Draft A: 4551-Vol. 1-.Methods Report 23-Dec-88

NUREG/CR-4451
SANDB8 - XXXX

EVALUATION OF SEVERE ACCIDENT RIS"S:
RISK INTFGRATION ANALYSES

Volume 1

Elaine D. Gorham-Bergeron

January 1968

Sandia National Laboratories
Albuquerque, NM 87185
Operated by Sandia Corporatior
for the
U.§. Departrent of Fnergy

Prepared for
Office of Nuclear Regulatory Re:earch
U.S. Nuclear Regulatory Commission
Washington, DC 20555
Urder Memorandum of Understanding DOE-40-550-75
NRC FIN A1228

40014 880131
:ngawuaso -
CR-44%1 R PDR

18¥00;

METHODOLCSY FOR THE CONTAINMENT, SOURCE TERM, CONSEQUENCE, AND






Draft A: 4551-Vol. 1--Methods Report 23-Dec-88

ABSTRACT

iii/iv






ediinasdninal v i T e o B e ma o [T T e B s b i e e e e e i A ik f il 7k A dl
B o T e T P T P ——

Draft A: 4551-Vol. .--Methods Report 23-Dec-88

4.4.2 Definition of Time Reglmes............ PR PR, ) 4
4.4.3 Layout of the Tree Structure.......................
4.5 Description of the Tree...........cvvviiuniniinriireas b 3
4.5.1 Plant Damage STALES. ... ......cunvvrvnrnnrnsnnnanss .
4.5.2 Resolution of Core Vulnerable Scenarios............
b33 TRNaRoBL ROBOVELT . o s iinisrvansimindansonsdsnsins
4.5.4 In-Vessel Processes and Contninnent Response.......
.30 Vool Brosthl, oo ouiivvwannvanss s oxihadsasissses
4.5.6 Core-Concrete Interactions...............0ovvennnss
4.5.7 Late Containment Effects.............c.ccovviiiinnss
4.3.8 BUMBMBTY QUOBTLONS . « <+ oo wciis v iesdnnniatesssnsseinst
R0 THERE PROCETONME S )¢ i rvn o e nine s & akin & o N Ror s e o 4o s
4.7 Quantification of the Event Tree..........c.ovuirsrenneenss
AL e i T T R e e R e N e b i S e S
4.9 Computer ProceSSing. .. ... .. ciiiimtiuirmiinenrnsassnonine
4.10 Type of Results Obtained From the Analysis...............
R A S S DS
S RADIOLOGICAL SOURCE TERM ANALYSIS .. ... .. vuvinriiinrnnsnnnnss.
I T T e RS e e e s 6 e L |
5.2 Interface with the Accident Progression
and Containment Analysis..........c.iviiirinninrnnennnen
5.3 Summary of Source Term Code Package
CRABRMRERIRES - 2 050 3w 03575 s % 8w o e b A S e 4 s s x e Flere e s &
5.4 Development of the Parametric Models.....................
5.5 Quantification of the Parsrmeters in the Codes............
5.6 Partitioning of the Sour . Terms
for Consequence Analysis..........oivviviiiinrinenennens
5.7 Verification of the Parametric Model.....................
F0 R R N S R T LT S s L
6. CONSEQUENCE ANALY SIS . ..\ iitituinnnsosassmnsssssessesssesensses
7. INPUTS FOR THE UNCERTAINTY ANALYSIS. . ......vivruunresvienesnens
7.1 Objectives of the Uncertainty Analysis............ ......
7.2 Types of Uncertainties . ..........uvuiuniniinninensnnennn
7.3 Scope of the Uncertainty Analysis
R R N P R o
7.4 Definition of Specific Variables
for the Uncertainty Analysis..............c.cc0vniivunnnns.
7.5 Sources for Uncertainty Ranges
P00 DEISETABURLOME . < i vt x4t v bimah od mn 55 4 s v s by oyon e ¥ s ke
7.6 Expert Opinion Elicitation in this Program
s AT e S AT A
7.6.2 Selection of Issues............covvmiuiniinrnnnnss
7.6.3 Selection of EXpPerts. ... .....ccnuniviriinivnnernes
156 BILCICACLION TERIBENE. . & oo ih v ersonevvnussensssssh
7.6.5 Presentation of Issues................ccoviunvinss
7.6.6 Preparation and Presentation
Of ANRLYSLe DY BXPOrTE. . .vvuininnntnnnennnvnsssnnesnsss
vi



