-7)-3.9('-6), 2.4(-3)

; Lanthanum 5(-3)-7.4(-3)'; 8.7(-6) 1.4(-4)

Cerium 1.7(-3)-7.7(-3); 4.8( 7) 3.5(-4)

Barium 0.076 0.23; 1.5(-3) 0.050

5.4-65
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Table C-22
Previous Data on Core-Concrete-Interactions *

Release Fractions

Sequoyah.
-

From BMI-2139 'ACD- Surry TMLB'with_LS/CS
and BMI-2166 Results Concrete

Tellurium 0.3-0.7 0.22 0.28

Strontium -0.17-0.19 0.51 0.14

Ruthenium 2.5(-6)-6(-6) 8(-7)

Lanthanum 8.0(-3)-1.3(-2) 0.052 63(-4) '

Cerium- 5.6(- )-1.2(-2) 0.079 1.4(-3)
_

' Barium- 0.10 0.11. 0.27 0.11

B. .Subuncertainties Considered ~in PWRs

Seven PWR uncertainties were considered by the. expert which he felt
were not adequately. represented by the code calculations and
experimental results that made up the base case distributions. The-
R-values:and the: respective weights assigned to them for the seven=,

uncertaintiesiare presented below.
_

.. Uncertainty.in Zirconium Oxidation*-

The expert defined- the high :irconium cases as having 75%
unexidized metal remaining |in the debris and ine low zirconium
cases as 40% unoxidized metal remaining in th debris.

For the low zirconium case the R-is .707 for all radionuclides
except tellurium -R for tellurium - -822. The weight for this.

case--is 1.0.

For _ the high zirconium case the R is 1.414 for all
radionuclides except tellurium--R for tellurium 1.22. The-

weight for:this case-is 1.0.
,

Uncertainty in Condensed Phase Speciation*-

R-values and - weights are the same as given for the BWP
uncertainties.

5.4-66
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Uncertainty in Oxygen Potential*

R-values ' and weights ate the same as given for the BWR
uncertainties.

Ur;ertainty in Effect of Overlying Water*

R-values and. weights are the same as given for the BWR
uncertainties.

Uncertainty in Temperature*

R values and weights are the same as given for the BWR
uncertainties,

Uncertainty in Activity Coefficients*

R-values and weights are the same as given for the BWR
uncertainties.

Uncertainty in Free Energy*

R-values and weights are the same as given for the BWR
uncertainties. The changes to the VANESA data base were also
treated as was done for the BWRs,

C. Final PWR Distributions

The final. release fraction distributions are presented in Tables
C-23 to C-62.

Table C-23
Surry and Zion: Tellurium, Dry Cavity, Low Zr

Cumulative Weicht Final Distribution
.

1,000E-02 4.663E-03,.

5.000E-02 1.252E-02
2.500E-01 7;827E 02
5.000E 01. 2.863E 01,

7.500E 01 7.494E 01
9.500E-01 9.200E-01
9.900E-01 9.800E-01
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Table C-24'
Surry and-Zion: Tellurium, Vet Cavity, Low Zr

: Cumulative Veight Final Distribution

1.000E-02 1.212E-03
5.000E-02 4.718E 03
2.500E 01- 3.739E-02 j
5.000E-01 1.643E-01 - '

7.500E-01 5.450E-01
9.500E-01 9.000E-01 ,

9.900E-01 9.700E-01 '

Table C-25
Surry and Zion: Tellurium, Dry Cavity, High Zr

_ Gumulative W(icht Final Distribution

1.000E 02 6.963E-03
-5.000E-02 1.867E-02
-2.500E-01 1.147E-01
5.000E-01 3.961E-01
7.500E 01' 8.737E-01
9.500E 01 9.300E 01
9.900E-01 9.900E-01

-

Table C 26
Surry and Zion: Tellurium, Wet Cavity, High Zr

Cumulative Weicht Final Distribution

1.000E-02 1.811E-03
5.000E-02- ~7.046E-03
2.500E-01 5.538E 02
5.000E-01 2.353E-01
7.500E-01 6.919E 01
9,500E-01' 9.200E-01

-9.900E-01' 9.800E-01'
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Table C 27
Surry and Zion: . Strontium, Dry Cavity,- Low Zr

Cumulative Veicht final DistributiqD

1.000E-02 1.963E-06
5.000E-02 1.527E-05
2,500E-01 6.914E-04
5;000E 01 1.346E-02
7.500E-01 1.311E-01
9.500E-01 4.500E-01 1

9.900E-01 8.000E 01

Table C-28
Surry and Zion: Strontium, Vet Cavity, Low Zr

Cumulative Veicht Final Distribution

1.000E-02 8.435E-07
5.000E-02- 7.172E-06-

=2.500E-01 3.320E-04
5.000E-01 6.620E-03
7.500E-01 7.620E-02
9.500E-01 4.000E-01
9.900E 01 7.500E-01

Table C-29'

Surry and Zion: Strontium, Dry Cavity, High-Zr
.

Cumulative Veicht -Final Distribution

1.000E-02 3.925E-06
5.000E-02- 3.055E-05-

2.500E-01 1.382E-03
-5.000E-01' 2.674E-02
7.500E-01- 2 450E-01
9.500E-01- 6.000E-01
9.900E-01 9.000E-01
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-Table C-30
Surry_and Zion: Strontium, Vet Cavity, High Zr

Cumulative Veicht -Einal Distribution

1.000E 02 1.687E-06
5.000E-02 1.434E 05
2.500E-01 6.641E-04
5 '. 000 E- 01 ' 1.320E-02

-7.500E-01 1.466E 01
9.500E-01 5.000E-01= - -

9.900E-01 8.500E-01

,

Table C-31 :

Surry and Zion: Lanthanum, Dry Cavity, Low Zr

.

Cumulative Weight Final Distribution

1.000E-02 1.060E-08
5.000E-02 9.621E-08
2.500E-01 5.000E-06
5.000E-01 7.100E-05

:7.500E-01' 1.000E 03
9.500E-01 3.000E-02
9.900E 01 1.000E-01

Table'C-32
-Surry and Zion: Lanthanum, Vet Cavity, Low-Zr

1-
,

Cumulative Weicht Final Distribution

1,000E-02 4.361E-09
:5.000E 02- 4.122E-08
2.500E-01 1.226E-06
5.000E-01 1.382E-05

.

-7.500E-01- 1,498E-04

9.500E-01 3.990E-03
9.900E-01- 3.226E-02

,

4

d

h ..
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Table C 33
Surry;and Zion: Lanthanum, Dry Cavity, High.Zr

Cumulative Veicht Final Digiribution

1.000E-02 2.120E-08
5,000E-02 1.924E-07

-2.500E-01- 4.994E-06
5.000E-01 7.100E-05
7 500E-01 1.000E-03.

9.500E 01 3.000E-02
9.900E-01 1,000E-01

Table C-34
'

'Surry and' Zion: Lanthanum, Wet Cavity High Zr

Qumulative Weicht Final Distribution

1.000E-02 8.722E-09
5.000E-02 8.243E-08
2.500E-01 2.452E-06

'5.000E-01 2.764E-05
7.500E-01 2.997E-04
9.500E-01 7.963E-03
9.900E 01 5.000E-02

Table C-35
Surry and Zion:. Cerium, Dry Cavity, Low Zr-

Cumulative Weight Final Distribution
.

.1.000E-02 9.385E-08
5.000E-02- 5.729E-07-

12 500E-01 1.173E-05
.5-000E-01 1.070E-04.

7.500E-01 1.035E-03
9.500E-01 3.000E-02

-9.900E-01- 1.000E-01

5.4-71
,

_ , e -- ,,. a ,



. . . - . . . - .

Table C 36
Surry and Zion: Cerium, Vet Cavity, Low Zr

Cumulative Weicht -Final-Distribution

1.000E-02 3.001E-08
5.000E-02 2.319E 07
2.500E-01 5.563E-06
5,000E-01 5.531E 05

~7.500E-01 5.745E 04
9.500E 01 1.694E-02
9.900E-01 8.000E 02 ,

Table C 3i-
Surry and Zion: Cerium, Dry Cavity, liigh Zr

~ Cumulative Weicht Final Distribution

1.000E-02 1.877E-07
5.000E-02 1.146E-06

-2.500E-01 2.346E-05
5.000E-01 2.140E-04
7.500E-01. 2.068E 03
9.500E-01 5,420E-02

9.900E 01 1.500E-01

'

Table C-38
-Surry and Zion: Cerium, Wet Cavity, High Zr-

Cumulative Weicht Final Distribution

-1.000E-02 6.002E-08-
5.000E-02- .4.638E-07-
2.500E-01 1.113E-05
5.000E-01 1.106E-04

17.500E 01 1.148E 03
- 9.500E-01 :3.360E-02-

9.900E-01' 1.000E-01
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-Table C 39
Surry and Zion: Barium, Dry Cavity, Low Zr

_-

Cumulative Weicht Final Distribution

1.000E-02 1.057E 05 '

5.000E 02 8.334E 05
2.500E-01 1.624E-03
5.000E-01 1.426E-02
7.500E 01 9.923E-02
9.500E-01 3.500E-01

'9.900E-01 7.000E-01
4

Table C 40
.Surry and Zion: - Barium, Wet Cavity, Low Zr

Cumulative Weicht Final Distribution.

1.000E-02 4.779E-06
.5.000E-02-- 3.556E 05
- 2.-500E-01. 8.027E-04
5.000E-01 7.198E-03
7.500E-01 5.740E-02
9.500E-01 3.000E-01
9.900E 01 6.500E-01

Table C 41
Surry_and Zion: Barium, . Dry ' avity, liigh Zr

Gymulative Weight- .E,inal Distribution

i1.000E-02- 2.113E O5
5.000E-02 1.667E 04,

2.500E-01 3 246E-03
' = .5.000E-011 2.831E-02

7.500E-01c 1.886E 01
i. 9.500E 01 -5.000E-01

9:. 900E-01 8.500E 01,

|
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Table C 42
Surry and Zion: Barium, Vet Cavity High Zr

Cumulative Weight Final Distribution

1,000E 02 9.558E-06
5.000E-02 7.113E 05
2.500E-01 1.604E-03
5.000E-01 1.434E-02
7.500E-01 1.115E-01
9,500E-01 4.000E 01

- 9.900E 01 8,000E-01

Table C-43
Sequoyah: Tellurium, Dry Cavity, Low Zr

Cumulative ~ Weir.ht Final Dig 1LJbution1
|-

1.000E 02 8.581E-03
5~.000E-02 2.312E 02
2.500E-01 1,399E 01

' 5.000E 01 4.628E-01
7.500E-01 8.500E-01
-9.500E-01 9.500E-01
9.900E-01 9.900E-01

.

Table C-44
- Sequoyah: Tellurium, Vet Cavity, Low Zr

Cumulative Velebt Final DistributloD

1.000E-02 2.249E-03
5.000E 02 8.677E-03
2.500E 01 6.766E 02-
5.000E-01 2.782E-01
7.500E-01 7.642E-01
9.500E-01 9.300E-01
9.900E-01 9.800E 01

|
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Table C-45
Sequoyah: Tellurium, Dry Cavity, High Zr

Gymulative Weight Final Distribution

1.000E-02 1 280E-02
5.000E-02 3.437E-02
2.500E-01 2.017E-01
5.000F-01 6.050E-01
7.500E 01 9.200E-01
9.500E 01 9.700E-01
9.900E 01 9.900E-01

_

N

Table C 46
Sequoyah: Tellurium, Wet Cavity, liigh Zr

Cumulative Weicht Final Distribution

1.000E 02 3.3 cog.c3
5.000E-02 1.295E-02
1.500E-01 9.945E-02
5.000E-01 3.858E-01
7.500E-01 8.847E-01
9.500E 01 9.500E-01
9.900E-01 9.900E-01

~

Table C 47
Sequoyah: Strontium, Dry Cavity, Low Zr

Cumulative Weicht Final Distribution

1.000E-02 3.056E-06
5.000E-02 2.401E-05
2.500E-01 1.060E-03
5.000E-01 2.078E-02
7.500E-01 1.952E-01
9.500E-01 5.500E-01
9.900E-01 8.500E-01
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Table'C.A8-
Sequoyah:-Strontium, Wet Cavity, Low Zr

Cumulative Weicht final Distribution

l'000E-02 1.327E-06
5.000E-02 1.124E 05
2.500E-01= 5.133E 04
5.000E-01 1.023E 02

.7.500E-01 1.156E 01
9.500E-01 4.700E 01
9.900E-01 8.000E-01

Tabic C-49
Sequoyah: Strontium, Dry Cavity, High Zr

Cumulative Weight- Fina! Districution

1.000E-02 6.112E-06
5.000E 02~ -4.802E-05
2.500E-01 2.119E-03
5.000E-01 4.112E-02
7.500E 01 3.523E-01
9.500E-01 7.000E-01

'- 9.900E 01- 9.500E-01
-

4

Table C-50
Sequoyah: Strontium, Wet Cavity, High Zr

Cumulative Weight Final Distribution

1.000E-02. 2.653E 06
5.000E-02- 2,248E 05

2.500E-01- 1.026E.'03
5.000E-01 2.035E-02

-7.500E-01 2.178E-01
'9.500Ee01 6.000E-01
-9.900E 01- 9.000E 01

-=.
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Table C-51

Sequiya!- Lanthanum, Dry Cavity, Low Zr

J
' ' "Cumulative Weicht Final Distribution

1.000E-02 1.999E-08
5.000E-02 1.917E-07
2.500E-01 5.220E-06
5.000E-01 7.100E-05
7.500E-01 1.000E-03
9.500E-01 3.000E-02
9.900E-01 1.000E-01

Table C-52
Sequoyah: lanthanum , det Cavity, Low Zr

Cumulative Weinht final Distributian
1.000E-02 8.657E-09
5.000E-02 8.404E-08
2.500E ' 2.566E-06
5.000E-i 2.963E-05
7.500E-01 3.342E-04
9.500E-01 9.075E-03
9.900E-01 4.000E-02

Table C-53
Sequoyah: Lanthanum, Dry Cavity, liigh Zr

Cumulative Weicht Final Distribution

1.000E-02 3.999E-08
5.000E-02 3.835E-07
2.500E-01 1.044E-05
5.000E-01 1.130E-04
7 . 5 00 E - O '. 1.189E-03
9.500E-01 3.028E-02
9.900E-01 1.300E-01
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Table C-54
-Sequoyah: Lanthanum, Vet Cavity,liigh Zr

Cumulative Veight Final Distribution

1.000E 02 1.731E-08
-5.000E-02 1.681E-07
2.500E-01 5.131E-06
5.000E-01 5.927E-05
7.500E 01 6.683E-04
9.500E-01 1.300E-02
S.900E-01 8.000E 02-

_

d

Table C-55
Sequoyah: Cerium, Dry. Cavity, Low Zr

Cumulative Weir.ht Einal Distribution

_15000E 02 1.813E-07
5.000E-02' 1.109E 06 1

2.500E-01~ 2.280E 05
5.000E 01- 2.117E-04

'7.500E-01 2.082E 03
-9.500E-01 5.582E-02
9.900E-01 1.500E 01

Table C-56
"

Sequoyahi Cerium, Wet Cniity, Low Zr

-Gumulative Veight Final Distribution

1,000E-02 .5.597E-08
5,000E-021 4.384E 07--

12.500E-01 1.088E 05
5.000E-01 :1.097E-04
7.500E-01 -1.156E-03
9.500E-01 3.470E-02'
9,900E 01 1.100E-01
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Table C-57
Sequoyah: Cerium, Dry Cavity, High Zr

Cumulative Weicht Final-Distribution-

1.000E-02 3.625E-07
5.000E 02 2.217E-06
2.500E 01 4.560E 05
5.000E-01- 4.235E-04
7.500E-01 4.160E-03
9.500E-01 1.085E-01
9.900E 01 2.000E-01

Table C,58

Sequoyah: Cerium, Wet Cavity, High Zr
,

Cumulative'Weicht Final Distribution

1.000E-02 1.119E-07
5.000E-02 8.768E-07
2.500E-01- 2.176E-05
5.000E-01 2.193E-04
7.500E 01 2.310E 03'

9.500E 01 6.820E-02
9 -. 900 E- 01 1.500E-01

Table C-59-

Sequoyah: Barium, Dry Cavity, Low Zr,

- Cumulative Weicht Einal Distribution

1.000E-02 1.829E-05'
-5:000E-02 1.402E 04.

2.500E-01 2.782E-03
5.000E-01- 2.437E-02 -

7.500E-01 1.661E-01
9.500E-01 4.500E-01

m 9.900E-01 7.700E-01

i
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Table C-60 -

-Sequoyah: Barium, Wet Cavity. Low'Zr

Cumulative Weicht Final Distribution

1.000E 02 7.975E-06
5.000E-02- 6.019E 05
2.500E-01 1.375E 03
5,000E-01 1.233E 02

'

'7.500E-01 9.726E-02
9.500E-01 4.000E 01
9.900E-01 7.000E 01

Table C-61
Sequoyah: Barium, Dry Cavity, High Zr

Cumulative Weicht Final Qigtribution*

11.000E-02 3.659E 05
.5.000E-02 2.806E 04
.2.500E-01 5.557E-03 ,

5.000E 01 4.814E-02'

7.500E-01 3.046E 01
'

9.500E-01: 6.000E 01
9.900E-01 9.000E-01

Table C-62-*

-Sequoyah: Barium, Wet Cavity, High Zr

Cumulative Weizht Final Distribution

.1.000E-02 1.595E-05
'

5.000E-02 1.204E 04.
2.500E-01 2.748E-03

:5.000E-01- 2.451E-02
'7.500E-01 1.851E-01
9.500E-01 5.000E-01 !

19.900E-01 '8.500E-01
-

:

5.4-80

. . -_ _ . _ ~ .



i

D. Cesium and Iodine Releases for BVRs and FVRs

VANESA almost always calculates 100% release; however, this expert
felt that nothing was ever 100%. The expert therefore provided the
distribution for cesium / iodine release fractions in Table C-63.

Table C-63
Release Fractions for Cs and I (all cases)

Release Fraction Release Fraction
Cumulative Weight No Vater Vith Wat er

0.01 0,01 0.003
0.05 0.1 0.05
0.25 0.75 0.60
0.50 0 90 0,80

0.75 0.95 0.90
'

0.95 0.99 0.97
O.99 0.999 0.995

E. Molybdenum and Ruthenium Releases for BVRs and FVRs

The molybdenum and ruthenium releases are grouped together as
ruthenium releases. The expert referenced VANESA calculation that
usually calculate small releases (typically <10-5) and John
Brockmaa of Sandia. VANESA can give a significant release if

> 1.0; this may overestimate the effect because it does notH 0/H22

treat Mo 4 Mo0 in the condensed phase. However, Brockman states2

that molybdenum is released in experiments with ox!de melts, but
not with metallic melts.

_

F. Since ruthenium seems extremely unlikely to volatilize during the
core concrete interaction, the releases of the '' R u " group are
generally not greater than the mechanical aerosol release. The
distribution is presented in Table C-64.

S.4-81
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Table C-64 '

Ru Croup Release (all cases).

i
- Release Fraction Release Fraction

Cumulative Veicht- No Water With Water

0.01 10-e 2 x 10 o (*)
0.05 10-7 2 x - 10-8 (*)
0.25 5 x 10-8 10-6 '(*)
0.5 7.1 x 10-5 1.4 - x 10-5 (?)
0.75 10-3 2 x 10'' (* )
0.95- 0.05- 0.03
0-99 0.25 0.15.

..

(*) Based on mechaaical| aerosol release; arbitrarily divided by 5
for net (7) case.

_

Sources of Uncertainty

*

The-R and V values'directly ref)ect the importance' Expert C assigned to the
uncertainties -- tha t he explicitly included in his decomposition tree
discussed-in connectian with Figure C-1. He felt that the dominant source

'

~ 'of uncertainty was _ phenomenological . uncertainty (including thermochemical
data uncertainties) --inn the models for CCIs and associated radionuclide
release. He: thought that the uncertainty " inherited" from the uncertain-
ties-in the-in vessel: analysis was significant but less than that associa-
ted with CCI.phenomenology. . Uncertainty resulting irom the need to group a
rangel of _ accident' scenarios in a _. single case might be nontrivial, but be
expected that it would 1 prove less than either the CCI phenomenological
uncertainty or the in-vessel " inherited" uncertainty.

Correlation with -Other Variabigg

Expert C_did not specify any correlations between FCCI and other variables,
other than the correlations defined by the case structur.

Surgested Methods for P. educing Uncertainty

-Expert C blieved 'that small scale thermochemical' experiments could prove
- quite' useful in reducing- the uncertaintles ' of condensed phase speciation,-

free energies of formation, and activity coefficients. The other
uncertainties reflect primarily uncertainties in the thermochemical'

boundary cenditions imposed upon the vaporization process. Reducing these
uncertainties: will require improvements to the mechanistic models for CCI
processes and the associated radionuclide releases. He felt that it might
be -quite difficult - to resolve some of the issues involved, such as the

|
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oxygen potential govetning vaporization t rotn the oxidic phase. lairly
large scale expen ittent s wit h melts having pr otot ypic chemi st ries (including
especially zirconFun-cont aining toelts) will be needed for code validation.
Expe ritnent s with prototypic tr.e l t s will also be needed to resolve such
questions as the effect of ove: ing water pools and mecharsic al actosol
generation; the latter, at least, tray rot require large =" ale experiments
(sinalle r scale experiments with gaa sparging inay be suffic..nt). Reduction
of the uncertainty " inherited" from the in vessel analysis obviously
requires irrproved roodeling of the in-vessel accident progression.

'I h r uncertainty related to concrete type in the % b could be resolved by
definit ely det ermining the concrete type and then rerunning at least come
of the STCp calculations with the correct concrete type. (The expett felt
that there har, been so touch confusion as to concrete type that it ro i gh t be
necessary to analyze chemically a sample actually taken from the cavity
floor in order to be certain.)

5.4-83
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' - 5,5 ILeitase of Finden Products frorn Co nt a i ntme nt Lg r. . . S u1Iy . Zion.
Stauoyah. Peaci lanpto. . and Crand Cu11 KONV 6 FCONCt

Summary and Aggregation of Expert Fanel's Assessment of
Source Term Issue S- FCONV, FCONC

Experts consulted: Andrzej Drozd, Stone 6 Vebater Enginceting Corp; James ,

Cteseke, Battelle Hernorial institute; Thomas Kress, Oak Ridge National
Laboratory; Ben Y.11. Liu, University of Minnesota; David Williams, Sandia

|National imboratory. ;

Issue Descri I,10DE

This issue attempts to characterize the fraction of radionuclides released
to the containment atmosphere that would be released frois the contairunent ;

in a containment failure. Radionuclides arising from two sources are
considered: those - released to the contairunent atmosphere at or before
vessel breach and- those' released to the containment atmosphere subsequent
to vessel breach because of core-concrete interactions (CCIs).

.

The fractiotv associated with these two sources are referred to as FCONV
and FCONC, where

FCONV - mV t/tnV n,

mV - rna ss (kg) of a radionuclide (or radionuclide class) releasedin

from the vessel to the containtnent atmosphere at or before
vessel breach;,

+

mV - mass (kg) of a radionuclide (or radionuclide group) releasedout

from ti a vessel to the containment atmosphere at or before
vessel breach that is subsequently released frora containment;

and

FCONC - mCoot/mCin;

mCin - - mass (kg) of a radionuclide (or radionuclide group) released to
the contairunent atinosphere af ter vossal breach because of CCI;

mC - mass (kg) of a radionuclide (or radionuclide group) released tooot

the containment atmosphere af ter vessel breach because of CCI
- that is subsequently released frota the contairement.

_. -

Values for FCONV and FCONC will be deterinined for a number of dif ferent
casert involving both FVRs and BWRs. The following terrninology is used in
conjunction with these cases. For FCONV, "early" means at or before vessel i

breach, and " late" means at least 3.5 h after vessel breach (nominally 6 h '

af ter vessel breach) . For - FCONC, "early" means before the start of CCI,

5.5 1
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and " late" means after the bulk of CCI has occurred (taken to be about
3.5 h after the start of CCl), cont a itute nt failures are divided into leaks
and ruptures, A " rupture" is a u.un e d to be a breach in the eent a i tute nt
sufficient to depressurl e the c ont a it ute nt in 2h or less. A " leak" is

assumed to be a breach in the c ont a i tute nt that is larger than the design
leakage and would arrest slow pressurization but would not deprensurize the
containment in less than 2 h. As such, leaks correspond to hole sires of
about 0.1 f t r , and ruptures correspond to hole sizes of about o 3t2 to>

m). Ca t a r,t rophic ruptures in which a large ot of the27 it2 (0.65
contalturent boundary is completely dest royed are not considered. Le aks that
are so small that containment pre n uri: at ion would not be arrested or
substantially slowed ate also not considered.

_

The following 16 cases were selected for considerat. ion:

Case 1: FCONV, PVR, Early conta itutent Leak
Case 2: FCONV, PVR, Early Cont ainment Rupture
Case 3: FCONV, PVR, Late Co n t a i t ure nt Rupture
Case 4: FCONV, Sequoyah, Eat ly Rupture in lower Compart.nent or Ice

Condenser
Case $; FCONV, BVR, Eat ly Cont ainment Rupture
Case 6: FCONV, bVR, Early Containment heak
Case 7: FCONC, PVR, Early Containment leak
Case 8: TCONC, PVR, Ea rly Containttent Rupture
Cs e 9: rCONC, PWR, hate Containment Rupture
Ca 10: FCONC, PVR, Sequoyah, Early Rupture in Lower Compartroent or

Ice Condenser
Case 11: FCONC, BVR, Early Containment Leak , Saturated Pool
Case 12: FCONC, BVR, Early Conta irutent Leak, Subcooled Pool
Case 13: FCONC, BWR, Early Cont ainment Rupture, Saturated Pool
Case 14: FCONC, BVR, Early Contaitunent Rupture, Subcooled Pool
Case 15: FCONC, BVR, Late Cont ai ture nt Leak _

Case 16: FCONC, BVR, La te Cont aitutent Pupture

The values for FCONV and FCONC in the preceding caset are characterized
without the inclusion of the effects of engineered safety features such as
containment sprays, suppression pools, or ice condensers. Also, the

possible effect of overlying water pools in scrubbing or "uenching CCIs i t.,
t.o t considered. Similarly, the etfeet of passage through other buildings
after leaving the containment is not included. All the above ef fects will
be considered elsewhere in the integrated analyses.

Sa%31y o f R a t i ormlr

Expert A relied on A Peference GMde on_ftvrIn Accidtpy , (an unpublished
document that compiles insights from BM1-2104, NUREG/CR-4624, and NUREG-
1150) for rauch of his understand!ng of severe accident conditions. He used
BM1-2104 and BM1-2139 for estimates of the event t iining and thus residence
times. The expert grouped all the radionuclides together.

The most luportant factor in determining this issue is the residence time
of the aerosols in the containment; the longer the time before CF, the

smatter the release rate Everything else is secondary, even the

5.5-2
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difference between whether the failure is a leak or a rupture. The expen I

felt that the values applied to FC0!N and FCONC should be the same, l

The opposing eff. cts of agglomeration and sedimentation on release rates
for difftrent dynamic shape factors reduces the importance of variance in
the dynamic shape factor. " Fluffy" particles have higher settling rates,
but they do not coagulate as quickly as smaller particles. Small particles
do not resuspend, do coagulate, but do not settle out.

Expert A does not distinguish between the volatiles and the refractory
groups. The reason for this is that a sl nificant fraction of the6
volatiles are released from the luel before vessel breach and are deposited
on the _ surfacea of the reactor coolant system. The refractories are
released from the %el at a slower rate and a significant fraction are
released after vessel breach and have a direct pathway to the containment.

The expert stated that the aeror.ol concentration in the containment dropped
dramatically in 1 to 2h and did not change much af ter t h a t. . The
additional humidity does not make much difference in FCONC and FCotW. The

' humidity makes particles more compact. Because they are more coropact, they
settle out faster, but do not a ggi orne ra t e as fast. Differences in
containnev+. construction do not make much difference , and fission product
releases in BVRs should be as similar to those in PWRs.

Expert B used NAUA calculations done in conjunction with STCP eniculations
as a basis for his results, lie took numbers from NAUA output as well as
reports.

.

To distinguish between FCONC and FCONV, values for PI (particle source in
vessel) and PE (particle source ex. vessel) provided by NAUA were
considered. He also considered values for cerium that only come from the

,

CCI release.

For practical considerations, only xenon, iodine, cesium, and tellurium
were considered for RCS release (FCotW), and only tellurium, strontium,
lanthanum, = cerium, and barium are considered for ex vessel (CCI) release

_

(FCONC). The expert also considered the BNL uncertainty study, a
calculation - by Ed Fuller (EPRI) for Peach Bottom, CONTAIN calculations by7
Expert C. and MELCOR calculations.

' The expert's distributions are intended to include uncertainties from:

Surface area (deposition area or compartment height);e

-Natural circulation;e

_

. _ _ llygroscopic - na ture of aerosols (primarily iodine and cesiume
,r,roups);

Particle shape factors (not big effect);*

i;2 burn,e

e Residence time.
I

Expert C examined available code calculations relevant to aerosol / fission
product behavior in the_ containment and as released from it. In most
cases, these calculations were performed with the STCI- or CONTAIN codes.

5.5 3
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The expert developed a base dir.tribution for FCONV and FCONC from the code
results, and then modified these base distributions to include the effect
of factors not considered by ..e codes.

The uncertainties not well represent ed by the raege of the available code
calculations were factored into the distribution with the use of scale
factors to account for effects involving factors such a r, acrosol
agglomeration, steam condensation, acrosol source strength, timing, shape
factors, and containment volume. The final distributions were modified if
they did not agree with the expert's intuition.

Expert D considered calculations performed in the CREST exercise , by SNL
and by the American Nuclear Society (ANS). He also assessed the following

~

factors listed or discussed below that could affect FCONV and TCONC.

1. Aerosol Charar' 'es:.i

Shape Fact *: s*

* Distributiou

Densityo

2. Residence Time (ANS pain.%tric study showed a factor of 10 decrease
in airborne fission preducts in 2 h):

* Size of breach
Timing of Breach.*

3. Multicompartmentation (ANS parametric study and KfK DEMONA
experiments show an effect of about a factor of 1.6.).

4. Ef f ective ileight (STCP and Stone and k*ebster studies r.how effect to
be a factor of about two to five). ,

5. Therrnodynamic State of Atmosphere:

Superheated*

Saturated (condensing)*

6. liygroscopicity (IE E experiments show that if effect is present, it

can be dotni nant ) .
i

7. 11 Burn (affects 2 and 5 above, increases leakage by a f actor of2

two).

Expert E used the EPRI modified FAI simplified acrosol algorit.hm and
conducted an independent uncertainty analysis. The expert directly varied
the following parameters in his uncertainty analysis:

1. Containment leak rates (including condensation onto walls),

2. Aerosol. source rates,

5.5-4
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3. Geometry (particularly effective containment height and containroent
volume),

4. Aerosol form factors (gaituta and chi) .

To study the ittpac t of the timing and tnode of containment failure, he
varied the containment failure t itte and leak rates , assuming choked flow
from containment failure sizes of 0.1 fta to 7 fta, He also considered
pre-existing leakage, steam condensation onto walls, and the ittpact of pool
flashing in his calculations.

The expert considered three sources of aerosols in his analysis:

1. Aerosols released directly from the RCS (in BVRs the aerosols were
passed through a seppression pool in most of the cases);

2. CCI aerosol releases;

3. Releases from the flashing of the suppression pool.

In the study, the expert assumed that t.he horizontal surface area available
for deposition was the rme a n cross-sectional area of the containment
multiplied by two. lie varied this value from one to three in his
uncertainty analysis.

The expert used BNL QUEST study values for aerosol from factors for input
into his analysis.

It is the expert's opinion that the timing and mode o f contaivutient failure
are the major sources of uncertainty. He also holieves that the level of
turbulence in c ont a i ntme nt , as it affects agglomeratlon, is an important
uncertainty (he could not inodel this uncertainty explicitly) . -

The expert based much of the infornation in his sensitivity studies on EPP.I
research on empirical aero-ol correlations. A basic assumpt. ion made by
Expert E was that FCONV applies uniformly to all fission products frotn the
RCS (except for the noble gases), and FCONC applies uniformly to fission
products released dur'ng CCI.

Method of AggteraLLen

Eighty-two subcases were generated when all the distinguishing parameters
were taken into account. The parameters by which the original 26 cases
were subdivided are listed below:

1. Plant difference (Surry, Sequoyah, Zion, Peach Bottom, Grand Cu'.f.
and La Salle);

2. Vet and dry cavities f or the 1"w'Rs,

3. Containment failure in the upper and lower compartment for
Sequoyah;

5.5 5
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4. Saturated or subcooled suppression pool for the BVRa;

-5. Different radionuclide groups (radionuclide groups were classified
together in many cases; the following radionuclide groups were
classified together for some subcases: (a) tellurium, and ruthenitun
(b) the refractories, (c) the volatiles, (d) the nonvolatiles, (c)
strontium, and lanthenum, and (f) lanthanum, c e r itun , and bariuta.