wn\———:lmr--,n—w--u-,|'u--w e e e e i o e e b o e e e o s e e 4 e L e M e e e B e e B e e L | e
S OFy-| V=il = P
Tyl B

W L

Draft A: 4551-Vol. 1--Methods Report 23-Dec-88

CONTENRTS (Continued)
Page

7.6, 7 Bilcitattion Boaslon . i ixiinaniees ivadsessus

7.6.8 Recomposition and Aggregation... ..........

7.6.9 Review of AssesBmeONtS. .. ..........ccvviennrn

L8000 DOSUNSBERELOIE, - o v s caln s v 5 5o v s wiiims e h ooas
7.7 Elicitation of Expert input Within

Sha PROINCE BEREE . v it ihn e sin s woon v s e aws o as d ¢ 0
7.8 1Incorporation of the Uncertainty

Information in the Risk Analysis..................
T+ 9 "RETRTENONE « . i 5.4 0 0l 51srainte 5 AR s (1 T aTo I 3 A ascon A0

8. CALCULATION OF RISK AND UNCERTAINTY............ 00000

.1 Calculation of a Single Risk Result...............
.2 Risk Calculations Supporting the

UOEALTTRLNEY ARBLYVRER o 0w bondets s chih e W54 e
.3 Methods for Results Evaluation....,......:coiusan.
& Refsrences for Bectdon B, ... . .cisiesvinsbingsnnses

o« oo

oo o

9. -ARALYETE OF RIBK REDUCTION . - ool $ir wvnies s 5 ¢ s a5 hd e S
0. QUALITY ABBURARUE. . .« Jussiie s iy oo saes vas'nom oo s e iy

10.1 Review of the Computer Codes......... 3 et RIS Rk
10,2 Review of Technical Analyses...........coveinnnnns

APPENDIX A: COMPUTER CODES USED IN THE ANALYSIS............

A.1l Discussion of Code 1 Described in Other Reports...
A.2 Discussion of Code 2 Not Described
TN OEREY RO POT e o iy o T T o S e v i §

APPENDIX B: SUPPORT INFORMATION FOR THE
EXPERT ELICITATION PROCESS .............. 0 00

Justification of the Use of Expert Opindion........
An Example of the Expert Elicitation Process......
Comparison of Issues: Draft...........c.cociniinen
Analyses/Final Analyses..........ccociiininninnsns
Makeup of Expert Elicitation Panels...............

= o
WP

o=
>

APPENDIX C: EXAMPLE CALCULATION. . .....cceovevivivsnnnnnsnn

vii



S T —— R e R i s e i e e e L i e

Draft A: 4551:Vol. 1.-Methods Report 23-Dec-88

1. INTRODUCTION

The U, S. Nuclear Regulatory Commission (NRC) has recently completed a
major study to provide a current characterization of severe accident risks
from light water reactors (LWRs). The characterization was derived from
the analysis of five nuclear plants. The report of that work, Severe
(hereafter referred to as NUREG-1150!) is based on extensive investigations
by Sandia National Laboratories (S3L) and other NRC ¢ (vactors, Several
series of reports document these analyses and their res.lts in detail.

The risk assessments can generally be characterized as consisting of four
analysis parts, an analysis integration step, and an uncertainty analysis:

¢ Systems analysis: the determination of the 1likel. . and nature of
accidents that result in the onset of core damage;

* Accident progression and containment analysis: an investigation of
the core damage process both in and outside the reactor vessel and
the resultant impact on the containment;

¢ Source term analysis: an estimation of the radionuclide releases
associated with the progression of the accident;

* Consequence analysis: the calculation of the offsite consequences in
terms of health effects and financial loss;

* Risk integration: the combination of the output of the previous
tasks into an overall expression of risk; and

¢ Uncertainty analysis: estimate of uncertainty in the risk
calculation due to uncertainty in knowledge of important physical
and chemical phenomena.

This r1eport is the first of seven volumes of the NUREG/CR-4551 series that
explain the supporting analysis for the last five items listed above,
covering the progression of the accident ornce damage is initiated, thurough
to an integrated estimate of overall risk and uncertainty in risk. This
particular volume describes the methods used in these analyses while the
remaining volumes focus on inputs and results for the particular plants and
on inputs to the uncertainty analysis.

This volume contains all of the information needed to understand why
particular methods were selected or developed, how they were employed and
any special characteristics of the results. There is very little
repetition of this discussion of methods in the other volumes which report
results of the analyses; this report should be the reference for any
questions concerning how the study was performed.

1-1
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1.1 Background and Objectives

The overall objectives of the NUREG-115(¢ program are given below,

1. Prepare a current assessment of the risks to the public from severe
acvidents at five nuclear power plants, which will:

® Provide a "snapshot" of the risks reflecting plant design and
operational characteristics, related failure data, and severe
accident phenomenclogical information extant in 1988;

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

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

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

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

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

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

¢ Cowmparisons with NRC's safety goals;

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

* The potential benefit of other plant modificatiors in reducing
risk,

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

These ambitious goals required special consideration in selecting and
developing analysis methods. This report describes those special

considerations and the solutions implemented in the analyses supporting
NUREG-1150.

1.2 Changes Since the Draft Reports

NUREG-1150 and its supporting documents were issued as drafts in early
1987. The draft series, NUREG/CR-4551, was issued in five volumes in the
same time frame.?"7 In addition to the solicitation of public comments on

1-2



T N SRS p A ara—

Draft A: 4551-Vol. 1--Methods Rep t 23-Dec-88

these draft reports, the NRC and its contracters init’ ited other review
processes, both internal and external, As - result of all of these
reviews, a number of changes to the methods were incorporated, upda ed
information was included, and all analyses were almost completely redone.

The specifics of the responses to the comment. are reported under separate
cover.® For perspective, however, it is useful to have an overview of the
major changes. This discussion focuses on analyses that are the subject of
this volume.

The most controversial aspects of the draft analyses were the use of expert
opinion to determine the uncertainty in the various input parts of the
analysis and the representation of the resulting uncertainty in the risk.
However, there was pgeneral support of the neel to more comprehensively
include uncertainties, particularly for the phenomenological aspects of the
probabilistic risk wnalysis (PRA), which include many highly uncertain
models and inputs. In the final analyses, considerable effort was
concentrated on developing an uncertainty approach that would satisfy many
of the previous objections, be robust, and statistically support and
represent “ne full range of uncertainty in the various components,

The me'.nod selected maintains a reliance on expert judgment for the largest
unce cainties. There is ample evidence and precedent to support the use of
exrert opinion for highly uncertain processes where detailed investigations
nre impractical. The need to provide a "snapshot" in time of the current
status of uncertainty mandates that expert opinion be used since resolution
of many of the uncertainties is years away, There is, however, a
substantial difference in the way that expert opinion was elicited and
manipulated in this final analysis as compared to the draft, The
elicitation process was formalized, bringing in many of the characteristics
of successful and accepted applications of this technology in the past, as
well as conforming to the current theory and practice of this technology.