The data were entered into a computer program which interpolated linearly
between the given points. For each value of FCONV or FCONC, the average
fractile was calculated, and an average curve was constructed. The
resultant distributions were used to select values for FCONV and FCONC for
use in the SOR codes. -

Accregated lesults

Logically grouped, the results of the calculations for all 82 cases are in
Tabic __S.1-and Figures 5 1 to 5 34,

t
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Case 6: PD, Subcooled Pool Case 6: PB, Saturated Pool
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' Case -7: Seq., Dry Cavity Case 7: Seq., Dry Cavit
(1, Cs) (Te, Sr, Ru. Lo, Ce, Bof

.1.00 y _ 1.00 ; -

_

y ,/
' fy i

t
EE 0.75 -- != 0.75-
S / S2

S. .g L .
0.50- 0.50- e

> >
0

~3 ~0

E .25 - r 3
E .25 -

d -d
.

0.00! .~ , , , 0.00 ' -

. . .0.00 0.25' O.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00." FCONC FCONCw

}. Case 7: Seq., Wet Cavity Case 7: Seq., Wet Cavity
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Figure 5-17. Case 7: Sequoyah, Dry and Vet Cavity.
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Case 8: Zion Case 8: Surry 1

1
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E Case 8: Zion Case 8: Sorry
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Figure 5-18. Case 8: Zion (left) and Case 8: Surry (right).
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Expert A's Elicitation

Release of Fission Products from Containment ;

for Surry, Zion, Sequoyah, Peach Bottom, and Grand Gulf
FCONV and FCONC

Descrintion of Expert A's Rationale /Methodolorv

Expert A thinks that the dynamic shape factor has canceling effects.
" Fluffy"_ particles have higher settling rates, but they do not coagulate as
quickly_as do smaller particles. Small particles do not get resuspended,
but do get coagulated and do not settle out. The most important factor in
determining this issue is thus the residence time of the aerosols in the
containment. Everytning else is subt. idi a ry , including the size of the-
containment failure.

1

The-expert relied on ttErference Cuf de on Severe Accidents for much of his
understanding-of severe accident conditions and used BMI.210441 and BMI-
2139A 2 for estimates of - the event timing and thus residence times. The
expert also grouped all the radionuclides together.

Expert A estimated the values of FCONC at probabilities of 0.001, 0.5, and
0.999. The 0.25 and 0.75 fractiles are to be calculated by the project as ,

the geometric averages of the adj acent 0.001 and 0. 5, and 0.5 and 0.999 '

values, respectively. An implication of taking geometric averages is that
some probability distributions for the value of FCONC or FCONV are bimodal.
The expert felt that this was a reasonable representation of his judgment.

Cases 1 & 2. The only difference between Cases 1 and 2 is the
depressurization time and thus the residence time. The expert estimated

'.

that the release rate would he increased, so FCONV vould be increased.
Cesium, iodine, and cesium iodide are more volatile than the other fission
products and will come out of the fuel earlier. They would then be
deposited in the vessel. After that, those fission products that are moro
difficult to remove from the fuel come out of the containment, but they are
deposited in the vessel more slowly. Thus, no distinction was made between
the volatiles and the refractory group. The values of FCONV and FCONC are
the same.

Case 3. Failure is some hours after vessel breach. Expert A assumed 24 h,
Although it was explained to the expert that 4 to 12 h is more typical, he
did not think the difference was important. The aerosol concentrati,ns
drop dramatically in 1 to 2 h and do not change much thereafter. The most
important parameter is timing.

Case 4. The expert believed that the results should be the same as those
for Case 2.

Case 5. Differences between this case and others for the presence of water
| were pointed out to the expert. He believed that the additional humidity
| does not make much difference in FCONC, The humidity makes particles
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b compact, and they settle out faster; but they do not agglomerate as fast..
Differences in containment construction do not make touch dif ference.

Case 6: The expert believed that the results should be the same as those
for Case $.

Cases 11 to 16: Fission product releases should be similar in BVRs and in
pVRs.

Results of Expert A's Elicitation

The results of the Expert's elicitations are given in Table A 1. _

-Table A-1
Expected Value of FCONC.FCONV

Cumulative-Probability

ragg -0.001 0.250 M Q.Q 0.750 _QR

-1 0.05 0.15 0.5 0.63 0.8
2 0.15 -0.32 0.7 0.79 0.9
3 1. E 6 3.2E-6 1.E-5 -3.2E 5 1.E 4
4 0.15 0.32 0,7 0.79 0.9
5 0.15 0.32 0.7 0.79 0.9
6 0.05 0.15 0.5 0.63 0.8
7 0.05 0.15 0.5 0.63 0.8
8 0.15- 0.32 0.7 0.79 0.9
9 1.E 3 3.2E 3 1.E 2 3.2E-2 0.1
10 0.15 0.32 0.7 0.79 0.9
11 0.05 0.15 0,5 0.63 0.8
12 -0.05 0.15- 0.5 0.63 0.8
13 0.15 0.32 0.7 0.79 0.9
14 0.15 0.32 0.7 0.79 0.9
15 1.E 3 3.2E-3 1.E 2 3.2E 2 0.1
16 1.E 3 3.2E-3 1. E 2 3.2E-2 0.1

Sources of Uncert.Aluly

The timing of events, especially the time of rupture, is the'most important
source of uncertainty,

Correlations with Other Variables

Correlations with variables other than the timing of important events was

not discussed.
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Succested Methods for Reducine Uncertainty

Code calculations that resolve the timing of events would significantly |
decrease the expert's uncertainty lei the fission product release.

,

t

,

'
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Expert B's Elicitation |

Release of Fission Products from Containment
for Surry, Zion, Sequoyah, Peach Bottom, and Grand Gulf

FCONV and FCONC

Description of Expert B's Rationale / Methodology
,

Expert B provided the following description of his methodology for
assessing TCONV and FCONC:

"Used as main basis NAUA calculations done in conjunction with STCP .
calculations. Took numbers from NAUA output as well as reports.'

To distinguish between FCCNC and FCONV, values for P1 (particle source
in vessel) and PE (particle source ex-vessel) which NAUA provides were
considered. Also values for Ce which are entirely from CCI release.

For practical considerations, only Xe, I, Cs, and Te are considered for-

RCS release (TCONV), and only Te, St, Ru, La, Ce, and Ba are considered
for ex vessel (CCI) release (FCONC).

Took into account Brookhaven uncertainty study, Ed Fuller calculation
for' Peach Bottom (letter to Dave Williams dated 3/14/88), calculations
noted Cases 54 ' and 55 from revised Dave Williams calculations with
CONTAIN, and SAND 86 2129C report on MELCOR calculations.

Ranges are intended to include uncertainties from:

1. ' Surface. area (deposition area or compertment height);
2. Natural circulation;
3. Hygroscopic nature of aerosols (primarily I and Cs groups);-
4. Particle shape factors (not big effect);
5. H2 burn;
6. Residence time."

Results of Egnert B's Elicitation

The results of the elicitation are given in Tables B-1 to B-16.

Sources of Uncertainty

The expert indicated -that his 1 uncertainty ranges were in_ tended to ___ include
surface area (deposition area or cenipartment height), natural circulation,
hygroscopic nature of aerosols (primarily iodine and cesium groups),
particle. shape factors (not a - big ef fect), hydrogen burns, and residence
time (a factor of 2 effect).

Correlations with Other Variables

Within each of the 16 cases, all variables are assumed to have a rank
correlation of 1. No other correlations were indicated.
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Succeeted Methods-for Reducing Uncertainty
,

No specific suggestions were made for reducing the uncertainty in the
elicited variables.

Table B.1
1:. licitation Results for Case 1: FC0!N, WR, Early Contairment Leak *

,

Ounntiles

Release Classna 0.001 0.25 L.10 0.75 0.999

Xe -, Kr- 1.00 1.00 1.00 1.00 1.00
I, Br 0.001 0.01 0.08 0.13 0.30

,

Os, Rb= 0.001 0.01 0.08 0.13 0.30
Te, Sb, Se 0.001 0.01 0.08 0.13 0.30

S r** 0.001 0.01 0.08 0.13 0.30
Ru Rh** - 0.001' O.01 0.08 0.13 0.30 ,

La , - Zr * * 0.001 0.01 0.08 0.13 0.30
Ce , Pu" 0.001 0.01 0.08 0.13 0.30
Ba * * 0.001 0,01 0.08 0.13 0.30 -

*Particular consideration given to following NAUA calculations from BMI-.

Vol. 8: Zion THLB' high Ic ak. , Surry TMLB' - high leak, Sequoyah2104,.
TMLB ' y . 8-1 '
**Quantiles not_ supplied by expert; assumed to be same as for 1.

.

i
,

p
(=

|.

i.

!

|

t-

5.5 66

_ _ _
__________.___._._u.______..._________.-._, ._ _ ._. _ ..__ - . _ _._- ._, - _



_ ~ _ .._ . _ . _ _ _ . _ - . _ . _.__ - _ _ _ . . . __.-~______....-..m._- -

Table B 2
E11 citation Results for Case 1: FCONV, PWR, Early Containment Rupture *

Ouantiles !

!
Release Classes 0.001 22 DJ 02 0.2L9

Xe, Kr 1.00 1.00 1.00 1.00 1.00
I, Br 0.30 0.50 -0.70 0.75 0.85
Cs , Rb** 0,30 0.50 0.70 0.75 O.85
Te, Sb , Se** 0.30 0.50 0.70 0.75 0.85

Sr" 0.30- 0.50 0.70 0.75 0.85 '

Ru , Rh" 0.30 0.50 0.70 0.75 0.85
La , Zr** 0.30 0.50 0.70 0.75 0.85

. Ce , - Pu" 0.30 0.50 0.70 0.75 0.85
Ba" 0.30 0.50 0.70 0.75 0.85

*Particular consideration given tc fellowing calculations: Zion S DCF72

(NUREG/CR 4624),s2 Surry AG6 (NUREG/CR-4624), Surry TMLB' 6, (special_ '

calculation done with STCP but condensation turned off, used BMI-2104 input
for NAUA).
"Quantiles not supplied by expert; assumed to be same as for I.

.

.

Table'B 3
Elicitation Results for Case 3: FCONV, PWR, Late Containment Rupture *

Ouantiles

Release Classes 0.001 p.,11 DJ Q2 0.999

Xe , Kr. 1.00 1.00 1.00 1.00 1.00
I, Br 0.001 0.02 0.05 0.15 0.30 -

Cs, Rb. 0.001 0.02 0.05 0.15 0.30
Te,-Sb,-Se 0.001 0.02 0.05 0.15 0.30

Sr" 0.001 0.02 0.05 0.15 0.30
' Ru , Rh" 0.001 0.02- 0.05 0.15 0.30
La , Zr" 0.001- 0.02 0.05 0.15 0.30
Co , _ Pu" 0.001 0.02 0.05 0.15 0.30
Ba** 0.001 0.02 0.05 0.15 0.30

*Particular consideration given to following NAUA calculations from
NUREG/CR 4624:n-2 Zion S DCFS), Zion S DCS).2 g

"Quantiles not supplied by expert; assumed to be same as for I.
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Table B-4 -i

Elicitation Results for Case 4: FCONV, Sequoyah, Early Rupture in |

Lower Compartment of Ice Condenser *

.|

Quantiles j

i

Release Cinnses 0.001 M D.JD 0 75 D_J33.

Xe,-Er 1.00 1.00 1.00 1.00 1.00
.1, Br 0.30 0.50 0.70 0.85 0.90
Cs, Rb 0.30 0.50 0,70 0.85 0,90

Te, Sb, Se 0.30- 0.50 0.70 0.85 0.90

S r** 0.30 0,50- 0,70 0.85 0.90 ;

Ru , Rid * 0.30 0.50 0.70 0.85 0.90
La , . Zr** 0.30 0.50 0.70 0.85 0.90 {

' Ce , Pu'* 0,30 0.50 0.70 0.85 0.90
Ba" --0.30 0.50 0.70 0.85 0.90

1

*Particular consideration given to followint calculations: S By -

3

S B (Cases 54 and 55 in CONTAIN calculations performed(NURE0/CR-5062),8 3 3

by Dave Williams). |

"Quantiles not specified by expert; assumed to be same as for I. |

_ .

Table B 5
Elicitation Results for Case 5: -FCONV, EVR, Early Containment Rupture * 7

i
- _-

Ouantiles

'

Er1 ease C1 asses 0.001 D.JJ. R 1Q D Z.||! EJ33.

Xe, Rr 1,00 1.00 -1.00 1,00 1.00
I, Br 0.30 0.50 0,70. 0,85 0.95
Cs, Rb 0,30 0.50 0.70 0.85 0,95

To, Sb, Se 0.30 0.50 .0.70 0.75 0.85
,

Sr** 0.30 0.50 0.70 0,75 0.85
Ru, Rh** 0,30 .0.50 0.70 0,75 0.85
La, Zr" 0.30- 0,50 0.70 0,75 0.85
Ce, Pu" - 0,30 0,50 0,70 0.75 0.85
Ba** 0.30 0,50 0.70 0.75 0,85

i

m

*Particular consideration given to following NAUA calculations from
NURE0/CR-4624 : e-2 Grand Culf TC26, Peach Bottom TC1,

"Quantiles not specified by expert; assumed to be same as for To.
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Table B 6
Elicitation Results for Case 6: FCONV, BVR, Early Containment Leak * - ;

f_

Ouantiles

gelease Clanu 0.001 ILn M M IL191

Xe, Kr 1.00 1.00 1.00 1.00 1.00
-1, Br 0.01 0.10 0.20 0.40 0.60
Cs, Rb 0.01 0.10 0.20 0.40- 0.60
To, Sb, Se 0.01 0.10 0.20 0.40 0.60

S r** 0.01 0.10 0.20 0.40 0.60
Ru , Rh**. 0.01 0.10 0.20 0.40 0.60
La , Zt ** 0.01 0 10. 0.20 0.40 0.60
'Ce, Pu'* 0.01 0.10 0.20 0.40 0.60
Ba** 0.01 0.10 0.20 0.40 0.60
.

*Particular cont,ideration given to NAUA calculations for Grand Gulf S E-2
leak failure (BMI-2104, Vol.8).8'1

**Quantiles not specified by expert; assumed to be same as for 1.

Table B 7
Elicitation Results for Case 7: FCONC, PWR, Early Containment Leak *

Ouantiles

Re' ease classes 0.001 {LU M {LD 0.999

Xe , Kr** 1.00 1.00 1.00 1.00 1.00
1, - B r*** - 0.001 0.01 0.08 0.13 0.30
Cs , Rb*** 0.001 0.01 0.08 0.13 0.30
Te, Sb, Se 0.005 0.03 0.10 0.20 0.30

Sr 0.005 0.03 0.10 0.20 0.30
Ru, Rh 0.005 0.03 -0.10 0.20 0.30
1A , Zr n.005 0.03- 0.10 0.20 0.30
Ce, Pu .0.005 0.03 0.10 0.20 0.30
Ba 0.005 0.03 0.10 0.20 0.30

* Expert considered Cases 1 and 8'in developing this case.
**Quantiles not specified by expert.
***Quantiles - not specified by expert; assigned values for I from Case 1
(i.e., FCONV, PWR, early cor inment leak).

-
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Table B 8
Elicitation Results for Case 8: FCONC, WR, Early Containment Rupture *

Onantiles

Relesse Claint.g 0.001 M M M 0.999

Xe, Kr" 1.00 1.00 1.00 1.00 1.00
1, Br*" 0.30 0.50 0.70 0.75 0.85
C s , Rb* * * 0.30 0.50 0.70 -0.75 0.85
Te, Sb, So 0.10 0.40 0.60 0.75 0.85

-Sr 0.10 0.40 0.60 0.75 0.85 -

Ru, Rh 0.10 0.40 -0.60 0.75 0.85
La, Zr :0.10 0.40 0.60 0.75 0.85
Co, Pu 0.10 0.40 0.60 0.75 0.85
Ba 0.10 0.40 0.60 0.75 0.85

*Particular consideration -given to following- NAUA calculations: Zion
TMLU , Zion S DCFy and Surry AG6 from NUREG/CR 46242 2 and special
calculation _ for Surry THLB'6 indicated in Case 2.

"Quantiles not specified by expert.
'" Quantile s not specified by expert; assigned values for I from Case 2

(FCONV, PVR, early ontainment rupture).
>

Table B 9
Elicitation Resu'ts for Case 9: FCONC, PWR, Late Containment Rupture *

f291D1112.8

Release Clasara 0.001 M M M p d22

Xe , Kr** 1.00 1.00 1.00 1.00 1.00
1, Br"* 0.001 0.02 0.05 0.15 0.30
Cs, Rb'"- 0.001 0.02 0.05 0.15 0.30*~

Te Sb, Se- 0.02 0.04 0.20 0.30 0.50

Sr 0.01 0.02 0.10 0.20 0,30

Ru, Rh 0.02 0.04 0.20 0.30 0.50
la, Zr 0.01 0.02 0.10 0.20 0.30
Ce, Pu 0.01 0.02- 0.10 0.20 0.30
Ba- 0.01 0.02 0.10 0.20 0.30

*Particular consideration given to following calculations from
NUREC/CR 4624:n 2 Zion S DCF6abj,- Zion S DC,6).2 2

"Quantiles not supplied by expert.
'"Quantiles not supplied by expert; assigned values for I from Case 3

(FCONV, PWR, late containment rupture).
_-_
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Table B-10 ,

Elicitation Results for Case 10: FCONC, Sequoyah. Early Rupture in |
Lower Compartment of Ice Condenser * ,

,-

Ouantiles

Release C1guutts 0.001 92 pa1Q ILZ.1 DE
Xe, Kr" 1.00 1.00 1.00 1.00 1.00
I, Br"* 0.30 0.50 0.70 0.85 0,90
Cs , Rb"* 0.30 0.50 0.70 0.85 0.90
Te, Sb, Se 0.10 -0.30 0.50 0.75 0.85

Sr 0.10 0.30 0.50 0.75 0.85
Ru, Rh 0.10 0.30 0.50 0.75 0.85 .

La, Zr 0.10 0.30 0.50 0.75 0.85 ,

Ce, Pu 0.10 0.30 0.50 0.75 0.85
Ba 0.10 0.30 0.50- 0.75 0.85

.

*Particular consideration given to the calculation for S By from NUREG/CR- '

3

5062.8-3
**Quantiles not specified by. expert.
"*Quantiles not specified by expert; assigned values for I-from Case 4
(Sequoyah, early rupture in lower compartment of ice condenser).

_

_.

'

Table B-11
Elicitation Results for Case 11: FCONC, BWR,

Early Containment Leak, Saturated Pool' ;
;

Ouantiles

Etltage Classes Q QQ1 02 92 92 0 999

Xe, Kr" 1.00 1.00 1.00 1.00 1.00
I , Br*" 0.01- 0.10 0.20 0.40 0.60
Cs , Rb"* 0.01 0,10 0 20 0.40 0.60
Te, Sb, Se 0.01 0.05- 0.10 0.20 0,40

Sr 0.01 0.05 0.10 0.20 0.40
Ru, Rh 0.01 0.05- 0.10 0.20 0.40 *

La,'Zr. 0.01'- 0.05 0.10 0.20 0.40-

Ce, Pu 0.01 0,05 0.10 0.20 0.40
Ba 0.01 0.05 0.10 0.20 0.40

|

* Expert considered Cases 16, 15 and 12 in developing this case.
~

"Quantiles not specified by.experti
"*Quantiles not specified by expert; assigned values for I from Case 6

; (FCONV, BWR, early containment leak). <

1
-
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Table B 12 <

Elicitation Results for Case 12: FCONC, BVR,
Early Containment Leak Subcooled Pool' ,

Ouantiles !

. Release Classgg- 0.001 0.25 0.50 Q.J1 0.999 +

,

Xe , Kr" 1.00 1.00 1.00 1.00 1.00
I, Br*" 0,01 0.10 0.20 0.40 0.60
Cs, Rb'" 0.01 0.10 0.20 0.40 0.60
Te, Sb, Se- 0.01 0.05 0.10 0.20 0.40

0.01 0.05 0'.10 0.20 0.40-

, Rh 0.01 0.05 0.10 0.20 0.40
La, Zr 0.01 0.05 0.10 0.20 0.40
Ce, Pu 0.01 0.05 0.10 0.20 0.40
Ba 0.01 0.05 0.10 0.20 0.40

* Expert considered Cases 16, 15, and 11 in developing this case.
"Quantiles not specified by expert.
"*Quantiles not specified by expert; assigned values for I from Case 6

(FCONV, BWR, early-containment leak).
.

Table B-13
Elicitation Results for Case 13: FCONC. BWR,

Early Containment Rupture, Saturated Pool' ;

Ouantiles ,

Release Classes 92221 0.25 0.50 9.2i 9.d23.

Xe , Kr" 1.00 1.00 1.00 1.00 1.00
'

I, Br"* 0.30 0.50 0.70 0.85 0.95
Cs , Rb"* 0.30 0.50 0.70 0.85 0.95
Te, Sb, Se 0.01 0.20 0.50 0.65 0.80'

,

Sr 0.01 0,20 0.50 0.65 0.80
Ru, Rh 0.01 0.20 0.50- 0.65 0.80 .

La, Zr- 0.01 0.20 0.50 0.65 0.80
.Ce,_Pu 0.01 0.20 0.50= 0.65 0.80
Ba. 0.01 0.20 0.50 0.65 0.80

,

*Particular consideration was given to following NAUA calculations from
NUREG/CR.4624:n-2 Grand Gulf- TC2 (or TCy) and Peach Bottom TC1.

.

-"Quantiles not specified by expert. J

-

1"*Quantiles not - specified by. expert; assigned values for I'from Case 5
(FCONV, BWR, early containment rupture).
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Table B 14
- Elicitation Results for Case 14: . CONC, BWR,< '

Early Containment Rupture, Subcooled Poo1*
_

Ouantiles

Release CI m a 9.001 ILl1 L12 .(L21 0.999A
,

1

Xe, Krb 1.00 1.00 1.00 1.00 1.00
I, Br* 0.30 0.50 0.70 0.85 0.95
Cs, Rb' O.30 0.50 0.70 0.85 0.95
'Te, Sb, Se 0.01 0.30 0.50 0.70 0.85

i~
Sr 0.01 0.30 0.50 0.70 0.85
Ru, Rh 0.01- 0.30 0.50 0.70 0.85 <

La, Zr 0.01- 0.30 0.50 0.70 0.85
.

Ce, Pu 0.01 0.30 0.50 0.70 0.85 I

Ba- 0.01 0.30 0.50 0.70 0.85
,

* Expert considered Cases 13.and 10 in developing this case.
**Quantiles not specified by expert.
"*Quantiles not specified by expert; assigned - values for I from Case 5
(FCONV, BWR, early containment rupture).

Table B-15
Elicitation Results for Case 15: FCONC, BWR, Late Leak *

Ouantiles

Release Classes - 0.001 0.25 .(LSQ IL21 0,999

Xe, Kr" 1.00 1.00 1.00 1.00 1.00
I , Br*** 0.002 0.01_ 0.03 0.07 0.17
Cs , Rb*** 0.002 0.01 0.03 0.07 0.17

- Te, Sb, Se 0.005 0.03 0.10 0.20 0.50

Sr 0.005 0.02 0.05 0.10 0.50 '

-Ru, Rh 0.005 0.03 -0.10 0.20 0.50
La, Zr 0.005 0.02 0.05 0.10 0.50
Ce, Pu 0.005 0.02 0.10' O.20 0.50
Ba 0.005 0.02 0.10- 0.20 0.50

* Expert considered Cases 16, 12, and 11 in developing _this case.
| *Quantiles not specified by expert,*

"

| **Quantiles not specified by expert; used values for Te divided by 3.
*

- I and Cs are released early in CCI and then scavenged (e.g. , TB1 sequence
in NUREG/CR 4624, Vol .1) .e-2

5.5-73
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Table B-16
Elicitation Results for Case 16: FCONC, B''R, Late Rupture *

Ounntilch

Itclease C1nsses 0.001 0.25 L1Q LH 0.999

Xe , Kr** 1.00 1.00 1.00 1.00 1.00
I , Br*" 0.02 0.03 0.17 0.25 0.32
C s , Rb"* 0.02 0.03 0.17 0.25 0.32
Te, Sb, So 0.06 0.10 0.50 0.75 0.95

Sr 0.04 0.10 0.40 0.75 0.95
~

Ru, Rh 0.06 0.10 0.50 0.75 0.95
La, Zr 0.04 0.10 0.40 0.75 0.95
Ce, Pu 0.04 0.10 0.40 0.75 0.95
Ba 0.04 0.10 0.40 0.75 0.95

*Particular consideration given to following calculations: Peach Bottom
TBy (NUREG/CR 4624) ,n-2 estimates from Fuller Table 3 (based on tMAPB-5

and other EPRI codes), TB sequence (MELCOR, SAND 86 2129C).5-6
**Quantiles not specified by expert.
***Quantiles not specified by expert; used values for Te divided by 3.

released early in CCI and then scavenged (e.g., TB1 sequenceI and Cs are
in NUREG/CR-462.4, Vol . 1) .s-2

_

e
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Expert C's Elicitstion

Release of Fission Products from Containment
for Surry, Zion, Sequoyah, and Grand Culf

FCONV and FCONC

Description of Expert C's Rationale /Methodoloty

Expert C stated that his rationale for the FCONV and FCONC issues was
essentially the same as that used in Expert B's assessment of the Peach
Bottom reactor building DF issue (Issue 7). Hence, only a brief summary is
given here; the description of Expert B's treatment of the reactor buildin8
DF should be consulted for additional details. In what follows, the term

-

FCON will be used when the discussion applies equally to FCONV and FCONC.

Expert C felt that the methodology for developing uncertainty distributions
should meet two basic requirements: it should incorporate the results of
detailed code calculations (when availabic) as directly as possible, and it
should also account for uncertainties not adequately represented by the
range of code results, including the effects of modeling uncertainties in
the codes themselves. To meet these requirements , Expert C devised a two-
step process for developing uncertainty distributions for FCON. The first

step was to develop V.at he called a " base distribution" using the results
of code calculations. The second step was to make substantial changes to
the base distribution to take into account additional uncertainties that he
believed could have potentially important effects upon the code
calculations.

Dur.19Iment of Base Disn ibutions

The expert relied primarily upon calculations performed with the STCp and
with its precursor c o d e s . c- 1.c-2 and upon CONTAIN calculations.C 8 kten
relevant calculations of FCON itself were not available, he used appilcab.e
code calculations of thermal hydraulic conditions (e.g., generation rates
of gases and/or steam) and aerosol generation rates together with the
aerosol systematics discussed in Appendix N of Reference C-3 to estimate
base distributions for FCON. He also performed a small nuser of JONTAIN
calculations to evaluate the impact of certain specific effects, for
example, uncertainty in the areas available for aerosol settling.

Modification of Base Distributiong

Expert C felt that there were a number of uncertainties that his base
distributions did not adequately reflect. These arise both from modeling

uncertainties in the codes and from variations in accident scenarios not
adequately represented by the available code calculations. He decomposed
these ucertainties into the following subcategories:

1. Flow rates of steam and gas into the containment, which act to
sweep aerosols and radionuclides out of the containment. High
flows favor high FCON,
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2. Aerosol generation rates, especially during CCI. High aerosol
generation rates result in high aerosol densities that favor rapid
agglomeration and aerosol deposition and, therefore, favor reduced ?

FCON values. -

5 3. Effect of containrment volume. Since insufficient code calculations
existed to permit the direct definition of a base distribution for
all cases and all contaitunents, the expert sometimes extrapolated

,

results for one containment to the analogous case for other '

containments. He used aerosol behavior systematico to allow for
the effect of volume differences and, in some cases, included some
additional uncertainty when there was a need to extrapolate.

4. Con t a inroe n t pressure in leakage failure cases, When the
containment undergoes a leakage failure, it rnay not depressurize
- completely - (by definition of the leakage cases, it does not
depressurize fully within 2 h.) Instead, pressure may decline
until it reaches a quasi steady state in which inflow of steam and
gas equals the leakage rate. The higher this quasi steady pressure-

' is for a given gas inflow rate, the longer the-gas residence time
and, hence, the lower the FCON values. In estimating the effect of
this uncertainty, the expert asstuned that the qut.si-steady pressure
could be anything from near ambient up to the containrnent failure
pressure.

S. Uncertainties in aerosol agglomeration and deposition rates
associated with aerosol shape factors, turbulent agglomeration,
steam condensation on acrosols (includin6 hygroscopic aerosol
effects), and uncertainty in areas of surfaces available for
aerosol settling.

Expert C noted that, _ during CCI, cos tum and iodine were released early,
while release of telluriurn (and the ruthenfur group, insofar as it is
released at_all) tends to persist into late times. The refractory oxide_

species (strontium, lanthanum, ce ritun , and ba ritun) show an intermediate
- behavior. He believed these differences in timing could have si6ni ficant
effects upon FCONC for latr containment failures, but would be less
important for early failures. Hence, he divided the radionuclides into
- three groups in estimating FCONC for late failures, with different
distributions for each group. These groups consisted of cesium and lodine;
tellurium and ruthenium; and strontium, l an thanuru , cerium, and barium.

To incorporate the estimated effects of the five uncertainty subcategories
above into his distributions, the expert used a simple conceptual model in
which the release from the containment is controlled by competition between
aerosol deposition, tepresented by a fractional deposition rate A., versus
transport out of the containment by the flow of steam and gas, represented

! by the fractional transport rate A . FCON is then equal to A,/( A, + A.) -
1/(1 '+ RP), where Rp = A,/A, is a release parameter that the Expert. defined
and used in his analysis. The expert converted his base distributions for
FCON _ into distributions for Rp, and then e s t iina te d how each of the

uncertainties discussed above rnight introduce additional uncertainty into
A -and/or A, and, hence, into Rp. He then calculated the effect of the
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combined uncerta!r 1 3 mted above upon his initial distribution for RP
using a decomposition tree, which allowed f or all possible combinations of
the various assuaptions he made concerning the possible effects of the
uncertainties individually. The resulting distributions for RP vere the n
converted back into distributions for FCON to obtain the final results the
expert gave in his clicitation. The methodology was identical to that used
by Expert B in analyzing Issue 7 (BW teactor building DFs), and several of
the uncertainty subcategories listed above are also similar, lle nc e , the
summary of Expert B's elicitation for Issue 7 may be consulted for
additio .J details.

Expert C noted that for several of the cases involving early rupture
failure, available code calculations gave large QO . 5) FCON values. These
results were considered physically reasonable for these c a r,e s , and the -

existing uncertainties were not believed great eneugh to reverse the
conclusion that FCON would be relatively large, lie believed that it would
not be usef ul to at t errpt to apply the detailed procedure outlined above to
these cases and, therefore, developed subjective distributions for these
cases directly from the available code calculations.

EIT11t s ollrytILf'LLlh_110111D

The results of the elicitation are sunutarized in Tables C-1 to C 16.

The results in Tables C-2, C-4, C-5, C 8, C-13, and C 14 were constructed

by the expert directly from the consideration of code calculations
(primarily STCP and CONTAIN).

The results in Tables C-1, C-3, C-6, C-7, C-9, and C 16 were c astructed by
developing a base distribution and then modifying this disutbution for
factors that the expert felt were not adequately represented in available
code calculations, as was de s c ril>e d in the preceding discussion of the

~

Expert's rationale

SpurceLof UnceLiainly

The five uncertainty rubcategories that the expert included in his
decomposition tree are those that he felt to be most important, lie also

believed that significant uncertainty was introduced by the need to group
together a range of accident scenarios in a singl e case; however, he
doubted that this was the dominant source of uncertainty. lie did not

assign great importance to the uncertainty in the surface areas available
as CONTAIN calculations he had performed indicatedfor acrosol settling,

this would be important only when aerosol densities were quite low.

Correlatlon viOLQther Varlehlu

Expert C believed that, other things belag equal, high FCCI values would be
correlated with high aerosol densities in containment , which he believed
would f avor enhanced agglomeration and settllug rates, lle nc e , he believed
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there might be some inverse correlation between FCC1 and FCON. For similar
reasons, he believed that there taight be an inverse correintion between
FCON and pool DFs in those scenarios in which aerosols would be subject to
scrubbing in pools before release of the aerosols to the containment.
However, he believed that substantial additional effort would be needed to *

define such correlations quantitatively (if it could be done) and that
simply guessing at the correlations could do more harm than good. Hence, j
Expert C did not specify any correlations between FCON and other variables, e

i
Succested Methods for Reducinz Uncertainty

Expert C believed that uncertainties in FCON might be significantly reduced
if it were possible to define the dominant accident scenarios more
accurately and then perform detailed code calculations, with a carefully
designed nodalization of the containment, for the specific scenarios of
interest. Appropriate sensitivity studies would have to be a part of these
calculations. Even if they failed to yield substantial reductions in the
uncertainties, they would put the assessment of the uncertainty distribu-
tions on a firmer basis. Aerosol modeling improvements needed to include
better L definition of shape factors, turbulent agglomeration (including
models for turbulent intensities), and improved modeling of steam conden-
sation on acrosols, especially hygroscopic aerosols. On the whole. <

however, he felt that uncertainties in the thermal-hydraulle conditions
(and perhaps uncertainty in the acrosol sources) were probably more'

important than the uncertainty in the aerosol modeling, given accurate ,

thermal. hydraulics and aerosol sources. Finally, he felt that the most !

important uncertainty affecting FCON in a given accident sequence was the
uncertainty in the accident progression, that is, in the mode and timing of
containment failure. (In the present study, this uncertainty was repre-
sented primarily by the case structure, rather than by the distributions
the exparts gave for a specified case.) Unless this uncertainty can _be
reduced (e.g., by detailed code calculations and improved models for ,

containment loads and performance where needed), he believed that uncer-
tainties -in FCON for a specified accident sequence are not likely to be
greatly reduced by improved aerosol modeling or by reducing the range of
accident scquences grouped together into a single case.,

>

r

I
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Elicitation Results for Case 1: FCO' '. PVR. Early Containment Leak

These results are presented individually for 7.lon, Surry, and Sequoyah.
Furthermore, cases involving a dry and wet cavity are presented. Identical
results are assumed to hold for FCONC in Case 7. The differences between
the wet and dry cavity cases results from three sources: reduced aerosol
concentration, increased gas flow out of the containment, and the potential
for steam condensation.