In addition, the input was obtained with clear objectives for its use in
uncertainty characterization, eliminating another problem in the draft in
which many of the experts eschewed a statistical interpretation of the
input. In addition to major improvements in the elicitation, the other
major problem citeC by reviewers was lack of complete representation by the
lear safety community. This problem was also addressed directly by
I uing new groups with a broader representation and by attempting to
ma.atain a balance of any opposing viewpoints on each review group. While
this part of the process was subjective and limited due to peérsonnel
unavailability within the timeframes needed, every effort was made to have
relatively complete representation for important issues. Another concern
of a number of reviewers was the possibllity that the results did not
represent the most current information. Owing to the significant time
involved in completing a program of this size, this was true for some areas
of high uncertainty where additional steps have recently been taken to
better understand the phenomena. This study has been updated to reflect
the most recent information, The expert elicitations were conducted in the
first part of 1988 and any new information up to mid-1988 was considered.
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The accident progression and containment analysis was performed with the
same basic methods in the draft, but all of the accident progression event
trees were revised to: (a) reflect changes in information; (b) improve the
tracking of dependencies, particularly steam and hydrogen balances; (c)
ensure consistent levels of detail and cinsistent treatment of identizal
phenomena in all treea; (d) and corrert any crrors in the drafts,

The source term analyses for eah plint were uygraded for reasons similar
to those of the containment analysis., Changes to cnsure conslistency and co
accommodate the new input for the uncertainty Issues were thi most
important.

Finally, many of the corments on the drait reports dealt with quality
assurance and review of the analyses and the computer codes. Additional
review activities were carried ..t in the interim and a formal review and
quality assurance process was implemented as all the analyses were done,

Since the draft reports there were othe , moras subtle, changes which are
discussed, where appropriate, througnout this report. The analyses
presented here supercede the previous ones completely. This report
contains # complete discussion of the methods used and no reference to tho
draft reports is needed other than for purposes of comparison,

1.3 §cope of the Analysis

Five plarts were analyzed: Surry Unit 1, Peach Bottom Unit 2, Sequoyah
Unit 1, Grand Gulf Unit 1, and Zion Unit 1. The first four plants were
analyzed by the staff at SNL while the Zion analyses were completed by
Brockhaven National Laboratory (BNL) and Idaho National Engineering
Laboratory (INEL), both using the sar= methodology. The scope of the
accident sequence evaluation is described in NUREG/CR-4550, Two of the
plants, Sequoyah and Peach Bottom, included external events as accident
initiators (earthquakes, fire, flood, etc,) while the other three studies
were limited to internal events as initiators.

The methods reported herr carry the analysis forward once core damage is
inictiated. The progression of the accident and the effect on the
containment is studied up to a point where the threat of additional
radionuclide releases is negligible. While &all of the baslic inputs and
outputs are described in this series of reports, it should be recognized
that there were many other documents and calculations specifically in
support of this program. These other sources are referenced where
appropriate, or summaries are provided as appendices.

The uncertainty analyses were important components of these studies.
Detailed uncertainty analyses, representing uncertainties in phenomenclogy,
were included in all parts of the analycis except for the offsite
consequence evaluation. Resource limitations precluded the inclusion of
consequence phenomenological uncertainties. However, stochastic
uncertainties in weather data have been included in the consequence
analyses.
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1.4 Qrganization of this Report

This report s intended as the sole source for describing the tasks listed
previously. An overview of the entire process i{s provided in the following
section as a prelude to more detailed discussions of individual analysis
parts. This overview establishes some of the basic nomenclature that is
used throughout the study and illustrates the very important interfaces
between successive tasks.

Sectlon 3 briefly describes the interface of this analysis with the
accident sequence f.eyuency analysis. This is the tiansition from the
methods report in the NUREG/CR-4550 series to the rest of the analysis
which is reported in this series (NUREG/CR-4551). Section & describes the
accident progression and containment analysis, Section 5 describes the
source term estimation, and Section 6 describes the consequence analvsis.

As described above, the uncertainty analyses were an important part of the
project activities. A general discussion of uncertainty followed by a
presentation of the specific methods developed for this program is
described in Section 7, The assembly of all of the task results to
calculate risk is described in Section 8, as are the specific procedures
for calculating the uncertainty in risk, Risk reduction is discussed in
Section 9. Finally, the steps taken to ensure that the methods input and
results were accurate and correct are described in Section 10.

1-5
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2. OVERVIEW OF THE CALCULATION OF RISK

The methods used to estimate risk are described in detail in this report.
This section is an overview of the entire process, providing a context for
the different parts of the calculation and introducing the interrelation-
ships between the parts. 1t should be recognized that this summary does
not include the subtleties and complexities of the methods used to perform
the various analysis parts and any conclusions concerning the adequacy or
correctness of the methods should be based on a reading of the more
detailed sections devoted to each part.

The analysis methods were selected or developed to satisfy some special
objectives of this program, in addition to the objectives of a typ.cal PRA,
In particular, the following were important considerations in the selection
of methods:

¢ The need to incorporate uncertainty in the calculations;

* Development of tle accident progression analysis in more detail than
in the past;

¢ Calculation of intermediate results and detailed breakdown of the
risk results, with clear traceability throughout the computation:

¢ Computational tractability;
* Potential for calculating the impact of plant modifications.

The selection of the methods also benefited from experience obtained while
conducting the analyses presented in the draft versions of the NUREG/CP-
4551 reports.!"* Changes since the draft include improvements in the basic
technology and, where possible, incorporation of the comments of the
reviewers of those draft documents.

2.1 QObjective of the Risk Calculations

The risk calculations performed in this study provide an estimate of the
risk to the public from all "severe" accidents at a given nuclear power
plant. The accidents considered are those initiated by a well-defined set
of events (loss of electric power to the plant, a leak tn the primary
system piping, etc.). All possible accidents resulting from the
initiating events are included and their probability of occurrence
calculated. The consequonce of the accident (number of early deaths,
number of latent cancers, etc.) is also calculated for each accident,
Risk 1is measured by the average consequence of all possible accidents,
weighted by the probability of occurrence of the accident.

2.2 Qverview of the Risk Analysis Parts

The analyses comprising the risk calculation are illustrated in Figure 2-1.
Four principal ana'-ses that are needed to support the risk calculation can

2-1



Draft A: 4551-Vol. 1--Methods Report 23-Dec-88

Figure 2-1. Risk Analysis Parts and Interfaces
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The accident progression analysis investigates the physical processes
affecting the core after core damage is initiated. In addition, this pore
of the analysis tracks the impact of the core-damage progression on the
containment. The principal tool used for delineating and characterizing
the possible scenarios in this study is called the accident progression
event tree. The event tree is a computational tool used to asseable a
large variety of analysis results and data to yield a comprehensive result
for each of many accidents. The event tree is particularly suited for the
study of processes that are not understood completely, permitting the study
of many alternative phenomenologies. The output of the accident
progression event tree (APET) is a listing of numerous different outcomes
of the continued accident progression. As illustrated in Figure 2-1, these
outcomes are grouped into accident progression bins (APBs) that, analogous
to PDS, allow the collection of ocutcomes into groups that are similar in
terms of the characteristics that are important te the next stage of the
analysis, in this case source term estimation Once the accident
Progression event tree is constructed, the probabilities of the paths
through the APET are evaluated by a computational tool, EVNTRE. EVNTRE
also groups them together into bins. The accidents that are grouped Iinto a
single bin are similar enough in terms of timing, energy, and other
characteristics that a single source term estimate suffices for estimating
vhe radiological impact of any of the individual paths within that bin.

The next step is the source term analysis. Once again a relatively simple
model was developed to allow consideration of alternative inputs and the
assembly of information from many sources. In this study, a different
model was written for each of the individual plants., This model is termed
XSOR in the figure to illustrate the basic premise. A plant-specific code
has been developed for each of the plants, with the suffix SOR built into
the code name. For example, SURSOR is the source term model for the Surry
plant. The results of the source term analysis are release fractions for
groups of chemically similar radionuclides for each accident progression
bin. As with the previous analyses, a large number of results are
calculated, too many for direct transfer to the next part. The interface
in this case is accomplished through the calculation of source term groups,
The large number of XSOR results are plotted in terms of their important
parameters (e.g., immediate health threat potential, delayed or latent
health threat potential, and timing and energy of the release) and groups
are defined which represent a whole collection of the individual XSOR
results.