4

Table C-1(a)
Zion, Dry Cavity +

ECONV and FCONC for Early Leak

Cumulative k'e_tyAt; Final Distribution

1.000E 02 5.256E 01
-5,000E 02 3.198E 01

' 1.000E 01 2.197E 01
1.500E 01 1.673E-01

2.000E+01 1.294E 01
2.500E 01 1.059E-01
3.000E 01 8.679F-02
3.500E 01 7.108E-02

4.000E 01 -5.926E 02
4.500E 01 4.971E 02
5.000E 01 4.144E 02
5.500E 01 3.442E 02

|
|

6.000E;01 2.860E 02
6.500E 01 2.362E 02
7.000E-01 1.923E-02
7;500E-01 1.540E-02

8.000E-01 1.205E 02
'8.500E-01 9.054E-03
9.000E 01 6.382E-03
9.500E 01 3.794E 03
9.900E 01 1.532E-03

l --

|
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Table C 1(b)
Zion, Wet Cavity

FCONV and FCONC for Early Leak
,

'

Cumulative Weicht Final Distribution*

1.000E-02 8.313E-01 .

5.000E+02 6.667E 01 !

1.000E-01 5.427E 01 ,

1.500E 01 4.495E*01 ;

2.000E 01 3.779E 01
2.500E 01- 3.207E 01
3.000E 01 2.692E 01 -

3.500E 01 2.'288E 01

4.000E 01- 1.944E 01
4.500E 01 1.638E 01
S.000E 01 1.373E 01
5.500E 01 1.151E 01

6.000E 01 9.565E-02 L

6.500E-01 7.835E-02
7.000E 01 6.336E 02-
7.500E 01 5.034E 02'

.8.000E-01 3.877E 02 ,

'8.500E-01 2.864E 02
9.000E-01 1.954E 02 '

9,500E 01 1.124E 02
9,900E 01 4.139E 03 ,

,

f

|:

1
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Table C-1(c)
Surry, Dry Cavity

'
FCONV and FCONC f or Early Leak

Cumulative Veltht Final Dittilht11pn

1.000E-02 5.478E 01
5.000E-02 3.396E 01
1.000E 01 2.354E-01

1.500E-01 1.801E 01
2.000E 01 1.398E 01
2.500E 01 1.146E 01
3.000E 01 9.414E-02

3.500E 01 7.720E-02
4.000E-01 6.445E-02
4.500E-01 5.410E-02
5.000E-01 4.514E-02

5.500E-01 3.752E 02
6.000E 01 3.119E-02
6.500E-01 2.578E-02
7.000E-01 2.099E 02

7.500E 01 1.681E-02
8.000E-01 1.316E 02
8.500E 01 9.892E-03
9.000E 01 6.974E-03

9.500E-01 4.148E-03
9.900E-01 1.675E-03 -
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Table C 1(d) >

Surry, Vet Cavity I

FC0!N and FCONC for Early Leak
.

1

pymulative Weir.ht Final Distribution

1.000E 02 8.435E 01 ;
5.000E 02 6.862E 01
1.000E 01 5.648E 01 !

1.500E-01 4.717E-01
2.000E 01 3.991E 01 '

.2.500E 01 3.405E 01
3.000E-01 2.872E 01

.

3.500E 01 2.449E 01 .

4.000E 01 2.088E 01
'

4.500E 01 1.764E 01
5.000E 01 1.483E 01

' 5.500E 01 1.245E-01
6.000E 01 1.037E-01
6.500E 01' 8.505E 02
7.000E-01 6.887E 02 >

7.500E-01 5.479E 02-
8.000E 01 4.224E 02
-8,500E-01 3.123E-02
9.000E 01 2.133E 02

,

9.500E 01 1.227E 02
9.900E-01 4'.524E 03

!

L
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Table C 1(e)
Sequoyah, Dry Cavity _

FCONV and FCONC for Early Leak

-Cumulative Weight Einal Distribution-

1.000E-02 7.436E-01
5.000E 02 5.432E 01
1.000E 01 4.136E 01

1.500E 01 3.296E 01
2.000E-01 2.661E 01
2.500E-01 2.201E-01

-

3.000E 01 1.823E 01-

3.500E-01 1.517E 01 '

4.000E-01 1.273E 01
4.500E 01 1.064E 01
5,000E-01 8.865E-02-

5.500E-01 7.377E 02
6.000E 01- 6.110E-02

-6.500E-01 5.001E 02
7.000E-01 4.041E-02

7.500E 01 3.220E 02
s.000E-01 2.490E-02
6.500E-01 1.842E 02
9.000E 01 1.265E-02

9.500E-01- 7.346E-03
9.900E-01 2,762E-03

~

_._.

- _

%

- -

f.
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Table C-1(f) '

Sequoyah, Vet Cavity
FCONV and FCONC for Early Leak '

Cumulative Wei bt Final Distribution&
s

.1.000E'-02- 9.272E-01
5.000E-02 8,360E 01

'

1.000E 01 7.465E 01

1.500E 01 6.659E 01
2.000E-01 5.946E 01
2.500E-01 5.274E-01
3.000E-01 4.647E-01

,

3,500E 01 4.083E 01
'4.000E-01 '3.559E-01
4.500E-01 3.075E-01
5.000E-01 2.642E 01

5,500E-01- 2,249E-01
6.000E-01 1.888E 01

-6.500E-01. -1.565E-01,

7.000E-01 1.?77E-01

7.500E-01 1.017E-01
i ^8.000E-01 7.825E-02

8.500F-01 5.757E 02
9.0001:-01 3.881E-02

9.500E-01 2.170E-02
!r 9.900E-01 7.629E 03
I.

|-
|
|

.

A

J
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Table C 2
Zion and Surry

Elicitation Results for Case 2: FCONV, PWR,
Early Containment Rupture

9uanti1e FCONV

0.99 0.98
0.95 0.95
0.75 0.85
0.50 0.70
0.25 0.50

.

0.05 0.10
.

e4 3.01 0.02
~

4

,1 Elicitation Results. Case 3- FCONV. PVR. Late Containment Ruoturg

Results are presented for Zion and Surry and also for Sequoyah. The*
,

results for FCONV for all species are assumed to be the same as those
..

presented in Table C-9 for FCONC for iodine and cesium in Case 9.t

Table C-3(a)
Surry and Zion

Late Rupture 'FCONC' for Cesium, Iodine
Late Rupture FCONV, All Species

Cumulative Weight Final Distribution

1.000E-02 3.561E-01
5.000E-02 1.823E 01
1.000E-01 1.146E-01

1.500E-01 8.087E-02
2.000E-01 6.048E-02
2.500E-01 4.667E-02
3.000E-01 3.674E-02

3,500E-01 2.944E-02
4.000E-01 2.376E-02
4.500E 01 1.926E-02
5.000E-01 1.566E-02

5.5-86
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Table C 3(a) (Continued)

Cumulative Veight ELD 3L_Di t ribution

5.500E-01 1,273g.02
6.000E-01 1.029E-02
6.500E-01 8.262E-03
7.000E-01 6.561E-03

7.500E-01 5.121E 03
8.000E-01 3.888E-03
8.500E-01 2.841E-03
9.000E-01 1.928E 03

9.500E-01 1.112E-03
9.900E-01 4.324E-04

Table C-3(b)
Sequoyah: Late Rupture 'FCONC' for Cesium, Iodine

Extrapolation From Surry and Zion,
Late Rupture FCONV, All Species

Cumulative Weicht Final Distribution

1.000E-02 2.716E-01
5.000E-02 1.177E-01
1.000E-01 6.810E-02

1.500E-01 4.578E-02
~

2.000E-01 3.295E-02
2.500E-01 2.471E-02
3.000E-01 1.900E-02

3.500E-01 1.486E-02
4.000E-01 1.175E-02
4.500E-01 9.334E-03
5.000E-01 7.441E-03

5.5-87
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Table C-3(b) (Continued)
i

Cumulative Veicht Final Distribution |

5;500E 01 5.930E-03 1

6.000E-01 4.706E-03
6.500E-01 3,709E 03

7.000E-01 2.889E-03

7.500E 01 2.209E-03
'

8.000E-01 1.638E-03
8-500E 01 1.163E-03.

9.000E-01 7.596E-04

9,500E-01 4.128E-04
9.900E 01- 1.455E-04

Elicitation Results '. Cate 4: FCONV. Seouovah. Early Ruoture in Lover
. Compartment of Ice Condenser

Results_ are g' ven for ruptures in both the lower and upper compartmentsi

of the ice condenser. Identical results are assumed to hold for FCONC in
Case 10.

Table C 4
FCONV, Sequoyah, Early Rupture in Lower

and Upper Compartments

Lower Compartment Upper Compartment
Ouantile FCONV - FCONC -FCONV - FCONC

0.99 .0.98 .0.98
,,

0.95 0.95 0.90
0.75 0.90 0.75
0.50 0.80. 0.65
0.25- 0.60 0.30

-0.05 0.25 0._10
0.01 0.05 0.02

Elicitation Results. Case 5: FCONV. BWR. Early Containment Ruoture

-Results are presented for Peach Bottom and for Grand Culf. Further, ;

involving' saturated and subcooled pools ars presented. Identical- |cases
. results ' are assumed to - hold for FCONC in Case 13 (saturated pool) and :j

'

Case 14 (subcooled pool) for Peach Bottom.

5.5-88
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Table C-5
FCONV, BWR, Early Contaitunent Rupture

Peach Bottom Grand Gulf

Ouantile S a tu rs,( g.d Subcooled Fubcooled & Saturated

0.99- 1.00- 1.00 0.98
0.95 0.99 0.97 0,95
0.75 0.97 0.90 0.85
0.50 0.93 0.80 0.70
0.25 0.85 0.40 0.30
0.05 0.30 0.10 0.15
0.01 0.05 0.01 0.05

-

Elicitation Results. Case 6- FCONV. BVR. Early Containment Leak

Results ~ are presented individually ' for Peach Bottom, and Crand Gulf.
Further, the results are subdivided by .- whe the r the pool is subcooled or
saturated. Identical results are - assumed to hold for FCONC in Case 11
(saturated. pool).and Case 12 (subcooled pool).

,

Table C-6(a)
Peach Bottom, Subcooled Pool

FCONV_and FCONC for Early Leak

Gymulative Weirht Final Distribution

1.000E-02 6.632E-01
5.000E-02 4.631E-01

'

1.000E 01- .3.473E-01

1.500E-01. 2.744E-01
2.000E-01 2.245E-01
'2.500E-01 1.856E-01

-3.000E-01- 1.549E-01.

3.500E 01 1.309E-01
4.000E-01 1.107E-01
4.500E-01 9.325E-02
5.000E 01. -7.913E-02

:
I-

5.5-89
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Table C-6(a) (Continued)

Cumulative Weir _ht final Distribution

5.500E-01 6.695E-02
6.000E-01 5.609E 02
6.500E 01 4.670E-02
7.000E 01 3.860E-02

7.500E-01 3.129E-02
8.000E-01 2.474E-02
8.500E-01 1.894E-02 -

9.000E-01 1. 3 51 E- 02

9.500E-01 8.295E-03
;- 9.900E-01 3.521E-03
o

Table C-6(b)
Peach Bottom, Saturated Pool

FCONV and FCONC for Early Leak

Cumulative Weicht Final Distribution

1.000E-02 8.968E-01
5.000E-02 7.867E-01
1.000E-01 6.910E-01

1.500E-01 6.097E-01
2 000E-01 5.400E-01

-

?.500E-01 4.754E-01
3.000E-01 4.199E-01

3.500E 01 3.687E-01
4.000E-01 3.213E-01
4.500E-01 2.798E-01
5.000E-01 2.418E-01

5.500E-01 2.068E-01
6.000E-01 1.756E-01
6.500E-01 1.474E-01
7.000E-01 1.216E-01

7.500E-01 9.831E-02
8.000E-01 7.733E-02
8.500E-01 5.822E-02
9.000E-01 4.075E-02

9.500E-01 2.402E-02
9.900E-01 9,405E-03

5.5-90
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Elicitation Results. Case 7: FCONC. FWR. Early Containment Leak

-See Table C 1. The results for FCONC in Case 7 are identical to the
results specified for FCONV in Case'1.

ITable C 7
Grand Culf, Subcooled Pool and Dry Cavity j;

FCONV and FCONC for Early Leak |
1

I

' Cumulative Veight Final Distribution I

l

1.000E-02 4.978E-01 |

5.000E-02 2.916E-01 ,

1.000E-01 1.971E-01 i
'

|

1.500E-01 1,457E 01
|

2.000E-01 1.129E-01 ;

2.500E-01 8.947E-02 '

3.000E-01 7.is3E-02

3.500E 01 5.915E-02
-4.000E-01 4.855E-02 - 3
4.500E-01 4.004E 02 -|
5,000E-01 3.310E-02

5.500E-01' 2.728E-02
6.000E-01 2.236E 02 |

6.500E-01 1.822E 02
7.000E 01 1.467E-02

7.500E-01 1.158E 02 |
8.000E-01 8.918E-03 |

.8.500E-01- 6.604E-03-
9.000E-01 4.517E-03

a

9.500E-01 2.594E-03 |
L

9,900E-01 9-716E 04.

|

- )

!

5.5-91
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Table C-7 (Continued)

Cumulative Weitht Final Distribution

1.000E 02 8.142E 01
5.000E-02 6.356E-01
-1.000E-01- 5.056E-01-

1.500E-01 4.098E-01
2.000E 01 3.384F-01
2.500E-01 2.802E 01
3.000E-01 2.334E-01 _

3.500E 01 1.945E-01
4.000E-01 1,622E-01

4.500E-01 1.351E-01
5.000E 01 1.120E-01

5.500E 01 9.241E-02
.6.000E-01 -7 571E-02
6.500E-01 6.134E-02
7.000E-01 4.896E-02

7.500E 01 3.832E 02-
8.000E-01 2.913E-02
8.500E 01 2.107E-02
9.000E-01 1.409E-02

9,500E-01' 7.782E-03
=9.900E-01 2.677E-03

Elicitation ResUlts.- Case-8: -FCONC. PWR; Early Containment Ruoture

~.The results presented are for Zion'and Surry. For Sequoyah, the resulta
:are the same-as for FCONV (Table C-4).

Table C-8
Zion and Surry

.,

cuantil.e_ FCONC

0.99- 0.95
0.95 0.85
0.75 0.70,

0.50- - - -- 0.50
0.25 0.25
0.05 0.05
0.01 0.02

5.5-92
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Elicitation Results. Case 9: -FQQNC. WR . Late Contaitunent Ruoture

Results are- presented' for Zion and Surry and also for Sequoyah. The
expert gave different groups _ of radionuclides: _ _ cesium and iodine;
tellurium _ and ruthenium (including molybdenum); and refractories
(lanthanum, cesium, strontium, barium). The results for iodine and
cesium are the same - as those- presented in Table C-3 for FCONV, all
species.

Table C-_9(a)
Surry and Zion, Cesium, Iodine
Extrapolated From Surry and Zion,
Late Rupture FCONV, All Species

Cumulative Weicht Final Distribution

1.000E-02 3.561E-01-

5.000E-02 1.823E-01
1.000E-01 1.146E-01

1.500E-01 8.087E-02
2.000E-01 6.048E 02
2.500E-01 4.667E-02
3.000E-01 3.674E-02

3.500E-01 2.944E-02
4.000E-01 2.376E-02

! 4.500E-01 1.926E-02
5.000E-01 1.566E-02

5,500E-01 1.273E-02
6.000E-01 1.029E-02
6,500E-01 8;262E-03

-7.000E-01 6.561E-03

7.500E-01 5.121E-03
8.000E-01 3.888E-03
8.500E-01 2.841E-03
9.000E-01 1.928E-03

9.500E-01 1.112E-03
9.900E-01 4.324E-04

5.5-93
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Table C-9(b)
Surry and Zion, Tellurium, Ruthenium

Late Rupture FCONC' for Tellurium, Ruthenium'

Cumulative Veicht Final Distribution

1.000E-02 8.469E-01
5.000E 02 6.904E 01
1.000E-01 5.641E 01

, - 1.500E-01- 4.680E 01
2.000E-01 3.916E-01
2.500E-01- 3.287E-01
3.000E 01 2.761E-01

>

3.500E-01 2.327E-01
4.000E 01 1.957E-01
4.500E 01 1.642E 01
5.000E-01 1.373E-01

5.500E-01 1.142E-01
6.000E 01 9.420E-02
-6.500E-01 7.690E-02
7.000E-01 6.195E-02

7.500E-01 4.895E-02
8.000E-01 3.756E-02
8.500E-01 2.770E-02
9.000E-01 1.895E-02

9.500E-01 1.101E-02
9.900E-01 4.308E-03

!

'

-

l-

!'
,

!

|

|

|
!

5.5-94
:

1.
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Table C 9(c) 5

Surry and Zion, Refractories
-Late Rupture 'FCONC' for Refractories

Cumulative Veicht Final Distribution-
,

1.000E-02 4.591E 01
5.000E-02 '2.963E-01 |
1.000E-01 2.151E-01 ;

- 1 ~. 500E- 01 1.673E-01
-2.000E-01 1.349E-01 "

2.500E 01 1.107E-01
3.000E-01 9.199E-02

3.500E-01 7.718E-02
4.000E 01 6.513E-02
4.500E-01 5,515E-02
5.000E 01 4.673E-02-

5.500E 01 3.955F-02
6.000E-01 3.340E-02
6.-500E-01 2.809E-02
7.000E-01- 2.335E-02

-7.500E 01- 1.912E-02
8.000E 01 1.542E-02
8.500E-01 1.206E 02
9.000E-01 8.844E 03

9.500E-01- 5.763E-03
9.900E-01 2.694E-03

.

i

!-

.,

5.5-95
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Table C-9(d)
Sequoyah, Cesium, Iodine

Late Rupture 'FCONC' for Cesium, Iodine
Late Rupture FCONV, All Species

Cumulative Weight Final Distribution

1.000E-02 2.716E-01
5.000E-02 1.177E-01
1.000E-01 6.810E-02

1.500E-01 4.578E 02
2.000E-01 3.295E-02

~

2.500E-01 2.471E-02
3.000E-01 1.900E-02

3.500E-01 1.486E-02
4.000E-01 1.175E-02
4.500E-01 9.334E-03
5.000E-01 7.441E-03

5.500E-01 5.930E-03
6.000E-01 4.706E-03
6.500E-01 3.709E-03
7.000E-01 2.889E-03

7.500E-01 2.209E-03
8,000E-01 1.638E-03
8.500E-01 1.163E-03
9.000E-01 7.596E-04

9.500E-01 4.128E-04
9.900E-01 1.455E-04

5.5-96
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Table C-9(e)
Sequoyah, Telluriura, Rutheniurn

Late Rupture 'FCONC' - for Tellurium,- Rutheniurn

Cumulative Weicht Final Distribution

1.000E-02 7.885E-01 - '

5,000E-02 5.715E-01 '

1.000E 01 4.222E 01

1.500E-C1 3.242E-01
2.000E-01 2.541E 01
2.500E 01 2.021E 01

- 3.000E-01. 1.623E-01

3.500E-01 1.311E-01
4.000E 01 1.062E-01
4,500E 01 8.611E-02
5.000E-01 6.974E-02

5.500E-01 .5.629E-02
6.000E 01- 4,515E 02
6.500E 01 3.589E-02
'7.000E-01 2.185E-02

7.500E-01 2.166E-02
'8.000E-01 1.614E-02
8.500E-01 1.151E-02
9.000E-01 7.544E-03

9.500E-01 4.113E 03
9.900E-01 1.453E-03

_

f

,

{.
i-

>

- *

$

5.5-97
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Table C-9(f)
Sequoyah, Refractories

Late Rupture 'FCONC' for Refractories

Cumulative Weight final Distribution

1.000E 02 3.828E-01
5.000E-02 2.103E-01
1.000E-01 1.386E-01

.

1.500E 01 1 011E-01
2.000E-01 7.761E-02
2.500E-01 6.140E-02 -

3.000E-01 4.942E-02

3.500E-01 4.036E-02
4.000E-01 3.320E-02
4.500E-01 2.742E-02
5.000E-01 2.268E-02

5.500E-01 1.873E-02
6.000E-01 1.543E-02
6.500E-01 1.265E-02
7.000E-01 1.026E-02

7.500E-01 8.168E-03
8.000E-01 6.377E-03
8.500E-01 4.777E-03
9.000E-01 3.349E-03

9.500E-01 2.023E-03
9.900E-01 8.451E-04 -

-

Elicitation Results. Case 10: FCONC. Sequoyah. Early Ruylure in Lower

Compartm_pnt of Ice Condenser
.

See Table C-4. The results for FCONC in case 10 are identical to the
results specified for FCONV in Case 4.

E11 citation Results. Case 11: FCONC. BWR. Early Containment Leak.

Saturated Pool

See Table C-6. The results for FCONC in Case 11 are i.dentical tc those
specified for FCONV in Case 6 for the saturated pool case.

Elicitation Results. Case 12: FCONC. BWR. Early Containment Leak.

Subcooled Pool

See Table C-6. The results for FCONC in Case 12 are identical to those
specified for FCONV in Case 6 for the subcooled pool case.

5.5-98
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Elicitation Results. Case 11: FCONC. BWR. Early Containment Rut ture.

Saturated Pool

See Table C-5. The results for FCONC in Case 13 for Peach Bottom are
identical to the results specified for FCONV in Case 5 for the saturated
pool case.

Table C-13
Elicitation for Case 13: FCONC, BWit,

Early Containment Rupture, Saturated Pool

Ouantile_g Peach Bottom Grand Gulf

0.99 1.00 0.95
0.95 0.99 0.87
0.75 0.97 0.80
0.50 0.93 0.75
0.25 0.85 0.50
0.05 0.30 0.25
0.01 0.05 0.05

Elicitation Results. Case 14: FCONC. BWR. Eariv Containment P.unture.
Subcooled Pool

See 'lable C-5. The results for FCONC in Case 14 are identical to those
specified for FCONV in Case 5 for the subcooled pool case. Furthermore,
in absence of other information, the same values are used for Grand Gulf
as for the saturatn. case.

.

Table C-14
Elicitation for Case 14: FCONC, BWR,

Early Containment Rupture, Subcooled Pool.

Quantiles Peach Bottom Grand Gulf

0.99 1.00 0.95
0.95 0.97 0.87
0.75 0.90 0.80
0.50 0.80 0.75
0.25 0.40 0.50
0.05 0.10 0.25
0.01 0.01 0.05

5 . 5 ') 9 |
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Table C-15(a)
Elicitation Results for Case 15:

Peach Bottom: Late Leak FCONC for Cesium, Iodine
-Extrapolated from Surry & Zion-

Stmulative Weicht Final Distribution

-1.000E 02 5.153E-02
5.000E.02 1.550E 02
2.500E 01 2.395E 03
5.000E 01 6.274E-04

7.500E-01 1.672E-04
9.500E 01 2.749E-05 ,

9.900E-01 8.887E 06
-

Table C-15(b)
Elicitation Results for Case 15:

Peach Bottom: Late Leak FCONC for Tellurium, Ruthenium

Extrapolated from Surry & Zion

Cumulative Wei g . Final Distribution,

1.000E-02 3.498E-01
5.000E-02 1.363E-01
2.500E 01 2.342E-02
5.000E-01 6.238E-03

7.500E-01 1.667E-03
9.500E-01 .- 2. 7 53 E- 04

9.900E-01 8.899E-05

Table C-15(c)
E11 citation Results.for Case 15:

Peach Bottom: Late Leak FCONC for Refractories
-

Cumulative Weinht Final Distribution

-1.000E-02 8.999E-02
5.000E-02 -3.228E-02-
2.500E-01 6.252E-03

b 5.000E-01 1.926E-03

7.500E-01 6.073E-04
9.500E-Oi 1.304E-04
9.900E-01 5.148E-05

5.5-100
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.. ' Table C 15(d)
Elicitation Results for Case 15:

Grand Gulf: . Late Leak' FCONC for Cesitun, Iodine

Cumulative Weicht Finni Distribution

1.000E-02 1.366E-01
5.00E-02 .5.019E-02
2.500 01 9.353E-03
5.000E-01 2.678E 03

7.500E-01 7,611E-04
9.500E-01 1.341E 04
9.900E 01 4.406E-05

Table C-15(e)
Elicitation Results for Case 15: Grand Gulf:

Late Leak FCONC for Telluritun, Ruthenitun

Ctunula tive - We i cht Final Distribution

1.000E-02 6.127E 01
5.00E-02 3.457E 01.
2.500-01 8.627E-02
5,000E-01 2.615E-02

7.500E-01 7.359E-03
.9.500E-01 1.340E-03
9.900E-01 4.404E-04

Table C-15(f)
Elicitation R'esults for Case 15: Grand Gulf;

Late Leak FCONC for Refractories

Cumulative Veicht Final Distribution

1.000E 02 2.120E-01
' .5.00E-02- 9.714E-02

2.500-01 2.392E-02
5.000E-01 8.242E-03

7.500E-01 2.815E-03
9.500E-01 6.453E-04
9.900E-01 2 532E-04

5.5-101

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



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

-

Elicitation Results. Case 16i FCONC. BVR. Late Rypture

The.se results are presented for Peach Bottom and for Grand-Gulf. Separate
results- are given - for these. radionuclide groups: cesium and iodine;

teilurium and ~ ruthenium (including molybdenum) and refractories
(lanthanum, cerium, strontium, barium). The values specified for iodine

.

and cesium could also be used for FCONV for late containment rupture, all

species.

Table C-16(a)
Peach Bottom: Cesium, lodint-

Late Rupture 'FCONC' for Cesium, Iodir.?
Late Rupture FCONV All. Species

i

Cumulative Weicht Final Distribution

1.000E-02 1.661E-01
5.000E-02 6.196E-02
1.000E+01 3.377E-02

1.500E-01 2.208E-Oi
2.000E-01 1.565E-02
2.500E-01 1.158E-02
3.000E-01 8.805E-03

3.500E-01 6.820E-03
4 000E-01 5.351E-03
4,300E-01 4.228E-03 ,

5.000E-01 3.353E-03 -

5.500E-01 2.660E-03
6.000E-01 2.102E-03
6.500E-01 1.651E 03
7.000E-01 1.281E-03

7.500E-01 9.770E-04
8.000E-01 7.259E-04
8.500E-01 5.124E-04

.9.000E-01 3.356E-04

9.500E-01 1.827E-04
9.900E-01 6.557E-05

i
L

i S.5-102
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'. Table C 16(b);
Peach. Bottom: Tellurium, Ruthenium

Late Rupture 'FCONC' for Tellurium, Ruthenium

Cumulative Weight Final-Distribution

1.000E-02 6.657E-01
5.000E-02 3.978E-01
1.000E 01 2.590E-01 t

1.500E-01 1.842E 01
2.000E-01 1.371E 01
2 500E 01 1.048E-01
3.000E-01 8,158E 02

3.500E-01 6.425E-02
4.000E-01 5.105E-02
4.500E-01 4.073E 02

.5.000E-01 3.254E-02

5.500E-01- 2.598E-02
6.000E-01 2.063E-02
6.500E-01 1.627E-02
7.000E-01 1.267E-02

i'- 7.500E 01' 9.685E-03
'

8.000E-01 7.212E-03
8.500E 01 5.100E-03
9.000Ea01 3.346E-03

. 9.500E 01 1 842E-03.

9.900E-01 6.554E-04

|

!

!

1
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Table C 16(c)
Peach Bottom: Refractories

Late Rupture 'FCONC' for Refractories

pumulative Weight Final Distrib_ution

1.000E-02 2.56'E-01
5.000E-02 1.182E-01
1.000E-01 7.232E-02

1.500E 01 5.071E-02
2.000E-01 3.782E-02
2.500E-01 2.934E-02 -

3.000E-01 2.325E-02

3.500E-01 1.873E-02
4.000E-01 1.525E-02
4.500E-01 1.248E-02
5.000E-01 1.025E 02

5.500E 01 8.422E 03
6.000E-01 6.895E 03
6,500E-01 5.612E-03
7,000E-01 4.528E-03

7.500E-01 3.594E-03
8.000E-01 2.793E-03
8.500E-01 2.099E-03
9.000E-01 1.477E-03

9.500E-01 8.996E-04
*

9.900E-01 3.927E-04

5.5-104
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Table C-16(d)
Grand Gulf; Cesium, Iodine

Late Rupture 'FCONC' for Cesium, Iodine-

late Rupture FCONV All Species

Cumulative Weight Final-Distribution >

1.000E-02 2.763E 01
5.000E-02 1.205E 01
1.000E-01 7.020E-02-

1.500E 01- 4.730E-02
2.000E 01 3.420E 02
2.500E-01- 2.564E-02

-3.000E-01 1.977E-02

3.500E-01 1.549E-02
4.000E-01 1.225E-02-

4.500E-01 9.753E-03
5,000E 01 7.784E-03

5,500E-L1 6.209E-03
-6.000E 01 4.963E-03
6.500E-01 3.893E-03
7.000E-01 3.034E-03

7.500E-01 2.320E 03
8.000E-01 1.725E-03
8.500E-01 1.225E-03

~9.000E-01 8.046E-04

9.500E-01 4.363E-04.

9.900E-01 1.519E-04

|
u

n

5.5-105

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

-



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

4

_

'

Table C 16(e)
Grand Gulf: Refractories-

Late Rupture 'FCONC' for Refractories

Cumulative Weicht Final Distribution

1,000E-02 3.848E 01
5.000E-02 2.140E-01
1.000E 01 1.422E 01

.

1.590E-01 1.043E 01
2.000E-01 8.021E-02
2.500E-01- 6.361E 02
3.000E-01 5.136E-02

4

3.500E-01 4.196E 02
4.000E-01 3.458E-02
4.500E 01 2.864E-02
5.000E-01 2.373E 02

.

5.500E 01 1.965E 02
6.000E-01 1.621E 02
6.500E 01 1.328E-02
7.000E-01 1.076E 02 ,

; 7,500E-01 8.603E-03
8.000E-01 6.724E-03
8.500E 01 5,042E-03

9.000E-01- 3.547E-03
'

. ..

9.500E-01 2.147E-03
9.900E-01 8.946E-04-

_

d

f
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Table C-16(f)
Grand Gulf: Tellurium . Ruthenium

Late Rupture 'FCONC' for Tellurium, Ruthenium

Cumulative Weicht- Final Distribution

1.000E-02 7.925E 01-
5.000E-02 5.782E 01
1.000E-01 4.302E-01

1.500E-01 3.318E 01
2.000E-01 2.615E-01
2.500E 01 2.084E 01
3.000E-01 1.679E-01

-3.500E-01 1.359E 01
4.000E-01 1.103E-01 '

4.500E-01 8.996E-02
5.000E-01 7 274E-02

5.500E 01 5.881E-02
6.000E-01 4.726E-02
6.500E-01 3.761E 02

17.000E 01 2.953E-02

7.500E-01 2.272E-02
8.000E-01 1.699E-02
8.~500E-01 1.212E 02
9.000E 01 7.988E-03

9.500E-01 4.346E-03
:9.900E-01 :1.517E-03
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Expert D's Clicitation

Release of Fission Prclucts From Containment
for Surry, Zion, Sequoyah, Peach Bottom, and Grand Gulf

FCONV/FCONC

Description of Exnert D's Ratiorale/Methodgl.pty

A. First, Expert D assessed the factors affecting FCONV AND FCONC:

1. Aerosol Characteristics

Shape factorse

e Distribution
Densitye

2. Residence Time

Size of breach*

Timing of breach*

3. Multicompartmentation

4. Effective Height

5. Thermodynamic State of the Atmosphere

Superheatede

Saturated (condensing)*

6. Hygroscopicity

7. H Burn (affects 2 and 5 above)2

B. Expert D then assessed the location of release of the radionuclide:

1. FCONV - cesium, iodine, some tellurium;

2. FCONC - nonvolatiles, tellurium.

.C. Expert D then examined each of the individual factors listed under A
and evaluated their effect on FCONV and FCONC.

1. Shape Factors

Evolutionary chain of particles: crystallites - agglomerates *e

flocks.D-1 Sharp-edged aerosols are not produced.

STEP experiment suggests- spherical shapes.o-2*

. Even traces of soluble fission products will absorb some
moisture to create spherelike shapes.
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Stone & Webster parametric study with NAUA-MOD 4. se

* Conclusion: range of shape factors - 1,0 - 1.5.

2. Residence Time

* ANS sotree term parametric s tudy -3 shows that for a 2 h delayD

in containment breach, the airborne aerosol decreases by a
factor of 10,

3. Multicompartmentation

Referen e D-3 assigns to this etfeet a factor of 1.6. Analysis*

of DEMONA experiment sD'' confirms the effect, qualitatively of
-

the same order.

* Conclusion: factor of 1.5

4. Effective lleight

* All STCP and Stone & Webster analysis underestimate settling
areas by a factor of 2 to 5 for PWRs and BWRs, respectively.
IDCOR analyses show the effect is significant.

* Conclusion: factor of 2.0 to 5.0

5. Hygroscopicity

If the effect can be present, it will be dominant (see expert's*

detailed notes), as confirmed by 1 ACE experiments LA2, IA4 and
LA6 (unpublished results). Detailed discussion of the
phenomena is in Reference D-5.

.

* Conclusion: FCONV affected by a factor of 10 for saturated,
late cases and by 2 to 3 for superheated, early cases. FCONC
affected by a factor of 1.1 to 1.2 in either case.

6. H Burns2

* Duration o' burn; about 10 s. (100 ft/10 ft/s)
2Critical flow of steam at 100 psia (Moody): Gern - 250 lb/f t -s*

- e.g. V -2E + 6 f t , A - 7 f tz , p - .03 lb/ft33

- V,,/V - 7 * 2 50/ ( . 03*2 E + 6) .03 s-1 -+ T,,,- 30 s
- For p - .05 4 T,,, - 60 s
- For A - 1 ft2 -> T,,, - 400 s .

* Conclusion: H burn increases leakage by a factor of 22

5.5-110



D. The available calculations used by Expert D where

1. CREST Exercise (Reference D-5)

Surry, AB sequence, no condensation on particles*

* FCON .5 - .6

2. Sandia AnalysisD-6

Containment Releases for Peach Bottom (TB)+

CS Te Ba la

MELCOR 44 .63 .76 .77
STCP .55 .83 .90 .43

3. ANS Report -3D

Surry individual factors affecting containment releases:

AB TMLB Comment

DRY 43 .75 No diffusiophoresis, no
condensation on aerosol

DPu .69 .76 Diffusiophoresis

" Suspended .44 .65 Treated as combined effect of
Liquid" condensation on aerosol and

hygroscopicity
Multicompart- .60 .60
mentation

_

Propagating the uncertainties results in the following
distribution (see expert's detailed notes).

AB: P(FCON<.5) -.8, P (,5 < FCON < .7) .2

TMLB: P(FCON<.5) .6, P ( 5 < FCON < .8) .4

Built-in conservatism: equal probability assigned to each bin.

5.5-111
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L

Echylt s of Extiert D's E1* citation

All release classes have approxitaately the sarne FCONV or l' CONC.

Ca t,e & M M DE..

1 .1 .2 .6 .8
2 .3 .5 .6 .8
3 .01 .05 .1 .2 s

4 4 .5 .8 .9

5 4 .6 .8 .9
6 .2 .25 .6 .8
7 .1 .25 .6 .7 2

8 .4 .6 .8 .9

9 .05 .1 .15 .2
10 .4 .6 .8 .9
11 .2 .3 .6 .9
12 ,2 .35 .6 .9

-

13 .4 .6 .8 .9
14 .4 .7 .8 .9
15 .05 .1 .15 .2
16 .05 .15 .2 .25

17 .001 .01 .i .2
'

18 .01 .05 .1 .2

Eg.urces of Uncertainty

Expert D listed the factors contributing to the uncertainty in the result
in his analysis of this issue presented above and assessed their effects.

Correlations with Other Variables

No correlations were specified with variables from other issues. decause
only one distribution was given for all release classes in a particular
case, no correlation neri be specified for variables within the issue.

Suttested Methods for Reducint UncertalD1X

No suggestions were made for reducing the ur*ertainty.

5.5 112
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Expert E's Elicitation

Release of Fission Products from Containment
for Sutry, Zion, Sequoyah, Peach !!ottom and Grand Gulf

FCONV/FCONC

Pen rintion of Dinert E's ILa.12!m15c/nti_hmiehny

This elicitation outlines Expert E's "decottposi t ion" procedur e that he used
to arrive at uncertainty distributions for FCONV and FCONC. A basic

a s s urop t i on in the decomposition was that FCONV and FCONC for fission
products are the same as the respective fractions of total aerosols from
those sources, and therefore, FCONV applica uniformly to all fission

formlyproducts from the RCS (exctpt for noble ganes) and FCONC applies .

to fission products released durin6 MCCI,

To develop an uncertainty distribution, the Expert E believed i n e ssary
comprehe -iveeither to use some exia ting sensitivity analysis based on a

aeronol code or some simplified aerosol algorithm and conduct an indepen-
dent uncert ainty analysis. lie opted for the latter because the existing
sensitivity analyses did not. lend thmselves to easy interpretation in
terms-of the sourcos of uncertainty that he believed to be controlling.

The simplified aerosol algorithm selected for this decomporition was that
of the EPRI modified FAI aeros>l correlation. This selection was made
because of the correlation'a availability, simplicity, flexibility, ant
general applicability for describing containment aerosol behavior. The

algorithm is very well outlined in EPRI NP 4974.ra The algorithm was

programmed for solution on a PC via a forward marching in time finite
difference procedure,

inspection of the FAI correlation reveals that the following parameters can ]
be directiv varied in an uncertainty analysis that usen the algorithm:

1. Contairune nt leak rates (including, condensation on walls);

2, Aerosol cource rates;

3. Geometry (particularly effective containment height and
containment volume);

4 Aerosol form factors (gamma and chi).

In the expert's opinion, the above parameters can be used to scope the
uncertainties in FC0NV and TCONC and are listed in cheir order of
importance as major contributors to the uncertainties (timing of
containment failure is the major source of uncertainty and is implicitly
included under item 1 above). It is also believed that the level of
turbulence in containment, as it affects agglomeration, is an important

uncertainty. lloweve r , there did not seem to be a convenient means of
incorporati.ng that uncertainty into this analysis. Consequently, that
contribution was not an explicit part of this decomposition.

5,5-114
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SELECTION OF UNCERTAINTY VALUES FOR PARAMETERS

1. Containment L ' lure Timtani.11ah_JLittfJE

Expert E felt that, by far, the most significant contributors to the
urcertainty in FCONV and FCONC are the t ituing and mode of cont ainment
failure. The cont a tiveent failure time is loosely specified as part of
the guidance on sequence definition, that is, early and late. lie chose
to define early as coincident with the t itee of reactor vessel (RV)
failure. While this choice is expected to have a relatively large
influence on FCONV, FCONC should prove to be relatively insensitive to
it. The guidance on the meaning of late containment failure time was
"after the bulk of MCCI release is over." He chose to quantify this
specifically as meaning af ter 90% of MCCI release is over. This should
be a good representation of the intent of the definition of a late
containment failure.

The selection of the failure hole size (which translates into leak rate)
was more difficult. Little data exist on the c.ntainment response to
overpeessure events (whether there is gross rupture or if cracks develop
that are sufficient to relieve the pressure before gross rupture) and how
the response might be related to containtuent type and rate of
pressurization.

Two qualitatively different failure modes, " leak" and " rupture," were
suggested in the guidance on sequence definition. The guidance defined
rupture as "feilures that would depressurize containment in 2 h or less.
These failures are typically characterized by an equivalent area of 0.1
ft2 to 7 ft2 Leaks were defined as "f ailure s so small that
pressurization would be arrested but depressurization would not occur
withle h. These failures are typically characterized by an equivalent.
area of less than 0.1 ft2 A further qualification of the definition of
leak i t:c lud e d failure:. so small that containment would not be -

depressurized and that such leaks were " characterized by equivalent hole
areas of a few square Inches."

Based on this guidance, he chose the following uncertainty ranges for
failu.re hole size:

2Failure Modt tiinimum (f t2) ti.av.i mum (ft2) best Overs ( f t ),

Rupture ,10 7.00 1.00
Leak .01 .1 05

To develop a distribution with his decomposition, a best guess value was
needed as well as the extremes of the ranges. The distribution could
then be developed as a simple smoothed curve through the potnts. Without
additional criteria, he chose the simple average as the best guess leak
size, llowever, Expert E's opinion is that gross ruptures are unlikely
for containments that derive thei- strength from concrete lined with
steel for leak tightness, and most of the containments considered in this
study are of this type. Therefore, he chose a best guess rupture value
of 1 ft2 that is somewhat less than the simple average There is little
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basis for this particular selection other than opinion and the fact that
it is near the log-mean of the range as well as being a size that is the
lowest that can be chosen without significantly affecting the values for
FCONC for early-rupture sequences. (That this is so was determined via a
sensitivity analysis varying rupture sire for the Surry plant . )

.Lj,c a k R ede s f o r S e l e c t.e_illnl e S ireji

During inost of the depressurization period, the flow out of the break is
assumed to be choked. Therefore, an appropriate relation for the flow
rate is given by the r,onic velocity equatlon:

Q - A E [RT
_

-

The leak rate f rom contaitunent following failure is an output of the STCP
and was reportr4 in the BM1-2104 (Reference 1) series of reports. Rather
than directly using the above sonic velocity equation, it was decided to
be consistent with the STCP and use the maximum value of 14.7 volume
fraction reported for the Surry AB gamma sequence for a 7 ft2 opening

cm /s) . The values for all other hole(which converts to 2.083 x 105 3

sizes were scaled from this value (Q - A) to give:

'

Lg Q_kige (f t ) [ bored Flow Rate ( cin.2LO2

01 2.976 x 105
,05 1.488 x 106
.10 2.976 x 106

1.00 2.976 x 107
'

7.00 2.083 v 10B

As a further simplification, the above values were assun,ed to apply for
all sequences and all plants. That this is a reasonable simi lification
was confirmed by inspection of BM1 2104 E: which did show remarkably

-

similar values for the various plants in their calculated depressuriza-
tion flows at containment failure time, despite expected differences in
the assumed containment failure pressures.

3. Depressurization Times

in the absence of additional sources of heat and/or mass, the containment
depressurization was assumea to be adiabatic-laentropic for which

- constant *C-P / /NI }P1
P/p

O O O

By definition,

r - M/V or dd " 1 de
df

V dt

For sonic flow

dm (k+1)/2g - -A JkgG r
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1

Therefore,

sic .

- (k41)/2
#~~

dt

Integration and substitution gives for the time, T, for depressurization

from some Po down to P :3

P (1-k)/2 (1-k)/2g p
O

(1-l')/2 -
--

RT
O O 1 0

.}T~ ~

-

P
'h .7 6 0

y' ( P ! k
2, V

O O

Application of Eq. (1) for Surry with Po (failure pressure) of 85 psia.
To (saturated) of 710 R, and P of 14.7 psia for a .1 iL2 opening gave a3

depressurization time of 16629 s (using values of k and R f or steam) . To
be consist.ent with the general guidance that a .1 ft2 hole depressurizes
in exactly 2 hours (7200 s), the above equation for the depressurization
was modified for use as

'

7200
T' - , 16625 , T

With this modification, the following were developed for the " nominal"
depressurization times in seconds for the various plants and hole sizes

llole Size (ft2) Sorry _linn oc __EJL sea
_

.01 72000 102240 53280 49619 38837

.05 14400 20448 10656 9924 7767

.1 7200 10224 5328 4962 3884
1 720 1022 533 496 388
7 103 146 76 71 55

s

The above values for depressurization times do not include any
consideration of additional mass being added during depressurization that
might, for example, come from the flashing of saturated water pools (such
as the suppression pool for BWRs). For such sequences where flashing is
considered to occur, the depressurization time can be greatly extended. An
analysis assuming the pool flashes at a rate to maintain saturation shows
that a good approximation to the depressurization time under these
conditions can be obtained by simply adding to the original (no flashing)
time, To, an additional time increment given by Mr/W3 where Mr - the 'otal
mars of water flashed over the time period and W3 the containment choked-

flow mass leak rate.
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Therefore, for saturated pool sequences only, the depressurization time was
approximated simply as

T - To + Mg/V ,3

and the leak rate was assumed constant at the " choked" value over the
entire period.

t were obtained as follows. The water pool is assumed toThe values for M
flash adiabatically (i.e., no ey'ernal heat supply or losses). Therefore,

the mass fraction of the water converted to steam, X, is calculated by

11) lg, _

X- g
fg

For example, if the Grand Gulf containment is annumed to fall at 75 psia
and depressurization occurs all the way down to atmospheric (14.7 psia),
the quantity of steam produced is determined as follows:

Froro the stearn tables

At 75 psia saturated 11 - 277.43 BTU /lb2

At 14.7 psia 111- 180.07 BTU /lb
11 - 1150.4 BTU /lb

Therefore,

b. [ 180.07 - 0.1,X-

or 10% of the pool water will convert to vapor.
~

For a suppression pool inventory of 136,000 ft), this becomes

Mr - (136000)(62.4)( .1)(454) - 3.87 x 108 grams.

PROCEDURE FOR USING Tile POOL FIASHING AND Tile
DEpRESSURIZATION TIME EXTENSION IN Tile UNCERTAINTY ANALYSIS

The water the flashes from saturated pools as oepressurization occurs can
have at least three fates. It can blow out through the leak path, condense
onto aerosols in the containment atmosphere, or condense onto c ontaintnent
surfaces.

An analysis shows that if the initial condition at the start of depressuri-
zation is uniform structure and gas temperature, then the atinosphere would
be generally cooler than the structure during the depressurization. There-
fore, it would be unlikely that condensation onto structures would occur.
The most likely fate for the steam under these circumstances is for it to
condense heterogeneously onto the aerosols as well as to leak out the
failure hole. If condensation does occur, then the full extension to the

depressurization t irne will not be manifested. Under conditiens where
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containment failure is a s s urte d to occur following a hydrogen burn, the
a t tm o s ph e re will be superheated, which will tend to suppress all
condensation.

In the absence of a detailed mechanvic ite thodology for addressing such
thermal hydraulic considerations, the following procedure was adopted.

The maximum calculated values for FCON for saturated pool sequences would
be expected to result by using the full flashing time extension and by not
permitting any steam condensation. The minimum FCON would be calculated by
assuming all the steam condenses onto the aerosols and that there is no
extension to the depressurization time because of flashing. The "best
guess" value was arbitrarily chosen as the p_vy tage o f these two FCON
extrernes for the "best guess" hole size.

~-

1 Lenk Rats:s Before contolfurent Failure

The BMI-2104 series also reported leak rates from containtnent before
failure. For consistency in this study, the BMi-2104 values were generally
used with one modification. For late failure sequences, the influx of
steam and MCCI gases could enhance the normal unfalled containment leak
rates. Therefore, for cases intended to maximize the FCON values, the
unfalled containment Icak rate taken from BMI-1204 was arbitrarily
increased by a f actor of 10 af ter t he titre of reactor vessel f ailure.

2. Leak Rates after DepressurizatlpqD

After depressurization and in the absence of hydrogen burns, the leak rate
frorn a failed containment should be driven by the gases evolved frorn MCCI .
For such periods, the MCCI-driven leak rates were taken directly from BMI-
2104 and used as the containment leak rates unless these values exceeded
the choked flow rate. For periods of hydrogen burns, the Icak rate was

~

*
assurned to be the choked flow values previously determined (although it is
realized that this may be inconsistent with toe actual temperature achieved
during such burns) . An average duration of 300 s for hydrogen burns was
taken from the BMI-2104 results and used in this analysis. The number of
hydrogen burns chosen depended on the containment type and whether FCON
vclues were to be minimize-1 or maximized. The maximum number of hydrogen
burns was for Sequoyah, which had three hydrogen burns equally spaced at
2000 s apart.

3. Steam Copdensation On Walls

In the p r e is e nt analysis, the effect (on removing aerosols) of steam
condensation onto the containment structures was treated as if it were a
leakage flow. The various sequence volumetric tates of steam condensation
reported in BMI-2104 were averaged for each plant and used in this
analysis. The values and timing were generally obtained for three
different time periods: before reactor vessel failure during bolloff,
during depressurization of the containment, and during boiloff of cavity
water. For maximized cases, wall condensation was not included as an
aerosol attenuation process, but it was included for both "best guess" and
minimum cases.
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AEROSOL SOURCES

Three types of sources of aerosols were considered in this decomposition:

* Direct from RCS (or after passing through a suppression pool in the
cases for BWRs)

e MCCI releases

Flashed saturated pool water.e

1. RCS Aerosol Source Rates

For the aerosols coming directly from the RCS during the core heatup and -

meltdown processes, the values in BMI-2104 served as the basis for
developing thic source in this study. For a given plant, the reported RCS
total release values for the different sequences were averaged. However,

the CORSOR model on which these are based is known from recent ORNL data to
generally overpredict the release by an average factor that is judged to be
about 2. For the expert's best guess cases, then, he used the averaged
BMI-2104 results divided by 2. For the maximized cases, he used the
minimum value for any sequence for that plant, and for the minimired cases,
he used the maximum value, The source times (to get a rate) were taken as
the BMI-2104 times from start of core nelt to the time of core collapse
For BWR cases, it was assumed that all RCS releases first passed through
the suppression pool before entering containment. Thcrefore, the nource

rates into containment were markedly reduced for these cases through the
use of two different suppression pool decontamination factors. The DF
values for saturated and for subcooled pools were estimated from the BMI-
2104 sequence results to be respectively: -1000 and ~3000 for Crand Gulf;

-0 0 and ~1300 for Peach Bottom.

L MCCI Aerosol Source Rates
-

Once again, BMI-2106 was relied on for guidance and for quantification of
the magnitude and timing of aerosol sources generated by MCCI . For the

" generalized" sequences used in this uncertainty analysis, the following
adaptations were made of the BMI-2104 results.

For each plant, a * representative" sequence was selected to serve as a
surrogate for all MCCI sources for that plant. The selected
" representative" sequence was TMLB- for PWRs and TC for BWRs. The BMI-2104
calculated aerosol sources for these sequences were plotted and represented
for input into the present PC algorithm as a series of straight line
segments. These were used as the best guess values, For the uncertainty
variations in the MCCI aerosol source ratec, the VANESA sensitivity study
reported in QUESTE3 indicated that fot Surry TMLB' the upper bound case
was generally less than three times the base case and that the lower bound
case was generally greater than a factor of ~7 below the base case.
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Therefore, in the algorithm, all minimum FCONC cases used the best guess !
MCCI source multiplied by 3 (a higher source rate gives a smaller FCONC).
For the " maximized" caser., the best guess values were reduced by a factor
of 7.

3. Water Aerosol Source Rates ;

Under the section on depressurization time, it was noted that water
evaporated from flashing pools would be expected to condense onto aerosols.
This phenomenon could not be readily included in the FAI aerosol
correlation. Consequently, condensation onto aerosols was simulated in
minimization cases by treating the steam as a separate source of aerosols
that were - permitted to co agglomerate with the RCS and the MCCi aerosols.
The total _ source of water that was input as a pseudo aerosol source-
included -the amount that was expected to condense out of the_ saturated
environment on depressurization as well as the amount flashed.

Best guess and minimum cases used identical water aerosol sources, whereas
no water _ source was input for maximum cases.

GEOMETRY UNCERTAINTIES

The FAI algorithm permits .the variation of the containment volume and the
effective containment height for aerosol settling. The compartment
volumes, as taken from BMI-2104, were considered to be subject to very
little uncertainty. However, it was the expert's opinion that there is
significant uncertainty associated with the-effective height because of the
lack of accurate knowledge of the horizontal surface area available for
gravitational fallout.

Based on a s tudy ' o f the containment equipment drawings, some. previous
walkthroughs of actual containments, and personal communication with other
experts, Expert E felt that an_3ppropriate "best guess"-for the horizontal
area could be represented-by the mean cross sectional area multiplied by 2.
For the uncertainty variation, it was judged that this factor could be as
high as 3 and that it could be no lower than 1.0. The factor of 3 is
expert opinion only and cannot be further justified at this time.

AEROSOL FORM FACTORS

The FAI aerosol correlation also conveniently allows for variation in the
aerosol form factors, gamma and chi. The values used in this analysis were
taken from the QUEST reports.

1.0 for the "bestchiIn , this analysis, it was assumed that gamma --

. guess" cases and the maximized cases - (smaller values for gamma and chi
~

result in larger FCON values). The minimized cases used gamma - chi - 4.0.

|

5.5-121

.-. - - - - . . . . - - - . .- -- - - . . .- - .. ---. - , .



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

SPECIA1. CONSIDERATIONS FOR SEQUOYAH

The case guidance for Sequoyah specified that differentiation be made
between failures in the lower compartment and failures in the uppet
compartment for early rupture cases. To accommodate this differentiation,

the following strategy was adopted.

1. Urper Cortpartment Failures

The aerosol source rates were reduced by a DF equal to 3 or 1 depending on
whether ice is present or absent (these values were estimated from the BMI-
2104 results). The full volume of both compartments and the associated
overall effective height were used.

.

2. Lower Compartment Failures

The RCS release before containment failure was treated exactly like the
above upper-compartment cases.

3. After Containment Failure

After containment failure, the aerosol sources were no longer reduced by
the ice-condenser DF. Only the effective height of the lower compartment
was used although the full volume of both c orr.pa r tme nt s was allowed to
influence the depressuriestion time. Melttd ice was assumed available to
flash. The best guess cases for Sequoyah were assumed to include three
hydrogen burns.

Results of Expert E'c Elicitation

The results of the elicitation are summarized in Table E-1. The expert

gave the .01, .25, .50, .75, and .99 probability values, which were -

linearly interpolated to get the .05 and .95 values.

Sources of Uncertainty

'

The expert listed the factors contributing to the uncertainty in the result
in his analysis of this issue presented above and assessed their effects.

Correlation with Other_ Variables

Within each of the 16 cases, all variables are assumed to have a rank

correlation of 1. No other correlations were indicated.

Suggested Methods for Reducinn Uncertain 13

No specific suggestions were made for reducing the uncertainties in the
elicited variabler.
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P.esults of Expert E's Elicita11oD

Table E 1
Elicitation results for Expert E

(All release classes have approximately the same FCONV or FCONC)

Fract11e Pl a D_t
*

.001 & & 2 2 2 & .99 djL9

Case 1 .06 .11 .21 .33 .42 .62 .90 Surry
.031 .08 .16 .24 .35 .48 .66 Zion
.03 .07 .19 .31 44 .63 .88 Sequoyah

~

Case 2 .12 .18 .27 .35 .47 .67 .90 Surry
.17 .22 .34 .44 .55 .75 .97 Zion

Case 3 .01 .015 .05 .10 .15 .29 .43 Surry
.002 .01 .02 .05 .08 .19 .39 Zion
.03 .10 .28 .44 .56 .67 .73 Sequoyah

Case 4 .27 .68 .91 .96 .98 .995 .999 Sequoyah Lower
.14 .58 .72 .80 .85 .92 .94 Sequoyah Upper

Case 5 .04 .19 .41 .60 .75 .90 .99 Grand Gulf
.28 .56 .84 .94 .98 .99 .999 Peach Bottom

Case 6 .12 .15 .20 .25 .32 .51 .90 Grand Gulf
.07 .18 .32 .45 .57 .75 .998 Peach Bottom

case 7: .07 .13 .27 .41 .55 .69 .80 Surry
.03 .06 .16 .25 .33 .45 .56 Zion
.03 .05 .16 .28 .39 .58 .84 Sequoyah

Case 8: .28 .30 .33 .37 .45 .57 .80 Surry
.23 .29 .38 .48 .60 .72 .85 Zion

Case 9: .15 .20 .28 .36 .42 .51 .60 Surry
.10 .25 .35 .40 .44 49 .59 Zion
.06 .18 .38 .52 .62 .72 .75 Sequoyah

Case 10: .18 .54 .79 .87 .92 95 .96 Sequoyah Lower
.11 .30 .50 .60 .68 .74 .79 Sequoyah Upper

Case 11: .07 .12 .17 .22 .28 48 .70 Grand Gulf
.05 .10 .17 .25 35 .51 .993 Peach Bottom

Case 12: .06 .13 .25 .34 .44 .57 .70 Crand Gulf
.06 .20 .44 .60 .75 .89 .99 Peach Bottom

Case 13: .36 .65 .85 .?O .92 .96 .99 Grand Gulf
.22 .50 .80 .91 .96 .98 .995 Peach Bottom
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Table E-1 (Continued)

Fractile Plant '

.

M1 2 M h .32 M M M .994

Case 14: .50 .78 .94 .98 .985 .99 .999 Grand Gulf
.56 .81 .95 .98 .99 998 .999 Peach Bottom

case 15: .04 .10 .18 .25 .33 .51 .78 Grand Gulf
.01 .025 .06 .10 .16 .25 .32 Peach Bottom

Case 16: .03 .06 .13 .21 .33 .54 .93 Crand Gulf
.01 .02 .08 .15 .22 .28 .33 Peach Bottom

.

..

i
..

' , . .

. . .

i

.
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5.6 Issue 6. BVR Late Iodine Release from the Suppression Pool and
Ecactor cavity Water

Summary and Aggregation of Source Term Issue 6-Late Iodine
.

Experts consulted: Thomas Kress, Oak Ridge National Laboratory; Dana Powers ,

Sandia National Laboratories, Richard Vogel, Electric Power Research ,

-Institute.

,

ispse Descrinilga

This issue has _ two parts. Part 1 considers the release of iodine from a
15WR suppression pool following containment failure. Part 2 considers the
release of iodine, from water in the RPV pedestal during CCI. Iodine that
is released is assumed to be in a volatile form and not_ subject to
subsequent retention - (because of pool scrubbing, spray operation, or !

_

aerosol deposition) in the containment. ;

Part 1

What distributions characterize the uncertainty in the release of volatile
iodine from the suppression pool after the containment has failed? Two
cases were considered:

1. A subcooled suppression pool is maintained.throughout the sequence
(as would occur in a short term station blackout). The pool
temperature at vessel breach is 350 K. The maximum temperature
attained ' during the period of interest is approximately 370 K.
Substantial surface evaporation is expected but no bulk boiling.

2. A saturated suppression pool-is maintained throughout the sequence
(as'would result from a long-term station _ blackout). The maximum
pool temparature attained is approximately 415 K. Substanttal
i' lashing of the pool would accompany containment failure,

far.1.2

What distributions _. characterize _the uncertainty in the_ releace of volatile
iodine from water that overlies the core debris in the RPV pedestal? Twc
cases were to be considered:

"1. Ge dryvell is flooded at vessel breach and CCI proceeds
underwater,

j 2. The RPV pedestal contains water at the time of vessel breach but

j most of this water (about 290,000 kg) boils away during CCI.
.

5.6-1
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Summary of Rationale

Expert A formulated a model of the physical and chemical processes that ;
'

lead to rerelease of iodine from water pools. Uncertain parameters in the
model are -identified and uncertainty ranges for these parameters are de-
fined. The model is then repetitively exercised by randomly varying the
values of uncertain - parameters within their uncertainty rangen. Predic-
tions of the_model obtained in these multiple runs are used to formulate a |,

probability density function for the fraction of iodine entrapped by the
water that is subsequently released.

, ,

Two iodine release mechanisms were considered by the Expert A: mechanical
release and release as a result of iodine chemistry.

The mechanical-release is due to entrainment when gases sparge-through the
water - pool . Correlations of entrainment for the churn turbulent flow
regime were used-by this expert.

Uncertain mechanical release parameters considered by the expert were:

1. Pool parameters (decontamination factors, pressure over,
temperature, surface tension);

F

2. . Aerosol generation (from core concrete generation and during core >

degradation);
,

3. Gas generatJon (during CCI);

4 Moles or s e m and hydrogen discharge to pool;

5. Viscosity of gases sparging the pool; ,

6. Area for superficial gas velocity.

The revaporization release-of iodine as a result of chemical processes is
_

conventionally described in terms of a partition coefficient defined as

concentration of iodine in the aqueous phase
,

concentration of iodine in the gaseous phase
:

Uncertain revaporization release parameters considered by the expert
were:

,

1. Equilibrium constants (tri-iodide, 1 hydrolysis, hypoiodous2

acid);
i

2. Moles CH generated;5

3. HOI partition coefficient;
'

4. Radiation dose rate;

I
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5. Factors af fecting pit;

6. Iodine parameters (Iraction cesturn iodide in pool, iodine
discharge to pool, iodine availabic for ex-vessel release, in-
vessel release rate);

7. Cesium parameters (Cesium discharge to pool);

8. Boric acid discharge to pool.

Expert B assumed that the release of iodine from the pools could be
calculated from the following equation:

"Release Rate - (Gas Flux from Water) x (Concentration Iodine in Water)
x (Iodine Partition Coefficient).

Expert B considered a pool of water with a gas flux off (or near) the
surface. Based on the definition of the iodine partition coefficient
(IPC) and assuming equilibriurn is established, the expert obtained the
following equation for release fraction (RF):

RF ~ 1 - exp(-V,/(V IPC)) (1)
v

where V, is the volume of gas evolved, V, is the volume of water, and IPC
is the iodine partition coefficient. Expert A felt that the IPC depended
primarily on the concentration of iodine in the water, the pool pli, and
the irradiation. llowever, he assumed that enough fission products had ,

been released to drive the IPC essentially to its lowest value for a
given pit.

In general, the maximum release fraction in Expert B's distribution
corresponded to the minimum pil value and wa also based on the assumption
that all of the water and gas were effective in the removal process. The

~

median value co responded to the expert's best guess value for the pil and
was based on the assumption that only 50% of the water was effective in
the removal process. The minimum RF in the distribution was based mostly
on the expert's judgment.

Expert C estimated the pil of the suppression pool for Part 1 at about
9.5. lie referenced Beahm and showed that at high pil , 1 could be2

converted into nonvolatile fotas by radiation. Beahm indicated to the
expert that at pits in the neighborhood of 10, the formation of 12 by
radiation would be extremely slow, if at all. Expert C concluded that
very little of tne iodide would be converted to 1 in the suppression2

pool for the particular cases presented to the expert review group. The
expert also indicated that the formation of organic iodides was not of
serious concern because of the low conversion of 1- to C111 at high pit.3

Expert C used data developed by Beahm at a pil - 9 t o ge t a log partition
coefficient of 3.5 to calculate the fraction of iodine released. Expert
C used the same definition for partitic coefficients as Expert A.

5.6-3
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The concentration of iodine in the agneous phase was assumed to be 2.9 x
104 moles /L. Therefore, the concentration in the gas phase will be 9.2 x >

10*s g. atoms /L. As stuning that 1.28 x 107 L (100'C, 1 atm) of H2 goes
through the suppression pool, then the total gram atoms of iodine removed
would be 0.11. The total gram atoms of iodine in the pool is 111.6. This
fraction of lodine lost from the suppression pool would be 1.1 x 10 4
Expert C stated that this was a conservative calculation that assumed
equilibritun,,

for Part 2, Expert C concluded that the pil of the overlying solutton will
,

be roughly 8.3. l'or a pH of 8.3, the log partition coefficient from
Beahm's data can be estimated to be 3. ,

To convert the partition coeffielent in an amount of iodine released,
- Expert . O had ta estimato the amount of gas that will sparge through the,

' water, 112 will be released for about 2 h Secause of the zirconium water
reaction. Expert C stated that under such reducing conditions, no Ig will i

be released. Sparr,ing by steam, which inight be effective in removing 1,2 .

will occur from the boiling of the water. Expert C assumed that the
boildown of 2.4 x 105 lb of wato;- to 1.7 x 108 lb of water results in all

the steam going through the water. The volume of steam r sultin6 W88
estimated to be 5.4 x 108 L (assuming 1 atm and 373 K). This results in an
lodine concentration in the steam of 1.31 x 104 moles /L. Assuming a t

sparging flow of 5.4 x 10' L through the solution, the amount of iodine
released would be 0.71 moles of 1, or 179 grams of iodine that could be2

released. The fraction of iodine released would then be 0.62.

Expert C developed his distributions around the above estimates,

tiethod of Arrregation

Assumptions Used to Averare Distributions

Three experts were elicited on this issue. Each provided a cumulative
distribution function for the four cases f r this issue:

~

Case 1, A subcooled suppression pool is maintained throughout the sequener
(as would occur in a short-term station blackout) . The pool
temperature at vessel breach is 350 K. The roaximum temperature
attained during the period of interest is approximately 370 K. -

Substantial surface evaporat. ion is expected but no bu1K boiling.

Case 2. A saturated suppression W is maintained throughout the sequence *

(as would- result: from a A ag-term station blackout) . The maximum
pool temperature attained is approximately 415 K. Substantial
flashing of the pool would accompany containment failuce.

Case-3. The drywell is flooded at the time of vess,1 brarh and CCI
proceeds undrrwater over the period of-interest.

Case 4. The RpV pedestal contains water at the tir>e of vessel breach but
most of this water (about 290,000 kg) is boib d away during CCI.

5.6 4 -
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Aggr.cgeted Results

Table 6 1
Case 1. Subcooled Suppression Pool

Cumulative Pe bebility

Release Fraction ..AYn.agg Expert A Expert B Espert C

0.000 0.073 0.000 0.000 0.220
1.0E-06 0.127 1.0E-05 0.000 0.380
1.0E 05 0.183 1.0E 04 0.000 0.550 -

1.0E 04 0.224 0.001 0.000 0.670

5.0E-04 0.254 0.005 0.050 0.706
1.0E 03 0.337 0.010 0.250 0.750
1.1E-03 0.421 0.011 0.500 0.751
2.0E 03 0.578 0.020 0.950 0.763

5.0E 03 0.618 0.050 1.000 0.803
0.010 0.657 0.100 1.000 0.870
0.020 0.713 0.200 1.000 0.940
0.025 0.737 0.250 1.000 0.960

0.030 0.760 0.300 1.000 0.980
0.050 0.831 0.500 1.000 0.993
0.060 0.867 0.600 1.000 1.000
0.075 0.917 0.750 1.000 1.000
0.100 1.000 1.000 1.000 1.000

r

If an expert did not provide a parameter value at the 0 or the 1 fractile,
parameters at these two levels were obtaite/ by line r extrapolation from
the two clesest points. Linear interpolation was used to obtain values
between assessed points. The three distributions for each case were
averaged arithmetica11y to obtain the average distribution.
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Figure 6-1. Subcooled Suppression Pool.

Table 6 2
Case 2. Saturated Suppressi m Pool

_ _ -

Cumulative Probability

Eg u se Fraction 6Y_e_Iay,n Expert A Expert B Expert C

h.000 0.000 0.000 0.000 0,000

". 0E-06 0.010 0.000 0.000 0,029

1.0E-05 0.033 0.000 0.000 0.098
1.0E 04 0.083 0.000 0.000 0.249

5.0E-04 0.125 0.000 0.050 0.326
9.0E 04 0.218 0.000 0.250 0,403

1.0E-03 0.307 0.000 0.500 0.422
2.0E-03 0.465 0.003 0.950 0.442 |

5.0E 03 0.505 0.013 1.000 0.501
0.010 0.543 0.030 1.000 0.600
0.050 0,604 0.163 1.000 0.650
0.100 0.663 0.330 1.000 0.660
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Table 6-2 (Continued)

Cumulative rrobability
.

Egingge Fraction Average Expert A Excert B Expert C

0.150 0.723 0.500 1.000 0.670
0.200 0.783 0.670 1.000 0.680
0.400 0.870 0.900 1.000 0.710
0.600 0.912 0.967 1.000 0.770

0.700 0.940 1.000 1.000 0.820
0.800 0.957 1.000 1.000 0.870

_

0.900 0.973 1.000 1.000 0.920
0.950 0.990 1.000 1.000 0.970
1.000 1.000 1.000 1.000 1.000

_ _ - .
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Figure 6 2. Stturated Suppression Pool.
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Table 6-3
Case 3, Flooded Pedestal Cavity

Cumulative Probability

Ericase Fraction Averate fa m g M Excert B fxpert C

0.004 0.000 0.000 0.000 0.000
0.010 0.002 0.000 0.000 0.006
0.020 0.005 0.000 0.000 0.016
0.040 0.010 0.000 0.000 0.029
0.050 0.012 0.000 0.000 0.035
0.063 0.019 0.013 0.000 0.043
0.080 0.026 0.030 0.000 0.049
0.100 0.039 0.050 0.000 0.066
0.125 0.070 0.125 0.000 0.085
0,200 0.180 0.350 0.050 0.140
0.250 0.255 0.500 0.083 0.183
0.400 0.481 0.950 0.183 0.310
0.500 0.535 0.975 0.250 0.380
0.600 0.645 1.000 0.500 0.434
0.630 0.700 1.000 0.650 0.450
0.650 0.739 1.000 0.750 0.468
0.800 0.823 1,000 0.970 0.600
0.900 0.917 1.000 0.950 0.800
0.963 0.975 1.000 1.000 0.925

,.
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Figure 6-3. Flooded Pedestal Cavity.
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Table 6 4
Case 4. Wet Pedestal Cavity

Cumulative Probabi.lity
___

Eelease Fraction _Aygny,g Expert A Expert b Expert C

0.080 0.000 0.000 0.000 0.000
0.100 0.002 0.000 0.000 0.005
0.140 0.038 0.000 0.100 0.015
0.160 0.057 0.000 0.150 0.020

0.200 0.094 0.000 0.250 0.033
-

0.250 0.180 0.000 0.500 0.040
0.300 0,210 0.000 0.583 0.047
0.400 0.272 0.000 0.750 0.067

0.500 0.301 0.000 0.813 0.090
0.600 0.333 0.000 0.875 0.125
0.700 0.366 0.000 0.938 0.160
0.800 0.400 0.000 1.000 0.200

0.850 0.507 0.250 1.000 0.270
0.900 0.613 0,500 1.000 0.340
0.950 0.710 0.750 1,000 0.380
1.000 1.000 1.000 1.000 1.000

1.0 i i i i i , , ,

0.9 . O EXP.A
u. O EXP.B
cm 0.8 - 6 EXP C L

.E # AVE.

{ 0.7 - -

o
ul 0.6 - -

o
2 0.5 - -

o
& 0.4 - -

'5
S 0.3 - -

S ]

E 0.2 - -

0.1 - -

0.0 - - l- ' ' ' ' O' '

O.00.1 0.20.3 0.4 0.5 0.6 0.7 0.8 0.91.0

Release Fraction (RF)

Figure 6 4. Vet Pedestal Cavity.
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Expert A's Elicitation

BWR Late Iodine Release from the Suppression Pool
and_ Reactor Cavity Water *

Dascription of Extwrt A's Ratignple/ Methodology

Expert _ A has documented his approach in a written report ' A brief
overview of his. rationale and methodology is provided here.

The approach used by the expert was to first formu' .2 t e a model of the
1 - physical and chemical processes that-lead to rerelease of iodine from water

pools. Uncertain parameters in the model are identified and uncertainty
ranges for_these parameters are defined. These parametert. and their ranges
used in the calculations are listed in the document footnoted below. The
model is then repetitively exercised- by randomly varying the values of
uncertain parameters within their uncertainty ranges. . Predictions of the
model in these multiple runs are used to formulate a probability density
function for the fraction of iodine entrapped by the . water that is
subsequently released.

This . approach _was chosen by the expert because it focuses attention on
microscopic pirameters that could and often have been studied in a variety
of contexts. Because research has been done, or at least could be done, on
the parametric quantities, there ir ome transparent and defendable basis ;

for defining the uncertainty ranges. This contrasts with the situation
~

' created when uncertainty ranges, based on judgments, are sought for the
release.. process , which has not been inveseigated experimentally. The
approach - does , however, depend on a quantitatively articulated model.
Uncertainty in the revaporization process based on a qualitative intuition

.

'concerning _ the current state of understanding or research is not admitted
in this approach.

- Two iodine release mechanisms were considered by Expert A: (1) mechanical
- release and_(2) release as a result of iodine chemistry.

The mechanical release is because of entrainment when gases sparge through
the water pool, Correlations of entrainment for the churn-turbulent flow
regime were used by the expert.

The revaporization release of iodine-as-a result of chemical processes is
conventionally. described in terms of a partition coefficient defined as

cencentration of . iodine; in the aqueous phase
_ ,

concentration of' iodine in the gaseous phase

*D. A. Powers, " Uncertainty in Revolatilization of Iodine - from Water
,

Pools,"_in-NUREG/CR-4551, Rev. 1, " Evaluation of Severe Accident Risks,"
Vol . ' 2, Pt. 5, Sandia National Laboratories, Albuquerque. New Mexico,

.

(unpublishedf.
'

>
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Here the partition coefficient is defined as:

311 -) + 211 3 + I"Ull + II + II0 f-,l
3 2

PC - (17: g) + (HOI : g)
where brackets indicate aqueous species and parentheses indicate gaseous
species. In addition, a release from the formation of organic iodides is-
considered.

~

Results of Expert A's Elicitation

Case 2: Iodine Revolatilization from a Saturated Suppression Pool

Table A 1 and Figure A 1 show the cumulat1ve probability distribution of
iodine- revolatilization release for this case. It appears that the
distribution skews to the lower release fraction. The median of t.he
distribution is about 5*10 , which is much less than the arithmetic mean
of 0.232. The number of model calculations in this case is $62.

Table A 1
Cumulative Probability Distribution of

Late-Iodine Release Fracuan from Vater Pool
Case 2. Saturated _ Suppression Pool

Cumulative Probability Iodine Reicase
O) Frnetton

'

3 1.0E 06
10 1.0E 05
25 1.0E 04
42 1.0E-03 y

60 0.01
65 0.05
68 0.2
71 0.4

,

77 0.6
87 0.8
92 0,9

97- 0.95
100 1.0

_

0
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Figure A 1. Case 2: Saturated Suppression Pool.

Cnse 1: Iodige Pevolatilization from a Subcooled Suopression Pool

Case 1 is similar to Case 2 except that the rnass flow through the subcooled
water pool is only that caused by hydrogen. Any steam in the gas
discharged to the suppression pool is condensed. Because Case 1 has muel-
less sparging gas through the suppression pool, the iodine revolatilizatiot-

'
.

release for this case is much less than that of Case 2. The cumulative
probability distribution of iodine release for Care 1 is shown in Table A-2
and Figure A 2. The iodine release for this case is much lower than that
for Case 2. The median of the distribution is estimated to be about
8*106 These results were obtained from 750 iterations of the model.

The hydrogen ion concenttations in the steam suppression pool are,
according this model, quite variable, A probability density function for
the pil (negative of the base 10 logarithm of the hydrogen ion concentra-
tion) is shown in Figure A-2b. The density function of pil is distinctly
bimodal with modes at somewhat more than 8 and somewhat more than 4.
Despite the high hydrogen ion concentrations (i.e., low pil values) that
develop in tLe suppression pool, iodine releases remain low. It is inferred
from this that iodine release is determined to a significant extent by the
sparging rate of hydrogen through the pool. Entrainment by the hydrogen gas
is essentially negligible. Chemistry in the pool determines hcw much iodine
partitians into the sparging gas.
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Table A.2
Cumulative Probability Distribution of

Late Iodine Release Fraction from Water Pool
case 1. Subcooled Suppression Pool

.-

Cumulative Probability Iodine Release
(t) Fraction

,,

22 1.0E.07
38 1.0E-06

'55 1.0E-05
67 1.0E-04 '

75 1.0E 03
~

87 0.01
94 -0.02
98 0.03
100 0.06

.

1.0 . . . , .3 .. 3 , ,. 3 . . . ,

- 0.8 - -

N_.

) ('
*

? ~ 0.6 - -

& :_

I

-.h 0.4 f -~~

E,- /
O

0.b -

i

'' "'' ' " ' " ' ' ' ' ' ' " " " ' ' ' " '~

.0 *C
7 -6 5 4 3 2 -1

-10 10 10 10 10 10 10

Release Fraction

Figure A-2a. Case 1: Iodine Revolatilization.
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Figure A-2b. Probability Density Function for Vater (pH).

Case 3. Iodine Revolatilization from a Flooded Reactor Cavity Pedestal
_

Both Cases 3 and 4 are dominated by the tremendous rate of gas sparging.
Cas sparging brought on by the attack of melt on concrete is actually a
small part of the sparging. Most of the gas flow '1 rough the water pool
(in these two cases, water overlying the debris) is caused by the boiling
of water. Because the large sparging rates, the msults for Cases 3 and 4
are relatively insensitive to the details of ac us iodine chemistry or
the nature - of water entrainment in the gas flow. The results will be
sensitive to the boiloff rate specified in the problem.

The cumulative probability distributions of iodine releaso in Case 3 are i

shown in Table A-3 and Figure A-3 based on the resultu of 486 iterations of
the model. The first column shows the calculation time of 36,000 s
specified by the problem, Because the release fractions after 36,000 s are
so high, it was thought useful to also show the probability distributions
for 18,000 s of core debris interaction with concrete.

The mean release fractions after 36,000 and 18,000 s are 0.581 and 0.484,
respectively. The median release fractions for these two calculation times
are about 0.7 and 0.4. This indicates that much of the lodine release
occurs in the early stages of the core debris interaction with concrete.
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I Table A 3
Cumulative Probability Distribution of

Late Iodine Release Fraction from Vater Pool
Case 3. Flooded Reactor Cavity Pedestal

Cumulative Probability
(%) Iodine Release

36.000 s 18.000 s Fraction

0.6 0.8 0.01
1.6 2,5 0.02
2.9 4.3 0.04 -

4.3 6.0 0.063
4.9 7.6 0.08
6.6 11 0.10

14 23 0.20
31 42 0.40
38 52 0.50
45 65 0.63
60 75 0.80

t

''' i i i i i i i i i

0.9 -
-

0.8 -
_

b
E 0.7 --

-

S
$ 0.6 -

-

tt
g 0.5 - -

=
h 0.4 -

E

d 0.3 -

0,2 - 0 18000 s -

O 36000 s
o,3 _

,

' ' ' ' ' ' ' ' '
0.0

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

Release Fraction

Figure A-3. Case 3: Flooded Reactor Cavity.
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Case 4. Iodine Revolatillration from a Wet Reactor Cavity Pedestal

Case 4 is the most unusual because the water pool has evaporated nearly to
dryness, as specified by the problem. In fact, were the calculation
extended slightly beyond the prescribed time, the water pool wsald be
completely evaporated. Consequently, Expert A concluded that the iodine
release fraction in Case 4 is 1.0 (i.e., complete release) if the
calculation time were slightly extended beyond 36,000 s. Again two
calculation times (36,000 s and 18,000 s) were used in Case 4 to derive the
probability distributions.

Table ' A-4 and Figure A 4_ show the cumulative probability distribution for
Case 4 The mean value of iodine release fraction for 36,000-s running
tim: is 0.86 and the median release fraction is almost 1.0. Reducing the
time period to 18,000 s leads to a mean - release fraction of 0.71 and a
median release fraction of 0.87.

Sources of Uncertainty

Since Expert A used: a model to derive his: uncertainty distribution of
iodine release- fraction, the s ot' c e s of uncertainty in his model are
explicitly identified and the ranges of uncertainty parameters were used in
his iterstion calculations of the model.

Table A-4
Cumulative Probability Distribution of

Late Iodine Release Fraction from Water Pool
Case 4. Vet Reactor Cavity Pedestal

[ Cumulative. Probability
(t) Iodine Release

36.000 s.- 18.000 s Fraction

0.5 5.5 0.10
1.5 8.5 0.14 ,

2.0 9.3 0.16
3.3 11 0.20
4.7 17 0.30
6.7 21 0.40
9.0 27- .0.50

12.5 32 0.60
16 38 0.70
20 44 0.804

34 53 0.90
38 57 0.95

--.

b

!
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Figure A-4'. . Case 4: Vet Reactor Cavity Pedestal.

~ The - following uncertain parameters in the mechanical release model were
identified by the expert:

1. Density of liquid;

2. Liquid surface tension;
-

3. Density of gas sparging the pool;

4. Viscosity of gases:

5. Superficial gas velocity;

6. -Correlations of entrainment rates.

For iodine release as - a result. of iodine chemistry, the expert identified
-the following factors affet ting the partition coefficient:

/ -:

1. Tri-iodide' formation;

2. -Overall hydrolysis reaction;

3. Hypoiodous scid formation constant;

4. Gas phase concentrations o. organic species;

5. Organic lodine formation;

5.6-20
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6. lodate ion stability under irradiation;

7. ilydrogen ion concentration in steam condensate:

8. Iodine discharge rate and chemical form to the suppression pool;

9. Iodine available for ex-vessel release;

10. Discharge of cesium to suppression pool;

11. Chemical form of discharged cesium;

12. Boric acid discharge to suppression pool;
_

13. Duration of the analysis for Cases 1 at.d 2.

Though these were sources of uncertainty, not all of them greatly affected
the results of ir dine reva orization calculations.t

Correlations with Other Variables

According to Expert A'r model, the iodine revaporizatiot. release from the
suppression pool is correlated with the following other source term
variables:

* Total iodine and cesium releases from the vessel into the
suppression pool (in-vessel release and deposition) and the
chemical forms of these materials;

* Amount of hydrogen gas discharged into the suppression pool (in-
vessel hydrogen production).

,

The iodine release from the reactor cavity pedestal water is correlated
with the following other source term varielles:

* Amount of gas release during core debris interaction with
concrete.

Sugtested Methods for Reducine Uncertainty

None.
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Expert B's Elicitation

BVR Late Iodine Release from the Suppression Fool
and Reactor Cavity Water

Description of Expert B's Rationale /Methodolony

Expert B assumed the release of iodine from the pools could be calculated
from the following equation:

(Gas Flux from Vater) x (Concentration Iodine in Water)Release Rate -

x (Iodine Partition Coefficient). ,.

He considered a pool of water with a gas flux either off or near the
surface, Based on the definition of the IPC and assuming equilibrium is
established, the following equation was obtained for RF:

RF - 1 - e xp ( -V,/ (V,,I PC)) , EQ (1) ,

where V, is the volume of gas evolved, V, is the volume of water, and IPC
is the iodine partitio,, coefficient. Expert B felt that the iodine
partition coefficient depended primarily on the concentration of iodine in
the water, the pool pH, and the irradiation. However, he assumed that

,

enough " ssion products had been released essentially to drive the IPC to
its lowt._t value for a given pH.

In general, the maximum release fraction in the Expert B's distribution
corresponded to the minimum pH value and was also based on the as sun pt ion
that all the water and gas were effective in the removal process. The
median value corresponded to the expert's best guess <alue for the pH and
was based on the assumption that onl:/ 50% of the water was effective in the .

removal process. The minimum RF in the distr. ibution was based mostly on

his judgment.

Part 1

For Cases 1 and 2 Expert B used a water volume (V,) of 3.9 ML. To obtain

the gas volume (V,) for Case 1 the expert assumed 50S of the in-vessel
zirconium was oxidized and was released to the suppression pool as
hydrogen. He calculated a gas volume of 26.5 ML. Furthermore, for Case 1,

he assumed that no water was vaporized during this process. For Case 2,

there is a substantial amount of pool flashing, and therefore, the expert
neglected the amount of H that is passed through the pool for this case.2

He assumed that 81 of the pool volume is boiled away. Based on the ratio
of the steam-specific volume to the liquid-specific volume, he calculated

that V,/V,, is 128 for Case 2 (comoared to 6.8 for Case 1). To calculate

the pool pH, the expert assumed that the fission product inventory of

iodine was 17.7 kg and the original pH of the water was 7.2 As a lower
bound, the expert assumed that all the iodine enters the pool as HI. Based
on this assumption, he calculated a minimum pool pH of 4.5. However, the

expert's best guess was that the pool pH would not change much because he
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felt that the HI would be counterbalanced by Cs0H. Thus, his best guess
was that the pool pH would be approximately 7. Expert B used Figure B 1 to
obtain the IPC for different pH values. For pH values of 4.6 and 7, he
indicated that the IPCs would be 100 and 316, respectively. In selecting
the IPCs the assun:ption was made that the irradiation dose to the pool was
sufficient to convert [I-] into [I2) at low pH values. The values for V,/V,
and IPC were then used with Eq. (1) to calculate the maximum release
fractions, which for Cases 1 and 2 were 0.07 and .72, respectively.

Part 2

Expert B felt that because the cavity water boils at the bottom surface,
the gas probably would be in equilibrium with the water. For cases 3 and
4, the expert did not consider the amount of iodine in the cavity water.

,

Additionally, the expert did not include the effect that the boil-down
process has on the lodine concentraton. Based on experiments, tne expert's
best guess was that the cavity water would have a pH of 9. The IPC, which
corresponds to a pH of 9, is 3160. These experiments did not, however,
include B.C, which woulc tend to lower the pH. Taking this into account,

a pH as low as 8.5,the expert estimated th4.t the cavity water could have
which leads to an IPC of' approximately 1000. For Cases 3 and 4, the gases

come f rom CCI and from toiling away of the cavity water. If only the gases
released from CCI are considered, the release fraction for Case 3 is
negligible. However, if one considers the boiling-off process, the release
fractions are quite significant. For Case 3, the expert assumed 33% of the
water has boiled off, which results in a maximum release fraction of 0.41
(pH of 8.5 and an IPC of 1000),

For Case 4 essentially all the water has boiled out of the cavity and,
therefore, the expert felt that the release fraction could be as high as 1.
However, it was the expert's opinion that release fractions as low as 0.8 .

were credible.

Results of Evert B's Elicitation ,

' Part 1

'

The r e s,ul t s for Cases 1 and 2 are presented in Tables B-1 and B-2,

respectively.

Part 2

The results for Cases 3 and 4 are presented in Tables B-3 and B-4,

respectively.

<
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Figure B-1. Iodine Partition ~ Coefficient versus Mixing Time; pH Effect at
298 K. (frorn E G. Beauheim et al., " Chemistry and Transport of Iodine in
containment; NUREG/CR-4697, ORNL-TM-10135, Oak Ridge National Laboratory,
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Table B-1
Release Fractions, Cace 1 (Subcooled SP)

Release Fraction Cumulative Probability

0,000 0.00
0.025 0.25
0.050 0.50
0.075 0.75
0.100 1.00

-Table B 2
Release-Fractions, Case 2 (Saturated SP)

Release Fraction Cumulative Probability

0.001 0.0'
O.100 0.33
0.150 0.50 <

0.200 0.67 )
0.400 0.90

'

~

0.700 1.00
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-Table B+3
Release Fractions, Case 3--(Flooded Cavity)

Release Fraction Cumulative Probability

0.050 0.00
0.100 0.05
0.250 0.50
0,400 0.95
0.600 1.00 ,

-Table B-4
Release Fractions, Case 4 (Wet Cavity)

' Release Fraction Cumulative Probability

0.800 0.00
0.850 0.25
0.900 0.50
0.950 0.75
1.000 1.00

Sources of Uncertainty

The major sources 'of uncertainty were the IPC and the volume of gases
passed th rt., ugh the pool, . The uncertainty in IPC was judged to be a
function of the uncertainties of pool;pH, the concentration of iodine in
the water, and the -effects of irradation. However, it was the expert's
opinion.that the irradation field was strong enough to drive the IPC to .

its lowest value for'a given pH. 'The uncertainty the pH stemmed from an
uncertainty in the chemical species present and an uncertainty in the
concentration of iodine in the water. The expert indicated that even if
the uncertainty in the input chemical species was reduced, a significant

- amount of uncertainty would still-exist because of the complex chemistry
taking place in the pool, t

4

T

.
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Expert C's Elicitation

BVR Late Iodine Release from the Suppression Pool
and Reactor Cavity Water

Description of Expert C's Rationale /Methodoloty

Expert C provided a detailed written explanation of his analysis of this
issue. This analysis lead to the calculation of the median values for late
iodine release. The written explanation is reproduced below with winor
editorial changes and additions by the substantive assistant.

Part 1- Release from the Suppn ssion Pool -

Expert C assumed the following pool conditions before the accident occurs:

1. pH 7.2 to 7.4;
2. Water volume 3.9 x 105 L;

3. Temperature--ambient.

Further assumptions were made about the progression of the accident which
led Expert C to an evaluation of the pool conditions during the time period
of interest. These assumptions were

1. In the TBUX sequence (short-term station blackout with the RPV
maintained at high pressure) boron (from standby liquid control .

(SLC)] is not discharged into the RPV.

a result of the2. Boron will enter the suporession pool only as

oxidation of B.C (contained in the control blades) in the amount
suggested by Parker's experiments (0.72% according to Beahm).

.

3. The total iodine inventory in core is 17.7 kg. Source Term Code
Packa ge (STCP) calculations show that 80% will be retained in
suppression pool.

4. Iodine enters pool as Csl. In the absence of boric acid it is not
clear that much HI will be fo rme d . ) However, as a separate

'extreme assumption, take it that all iodine is in the form of HI.

5. 180 kg of cesium would be deposited in the pool, as either Cs1 or
Cs0H.

6. 1000 kg of structural material is deposited in the pool. This is

mainly tin from zircaloy.

7. Water addition to the pool over the course of the accident amounts
to approximately a 10% increase in volume. This increase can be
neglected.

5.6-26
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With regard to H , the TB sequence calculated by STCPc4 arrives at8. 2

30% of the zircaloy clad reacted. Assuming 64,100 kg of cladding,
Expert C calculated that 4.22 x 105 moles (gram) of hydrogen would
be released to the pool. This_is equivalent to 1.28 x 107 L at
100*C and 1 atmosphere.

Based on these assumptions, Expert C calculated the pH of the solution in
the pool.

For Assumption Set A he assumed that the iodine was all in the form of CsI.
The calculated pH was-10.4.

For Assumption Set B he assamed that Cs1 is converted to HI in the RPV and
that the Cs that is left behind is converted to Cs0H. He further assumed
that the HI will neutralize ' a part of the OH., thus resulting in 860.3
moles Cs0H being deposited in the supptassion pool. The pH of the
resulting solution was calculated to be 10.3. Thus, whether it is Cs1 or
HI makes essentially no difference with regard to pH. Assumptions A and B
were not distinguished by Expert C.

The effect of boron entering the suppression pool was reflected in the pH
assessment. 'Beahm -2 suggests a formula for calculating pH based on thee

ratio of hydroxide to boric acid. The application of the formula to this
problem is outside the range of the experimental data. According to
Parker, . 0.72% of the BC in a ' BWR is volatilized as boric acid. Thus,4

about 5 x 102 gram-atoms of boron are produced. Expert C applied Beahm's
formula and estimated the pool pH to be 9.36. At the request of Expert C,
Ed Beahm censured the pH of an appropriate mixture. He quoted from a
letter from Beahm giving his results:

"To simulate the conditions that we _ discussed: 180 kg of Cs and
0.72% of the B C inventory of boron in 3.9 x 10e L, I used 0.3 mL of
1_ H NaOH and 10 mg of- H B03 in 2 L of pure water. The pH was 9.5.3

This is close to the value expected from Eq. (8) of NUREG/CR-4697."

Expert t also considered the possible effects of tin on the pool's pH. He

concluded that the concentration (0.0022 moles /L) was too low to influence
pH. Possible effects on pH from other sources were also addressed. It has

been-said that the effect of radiation on nitrogen (N ) dissolved in the2

water L is that it will cause nitric acid ' (HNO ) to be formed and will make3

the suppression pool acid. . Expert C felt that H bubbling through the pool2

would_ sweep the N2 out. In addition, he felt that the question of whether
the.N2 is present or not is not germane because nitric acid is formed only
very slowly at high pHs under irradiation which . is indicated by Beahm's
work as discussed below.

Beahm '3 says that at high pH, 1 c ald be converted into nonvolatile formsc
2

by radiation. In a private communication between Expert C and Beahm, Beahm
,

2 byindicated that at pHs in_the nelghborhood of 10, the formation of I
radiation would be extremely slow, if at all.

2 at higher pH can be seen by the dataThe trend toward less formation of 1
preserted in Table C-1. This work was done at an I- concentration of 10-4
m/L.

'J 5.6-27
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Table C-1
Effect of pH on the Fonnatior. of 12 Under Irradiatian

4 Conversion to I_-

Radiation Dose pH 6.8 oH 6.1 pH 3.05

2 H rad 0.3 0.33 72

_

Furthermore, Beahm has estimated the radiation level in the suppression
pool as being 0.02 megarad/h. He described an experiment in a letter * to
Lisa Chan in which the liberation of 1 from aqueous solutions was2

measured. At an iodide concentration of 10'' moles /L, a pH of 8.5 (borate
buffered system) and an irradiation level of 0.5 megarad/h, 0.03% of the
oxide was converted to I in about 2 h.t

From these data, Expert C concluded that very little of the icdide would be *

converted to Ig in the suppression pool for the particular cases presented
to the expert review group.

In Sandia presentations of this issue, the question of the possible ,

formation of organic iodides was raised. Expert C argued that the pH of
the water in the supprassion pool will be alkaline (in the range of 10.4 to
9.4), He explained that Beahm has done experiments at a pH of 9.0 in which

|- methane in a carrier gas was bubbled through a uolution containing I- in an
irradiation field of 0.7 H rad /h.c-' Less than 1.2 x 10-4 % of the methane
was mnve r ted to methyl iodide and about 6.2 x 10-3 % of the I- was
conve;ted to organic'indide in the gas phase in 1.6 h. In consideration of
this low conversion of I- to CH I at a high pH, Expert C concluded that the3

formation of organic iodides was a serious concern.

Expert C performed a calculation to ostablish his best-estimate (median)
value for iodine revolatilization from the suppression pool. He assumed
that_the pH would be 9.5 and that radiation does not form extra 1. An2

estimate of what the partition coefficient would be under these conditions
was made.

The overall reaction of particular importance is

3I2+ 3H O -> SI- + 10 + 6H+,2 3

Expert C quoted Beahm's statement that "under basic conditions (in the
-presence of radiation), H0 can convert I to I." It was also clear to22 2

the expert, based on the equation above, that bas.ic conditions do not favor
keeping the lodine in the form of I . The data developed by Beahm are2

*E. C. Beahm to Lisa Chan, NRC, Letter on measuring the liberation of I2

from aqueous solutions, August 13, 1987.
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generally at-a low pil. However, Fi ure C-1 does include data at pH - 9.&
The " partition coefficient" as'used by.Beahmiis defined as

Concentration iodine in aa. ohase
IPC

Concentration iodine in-gas phase'

4 ; 3 i

=
c
.5.

$1
'o
83 - -

g a
.. n L

t'

$
-. 2 - c -

4g- O Pure Water;1.2 x 10 g-st. I,/L; Final pH s 4.6
4,9 6 pH 7(Buffered);1.0 x 10 g-st1,IL

$ 0 pH 9 (Buffered); 2.0 x 10 g st.l /L4
s

'h' * Hour 1 Day 1 Week

!'1 | 1 t

-2 3 4 5 6

Log [Timo After Inltlal Mixing (s))
.

Figure C-1=, -Iodine' Partition Coefficient vs.
Mixing Time; pH Sffect at-298 K.

Expert C noted that log (IPC) at pH. of 9 starts at 3 and within one day
. climbs to 4. It seemed-appropriate to Expert C, since this pH is 9.5, to

assume a log-(IPC) of 3.5 and calculate what the released fraction will be.

The concentration'of iodide in the aqueous phase was assumed to be 2.9 x-
10'S molas/L. Therefote, the concentration in the gas phase will be 9.2 x--
10'8.g-atoms /L. Assuming 1.28 x -107 L (100*C, 1 atm) of H go through the2

suppression pool', then: the - total gram atoms ' of iodine removed would be-

0.11. .The. total gram atoms of iodine in the pool is 111.6. T'ais fraction
..

|~ of- iodine from the ' suppression pool would be 1.1 x 10'3 Expert C - stated-
that this was a. conservative calculation that assumed equilibrium.

LFor Case 2, it seemed to Expert C that the amount released will not be much.
[ - different', The suppression pool-temperature was assumed to be 142*C rather-

|L than 100*C, The vaporization of 8'4 of the water' at containment failure
' leads to a much smaller volume of steam than was assumed in case 1.

5.6-29

1

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



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

H

Furthermore, _ according to Beahm -s for at least at a pH of 7 (buffered), ae

higher temperacure - gives a higher partition .:oefficient (i.e., favors the
aqueeus _ phase more). Beahm points out that it may not be intuitively
' obvious why high aquecus phase temperatures give lower iodine volatility.
He . mentions that this effect is due - to the more rapid iodine hydrolyses
which produces nonvolatile producte 1- and 10 and thus prevent.s the rapid3

formation of volatile species. Based on this information, Expert C stated
that a slight reduction in the iodine release over the case for a subcooled
pool was appropriate.

Ep.r t 2: Release from Wate r in the RPV Pedestal

Case 1: Flooded Reactor Cavity

Expert C made the following assumptions:

1. There is 1.1 x 106 kg of water ir the resctor cavity at time of
vessel breach; 7.7 x 105 kg remain in the reactor cavity after
10 h.

]

2. The core and associated debris are dischtrged to the reactor
cavity. The STCP assumed (probably erroneously) that 100% of the
core and assorted structural material go through the bottom of the
reactor. Expert C~took the SICP results as the basis for his
assumptions with regard to core debris composition. In Reference
C-1, pages 4-78 and 4-79, the composition and amounts of-the melt
at the time of failure are given (for the TB sequence). Some of
the important ingredients are shown in Table C-2. The total weight

'

of the core debris adds up to 334,375 kg not including the B C or4

B0 in Reference C-1,2 3

Table C-2
Assumed Composition (Partial) of Core Debris

,

Mass
Constituent ( k g')

;

Cesium (Cs) 3.48
Iodine (I) _0,289
Tellurium (Te) 23
Barium (Ba) 109.7
Tin (Sn) 1,065

| UO 166,2002
_

i' Zirconium (Zr) (structural) 57,798
l Iron (Fe) 59,068

*
Zrog _ 28,700
B.C 2,500

_

;

|

|.
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. generally at. a low pH. However, . Figure c-1 does include data at-ph - 9.

.The " partition coefficient" as used by Beahm is defined as *

Concentration loditle_in_ag., phaseL IPC'
Concentration iodine in gas phase'

4 i i

c
2
$!.
'o
83 - -

8
m t.
t

$
e 2 - C L -

'

{ O Pure Water; 1.2 x 10 g st.1 /L; Final pH = 4.64
2

40 6 pH 7 (Butfered); 1.0 x 10 g-st. I,/L
4

cn O pH 9 (Buffered); 2.0 x 10 g-st. la/l
3 1 Hour - '1 Day 1 Week

'
1 .'..

2 3 4 5 6

Log { Time After Initial Mixing (s))

-Figure C-1. Iodine Partition Coefficient vs.
~ Mixing Time; pH Effect at 298 K.

Expert C noted that log (IPC) at pH of 9 starts at 3 and within one_ day
climbs to 4. .It seemed appropriate-to Expert C, since this pH is 9.5, to
assume a log (IPC) of 3.5 and calculate what the released fraction will be.

The. concentration of iodide in the aqueous phase was assumed to be 2.9 x

10'5. moles /L. Therefore, the concentration in the gas phase will be 9.2 x-
10-8 g-atoms /L. Assuming ~ 1.28 x 107 L (100*C,-1 atm) of H2 go through the
suppression pool, then the total grar: atoms of iodine removed would be

,

j 0.11 The total-gram-atoms of. iodine in the pool is 111.6. This fraction
of- iodine . from the . suppression pool would be 1.1 x 10-3 Expert C stated
that this was a conservative calculation that assumed equilibrium.

For Case 2, it seemed to Expert C that the amount released will not be much
different. The suppression. pool temperature was assumed to be 142*C rather
than 100*C. The' vaporization of 8% of the water at containment failure
leads to - a much smaller volume of steam than was assumed in Case 1.

i S.6-29
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Furthermore, according to Beahm -s for at least at a pH of 7 (buffered), ae

higher temperature gives a higher partition coefficient (i.e., favors the
aqueous phase morc). Beahm points out that it may not be intuitively
. obvious why high aqueous phase temperatures give lower iodine volatility.
He mentions that this effect is due to the more rapid iodine hydrolyser
which produces nonvolatile products I- and 10 and thus prevents the rapid3

formation of volatile species. Based on this information, Expert C stated
that a slight redt.ction in the iodine release over the case for a subcooled
pool was appropriate.

Part 2: Release from Vater in the RPV Pedestal

Case 1: Flooded Reactor Cavity

Expert C made the following assumptions:<

1. There is 1.1 x 105 kg of water in the reactor cavity at time of
vessel L euch 7.7 x 105 kg remain in the reactor cavity after
10 h.

2. The core and associated debris are discharged - the t ene t.o r
cavity. The STCP assumed (probably erroneously) that 100% of the ,

core and assorted structural material go through the bottom of the )

reactor. Expert C took the STCP results as the basis for his
assumptions with regard to core debris composition. In Reference
C-1, pages 4-78 and 4-79, the composition and amounts of tho melt
at the time of failure are given (for the TB sequence). Some of
the important ingredients are shown in Table C 2. The total weight
of the core debris adds up to 334,375 k6 not including the B C or4

B0 in Reference C-1 ,2 3

Table C-2
Assumed Composition (Partial) of Core Debris

,

Mass
Constituent (kg)

Cesium (Cs) 3.48
Iodine (I) 0.289
Tellurium (Te) 23
Barium (Ba) 109.7
Tin (Sn) 1.,065
UO 166,2002

Zirconium (Zr) (structural) 57,798
Iron (Fe) 59,068
ZrO 28,7002

B.C 2,500
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3. Assumptions with regard to what gets into the water phase are
particularly important. In Reference C-6, data are given on the
aerosols released for TQUV. This is a transient with loss-of-
makeup water. Expert C assumed that the data are not too different
for TBUX. By very crude integration, the amount of aerosol and the
composition of potentiai basic and acidic components were
estimated. The results are shown in Table C-3. '

Table C-3
Estimate of Aerosols Releaaed During CCI '

Fraction of
Species Total (%)*

'. Na20 2.8
K0 34.72

SiO 24 92
Ba0 1.9
Sr0 2.5
Ca0 22.0

* Total aerosol released - 2,805,600 g.

To estimate the pH of the solution overlying the core debris,
Expert C assumed that all the aerosols were trapped by the water.
He saw this as a: key assumption in his analysis.

-4 Expert C stated that another important aspect of the situation is
the' oxidation potential of the solution. For approximately the
firs t -- 2 -- h , H will be bubbling through the water due to the2

-zirconium water reaction. Under these conditions, Expert C felt
that I :will'not be appreciably released. However, after the H2 2
evolution stops, the oxidation potential of the solution is not
clearly reduced so that estimates of pH become relevant.

5. Expert C estimated the volume of water available based on the-
geometry of the Grand Gulf plant. The pedestal at Grand Gulf has

'
an inside-diameter of 6.25 m. The volume of-the reactor cavity up1

to the level of the door for CRD removal (2.9 m above the floor)
and access was_ calculated to be 8.95 x 104 L.,

I Under item 3 above it was estimated that the total mass of core debris is
334,375 kg. Expert C estimates the debris vol ume assuming a density of
4 g/cc as 8.36 x 10' L. He concluded that the core debris will essentially

| fill the reactor cavity, The 1.1 x 105 kg of water assumed present in the
l drywell to start with, would have a volume of 1.09 x 108 L.

5.6-31
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The - total volume of the reactor cavity, including the volume of i.he
overflow area up to the-top of the wire was calculated to be 9.55 x-105 L.
Expert C - assumed that the CRD access door was a circular personnel hatch
and calculated . a volume of 2.9 x 10' L. (It is actually a rectangular
doorway with a volume of about 3,000 L.)

The volume of the reactor pedestal up to the level of the. top of the _ wire
wall was calculated to be 1.52 x 108 L. (The actual volume is
approximately 1.8 x 105 L ) The total volume of a pool on the drywell
floor was estimated as 9.55 x 105 L. The volume of water plus core debris
was estimated at 1.17 x 106 L.

Expert C concluded that water would flow over the wire and that vigorous
-

gas generation would oce r in the pedestal. He assumed that there is
sufficient leakage around the reactor vessel skirt such that the pedestal
would.not pressurize sufficiently to force the water down to the level of
the access opening where venting from the_ cavi ty could occur. He thus
concluded that there would be 8.72 x 105 L of water present in the drywell
at the start of CCI.

Based on the above assumptions. Expert C proceeded to calculate the pH of
the overlying water layer, both before and af ter the boil-off due to heat
transfer from the debris. The composition of important aerosols released
from CCI (Table C-3) were assumed to control the acidity. B0 (or H B0 )23 3 3
was not included in the aerosol released but Expert .C stated that it

.probably should be. The amount of B.C from the control blades that would
or H B0 was assumed to be about 2,500 kg. There is abe converted _to B 03 3 32

slightly soluble compound of boron and calcium called Colemanite (a
; mineral), 2Ca0-3B 0 5H 0; its solubility at 25'c is 0.1% . Expert C felt

2 3 2

that this should be involved in the considerations. However, he found that

the concentration of calcium would not be high enough to ensure
precipitation. Based on the assumptions above, the total amount of boron
-evallable would be 1.95 x 106 g. -Based on the information given in Table

'

C-3,- the amount of calcium available for dissolution would be 4.41 x 105 g.
Thus : Expert C calculated that the concentration of Ca++ would be 0.0126
moles /L ~ The boron concentration was calculated to be 0.22 moles /L.

In the calculation of _the concentration of other species that would
influence the pH, based on Table C-3, Expert C calculated aerosol
concentration based on--the amount of water avaitable - at the beginning of
boil-down. The results are shown in Table C-4.,

__ _
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Table'C-4
Concentration of Aerosols In Overlying Water

Mass in Water As~taing
Species Fraction in Aerosol Dissolves Equivalent of Base

,J O Aerosol (g) (OH/L)

Na20 _2.8 7.84 x 10* 0.0029
K0 34.7 9.72 x 105 0.0 ,62

Ba0 _ 1.89 5.29 x 10' O.000792
i Sr0 2.49 6.97 x'10' O.001542'

Ca0 22 0.0252

Total 0.0540

.

Since Nag 0, _ K 0, Ba0 and Sr0 all are potentially strong bases. Expert C2

.used the Beahm's equation to calculate the initial pH (again assuming no-
water boil-off). The calculated value was 8.3.

As the water boils down from 1.1 x 106 kg to 7.7 x 105 kg the volume of the
water would be reduced to 6.18 x 105 L. However, the ratio of base to
boric acid would stay essentially the same so the pH will remain at 8.3.

Expert C felt that it was ~ reasonable to question the assumption that the
aerosols released in the dry case constitute the solute in the case when
there is overlying water. He stated that it is possible that leaching of
constituents could occur such that they might not form . aerosols. The
listing of the constituents for the TB sequence 4 does not indicate anyc

potential materials that would lower the pH if they were leached. Expert C
felt that Cs vould probably be leached but that compared with the-amount of
Cao, Na o,- Ka , etc. , coming from ' he concrete, the increase in pH voulc-beo tz
insignificant. Thus, Expert C stated that although the logic in assumi.ng
that the = aerosols become the solute may - be a bit _ surprising, it seened
workable.

Expert C suggested that one mechanism _ that could be suggested for waking_

the solution more acidic-than predicted _'is the formation of nitric acid by
radiation. . The water may .be saturated with nitrogen, since it is exposed

--to air-(although the solution will be boiling and thus would remove most of-
the' nitrogen) . Referring to the . previous - discussion . on Part 1 of this

,

issue (suppression pool release), it was pointed out that at high p9s,
iodine can be converted - into : more volatile forms by radiation.c-7 - Beai?m-

has indicated that _at a pH of 10, the formation of Ia by radiation would bo
extremely slow; . if it occurred at all. It was-stated that a pH of 8.5 and
a' radiation level of 0.5 megarad/h 0.03% of the lodine was converted to 122
in about _2 h. At a pH of 8. 3, it seems very unlikely therefore that-

L-- appreciable amounts- of nitric acid formation would occur. In summary,
Expert C concluded that the pH of the overlying solution will be roughly
8.3. For a pH c f 8.3, the log partition coefficient, Figure C-1, can be
estimated to be .'..
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In order to convert the partitica coefficient in an amount of iodine
released, Expert C had to guess at the amount of gas which will sparge
through the water. H will be released for about 2 h due to the Zr-H O2 2

reaction. Expert C stated that under such reducing conditions, no 1 Vill2

be released. Sparging by steam, which might be effective in removing 1 ,2

will occur due to the boiling of the water. Expert C assumed that the ,

boil-down of 2.4 x 105 lb of water to 1.7 x 108 lb of water results in all
that steam going through the water. The volume of steam resulting was
estimated to be 5.4 x 108 L (assuming 1 atm and 373 K).

It was further assumed that the log of the partition coefficient would be
3. This would result in an lodine concentretion in the steam of 1.31 x
10-8 moles /L. ,

Assuming a sparging flow of 5.4 x 105 L through the solution, the amount of
iodine released would be 0.71 moles of 1 or 179 g of iodine that could be2

released. The fraction of iodine released would then be 0.62.

Expert C cited several items that would argue for a lower release. These
were:

1. Equilibrium between the aqueous solution and the steam would not be
:chieved;

2. The concentration of the iodine in the aqueous phase would be
consistently decreasing; thus, the concentration in the gas phase
would be similarly decreasing instead of being cc tant as was

assumed.-

Case 2: Wet Reactor Cavity
,

In this particular case, the core debris is assumed to be covered by 2.72 x ,

103 L of water. Ten hours after vessel breach, the solution above the core

has boiled down to 59 L. As this boil-down occurs, much of the solute

material would precipitate. The solution would have been concentrated by a

factor of 4600. Expert C felt that the solution could be said to have
evaporated to drymess .

The initial concentrations were assumed similar to those of Case 1 and the
ratio of base to boric acid was taken to be the same. Therefore, the

starting pH would be as previously calculated: 8.3. However, at the end

of the boil-down, a large amount of wet solids would be left. Based on

Expert C's assumptions of Case 1, the 59 L will be mixed 2800 kg of solids.

Wisbey -8 evaporated a solution of pH 9 with 10 4 M Cs1 dissolved in it toc

dryness. The total irradiation dose was 2.1 megarads. Twenty-two percent

of the iodine was converted to a volatile form. The final pH was 8.5.

Since this seemed to be a pertinent experiment, Expert C used this result
as the basis for his results.

5.6 34
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Results of Expert-C's Eligitation
.

'The results ' are tabulated in Table C-5. Figures C2 and C-3 show the-

distributions' for Parts _1 and 2 of this issue, respectively _ Values for
iodine release calculated- for each case - were used as . the median of the
distribution. Expert C based the distributions on'his knowledge of the
issues involved and on engineering judgment.

Sources of Uncertainty

Part 1 - Release from'the Suppression Pool

Expert C felt that these values could be reliably calculated based on
available information with - relatively little uncertainty. However, tha
resu.cs of his calculation would -be sensitive to the quantity of cesium

_

retained by the-suppression pool (through the pool pH). Cesium retention
would be affected by in vessel retention-(FVES). In the range of 90 to 180
kg of cesium in the pool,- Expert C f elt - that his results would be
appropriate.

Table C-5
Summary of Iodine Release Distributions

__

Case Fractile of Distribution

0 Q,05 0.25 0.50 0.75 0.95 1.0

Subcooled Pool 10-' - 5x10-' 10-3 1,1x10-3 2x10-3 5x10-3
(Part 1, Case 1)

Saturated' Pool 10-' 5x10-' 9x10-' 1. 0x10-3 2x10-3 5x10-3-

(Part l', Case 2)

Flooded Drywell 0.2 0.5 0.6 0.65 0.9--- --

(Part 2, Case 1)

Vet Drywell 0.1- 0.2 0.25 0.4 0.8-- --

(Part 2, Case.2)-

:

p

,
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Figure C-2. Part 1. From the Suppression Pool.
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Figure C-3. Part 2. From the Drywell Floor Pool.
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Part 2 - Release from Vater in the RPV Pedestal

Expert C felt that there was considerably more uncertainty in these
results. The retention of CCI aerosol by the water pool was identified as
being the dominant contributor to uncertainty. This involves both
production in the melt and subsequent scrubbing by the water.

.

_
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5,7 Issue-7. Desch Bottom Reactor Buildine Decontamination Factor

Summary of Expert Fanel's Assessment of
Source Term Issue 7

Exoerts consulted: J. Gieseke, Battelle . Memorial Institute; David
Williams, Sandia National Laboratories; Andrzej Drozd, Stone & Webster
Engineering Corporation; Ben Y. H. Liu, University of Minnesota.

Issue Description

The experts were asked to quantify the uncertainty in the decontamination
factor (DF) of the reactor building for radionuclides released from the
Peach Bottom drywell. The variable that was e?icited was the ' reactor
building DF.

I'.9 r. actor building DF is defined as the ratio of the amount of fission
profue a released into the reactor building to the amount released out of
the reactor building (to the environment). The. value of the reactor
building DF should be greater than or equal to 1. A reactor building. DF
.value of 1 means no retention by the reactor building.

This issue is concerned only with the cases for which the reactor building
structure is intact af ter ' containment failure. It is assumed that the
reactor building blow-out panels are open af ter containment failure. The
. reactor building DF may be evaluated for each of nine radionuclide groups:
noble gas, iodine, cesium, tellurium, strontium, rutenium, lanthanum,
cerium, and barium.

There are six cases for Peach Bottom reactor building DF:

1. -Drywell rupture and a subcooled suppression pool;
2. Drywell rupture and a saturated suppression pool;

-3. Drywell shell melt-through and a subcooled pool;
4. Drywell shell melt-through and.a saturated pool;
5. Drywell head seal 2eakage and a subcooled pool;
6. Drywell- head seal leakage and a saturated pool.

Lummary of Rationale

Expert A based reactor building DF distributions on NAUA calculations with
adjustments -for neglected phenomena. He also considered calculations
performed by the SNL staff and the Brookhaven staff. He estimated the
effects of the following parameters: hygroscopic aerosols, circulation

| patterns in the reactor building, residence time (containment leak size),

| and reactor building surface area.

Expert A assumed that the location of the containment failure had a small
effect on reactor building DF except in the case of drywell shell melt-
through after contact with core debris. Containment failure due to drywell

5. 7 - 1-
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I

shell meltthrough was estimated to result in about twice the deposition
rate in the reactor building compared to other containment failure

-locations, since-the pathway is extended and there is more surface area for
. deposition.

simple model in terms of the releer parameters andExpert B defined a
varied the input based on uncertainties in the underlying parameters.. When
possible,- code results furnished a base dis tribu. tion. (He used existing

-- CORCON, ' VANESSA, CONTAIN runs to establish the base distributions.) He

shifted the base distributions to account for modeling uncertainties,
parameter uncertainties, and calculation-induced uncertainties.

He.used MAAP code results to define the distribution for reactor _ DF that
~

included the effect of having two holes in the reactor building and setting
up a convective flow between them (chimney effect) . He constructed base
distributions assuming a 0.5 chance of _ the chimney effect.

Expert C's approach t.o this issue was to determine which parameters were
important, to perform a scoping study on the important parameters to
estimate the DFs - associated with these parameters, and to estimate the
range of credible DFs for the reactor building.

He felt that aerosol behavior, residence time, removal mechanisms, and the
building ' compartmentalization would be inportant parameters that would
affect the decontamination factors. Both chemistry effects and C inney

-effects would probably be negligible in the secondary containment.

-Parameters important to aerosol behavior were the shape factor, particle
density , concentration, initial distribution, and agglomeration.
-Parameters that would affect the residence time were the gar flow rates and-

:the presence of hydrogen burns. Important removal mechanisms- were
~

gravitdtional settling and diffusiophoresis. Factors cited that would "

affect gravitational settling were atmospheric dryness _ or condensing and
hygroscopic effects.

Expert C estimated the DFs associaced with five additional parameters: (1)
diffusiophoresis, _(2) - condensation on particles, (3) hygroscopic effect,_
(4) multi-volume effect, (5) and hydrogen burn.

_

Expert D used reactor building DF values calculated by the STCP in BMI-2104-
and BMI-2139 to assess the mean values-of reactor building DF. He-used his

experience in experimental sarosol transport to set the upper and lower
bound values 'of reactor building DF.

The _ mean __ residence --time. af an aerosol inside the reactor building is

considered by Expert D to be the main variable in determining the reactor
building'DF value, which in turn is dominated by the volume of the reactor
building.

No retention or deposition in the reactor building is considered for the
noble gas group. The remaining eight groups were treated the same, because
other uncertainties overwhelm the difference among dif ferent radionuclide
groups.

( 5.7-2
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dcthod of Accregation

Expert D did not distinguish among radionuclide groups (other than the
noble gas group). The other three experts established different
distributions for the volatile species (iodine and cesium) and for the
nonvolatile species. The iodine and cesium distributions developed by
Expert A were only slightly dif ferent. Expert C presented a distribution
for the tellurium group that is only slightly different f r ote his
nonvolatile distribution. Based on the results o' all four experts, the
eight nuclide groups were classified into two categories for the reactor
building DF issue: volatile (iodine and cesium) and nonvolatile (all the
others, except noble gases).

Assumptions Used in Averaginn Distributions -

1. Linear extrapolation obtained endpoint probabilities (0 and 1) for
those experts who did not assign values for the two endpoint
probabilities.

2. The arithmetic mean was used for calculating the average f equency
among different experts for a given value of revolatilization
fraction.

3. Linear interpolation was used to obtain the values between the
experts' assessed points.

Accretated Results

Table 7-1 gives the aggregate results for each Peach Bottom case.

s
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Table 7-1 [;

Reactor Building Decontamination Factor |;

Aggregate for Case 1 (
'

| I
!

| Ouantile [
?

Rad'onuclides, 0 000 0 0i0 0.050 ' O.250 0 500 0.750 2.222 2.222 1.000 [

j Cesium, Iodine 1.0 1.042 1.099 1.409 2.297 4.277 9.878 56.175 470.000
| Aerosols 1.0 1.055 1.113. 1.480 2.671 4.905 10.157 63.900 507.000 :

ii

Aggregate for Case 2 f
+ i.

4
?

Cesium, Iodine 1.0 1.042 1.141 1.66? 2.836 4.936 10.885 77.375 428.000 f
Aerosols 1.0 1.060 1.129 1.577 2.610 5 . ',8 3 12.795 81.776 461.000 !4

i [
P Aggregate for Case 3 i

i 7' !

! Cesium, Iodine 1.0 1.061 1.158 1.830 2.955 4.H03 '_1.140 74.900 594.000 !"

i Aerosols 1.0 1. 0' ' 1.147 1.978 3.466 5.713 13.313 85.050 634.000 .

|
'

I t.

Aggregate for Case 4 j

i I

! Cesium. Iodine 1.0 1.056 1.228 2.293 4.049 6.860 1.4.488 87.919 551.000 i

Aerosols 1.0 1.079 1.250 2.221 4.023 6.812 17.009 92.074 590.000
;

!
Aggregate for Case 5

1

i
Ccsium, Iodine 1.0 1.00 1.020 1.11 1.35 1.731 6.656 9.639 361<

2 Aerosols 10 1.00 1.020 1.11 1.41 1.881 6.656 9.639 361
!
,

Aggregate for Case 6

i Cesium, Iodine 1.0 1.00 1.020 1.11 1.45 2.57 6. 65(- 9.639 361

Aerosols 1.0 1.00 1 020 1.11 1.48 2.57 6.656 9.639 361 i*

i

I
i |
1 ,

'
t
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Expert A's Elicitation

Peach Bottom Reactor Building Decontamination Factor

Descriotion of Exnert A's Rationale /Methodolor.v

Expert A considered the dependent parameters DF, 1/DF (penetration), and 1-
1/DF (decontamination efficiency) to understand the effects of the
important parameters on the result. He used a conversion tabic for
distributions. Median values were determined from code calculations
referenced below. For all noble gases (xenon, krypton, etc.) DF - 1. For
all drywell rupture and shell melt through cases, the ninimum DF (F,oot) - is
very near 1.0, and the maximum DF (F,ges) is e s tima'.4 i to be 10 For the
drywell head leak case, the range is from 1.0 to 1.4.

The expert based his judgments largely on NAUA calculations with
adj us tment s for ne glec ted phenwena. The NAUA codo is well baselined
against experiments: .DEMONA, IM E , and numerous dry aerosol studios.
Sequences or parts of sequences that matched conditions specified by the
case definition for this issue were used. Reactor building DFs verr
calculated from the Brookhaven sensitivity study to support the median
values selected for Case 1 and to evaluate the offects of input parameter
values. -The calculations performed by the SNL staff were also considered.
The expert assumed a small effect from varying the break location except
for drywell liner melt-through at Peach Bottom, which was estimated to
result in about twice the deposition rate since the pathway is extended and
there is more surface area to pass. The expert estimated the effects for

'uncalculated parameters as follows:

1. Hygroscopic aerosols < 2x for median
< 5x for upper bound

2. Circulation patterns < 2x

(natural circulation)

3. Residence time (leak size) < 2x

4. Surface area (general) 2 - 4x.

For flow patterns,. the general conclusions are that Peach Bottom may have
more' direct flow paths out-than were considered in NUREG/CR 4624.

I

!

4
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' Results of Expert A's Elicitation

The resul' i for each case are given below.

Case 1: Peach Bottom
_ . _ _ _ . . ,

Fractile

.001 .25 .50 .75 .999

Xe, Kr 1 1 1 1 1

1. Br 1.05 1.2 1.4 1.8 10

Cs, Rb 1.05 1.2 1.5 3 10
-

All others 1.05 1.2 1.5 3 10

The results of the pertinent calculations are:

NUREG/CR-4624 NUREG/CR 5062 NUREG/CR 4624
Low cond. in Votwell fail. with liigh cond. in

sec, containment very subcooled pool sec. containment

D1 Hi% Brookhaver LQ1 Ifl
Min - Med - High

1.0 1.0CR1 (Xe/Kr) 1.00 1.00 - - -

GR2 (I) 1.12 1,66 1.2 - 1.40 - 2.60 2.0 1.9
CR3 (Cs) 1.64 1.68 1.0 1.30 1.70 2.03 2.01
CR4 (Te) 1.45 5.00 1.1 1.20 1.30 1.21 1.72
GR5 (Sr) 1.35 3.32 1.0 1.14 1.30 1.27 1.65
GR6 (Ru) 1.58 4.10 1.2 - 1.50 - 1.70 1.37 1.68
CR' (La) 1.58 3,11 1.0 - 1.20 1.34 1.43 1.72

~

CRv (Le) 1.42 3.31 1.1 - 1.25 - 1.25 1.33 1.67
CR9 (Ba) 1. .',3 3.96 1.0 - 1.116 1.20 1.22 1.68

9

Ce=e 2: Peach Bottom

Fractile

.001 .25 .50 .75 .999

Xc, Kr 1 1 1 1 1

1, Br 1.1 1.7 2 4 10

Cs, Rb 1.1 1.7 2 4 10

All others 1.1 1.2 1.8 2.5 10

5.7 8
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Case 3: Peach Bottom

i1aglile

.001 ,25 .50 .75 .999

Xe, Kr 1 1 1 1 1

1, Br 1.1 1.3 1.8 3 10
Cs, Rb 1.1 1.2 2.0 5 10
All others 1.1 1.2 2.0 5 10

This case is coreparable to case 1, but the leak location is
-

different. Asstuce about 50% reore deposition. '

Case 4: Peach Bottorn

Fractile

.001 .25 .50 .75 .999

Xe, Kr 1 1 1 1 1

1, Br 1.2 2.0 3.0 6.0 10
Cs, Rb 1.2 2.0 3.0 6.0 10
All others 1.2 1.5 2.5 4.0 10

This case is comparable to case 2 Peach Bottom but the
leak location is different. Assume 1.5 to 2 times deposition.

-

Case 5: Peach Bottom

Fractile

.001 .25 .50 .75 .999

Xe, Kr 1 1 1 1 1

I, Br 1.0 - 1.1 - 1.4
Co, Rb 1.0 - 1.1 - 1.4
All. otNrs 1.0 1.1 1.4- -

5.7-9
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Case 6: Peach Bottorn

Fractile

.001 .25 .50 75 .999

Xe, Kr 1 1 1 1 1

I, Br 1.0 1.1 1.4--

Cs, Rb -1.0 1.41,1- -

1,4 iA11'others 1.0 1.1 --

,

Sources of Uncertainty |

Expert A considered break location, building flow patterns, uncertainties
in building parameters, and modeling deficiencies to be the main sources of
uncertainty,

i

Correlations with Other Variables

Expert A specified no correlations with other variables.
,

,

Succested Methode for Reducinc Uncertainty

Expert A made no suggestions for reducing the uncertainty.

.

5.7 10
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Expert B's Elicitation

Peach Bottotu Reactor Building Decontamination Factor

Description of Extsert B's Ra t iotutl e /Me t hndqLety

Exp e r t. B's approach attempted to meet what he felt to he two basic
requirernents for his analysis:

1. A number of calculations wi th mechanistic accident analysis codes
(the STCP, MAAP, etc.) have been performed for various accident
sequences, at leart for the Peach Bottom plant. Expert B believed

_

that these codes combine evaluation of the boundary and initial
conditions for radionuclide transport and deposition within the
reactor building, together with t r e a t tn e n t s of many of the
phenomenologies involved, to a degree that no s iirp le standalone
separate-effects calculations could ever do. llence, he believed

that any uncertainty methodology should incorporate the information
represented by the code calculations as directly as possibic

2. A number of importent uncertainties. in the code calculations were
believed tn exist, in part because of phenomenological uncertain-
ties in code modeling. lle nc e , any uncertainty methodology should
explicitly account for the more important modeling uncertainties
thae might affect the code results. Since these uncertainties can
involve limitations of the code models themselves, some of them are
not readily investigated simply by performing sensitivity studies
wich the codes, even if it were feasible to perform any desired
number of such sensitivity studies.

To meet these needs. Expert B devised a two-step process for developing
_

uncertainty distributions for the reactor building DF. 'i h e first step was

to develop what he called a " base distribution * using the results of code
calculations. The second step was to make substantial changes to the base
distribution to account for the uncertainties that he believed could have
potentially important effects upon the code calculations.

Development of Base Distributions

Expert B relied primarily upon the following code calculations in
constructing his base distributions:

* MAAP results for Peach BottomM , which gave a wide range of DFs ,
1.3 to about 50. When there were two openings to the reactor
building, one to the refueling bay and one to the steam tunnel, a
" chimney" effect developed in the MAAP calculations and the DFs
were quite small, 1.3 to 2.8. When only one of the two paths was
open, the DFs were cuch large r , 6.8 to 63. In aadition, DFs were
somewhat smaller for cesium and iodine than for other species.

5.7-11
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I

* STCP calculations -2 using a single-volume representation of thee

reactor building, which gave small DFs, 1.1 to 2.9. Ilydrogen burns ;

played an important role in making the DFs small.

Calculations by P. Bieniar using the RMA code' (a roodified version*
of the STCP), which gave DFs in the range 2 to 6, with roost results -

in the range 4 to 6, and with DFs for cesium and iodine somewhat
smaller than for other species in some (not all) cases. The
assumptions made in these analyses reduced the licpo rtance of
hydrogen burns in cortparison with the STCP results, which may be
the principal reason for the larger DFs.

* A MELCOR calculation -3 yielded DFs in the range 2 to 4. A8

" reverse chimney" effect developed in this calculation.

The expert relied-heavily upon the MAAP calculations and the sensitivity to
the chimney effect these calculations displayed, which he considered to be
physically realistic. lie therefore developed two subdir,tributions for his
base distribution, one assuming a chimney effect developed and one atesuming
that it did not. The first was derived by broadening somewhat the
distribution of MAAP results in which a ch!sney ef fect was involved and

'

included DFs ranging from about 1.05 to about 3. The second was based upon
all the other *esults, including the MAAP results without a chimney effect,
and spanned a range of about 1.1 to 25. He was uncertain whether a chimney
effect actually would develop in the risk dominant accident scenarios; sa.
he combined these distributiens with equal weight to derive his base
distribution. He expressed his distribution in terms of a release
6 arameter RP - DF 1 (this release parameter is discusred further below).
1:e believed RP should be logarithmically distributed and defined a
probability density function (pdf) for In(RP). He defined one pdf for
cesium and iodine and another for all other species; these pdfs did not
differ greatly. His base distributions are

1

DF In(RP) o (Cs.I) o (others)

1.025 -3.69 0.0 0.0
:.05 -3.00 0.16 0.0
:1 -2.30 0.16 0.179
1,2 -1,61 0.297 0.307 -

2.0 0.0 J.297 0.307
3.0 0.69 0.68 0,09

; 15.0 2.64 0.03 0.09
L 25 3.22 0,0 0.0
|

Modification 9f the Base Distributions

Expert B felt that there were a number of uncertainties that his base
distributions did not adequately re fl e c t . These arise both from
modeling uncertainties in the codes and from variations in accident ]
scenarios not adequately represented by the available code 1

IP. Bieniarz, presentation to Source Term Panel on 1/13/88, including
handout of report describing w,rk done for the NY Pcwer Authority
(Fitzpatrick Plant).

5.7-12
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calculations. lie decomposed these ' uncertainties into the following
subcat~gories:

1. Flows of steam and gas into the reactor building, which act to
sueep acrosols and radionuelides out of the building. 111gh flows
favor low DFs; saturated pools favor high flows. Most available
code calculations are for saturated pools. Comparisons with |
unsaturated pools were based, in part, upon variotts calculations
of steam flow rates (saturated pools) versus CCI gas generation

i
'

rates.

1

2. Aerosol generation rates, especially during CCI. liigh aerosol
generation favors rapid agglomeration and aerosol deposition;
hence, high DFs. Uncertainties in aerosol generation were
estimated from assessments of uncertainties in STCP calculations
and converted into uncertainties in acrosol deposition rates using
aerosol behavior systematics discussed in Appendix N of Reference
B 4.

3. Incation of release to the reactor building (at the knuckle versus
the torus room) in Peach Bottorn. Effective building volume is
smaller for knuckle release, favoring sotoewhat lower DFs.

4 Uncertainties in aerosol agglomeration and deposition rates for
aerosol shape factors, turbulent agglomeration, and uncertainty in
areas of surfaces available for aerosol settling. Dry atmospheres
(subcooled pools) could favor enharmed deposition rates because
larger effects f shape factors and turbulent agglomeration upon
deposition rates, while vet atmospheres (saturated pools) could
rerA t in enhanced deposition rates from steam condensation
e f tects , especially for hygroscopic aerosols. lie felt that the
steam condensation effects had the largest potential for enhanced
DFs associated . with rapid aerosol deposition; he therefore
believed that enhanced deposition rates were more likely to

, contribute to increasing the _DF for saturated pools _than for
'

unsaturated pools.

5. 11ydrogen burn uncertainties. Dry atmospheres - (subcooled pools)
are more favorable to vigorous burns that could sweep aerosols out
of the building and, hence, lower the DFs.

To incorporate the estimated effects of these uncertainties into his
distributions. Expert B used a simple conceptual model in which the
release from the building -is- controlled by competition between aerosol
-deposition,- represented by a fractional deposition- rate A., versus
transport out of the building by the flov of steam and gas- represented by,

the f rac tional- transport rate A. The fraction released from the
containment- is equal to A,/( A, + A.), and the DF is the inverse of this, DF ,

,

j - 1 + A,/A, - 1 + r /r. , where the characteristic time constants (r's) areg

the inverse of the A's. Sinc the expert believed that the various
uncertainties could cause both t, and A, to vary substantially, he felt
that-logarithmic distributions would be suitable for describing then and,
hence, for describing the distribution of their ratio, which he defined to

be his " release parameter" RP - A,/A, - DF 1. lie therefore converted his
|
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base distributions for the DF into bare distributions for RP, assessed the
effects of the various uncertair. ties upon the distribution for RP, and
converted back to a distribution for DF to obtain his final results. Note
that large values of the release parameter correspond to large values of
the DF and, hence, to small values of the release.

For each uncertainty considered, Expert B defined a small number (usually
two to four) of discrete levels; that is, he selected two or mere values
that a parameter representing the uncertainty could take on. For the
reactor building DF analysis, this parameter was the factor R by which the
uncer'ainty could alter A, or and, hence, alter RP. lie then assigned a

weight W to each level; that is, a subjective probability that the
parameter R would actu sily take on a value close to the value representing

~each level.
v

The R, values developed by Expert B are multiplication factors, that may be
applied directly to the RP. distributions he derived from the code
calculations, lie converted the base pdf for RP that was given above 'nto a
cumulctive distribution function and then modified the base CDF for RP

.using a " decomposition tree" structure that ' allowed for all p.2sible
combinations of the levels defined for all the uncertainties considered.
.Each of the endpoints of the tree yields a reproduction of the base CDF for
RP shifted by an amount equal to the product of the R values assigned to
the branches corresponding to the particular path taken through the tree.
The weight assigned to this endpoint is equal to the product of the V
values assigned to each of the branch points. The final distribution for
RP was formed by combining the weighted distributions for all the tree end
points. This distribution was then converted back to a distribution for RP
using Eq. (1).

Expert B's decomposition tree is illustrated schematically - in Figure B 1.
The-figure is drawn for a case-in which five uncertainties are considered,
with four Icvels being defined for the first uncertainty and three levels
for ' the other four uncertainties, yielding 324 endpoints for the entire
tree. (Most f the decomposition trees the expert used for the reactor
building DF issue had somewhat fewer branches than the example shown in the
figure.) Each branch point is associated with an (R,W) pair. The
-superscripts 'in the figure refer to the 1st to 5th uncertainties
considered. The subscript refers to the IcVel chosen for that uncertainty.
A given path _ through the tree can be represented by the five numbers
(jklmn), where

j - level caosen for uncertainty 1,
k - level chosen for uncertainty 2
-1 - level chosen for uncertainty 3,
m - level chosen for uncertainty 4,
n - level chosen for uncertainty 5.

In Figure B-1, complete _ paths and the corresponding (jklmn) values are
shown schematically for nine of the 324 endpcints of the tree.

In principle, dependencies between the uncertainties could be accounted for
by allowing the R values and/or the V values assigned at any branch point
to depend upon which branch had been taken at the previous branch points.

5.7-14



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

,

,

'Uncert. 1) (Uncert. 2) (Uncert. 3) (Uncert. 4) (Uncert. 5)
(jkimn)

- (12311)

(R11W11) (R22g22)

(12312)-

(12313)-

(31211)-

(R12W12)

(31212)

(R21g21)

(31213)
_

-(R13W23)

,

-__.

(R2 V2 )3 3
.

- (R14W14 )

.
(41331)

(41332)

(41333)
,

'

Figure B-1. Schematic of Decomposition Tree P: -d by Expert B '

,
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Practical considerations imposed severe limits upon the degree to which
this could actually be done, however. Except where otherwise noted in the
discussion of the clicitation results, the various uncertainties were
assumed to be phenomenologically independent.

,

For each endpoint of the tree, a CDF for RP can be generated. This CDF is

i

RPN(P) - R1 R\R8 R',RS RP0(P), (1)
3 t n

>

vhere RP0(P) is the value of release parameter corresponding to the Pth .

fractile of the base distribution, while RP8(P) is the value of the release

parameter corresponding to the Pth fractile of the distribution for the Nth
-endpoint of the tree. The weight assigned to this particular result (tree j

endpoint) is given by:

QN . yl,y ( y yy6 N (2)m n'

To obtain the final combined distributions, Expert B inverted the endpoint
distributions and sumu d the resulting weighted probabilities correuponding
to a given value of RP, Thus:

- P(RP) - EW8PN(RP) . (3)
8

.

P (RP) is the probability that the release parameter vill be less8liere,

than RP for the Nth endpoint distribution, and P(RP) is the probability
that - the- release - parame ter will be less than RP in the combined .

#

distribution. Finally, Expert B converted the combined distribution back
into a distribution for the DF, as noted previously.

Expert B's base distributions are given above. The R and W values that he
applied to modify his distributions were as follows.

For flow rate uncertainties, subcooled pools:
.

V - 0.15 0.35 0.35 0.15
R - 1.0 2.5 5.0 10.0

For flow rate uncertainties,-saturated pools:

W .25- 0.50 0.25
R .333 1.0 3.0

For aerosol generation rates: |

W .20 0.35 0.30 0.15
R .577 1.0 1.73 3.162

5.7-16 |
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For release to the knuckle: i

V - 0.5 0.5
R - 0.5 1.0

For ur, certainties in aerosol agglomeration and deposition rates:

Subcooled pools:
V - 0.4- 0.4 0.2
R - 1.0 2.0 5.0

Saturated pool
V - 0.3 0.4 0.2 0.1
R - 1.0 1.9 5.0 10.0

|

2 burns, subcooled pools: |For 11
1

V .33 .34 0.33
R .30 .50 1.0,

- Refueline Bay DF

,

The expert also offered DF distributions for the refuelin6 bay, for use in
cases in which the r.t se was directly from the drywell to the refueling bay,
bypassing the reactot vuilding, lie based these distributions upon two STCP

,

calculations, both of which showed very small DFs (<1.1)s-2.s4, lie belia.ved
these results were physically reasonable. lie believed that it would not be
useful to attempt to apply the detailed procedure described above to the
refueling bay DF and.- therefore developed subj ec tiv. distributions for the
refueling bay DF directly from the STCP calculations,

it

Finally, Expert B emphasized that despite the use of the formalism describad
,

here, his distributions should still be viewed as being fund 8 mentally
subjective: the V' values, in~particular, represent subjective probabilities,
and even the R values include subjective _ elements despite the use of code
results, experimental results, and stand alone aerosol calculations where ,

these' were available and applicable. Since the . expert did consider these
distributions to be _subj ective, he therefore made revisions to the final
results .when he considered them to be unreasonable in some respect. - In

,

general, these revisions were limited to adj ustments *o the teils of the-

distributions to modify release fractions he considered to be excessively high
or exceselvely low.

!
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Results of Excert B's Elicitation

The final results ,re given below.

Case 1: Peach Bottom

Fractile
d

.01 .05 .1 .25 .50 .75 .9 .95 .99

Gr 2,3* 1.02 1.05 1.09 1.27 1.99 4.88 15.5 32.9 126
Gr 4 + 9" 1.03 1.08 1.14 1.38 2.27 5.79 18.3 38.2 141

Case 2: Peach Bottom -

Gr 2,3* 1.02 1.05 1.09 1.25 1.90 4.56 14.3 30.0 116
Gr 4-9" 1.03 1.07 1.13 1.34 2.15 5.38 16.8 35.0 129

Case 3: Peach Bottom

Gr 2,3* 1.03 1.08 1.14 1.40 2.39 6.36 20.7 44.2 167
Gr 4-9" 1.05 1.12 1.21 1.54 2.78 7.62 24.7 51,4 186

A

Case 4: Peach Bottom

Gr 2,3* 1.03 1.07 1.13 1.36 2.27 5.92 19.1 40.5 154
Gr 4 -9" 1.04 1.11 1.19 1.50 2.62 7 . 0 '. 22,6 47.1 172

*GR 2, 2 - iodine, cesium

3"GR4 -9 - tellurium , strontium, ruthenium, lanthanum, ce ium, barium.

Refuelinn Bay DF

For cases in which the release was directly from the drywell head to the
refueling bay, Expert B gave the following disttibution:

Frac. 0.01 0.05 0.25 0.50 0,75 0.95 0.99
DF 1.001 1.01 1.05 1.1 1.5 3.0 10.0

(All cases: saturatead or subcooled pool, Peach Bottom)

5.7-18
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1

E<mtr.c s . of Uncertainty
|

The R values and W values directly reflect the importance Expert B aufgned
to the uncertainties that he explicitly included in his decomposition tree,

discussed in connection with Firure B 1. lie thought uncertainties >

reficeted in his base distributions were important, including especially
the question of whether there would or would not be a chimney ef fect.
Unlike the situation for a nurtbe r of c.t he r issues, he believed that
uncertainty resulting from the need to gr;up together a range of accident
scenarlos in a single " caco" could be quire ittportant for this issue. He

,

did not assign great importaner to the uncertainty in the surface areas '
,

available for settling, .ss Corn'AIN calculailons he had perf ormed indicated
this would be important only when aerosol censities were quite low.

O rtplation wilA 91her Varilahlf.h

Expert B believed that other things being equal, high FCCI values would
correlate with high aerosol densities in the reactor building. aince he
believed that high aerosol dent,ities favored larger DFs, other things being
equal, he expected that there would be some positive correlation between
the DF and FCCI . Ilowever, he believed that substantial additional effort
would be needed to define such correlations quantitatively (if it could be
done at all) and that simply guessing at the correlations could do more
harm than goon. Hence, Expert B did not specify any correlations between
the reac'or building DF and other variables.

Sur.gratod MetbSeds fgI f h inr. Uncertaint.y

Expert B believed that uncertainties in the reactor building DF could be
significantly reduced i f it were possible to define the - dominant - accident
scenarios more accurately and then perform detailed code calculations, with
a carefully designed nodalization of the reactor building, for the specific
scenarios of interest. Determining whether there would be one or two
openings to the reactor building would be especially helpful, because the
chimney effect requires two openings, and he believed this to be one of the
more important unce tainties. Improved modeling of counter-current flow
through a single, large opening is also needed (the NRC codes do not
directly model counter-current gas flows, al though MAAP does.) Aerosol
modeling improvemencs needed include better definition of shape factors,
turbulent agglomeration (including models for turbulent intensities), and
improved modeling of steam condensation on aerosols, especially hygrorecpic
aerosols. On the whole, however, he felt that uncertainties in the
-thermal-hydraulic conditions (and perhaps uncertainty in the aerosol
sources) were probably more important than the uncertainty in the aerosol
modeling, given accurate thermal-hydraulics and aerosol sources.

.
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Expert C's Elicitation

'
Peach Bottom Reactor Building Decontamination Factor

Description of Expert C's Rationale / Methodology
|

Expert C collapsed the nine radionuclide groups in the previous section
into the following th re e groups: c e s l uto and iodine, tellurium, and

,

nonvolatiles. The expert's approach was to determine which pararneters were
important, to perform a scoping study on the itopo r tant p ararne te rs to
estimate the DFs for them, and to estirnate the range of credible DFs for
the reactor building. This inforrnation was then used as a starting point
for the six cases in this issue. The values were then adjusted based on
attributes for each case.

Expert C felt that aerosol behavior, residence time, removal succhanisms,
and the building compartmentation would be important parameters affecting
decontamination factors. On the other hand, the expert assumed that both
chemistry and chimney effects would be negligible in the secondary
containment.

Paramete*s that the expert felt were important to aerosol behavior were the
shape fe ror, particle density, concentration, initial distribution, and
aggloine t . -l on . It was the expert's opinion that the size of the ,

particulates is less char, or equal to " classical" laminar sublayer, which
would lead the particle to behave as e sphere. The expert bases his
opinion on Reference C-1, which indicates that the f o rtn a t i o n of
crystallitesito agglomerates-to-flocs does not produce " sharp-edge"
aerosols. In addition, the expert referenced results from the STEP
experiment,* which suggest that the aerosols had spherical shapes. He felt
the shape factor would range frotn 1 to 1.5. However, parametric studies by
Stone and Webster with NAUA MOD 4 showed no significant effect on leakage
for shape - factors in the range from 1 to 2. Expert C chought that the
part.icle density would range from the density of water to the density of
structural material with a particle porosity of 50%, That is, the density
would range from 1 g/cc to 4 g/cc. He felt that the aerosol entering the
reactor building would be " aged" and, therefore, would have a stable
distribution, Calculated standard deviations in CRESTc-2 range from 1.8 to
2.2. Thus, the standard deviation of the disttibution wou d be~

,

approximately 2.

Parameters that Expert C felt would affect the residence time were the gas i
' flow rates and the presence of hydrogen burns.

Removal mechanisms - that were important were gravitational settling and
diffuslophoresia. Factors cited that vould af fect gravitational settling
were atmospheric dryness or cordensing and hygroscopic effects.

*B. J. Schlenger et al., " Characteristics of Releases from TREAT Source-
Terrn Experiment STEP 1," presented at the ANS Winter Meeting, Washington
D.C., November 1986.
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To estimate the decontamination factor of the various parameters Expert C
performed a scoping study. lli s approach was to establish a base case,
evaluate base parameters, and then consider the effects of additional
psrameters that were not analyzed in the base case. In the base case, it

was assumed that there was no condensation on the particles, no Stephan
flow, and no hydrogen burns. Also, the reactor building was modeled with a -

single volume. Three base parameters were evaluated that included the DF
for a sireple acrosol, DFa, the DF attributed to settling height, DFn, and

the DF attributed to residence t. i m e . DFa. The base parameters were
evaluated using Sr.one and k'ebster's modified version of NAUA-4, The base
case was evaluated for four sets of input variations. The base case inputs

for the four subcases are shown in Tabic C 1 along with the calculated DFs.
Based on these calculations the expert estimated that DFa is 1.5, DFn 18 3
and DFa is 1.5. lie felt, furthermore, that based on these results the -

effeet of aerosol loading was negligible,

Table C1
Base Cue Input Parameters and Calculated DFs

_ _ _

Input Parameter Cis_1_1 Mr_._2 Case _ 1 he4

Containment Volume (m)) 5000 5000 5000 5000
Analysis TI ne (h) 10.0 10.0 10.0 10.0
Geometric Radius (p) 0.2 0.5 0.5 0.5

Standard Deviation 1.65 2.1 2.1 2.1
Particle Densi;y (g/cm ) 2.0 3.0 3.0 3.03

lle i ght (m) 10.0 3.3 3.3 3.3
Sourec* (g/si 10.0 10.0 10.0 30.0
Le aka ge * * Type 1 Type 1 Type 2 Type 2
Decontamination Factor (DF) 1.5 4.7 7.0 7.5

.

' Source rate is for 1 h.
** leakage terms

Type 1 Tyne 2

Time leakage Time Leakage

(h) (% Vol/Aoyl (h) (4 Vol/Dav)

0.0 10000 0.0 1000

0.5 1000 5.0 100

1.0 1000 10.0 100

10.0 -1000

Average residence time in 5 h:

1.75 4.3

5.7-22
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Next, Expert C estimated the DFs for five additional parcmeters. The five
parameters were diffusiophoresis (DFn), condensation on particles (DF ), e

hygroscopic e f fe c t (DFay ) , multi-volume effect ( D F.) , and hydrogen burn
(DFn). '

Diffusiophoresis aerosol removal is always "cortpeting" with leakage and
gravitational s e t ti '.ng . From Stone and Vebster's parametric studies, in
support of Reference C-3, the expert was able to single out the effect of
diffusiophoresis and concluded DFo would be in the range from 1.2 to 1.4.
Furthermore, he cites CREST calculationsC-2 that show diffusiophoresis is
significant but is not the dominant removal term. Therefore, DFo will
probably be approximately 1.3.

Expert C indicated that for particles above a critical radius (1 to 2 p),
condensation on them causes last growth. As the particle grows from 1 to
10 p, the settling velocity (in air) increases by a factor of 20.
Additionally, the expert stated that results from various exFer!ments have
indicated that condensing atmospheres _ substantially increased che rate of
gravitational-settling. Thus, the expert estimated that DF, vould be 2.

The expert believed hygroscopicity affected sorosol removal behavior in two
ways: it - reduced the critical radius below 0.01 p, and it substantially
aceclerated the condensation rate. To support this position, he referred
to conclusions from Reference C-4, which indicated that for Csoll solutions,
condennation can occur in even highly superheated conditions and that near-
saturated conditions particle (,rowth and settling is rcpid. The expert
assigned a value of 10.to DFuy.

The DF attributed to the multi-volume effect was assigned a value of 1.5 in
Reference C 3. The expert agreed with this conclusion.

Expert C indicated that a hydrogen burn has the potential of removing all
airborne norosols, flowe ve r , he believed that stripping off the aerosols
already settled out probably would not happen. Based on Reference C-5, the
estimated saltation velocity is on the order of 100 ft/s. lie believed it
was very unlikely to have such conditions in a closed volume, lin assigned 1

DFn a _value of 0.5, which reflects his belief that not more than 50% of
the fission products will be airborne during a hydrogen burn.

The estimated values of the parameters (i.e., D Fx , D Fn , etc.) were treated
as maximums, and thus, the parameter could vary from 1 to its maximum
value. The overall DF was obtained by multiplying all the individual DFs
.together. To do this, the expert creatt a tree that had a branch point
for each DF. The minimum value (1) was on one branch and_the maximum value

- (the value of the individual DF) on the other branch. The expert assumed
each branch ' was equally likely. Thus, he was able to propagate the
uncertainty ~ for each DF through the tree. lie grouped the result from each
branch endpoint and generated a probability distribution function, pdf, for
the reactor building DF. The pdf for the reactor building DF is presented
in Tabic C-2.
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Table C-2
Reactor Building DF Lit elibcod

(Based on Scopint Study)

Likelihood Rx Blde DF

0.13 1.5
0.16 2.0
0.55 5.0
0.16 >10

Expert C used the -results from the scoping study to assess which pararneters
- vere . important to this - issue , to determine the magnitude of the DF i

associated with the various paramotors, and to indicate the range that the
reactor building DP should be in.

Results of Expert C's Elicitation

Expert C provided distributions for the cesium and iodine group first and
then gave results for the nonvolatile group. lie had no reasoning for

tellurium but felt that it would be between cesium / iodine and the
nonvolatiles, The median value for the tellurium group is the average of
the ce s turn / iodine group median value and the . nonvolatile group median
value.- The minimum value for the tellurium group corresponds to the
minirnum value for the cesium / iodine group. Similarly, the maxistun value
for. the tellurium group corresponds to the m xistun value for the non
volatile group.

The DFs for the cesium / lodine group are lower than the DFs for the
nonvolatile group-because the cesium / iodine group is released earlier and
at a higher-flow rate than the nonvolatile cesium / iodine group. The
nonvolatiles - follow the _ volatiles by approximately half an hour and
therefore have a long residence time.

The cases that have saturated stearn conditions benefit from condensation
and therefore have higher DFs than the subcooled cases. For the subcooled
cases the expert assumed that the concentration of steam in the reactor
building at the rupture location was less than 10%. For the saturated
cases, he asstuned that the . steam - concentration at the rupture location was
90% or more.

CLses-in which-the rupture occurs in a location such that there are several- ,

compartmenta. to go through before being _ released to the atmosphere will~

have higher DFs than cases that have a relatively short path to ' the
atinosphe re . : There fore , cases- with ruptures that lead directly to the
re fueling: bay have very little chance of having a large DF, whereas
ruptures that lead to the torus room, and must travel a more tortuous path,
have correspondingly higher DFs.

The results for Cases 1 through 6 are presented in Table C-3.
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Table C 3
Reactor Building DFs

Quantiles

case 0.00 LM 0.50 0.95 1.00

Cesium and Iodine Group

f1 1.5 2.0 3.0 5.0 8.0
2 1.5 2.0 4.0 6.0 100.0
3 1.5 2.0 3.0 4.0 10.0
4 2.0 3.0 5.0 10,0 100.0
5 1.0 1.2 1.5 1.8 2.0
6 1.0 1.5 2.0 2.5 3.0

Tellurium Group

1 1.5 2.0 3.5 6.0 10.0
2 1.5 2.0 4.5 8.0 100.0
3 1.5 2.0 3.5 6.0 10.0
4 2.0 3.0 5.5 10.0 100.0
5 1.0 1.3 1.7 2.0 2.5
6 1.0 2.0 2.5 3.0 3.5 '

Nonvolatile Group

1 1.5 3.0 4.0 6.0 10.0
2 1.5 3.0 5.0 10.0 100.0
3 1.5 2.0 4.0 5.0 10.0
4 2.0 4.0 6.0 10.0 100.0
5 1.0 1.5 2.0 2.5 3.0
6 1.0 2.0 3.0 3.5 4.0

'Sources of Uncertainty
+

Expert C felt that the inajor- sources of uncertainty were the rather
coarsely defined initial conditions, the flow rates of the carrier gas
(affects residence tirne) and the effects of a hydrogen burn,

d

--_
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Expe.t D's Elicitation

Peach Bottom Reactor Building Decontamination Factor

Dncritition pf Exper.t D's Rathnnisdethodphy

No retention or deposition in the reactor building is considered for the
noble gas group, The re fore , the reactor building DF for noble gases is
set to 1.0 for all cases.

The n.e an residence time of an aerosol inside the reactor building is
considered to *oe the main variabic in determining the reactor building DF
value, which in turn is dominated by the volume of reactor building. For -

the case PB-3, the aerosol is assumed to be released from the containment

into the torus room. It goes up the elevator shaft, which could connect i

with all floors of the reactor building, goes up to the refueling bay,
and then is released into the environment. Expert D estimated that fcr
the PU 3 case, the reactor buildin6 volume would be about 50% larger than
that for PB 1 case.

The remaining eight groups are treated the same because other
uncertainties ove rwhe lrn the differences among different radionuclide
groups. The suppression pool is subcooled or saturated at the t iine of
containment failure and is treated the same as the DF values of the
reactor building because the uncertainties of other phenomena are more
important than the suppression temperature.

Reactor building D5' values calculated by the STCP in BMI-2104 and EMI-
2139 are uaed by the expert as the re fe re nc ris for assessing the itean
values cf reactor building DF. The expert also used his experience in
experimental data on aerosol transports to set the upper and lower bound -

values of re actor building DF.
~

;

Et11'J1tJ_0.f E5ptir t D's_Xll i n Lo.B

HL.1;_J1ryaell RuptyIe aed..Syppression Pool Subcooled
,

The expert used this as the " base case," The median value (50th
percentlic) of 2 is based on the range of reactor building DF values in
BMI reports (1.2 to 5). The first percentile value of 1.1 is based on
the expert's personal experience an-1 the oaservation that in most aerosol
deposition experiments with reasonable flow, the aerosol loss is unlikely
to be less than 10%. The lower bound refleats the smaller particle size,

the chimney effect, and the large flow rate and resuspension from
hydrogen burn. It also reflects the uncertainty in aerosol size
distribution and the belief that at least 10% of the aerosol entering the
reactor building is in a size range that makes it easily removable by
deposition on building surfaces. The 99th perced ile value of DF - 10 is
based on the belief that the upper bound is unlikely to be more than a
factor of 2 larger than that (DF - 5) calculated in the BMI reports.
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This upper bound reflects the large particle size and about 50% humidity I
assumptions. The estimate is also consistent with the expert's personal
experience and with the observation that in most practical situations
with aerosols of a nonuniform size distribution, at least 10% of the
aerosol mass would be in a size range that would make it difficult to
remove by deposition. The 25th and 75th percentile values are
interpolated using a geo.actrical method. Table D 1 and Figure D 1 show
the cumulative distribution function of reactor building DF for this
case.

i

Table D 1
Cumulative Probability Distribution for Reactor Building DF

Peach Bottom Case PB-1, .

1

Cu*nulative Probability
(%) Reactor Buildinn DP

1 1.1
23 1,5i

50 2

75 5

99 10 ;

PB 2 "rywell l?unture and Suppression Pool fiaturated

Same as that for PB 1,

PB 3: _ Drywell ShelL}{ cit-Throuch and EMppression Pool Subcooled
,

Table De2 and Figure D-2 show the cumulative distribution function of
| -reactor building DF for the PB-3 case. The rationales for the upper
| bound and the lower bound for this case are the same as those for PB 1.
l

llowever, the median value of reactor building DF for this case vae
| _ assessed to be a factor two larger than that of PB.1. The expert

reasoned that the aerosol would have to travel through a larger volume *

before being released to the environment, since the release path for this
! case would be from the drywell into the torus room first. Since the

[. retention-fraction increases as a square of volume, the expert assigned
the 50th percentile value of 4 for PB 3.

Eb-4i Drywell_Shell Mel t-Throuch and suppression Saturated

Same as that for PB 3.

M: Drnell Head Leakage and Suppression Pool Subcooled

Same as that for PB-1.
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P

i

i

The expert cited the following two reasons for assigning PB-5 the same as
.,

PB-1.

1. Since PB-5 involves a leakage instead of a catastrophic rupture, its
source rate of aerosol frora drywell into the refueling bay vovid be
smaller than that of PB-1. Therefore, the mean residence time of PB-5
would be larger than that of PB-1. On the other hand, the volume of
the refuelit g bay is smaller than that of PB-1; so, the mean residence
time would be smallet. These two fcctors counteract each other.

2. The other uncertainties considered by the expert would tend to
overwhelm the differences between PB-1 and PB-5.

PB 6: Drvwell Head Leakate and Suopression Pool Satural.gd

Same as that for PB-1.

Table D-2
Cumulative Probability Distribution for s

Reactor Building DF; Peach Bottom Case PB 3 |

r

Cumulative Probability '

(%) Reactor Buildinc DP

1 1.1
25 3.
50 4
75 6.6

| 99 10
|

1

1
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I

S.quices of Uncertainly

The sources of uncertainty considered are the occurrence and effects of
hydrogen burn, the aerosol. size di.Stributions, and the potential presence
of chimney effect from opening of both blow-out panels at the refueling bay
and reactor building / turbine building. .

f.nIrelations with other variables

None,

i

e

r

>
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5,8 Radionuclide Release Assg.q.J ated with Pressure Driven Melt Expulsign
,

from the Reactor Coolant System.

SphHS- Summary and Aggregation of Source Term Issue 8
FDCH

Experts consulted: Robert Henry, Fauske and Associates; Ben Y. H. Liu,

Univercity of Minnesota; David Williams, Sandia National Laboratories.r
i

:x

$ kN
Z Issue Descriptivn

i This issue characrerizes the current uneart inty in the radionuclide
1, release for the pressure-drivea expulsion o: 'ett from the RCS and -

, . ;., subsequent diapersal of the core debris. The.e characteristics are
5 J, descr!beJ by the parameter FDCH in the parametric soarce term model. IEH

i
'

is defined as tN fraction of the inventory of radionuclide group i present
in melt partf cipating in pressure-driven melt expulsic,n that is released to
containment as a result of pressure-driven melt expulsion. The quantity
added to the in-containment source term is

,

(1.0-FCOR )*(F2ME)*(FDCH )i i

where

FCORi- fraction of the initial inventory of nuclide i that is teleased
. from the ft el to the vessel before vessel brenh

P - fraction of core debris participating in pressurized mel.-

ejection.

Sum a r y of Rationale -

Expert A constructed cistributions that were based on a model he developed.
This model censidered the following first-order terms: (1) mass of

'

material (debris) ejected, (2) R2V failure size, (3) primary system
pressure, (4) containment geometc,, and (3) extent of entrainment of 'he
debris into the gas flow from vessel breach. In this model the expert
as stuned isothermal choked flow from the vest.~1 breach and calculcted the
lower bound gas coloci*y necessary to entrr a debris using a critical Weber
number criterion. He also assumed that al entraiteent occurs within the
cavity and occurs within 1 s.

Expert - B cons t ructed a base distribution using results calculated with
three different moc' 1s for the DCH release of thermochemical vaporization:

Model 1 estimated release fractions based on the rate of vaporization
of each species and the residence time of debris particles within each
containment volume, assumed that the debris particles maintained a
.onstant temperatute within each of three compactments, and assumed a
vaporization rate with an Arrhenius dependence upon temperature.

5.8-1
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Model 2 estimated release fractions based on the rate of vaporization
of each species and the residence time of debris particles within each
containment volume, accounted for transient heatup and cooldown of
particles following Nction, and integrated the vaporization rate over
the particles' thera . history.

Model 3 assumed equilibrium conditions - rather than relying on rate
calculations; each compartment was assumed to saturate at the relevant
temperature by each fission product species. The rate at which new
(unsaturated) gas entered the compartment, thereby permitting
additional vaporization to occur, was taken into account.

The CONTAIN code was used to supply thermal-hydraulic boundary conditions
for the calculations.

He then modified the base distribution to incorporate additional
uncertainties: (1) the temperature of the core debris, (2) the oxygen
potential experienced by the reacting debris, (3) miscellaneous model
parameters (residence time of a debris particle in the containment
atmosphere, particle size, and the mass transfer effectiveness), (4) the
-free energy for formation of rare species for whi .h litt1c or no data are
available , and (5) the activity coefficients for the various species of
interest. The distributions were also modified to account for
aerosolization by mechanical fragmentation processes.

Expert C cited three possible aerosolization processes for fission
products: (1) effervescence, (2) punch throur,h, % r' (3) atomization.by gas
rushing of the -alt. These processes produco particle sizes in three
rangesf(10 p, 10 .. to 500 p, and 500 p to 1 mm). The particles in the
largest size range would be expected to fall out of the containment
atmosphere. The Expert took the sizcs of the particles into account in
formulating his distribution.

Expert C felt that chemical processes were not important in FDCH because
the event occurs so rapidly that diffusion / mixing rates limit the amount of
oxidation. He also felt that the material atomized later would scrub out
earlier atomized material becausa of the confined volume. .The expere felt
that the high release fractions observed experimentally would not scale to
reector size.

Method of Aggregation

The following assumptions were made to reform Expert A's results for
. aggregation:

,

1. Figure A-1 in the individual elicitation narrative was used to i

represent the Zion and the Surry high pressure cases (17 MPa) and '!
the BWR case.

2. Figure A-a was used to represent the Zion and the Surry low !
|pressure cases (7 MPa) and the Sequoyah high pressure case

(17 MPa).

5.8-2
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(.

3. Figure A- 3 was' used to represent the Sequoyah low pressure case
(7 MPa).

4. The release fractions from Figures A 1, A 2, and A-3~were assumed
to be appropriate for all radionuclides except the noble gases and
cesium and lodine.

| 5. The release fraction for the noble gases and cesium and iodine were
assumed to be 1.0.

The following assumptiom were mad, o reform Expert B's results for
aggregation: 1

1. The values were assumed to be valid for all scenarios ar d all
plants.

2. The release fraction for the noble gases was assumed to be 1.0.
(The expert disagreed with this assumption and values were changed
in the clicitattor.. Unfortunately for timing reasons, the original
assumption was propagated through the analyses.)

The following assumptions were made to reform Expert C's results for
aggregation:

1. The values presented in the elicitation were taken to be valid for
all scenarios and all plants.

2. The release fract?.ns for cesium and iodine were assumed to be 1.0.

All assumptions were approved by the experts (except for Expert B,
assumption 2.)

Angrerated Resulta

Table 8-1 through 8-7 on the following pages present the aggregated
results.

|.

|-

.

_
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Expert A's Elicitation

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

Description of Exnert A's Rationale / Methodology

Expert A developed a model to calculate best estimates of the release
fractions for the nonvolatile fission ' products. He assumed that the
volatile fission products and the noble gases had already escaped from the
core. He then provided cumulative distribution functions (CDFn) for the
nonvolatile release fractiens with the best estimates representing .he
median value of the distribut'.ons.

Model Developed to Calcule,;1r Best Estimate Releases

The model developed by the expert considered the following first order
terms:

__

Mass 'of material (debris) ejected,e

RPV failure _ size,e

Primary system pressure,e

Containment geometry, ando

-e Extent of entrainment of the debris into the gas flow frotr
vessel breach.

Some of the equations used to perform the calculations to address this
issue and some of the assumptions made during the calculations are
presented below.

1. The gas flow rate in the cavity is calculated assuming isothermal
choked flow from the orifice in the vessel using the following
relations:

^V
_

b (1)o
, ~

g 2 RT,

where-

M _ - Mass flow rate of gas (kg),

P - Pressure In reactor pressure vessel (Pa),

5.8-11
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,

s

M - Molecular weight,

R - Universal gas constant,

T - Tenerature, and

A - Area of vessel breach (m2) ,
v

2. The gas velocity in the cavity is calculated using the geometry
of the cavity as follows.

- '

P A
"

'

U -

c 2P A M
-c c s w

where

2A - surf ace area 01 cavity (m ),c

U - gas velocity in cavity (m/s).c

3. The entrainment is limited by the kine tic energy in the gas
available te overcor.e the surface tension in the cebris allowing

particulates from the debris to become avellable for entrainment
into the gas flow. The lower bound gas velocity to entrain
debris is calculated using a critical Weber number criterion:

d
10 e (3)

2
p U
g c

+

where

g - gravitational acceleration,
-

o - surface tension, and

p,- density of gas.

4. The mass of material ejected in the PWR cases is assumed to be
50,000 kg (approximately 40% of the core), and in the BVR cases
is 70.000 kg (approximately 30% of the core).

5. The RPV failure size is in the range of 0.1 to 0.3 m in
diarae t e r .

6. The primary system pressure is from 2 to 17 MPa (290 to
2470 psi ).

The containment geometry is plant-specific; no generic.

assumptions can be made.

5.8-12
1

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



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

+

8. ' All entrainment occurs in the cavity; outside the cavity, the
gas : velocities are too low for further entrainment
(deentrainment could_ occur).

9. All activity within_the cavity occurs within 1 s.

i
Results of floert A's Elicitation

'

PWR Base Qpse Calculation

Expert ~A used .'the Zion containment geometry to make base case
calculations:

1. The gas _ velc, city in the cavity was calculated using Eq. (2) and
the following parameters:

Po - vessel pressure - 17 MPa

. A,, - area- of vessel breach - 0.07 m2 (from an assumed failure

. diameter.of 0.3 m)

A - surface. area of cavity - 12 m2 (Zion)
7 ..

Pe - assumed containment pressure - 0.3 MPa-

(R*T/N)0 51- aonic velocity at RPV breach orifice - 500 m/s (R:
universal gas constant. T: temperature, N: molecular
weight)

Uf - gas velocity in cavity - [(17*108-* 0.07)/(2* 0.3*105 *

12)) * 500 - 80 m/s

2. An energy balance was then performed to calculate-how much debris
ceuld. be - rnt ;ained; for . the-- debris to _- be. entrained in the gas
-stream, *% gas flowing with - a velocity of 80 m/s would
accelerate _ debris particulates at. rest. to . essentially the-
velocity of the raa stream. This results in a decrease of the
_ gas- velocity. I: was ' assumed that the minimum gas velocity to
ec.ntf nue the entrainment' process would _be 30 m/s.

L
|- Energy required to entrain all 50,000 kg of-the debris - [50,000

L kg *-(30 m/s)2} - 23 MJ.
_

~

Mass of gas - required to generate 23 MJ. by slowing down from
(2 * 23 MJ * 105)/(802 . 302);80-m/s to . 30 m/s

'

Mass,,,- _-

8A00 kg.

-M, - 1240 kg/s_(calculated from Eq.(1)).

In 1 s, _1240 kg of _ gas has flowed over the debris; this is about
15% of the mass flow necessary to entrain the entire 50,000 kg of
debris. Therefore, about 15% of the debris could be entrained.

5.8-13
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l

3. The expert felt that 10% of the fission products in the material
entrained in the gas flow could be released to the containment, j
The. fission products released would be in vapor form initially 1

-but would quickly be condensed co an aerosol and would be part of
the containment aerosol loading. Debris entrained by the gas i

stream would be far larger than most aerosols and would quickly
settle out.

4. The release fraction of the nonvolatiles, with respect to the
initial core inventory, can be estimated as follows:

RF - 0.4 * 0.15 * 0.1 - 6*10-3

(.4: 40% of core t'eleased from vessel; 0.15: 15% of available
debris entrained in gas flow from RPV blowdown; and 0.1: amount
of fission products in the entrainec debris that is released to
the containment atmosphere.)

5. A special calculation was made for tellurium; tellurium can be
bound within the vessel by zirconium. The release fraction of
tellurium can be calculated as follows:

REn - 0.15 * 0.15 * 0. 5 - 1*10-2

(0.15: 15% of the debris is entrained into the gas stream (as
'

calculated previously); 0.15: 15% zirconium in the debris (15% of
the core is clad), and 0.5: 50% of the Te has reacted with the
zirconium.)

The value is tlose to that calculated for the nonsolatiles.
Tellurium will therefore be considered using the same
distributions as the nonvolatiles.

6. It-is assumed that the noble gases and the volatiles (cesium and

|- iodine) have already been released.

|

| Zion Calculation Usinc a Primary Pressure of 7 M?a
|

A calculation was made using a primary pressure of 7 MFa--all of the
other parameters remained the same as in the previous calculation. A gas
velocity of about 30 m/s was calculated. From this the expert concluded
-that a negligible amount of fine scale tragmentation will occur and
practically no radionuclides will be released to the containment in this-
process.

!

!

i
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Calculation Using the Scouovah Cavirv Dimensions

Using-the methodology already developed:

..
P. - 17 MPa

1

Ay - 0.07 m2
.

A, - 30 m2

P. - 0.3 MPa

.U. 32 m/s,

3. 7 * 105 kgMass -y -

Mass.nt,,in,4 < 1 % of mass dispersed

Release fraction - 0.4 * 0.01 * 0.1 - 4 * 10-'

Calcubitjons for BW11g

;;- The expert calculated release fractions only for the BWR high pressure
case (7 MPa). . This corresponds to a failure of the Automatic Depressuri-
zation System . (ADS) . scenario. The BWR lower pressure scenarios da not
produce velocities in' the cavity high enough to entrain a significant
amount of. debris. The parameters used are presented below:

P. 7 MPa.-
o

A, - 0.07'm2

D' - 0.3 m

- A, - 3 mi

0. 3 MPa-P, --

j- U,
'

(7 * 108 * 0.07 * 500)/(2 * 0.3 * 105 * 3) - 140 m/s-

|

Debris mass is assumed to be-70,000 kg (about 30 %).

Kinetic energy of debris. necessary for a velocity of 30 m/s:

KE - (70,000 kg * (30 m/s)2)/2 - 32 MJ,

Mass,,, ~- (2 * 32 * 10e)/(1402 302) - 3420 kg required to
entrain 70,000 kg of debris

M, - 510 kg/s .

5.8-15
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In 1 s. 510 kg of gas would have flowed out of the vessel; this is about |
15% of the ' mass necessary to entrain the entire 70,000 kg of debris. j
About 15% of the debris will be entrained. The mass of debris entrained i

is 10,400 kg. I
-

i

|The release fraction (percent of core i nvente ry) for the nonvolatiles can
-be calculated as follows- ;

4

kF - 0,3 * 0.15 * 0.1 - 5 * 10 3 ;

Release fraction from debris ejected:
,

t' - 0.15 * 0.1 - 0.015.

The results are similcr to those calculated for the Zion high RPV
pressure case. The distribution that applies to the Zion 17 MPa
-calculation will therefore be used to represent the BWR nonvolatile

- release fraction.

Development of Cumulative Distribution Functions

The above calculations provided the basis to construct the CDFs found in-
Figures A-1 to A-3. The values calculated served as medians for the
CDFs. The CDFs in Figures A-1 to A-3 represent the release fractions for
all radionuclides except the noble gases, cesium and iodine--those are
assumed to have already escaped. Tellurium was considered as a special
case and is included in the CDFs.

The CDFs do not irclude the effect of water. The expert felt that water
would bring the rc. lease fractions down. He suggested a factor of two
c. edit for water cases.

Figure A-1 shows the release fractions for Zion with _ the primary system
at high pressure (17 MPa) and the BWRs wtth the vessel at 7 MPa. Figure
A-2 shows Zion with a primary pressure of 7 MPa and Sequoyah with - a
priinary pressure of 1? MPa. Figure A-3 .ows Sequoyah with - a primary

' pressure-of 7 MPa.

i,

1

.
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Figure A-1. Zion, No Water, High Pressure.
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Figure A-2. Zion, Los Pressure.
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Expert B's Elicitation

Radionuclide Release Associated with Pressure-Driven
)'c * t Expu'.sion-from the Reactor Coolant System.

Description of Expert B's Rationale / Methodology

Expert B c asidered both thermochemical vaporf~;ation and mechanical
aerosolization processes in evaluating the release for pressure-driven melt
expulsion. Of. the two, he believed that only vaporization had the
potential to yield large releare fractions, and it was also the process
that he felt ws more wenable to detailed analysis. Hence, he devoted
most of his efforts to ,sessing the vaporization release.

The experts dealing with this issue discussed possible case tructures, but
no-consensus was reached as to its structure; hence, no case structure was
provided to . the experts for this issue, and it was up to them to decide
upon what cases, if any, they consider. Expert B concluded that defining a
case structure would not be useful for this iss e because he did not feel
that'the characteristics that might be used to 4.ine it would represent
the dominant uncertainties; that is, he fe. c that all cases would be
subject to a similar range of phenomenological uncertainties and that these
uncertainties were large when compared with possible differences between
the various cases. In support of this view, he offered the following
observat'ons concerning some of the suggestions that were made for defining
a case structure:

1. Water that might be in the cavity below the vessel before vessel
breach (VB) might be blevn out of the cavity before it underwent
substantial interaction with the debris. In this event, the
distribution'for a wet-cavity case would be virtually the same as
that. for a dry cavity case. Alternatively, substantial debri.a.
water interaction would possibly occur, in which case Expert B
believed that reduced temperatures would result in a reduction in
the releases for vaporization. Hence, Expert B, if he wore to
have defined a wet-cavity case, would have defined two subcases,
depending upon whether the water was or was not blown out before
substantial interaction, ' and then ' combined them to obtain the
final-wet-cavity case. Since he would have assigned considerable-

weight-(about 50%) to the hypothesis that the water would be blown
out - of - the cavity, the final composite distribution still would
not have differed greatly from the dry-cavity case.

2. Expert B agreed that the degree of RCS pressurization could indeed
affect the degree to which the debris would be fragmented and
dispersed and that this could affect the amount of release.
However, he believed that the HPME release would be risk-
signifit. ant only when the associated DCH loads were sufficient to
result in containment failure at the time of DCH; otherwise, even

S.8-19
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if containment failure did occur later, most of the aerosol in DCH |
would have been deposited within containment and would not be i

released to the environment. Expert B felt that reduced RCS
pressure would result in reduced probabilities for containment

'

failure but riven:the containment failure, conditions correspond-
relatively severe DCH event had probably developed.ing to a

These conditions would be similar for intermediate and high RCS
,

'

pressures, (For similar reasons, Expert B based his entire
411cti ation upon the assumption that the es ents of interest were |

primarily those for which DCH loads were severe enough to threaten
containment.)

3. Expert B believed that the amount of unoxidized zirconium in the
melt was potentially significant because it could affect both the
temperature and the oxygen potential of reacting debris. However,
he noted that these effects would be most important for radionu-
clides that were physically located in the same reacting drop that
contained the zirconium. Expert B believed that oxidic species
ar l metallic species would tend to segregate in the vessel and
that, for the most part, they would not be found in the same drop;
that is, he felt most individual debr's dr^ps would be either
largely oxide or largely metsi, rather than mixed. He believed,

therefore, that zirconium content would not have a large effect
uaon th_e vaporization of the oxidic species. Of the important

-

,

metallic species, all except tellurium are very refractory under
strongly reducing conditions and would undergo little vapor-
ization until the zb conium had been oxidized. As for tellurium,

he believed that it would tend to have large release fractions in
any case and that these could not be greatly enhanced by a high
zirconium con. Hence, Expert B did not define separate cases
based-upon zi u nium content or upon PWRs vs. BWRs. Instead, he

" internalized" the uncertainties for zirconium content i.n that

they were among the factors considered when he assessed the
effects of the uncertainties in oxygen potential and temperature
upon radionuclide vaporization.

Expert B therefore considered only one case for this issue, except that he
provided distributions for Mo and Ru for the PWR large, dry containments+-

that were different from those provided for Sequoyah and the BWRs, for
reasons to be noted below.

For the vaporization contribution to FDCH, Expert B constructed what he
referred to as a " base distribution" based upon CONTAIN-DCH code results
and three simple models for DCH release that he had developed. (CONTATl DCH

i is a version of the CONTAIN 1.1 codeM which has been modified to include-
models for DCH phenomena . )n-2,n-3 This distribution is a CDF for each
radionuclide group considered. The distribution was constructed using
CONTAIN code calculations for the Curry planta-3 to supply boundary
conditions for the three. simple models for DCH release. The base
dis tribution.: were basically defined to scan the ranges given by the three
models, except that tails were added to the distributions to acknowledge
the existence of alternative modeling assumptions that would have given
results larger or smaller taan any of those explicitly considered.

S.8-20
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These models were based upon the assumption that the vaporization rate
would be given by:

~

dN/dt - D Sh S4 (Co - C ) / d (la)3

Sh - 2.0 + 0.6 (Rel/2)(Sc1/3) (1b)

C - P /RT (Ic)y

Py --Evipyg (id)
i

in the above,. N is the _ number of - moles of the radionuclide species of
interest that are vaporized, D is the diffusivity of the radionuclide vapors
in the gas phase, Sh is the Sherv:>od number, Sa is the available surface
area of the debris, Co and Cu are the gas-phase molar concentrations of
radionuclide. vapors _ at the debris _ drop surface-un in the bulk gas,
respectively, d is the diameter of the debris drop, and Re and Sc are the
.Reynolds and Schmidt ' numbers, respectively. The ef fective - total vapor

pressure of the.radionuclide P is obtained by summing the partial pressuresy

pyi_ of the various vapor molecular species contributing to the vaporization
of the radionuclide, with each vapor species weighted by vi, which is the

! number of atoms of the.radionuclide per molecule of the ith vapor specios.
' . Total vaporization is_obtained by integrating Eq._1 over time.

-In the _ first- of the three - models, the integral of Eq. 1 ovcr time was
estimated by noting that in many CONTAIN-DCH calculations, the heat capacity
of the gas nixed with the debris was initially considerably.less than that

|: of the~ debris and, hence, the-gas was calculated'to be quickly heated to a
~ temperature-close to the debris initial temperature, with the debris cooling|

relatively little. (Chemical reaction energy - also contributed to keeping
the debris temperatures c high. ) In such cases the calculated debris;

temperatures remained close to the initial temperature until the debris was;

! transported downstream - to compartments further removed from the re +.c to r
cavity. In the first:model, therefore, the integral of Eq. 1 was estimated
by using the temperatures of the high-temperature compartments closer to the
cavity and the residence times in these compartments , as calculated by the

3 u Co, an assumption|- CONTAIN-DCH code. .In addition, it was assumed that C
i discussed below.

In some. of the CONTAIN-DCH calculations, gas temperatures never reached
values as high as the initial debris temperaturcs. For example, this was
true in cases involving co-dispersed-water or verv large steam supplies, as
could arise when'a-large vessel failure size was assumed. Since vaporiza-

.zation is strongly temperature - dependent, the vaporization in these cases
would be dominated by the transient period before the drop cooled to the gas
temperature. Since the duration of this transient was generally shorter
than the compartuent residence times considered in the first model, a second
model - was constructed in which the integral of Eq. I was estimated based
upon . the drop . transient thermal response. The latter was estimated from
CONTAIN-DCH separate-effects calculations in which it was assumed that

5.8-21
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' debris _ drops of various compositions were introduced _ ~into a steam hydrogen-
atmosphere, and _ the drop thermal response ~ was calculated. The cases
considered _ included cases in which a high nirconium content resulted. in
substantial initial temperature increases, before the onsat of cooling.

In both of thr . first two models , it was assumed that C, the radionuclide3

vapor pressure in the bulk gas, was negligible in comparison with tl.a vapor
prassure at the- particle surface, This will be true whenever the total
vaporization -is -less than that required to saturate the gas, or whenever
processes exist that remove vapor from the atmosphere fast enough to
maintain C G Cg. The latter will generally be the case in scenarios for'

3
which the second model is applicable, since the lower gas temperatures
usually result in vapor recondensation before the vapor partial pressures
approach those corresponding to the debris drop _ vapor pressure. Even when
the gas and debris. temperatures are about equal, some processes may remove
vapor f rom -the bulk gas (for example, the bulk gas and debris surface
-thermochemical environments (oxygen potentials, etc.) and may be quite
different, so the equilibrium vapor pressure in - the gas can be lower than
that at the drop surface , leading to recondensation in the gas.

When the first model was applied, the amounts vaporired ' were typically
calculated to be greater than the amounts required to saturate the
atm'osphere in the _ high- temperature compartments, which were generally
relatively small (<1000 m ) in volume, Since processes rapidly removing the3

vapor from the atmosphere might not exist, a third model was constructed in
which it was a,sumed that vaporization could initially proceed only until

! the volae s of the high-temperature compartments were saturated with the
|- radion'tclide . vapor. Additional vaporization was assumed to occur only at

the rate at which the saturated gas was swept out of _ the compartment and'

replacud alth fresh, unsaturated gas. Again, the various parameters
required to apply the model were based upon the CONTAIN-DCH calculations for

|

|- the~Surry. plant,

In all; three c.o dels , tha radionuclide vapor pressures re-quired were
calculated using the thermochemical data base incorporated into the VANESA

,

code - for core-concrete interactions.84 Vaporization processes . involving
_

|z chemical reaction. were considered in addition to congruent vaporization
processes. That is, in addition to congruent processes such as'

Ru(d) > Ru(g) (2a)

; Sr0(d) > Sr0(g), (2b) |

consideration was given to processes in which chemical reaction 1 cads to
enhanced vapor pressures, such as

Ru(d) + xH O > Ru0,(g) + xH , (3a)2 2

! SrO(d) + 112 > Sr(g) + H 0, and (3b)2

BaO(d) + H O > Ba(OH)2(gJ . (3c)2

5.8-22
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Here ,- the d and g' refer to species in the debris and in the gas phr.se,
respectively. The various chemical reactions considered were essentially
those considered in the VANESA code, except that only species in the metal-
oxygen-hydrogen systems were considered.

Expert B stated that vaporization of refractory metals and refractory
oxides was generally slight except when reactions such as those illustrated
in Eq. - (3a,b,c) were important. He thus ascribed considerable importance
to uncertainties in the oxygen potential at thi surfaces of the debris
drops.

He then substantially modifled his base distributions to allow for
uncertainties not included in either the CONTAIN-DCH calculations or in his
three_DCH vaporization models. The following additional uncertainties were
considered:

1. Temperature of the debris during the time of maximum vaporization.
This uncertainty includes uncertainty in debris temperature at
vessel breach but also includes other facters: heat generation by
zirconium-rich debris, the possible need to transport debris to a

c more oxidizing environment before significant molybdenum and
ruthenium vaporization can occur, etc.

2. The oxygen potential at the surface of the reacting / vaporizing
debris drops,

3. Miscellaneous model parameters including residence time of a debris
particle in the high-temperature environment, particle size, and
the mass transfer effectiveness (expressed as the product of the
vapor diffusivity and the Sherwuod number).

~4. The free energy of formation of ti,e various_ chemical species. for
some of which the available data are very limited.

' 5. The activity coef ficients of the various species of interest in the
debris.

For each of these five uncertainties, Expert B defined three or more
-discrete levels . (i . e. , he selected three or more values that a parameter
representing that uncertainty muld take on). For the DCH analysis, this
parameter was the factor R by which the uncertainty could alter the
integral of (Eq. 1). He then assigned a weight V to each level, that is, a

| subbetive probability that the parameter R would actually take on a value
cione to the value representing each level.

The R values developed by Expert B are multiplication factors, which may be
evaluated using theappl.f ed directly to the time integrals of (Eq. 1) as

'thre9 'aporization models. When release frections are small, these R
values could be used to multiply the vaporization fractions themselves.
This-is not the case when vaprization fractions are large, cince doing so
-would neglect the reduction in vaporization rates as the debris drop
becomes- depleted in the vaporizing species. In all cases of interest,
Expert B found that vapor pressures were approximately proportional to the

,
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concentration remaining in the debris drop. This leads to a simple
exponential decay in vaporization rate with time, and the other parameters
remaining constant. Hence, Expert B defined a " release parameter" RDCH ,i
related to FDCH by3

FDCH - 1 - exp(-RDCH ) . (4)3 i

He then converted his base distribution for FDCH into an equivalent
i

distribution fcr RDCHi and applied the R factors to the latter.
,

'

The base CDF for KDCH was modified using a " decomposition tree" structure,
3

which allowed for all possible combinations of the icvels defined for the
five uncertainties that were enumerrted above. Each of the endpoints of
the tree yields a reproduction of the bare CDF for RDCH shif ted by an -

i

amount equal to the product of the five R values assigned to the branches
corresponding to the particular path taken through the tree. The weight
assigned to this end point is equal to the product of the W values assigned
to each of the branch points. The final distribution for RDCH was formedi

by combining the weighted distributions obtained for all the tree end-
points. This distrib ttion was then converted back to a distribution for
FDCH using (Eq. 4).1

Expert B's decomposition tree is illustrated schematically in Figure B-1.
Each branch point is associated with an (R,W) pair. The superscripts in
the figure refer to the first through the fif th uncertainty considered.
The subscript refers to the level chosen for that uncertainty. The tree is
drawn for the case of the metallic species for which four temperature
levels were defined, with three levels being defined for each of the other
uncertainties, yielding 324 endpoints for the entire tree. (For the oxidic
species, three levels were defined for all five uncertainties, yielding 243
endpoints.) A given path through the tree can be represented by the five
numbers (j klmn), where

_

j - level chosen for uncertainty 1
k - level chosen for uncertainty 2
1 - level chosen for uncertainty 3
m - level chosen for uncertainty 4
n - level chosen for uncertainty 5.

In Figure B-1, complete paths and the corresponding (jklmn) values are
shown schematically for nine of the 324 endpoints of the tree.

In principle, dependencies between the uncertainties could be taken into
account by allowing the R values and/or the V values assigned at any branch
point to depend upon which branch had been taken at the previous branch
points. Practical considerations imposed severe limits upon the degree to
which this could actually be done, however. The only dependency that
Expert B considered was a correlation between temperature and oxygen
potential for
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Model
Oxygen Parameter Free Activity

Temperature Potential Uncert. Energies Coeff.

(Uncert. 1) (Uncert. 2) (Uncert. 3) (Uncert. 4) (Uncert. 5)
(jklmn)

(12311)

(R11U11) (R22W22)
(12312)

[
.

(12313)
~~

(31211)

(R12W12)
- (31212)

(R21U21)
- (31213)

(R13W13)

~

(R2 W2 )1 1

(R14W14)
(41331)

(41332)

, (41333)

Figure B-1. Schematic of Decomposition Tree Used by Expert B
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- some radionuclides. (.- believed that high zirconium content could tend to
yield high temperatures and low oxygen potentials, and that this could
result. in ~a negative correlation between theso two parameters.) In all-

other cases, the various uncertainties were assumed to be phenomenologically
independent.

- For each endpoint of the tree, a CDF for RDCHi can be generated. This CDF
is

RDCH N(P) - Ri RhR3 R%R4RDCH O(P), .( 5)
i

j 1 i

where RDCH o(P) . is the value of release parameter (defined by Eq. (4)] for
'

i

- group i corresponding- to the Pth fractile of the base distribution, while
,

.RDCH N(P) is the value of the release parameter corresponding to the Pth
i

fractile of. the distribution for the Nth endpoint of the tree. The weight
assigned to this particular result (tree endpoint) is given by

WR - W1 W4W3 W%W4. (6)3 1

To obtain the final combined distributions, Expert B inverted the endpoint
distributions and summed the resulting weighted probabilities corresponding
to : a given value of RDCH , thus:i

P(RDCH ) - IWNpN(RDCH ) . (7)
i i

N

' Here , ' PN(RDCH ) is the probability that the release parameter will be less
i

than_ RDCH for the Nth endpoint distribution, and P(RDCH ) is the
i 3

probab ility -- tha t- the release - parameter will be less than RDCH in thei

- combined distribution. Finally, Expert c :onverted the combined
' distribution back into a distribution for FDOH , using Eq. 4.i

. Although Expert B used these procedures to develop distributions for
- ruthenium and molybdenum in addition to the other radionuclides considered,
he mistrusted the results because the volatility. of these species ist

enhanced so greatly in strongly oxidizing atmospheres that he believed the
-

amount of vaporization could well be determined primarily by the amount of
debris that could be transported to a strongly oxidizing environment. He
there fore modified the distributions for these species to account for this

facter. He believed that the ice condenser in Sequoyah and the suppression-
pool in the BWRs would serve as barriers to the transport of debris to those
portions of - the containment richest in oxygen. Hence, he defined two
distributions for these species, one for the PWR large, dry containments and
one for Sequoyah and the BWRs. CONTAIN-DCH calculations for Surry and

, _

in estimating the amounts of debris that might reach- Sequoyah, were used
strongly oxidizing environments.

4

6
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The decomposition tree discussed above applies only to the distribution of
release fractions of vaporization. In addition, Expert B gave some
consideration to aerosol formation by mechanical fragmentation. For this
process, the expert assumed that the release fractions for all species would
be the same. He based his distribution for mechanical aerosolization upon
experimental results obtained from the Surtsey experiments DCH 1, DCH-2, and
DCH-3.M The measured releases for the various species would include both
vaporization and mechanical contributions in these experiments, and thus
would provide an upper bound to the contribution of the mechanical cerosol
generation alone. Expert B based his mechanical acrosolizatica distribu-
tions primarily upon the measured distributions for lanthenum which is
expected to be the least volatile of the species considered and had the
lowest measured release fractions. Expert B defined his distribution so
that the 25% and 75% points roughly corresponded to the range of 'anthanum

-

releases deduced from the surtsey experiments. (In some cases, only very
preliminary Surtsey data were available, and the expert considered the
relation between his distributions and the experimental results to be. ;uite

accurate.) He then filled in the remainder of the distribution in an
essentially subjective manner. His distributions for mechanical aerosol
generation are given in Table B-6.

In developing the final distribution for FDCH , for each fractile Expert B
i

used the higher of the vaporization value or the mechanical aerosolization
value corresponding to his distributions. In practice, the mechanical
acrosolization releases dominated the distributions for the least volatile -

species (lanthanum and cerium) but had little impact upon the distributions
for the other species except to increase release fractions at the low end of
the range in some instances. Expert B believed that the risk-significance
of mechanical aerosol generation in his distributions would not be great.

Finally, Exper, B emphasized that despite the formalism described here, his
distributions should still be viewed as being fundamentally subjective: the

~

~

W values, in particular, represent subjective probabilities and even the R
values include subj ec t ive elements despite the use of code results,
expetimentel results, and thermochemical calculations where these were
available and applicable. Since the expert considered these distrioutions
to be subjective, he the re fo re revised the final results when he considered
them to be unreasonable in some respect. In general, these revisions were
limited to adj us tme nts to the tails of the :istributions to modify release
fractic.ns he considered to be excessively high or excessively low.

Pesults of Expert _B's Elicitation

Tables B-1 through B-5 p rovide the levels assigned to each uncertain
parameter considered by Exper t B, the R value (multiplication factor) that
corresponds to that level of the parameter and the weight assigned to that
level. Table B-6 gives his distribution for mechanical aerosol generat i an.
Table B-7 provides the final distribution for each radionuclide group.

5.8 27
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Table B-1
Multiplication Factors (R) and subjective Veights (W)

Used in obtaining Distributions for FDCH
Uncertainty 1: Temperature

Nonmetals Level 1 Level 2 level 3 Level it

Value (k)- 2000 2500* 3000 3500.
,

Weight 0.35 0.45 0.2 0.0

R Values

Cerium 7 x 10-3 1.0 28.0 --

Lanthanum 0.016 1.0 36.0 --

Barium 0.26 1.0 3.0 --

Strontium 0.18 1.0 3.0 --

Cesium iodide 0.14 1.0 2.3 --

Metals

Weight 0.25 0.4 0.25 0.1

R Values

Tellurium 0.13 1.0 3.9 10.3
Ruthenium 8.1 x 10-* 1.0 118.0 3630.0
Molybdenum 0.123 1.0 14.0 142.0

* Base case

I
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Table B-2
Multiplication Factors (R) and Subjective Weights (W)

Uncertainty 2: Oxygen Potential

Value Level 1 Level 2 Level 3
Lowl Medlum2 ,1gy ghs

Debris Temparate's < 250J K

Weight 0.2 0.5 0, 'a

R Values

ce 0.5 1.0 4.8
La 18 1.0 0.3
Ba 4.5 0.8 2.4
Sr 64 1.0 2.2
Te 1.0 1.0 1.0
Ru 0.25 1.0 '7.0
Mo 1.9 x 10-* 1.0 166.0

Debris Temperature > 2500 K

Veight O.5 O.35 0.15

1 Low: Chemical equilibrium assuming metallic compositten of debris
calculated in BMI-2104 for the Surry TMLB' sequence;

2 Medium: Base case, H /H O - 2, correspondin6 to chemical equilibrium for2 2
the steam-iron reaction, with a minor modification for vaporization of Ba
species.

3High: H /H O $ 0.1.2 2

Table B-3
Multiplication Factors (R) and Subject.ive Weights (W)

Used in Obtaining Distributions for FDCH
Uncertainty 3: Mis'eilaneous Model Parameters

- - -

Level 1 Level 2 Level 3
Low Medium High

Weight 0.3 0.4 0.3

R Values--Ali Species

0.32 1.0 3.2

5.8-29
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Table B-4
-Multiplication Factors'(R) and-Subjective Weights (V)

Used in Obtaining Distributions for FDCH
Uncertainty 4: Free Energy of Formation

Level 1 Level 2 Level 3
Low Mediwr High

Weight 0.25 0.5 0.25

R Values- All Species

0.1 1.0 10.0

Table B-5
Multiplication Factors (R) and Subjective Weights (V)

Used'in Obtaining Distributions for FDCH
Uncertainry 5: Activity Coefficients

Level 1 Level 2 Level 3 *

Low Medium lligh

Weight 0.25 0.5 0.25

R Values

Oxides 0.03 0.3 3.0
Cesium iodide 0.03 03 3.0
Metals 0.32 1 3.2

,

-Mechanical Aerosol Generation

The .- expert believed that radionuclide release from mechanical aerosol ,

-generation would be approximately-independent of the radionuclide - species. I

He provided the distribution for this component of the release in
Table:B 6.

Table B-6
Diatribution for Mechanical Aerosol Generation

Fractile

Distribution 0.01 0.05 0.25 0.5Q_ 0.75 {L9.1 0.99

All species 10 4 10" 10-3 3 x 10-3 0.01 0.05 0.20

5.8-30
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-Table B-7
Results for FDCH

-

Distribution
Fractile 0 01 0.05 0.25 0.50 0.75 0.95 p, ,9J

Cerium 1 x 10'S 1 x 10" 1 x-10'3 3x 10'3 0,01 0.05 0.28

tanthanum 1 x 10'S 1 x 10"' 1 x 10'3 3x 10'3 0.01 0.05 0.20

Berium 1: 10*S 1 10'' 1 x 10'3 0.012 0.084 0.74 0.95

Strontium 1 x 10* 5 ' 1 r 10-' 1 x 10-3 3x 10'3 0.029 0.56 0.98

Cosiwa iodide 0.01 0.05 0.25 0.75 0.90 1,0 1.0

; Tellurium 0,0i_ 0,0$ 0.20 0,60 0 60 0.95 1.0
,

Ruthenf urn 1.x 10'~5 2 x 10' 3 0.015 0.04 0.15 0.60 0.7S i

Molybdenum 2 x 10-' O.002 0.05 0.1$ 0.43 0.e3 0.0e
>

Rathenium & 2 x 10-5 . , gn-4 0.02 0.05 0,20 0.50 0 00
Molybdenum *

*Sequoyah and BVPs .

.
t

Sources of UncertaintJ
4

The R values and V values directly reflect the importance Expert B assigned
to the five. uncertainties that he explicitly included in the decomposition
tree discussed in connection with Fig. B-1. In addition, he considered the
uncertainties represented by the differences between the three r.odels he.

used to define his base distribution to be fairly important. These latter
factors alone would yield somewhat over an order of magnitude uncertainty

a range in most cases (based upon the ratio of the 0.95 fractile release to
the 0.05 fractile release).

! Correlation vith Other Variables

Expert B did not specify any correlations between FDCH and other "ariables.

Succested Methods for Reducinn Uncertainty

Expert B believed that small-scale thermochemical experiments could prove
useful in reducing the uncertainties of free energies of formation and

,

- those of activity- coefficients. The other tincertainties (including those

S.8-31
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|

reflected *n the base distribution) reficct primarily uncertaintics in the
therrnochemical boundary conditions imposed upon the vaporizing d eb r i .4 .
Reducing these uncertainties will require improved mechanistic models for
DCH processes, coupling of these models with vaporization :nodel ing , and
reductions of uncertainties in the in-vessel accident progression analysis.
Experimentation such as the Surtsey program vill he needed to validate the
mechanistic modeling; prototypical th e rrnoc hemic al environments (e.g.,
steam-driven melts containing unoxidiz<d zirconium metal) will be required
for optimum validation. Such experiments will also be useful in reducing
the uncertainties of mechanical aerosol generation.

.

E

A

P
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Expert C's Elicitation

Radionuclide Release Associated with Pressure-Driven
Melt Expulsion From the Reactor Coolant System.

Driclip11pJu_pf_Fxpert t! n "allenale/lic1ht2sielers

The expert did not distinguish among any cases. He believed that the
information supplie d concerning the possible types of accidents does not
allow him to distinguish among cases or reactor types. He grouped all the
radionuclides together for this issue except for the noble gases. The
noble gas release rates were estimated to be 1.0.

During DCll there are three possible aerosolization processes for fission
products: (1) effervascence (gas bubble bursting), (2) punch through and
(3) atomination by gas rushing by the melt These processes produce
particles whose sites fall i t.t o three ranges about 10 u, 10 p to 500 p,
and 500 p to 1 mm. In the f i r si sire category, the particles are all
volatilized or aerosolized. In the third size category, the particles are
not aerosolized because they fall with velocitten of meters per second. The
expert has considered the size of the particlea for each process to predict
fission product release rates.

The expert estimates that the most probable value of FDCH is about 1%,
which agrees with the results of the DCH experiments. For aerosolization
process (3) the geometry of contact between liquid and gas will cause FDCH
to have an upper bound of aboat 151.

The expert thinks that a value for FDCH of 30% is absurd. Later atomized

material will scrub out earlier atomized material because of the confined
volume. Thus, single particle atomization fractions are not appropriate to
use. The existing data from experiments seem to contradict the expert's
intuition. In addition, he does not think the results of the experiments
will scale up to the reactor size. Chemical processes limit atomization in
the time scales of the DCH event. Events occur so rapidly that he does not
believe chemical processes can be imporrant. In other words, diffusion /

mixing rates limit the chemical reaction rates so that there will be .ittle
oxtdation. His judgment is that the maximum aerosolization density would
correspond to a solid fraction of about h. This is about the same density

as cigarette smoke. At larger solid fractions, the particles would start
to agglomerate and settle.

[Leral t1 c f Eqe r t C'' EUnitM ion

For noble gases, Fl;CH would be 1.0. For the othe- radionuclides, the

cumulative prc,bability distribution is given in Figure C-1 and Table C-1.

5.8-34
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Table C-1
Cumulative Probability Distribution of

Radionuclide Release With Pressure Driven Melt
Expulsion from RCS (FDCll)

___

Cumulallye Probab11itv hcl

0.00 0.0001
0,25 0.001
0.50 0,01

0.75 0.03
1.00 0.10

~

__ ..--
.-

Sp.grees of Uncertainty

to t large compared to theUncertainties in pressure and plant type -i

uncertainties in the aerosolization mechanis m

.

*

Correlations With Other variables

Correlations with other variables were not made, becruse the basic
aerosolization trechanism is the dominant uncertainty end is J.corly
understood.

,

.
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