The consevuence analysis in this study is performed with the MACCS code
(MELCOR Accident Consequence Code System).® This code has been deeloped
as part of other research programs, and is a replacement for the CRAC2
code, which has previously been used to estimate consequences for nuclear
p.ant risk assessments.® The MACCS calculations are performed for each of
the source _srm outcomes defined by the source term groups. MACCS provides
probabili*ies of consequence levels for & number of consequence measures,
early fatalities being one example.

The final stage o. the analysis is the assembly of the outputs into an

¢ pression of risk. The calculation of risk can be written in terms of the
outputs of the individual analyses:

2-4
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Risk, = NI, f1E, P(IE,~PDS,) P(PDS,-’APBJ) P(APB +S8TG,) c¢STGy,
where

Risk; =~ expected value for consequence measure 1
(consequences/year)

fIE, = frequency (yr!) for initiating event h,

P(IE~PDS,) = probability that initiating event h will lead
to PDSi

P(PDS~APB,) = probability that PDSi will lead to accldent
progression bin }

P(APB+STG,) = probability that accident progression bin j

will lead to source term group k

¢5TGy, = value of consequence measure 1 conditional on
the occurrence of source term group k

Bacause of the large information handling requirements of all of these
analysis parts, computer codes are used to manipulate the data. Figure
2-2 illustrates the computer codes used inr the risk assembly process in
this study. The purpose of each of these codes is illustrated and will
be discussed in more detail in the sections that follow,

Each of these four analysis areas is described in more detail below, 1In
addition, the features of the uncertainty analysis that are critical to
this study are also described, followed by a presentation of the means
used to calculate the risk profiles.

2.3 Systems Analysis

A detailed description of the systems analysis methods used in this study
is given in a separate document.’ That description will not be repeated
here, Only those aspects of the systems analysis which are directly
related to the subsequent analyses will be discussed in this document .

2.3.1 Input to the Systems Analysis

The first task of the systems analysis is to gather (a) information about
the configurations of the systems required to mitigate normal and
abnormal occurrences at the relevant plant, (b) information about the
normal and emergency operation of these systems, (¢) information about
the dependencies among these systems (power, actuation, cooling, ete.),
(d) and informatiion about previous failures of the componients within
these systems. The information typically comes frem final safety

2-5
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analysis reports (FSARs,, engiueering diagrams, piping and instrumentation
diagrams (P&IDs), licensee event reports (LERs), plant data files, and one
or more plant visits, Good communication between the utility and the
analyst i{s essential for a complete understanding of the current operation
of the systems.

Some of the above information is a'so used as input to the accida:nt
progression analysis. An example is the probability of power recovery.
The probability of power being recovered is important not only to the
systems analysis, but aleo to the containment and source term analysis due
to the impact of the availability or unavailability of containument
equipment. To ensure consistency of the entire analysis it is {important
that a consistent set of puver vecovery curves is used in all parts of the
analyses,

2.3.2 Systems Ana'ysis Models

Logic models are constructed using the system information collected and
traditional PRA techniques, Event trees are conctructed definz the
system response to specific accident initiating events [e.g., loss of
offsite power (LOSP), loss of condenser vacuum, loss-of-coolant accident
(LOCA), etc.]. Each event tree leads to several outcomes (sequences).
Each sequence results in core damage, a safe shutdown, or a core vulnerable
sequence (core cooling is successful, but something happens to the
containment which jeopardizes the coolant injection.)

The top events in the event trees (usually systems or operator actions) are
m .eled using fault trees or simplified Boolean expreesicns. These models
describe the combination of basic events (pump failure, valve failure,
operator fajlure to actuate a required system, etc.) that are necessary to
fail the system. Point estimates of the probability for each of the basic
events are used to quantify the top event models using the SETS computer
program. The representations of the systems relevant to the core damage
and core vulnerable sequences are comoined and quan-ified using the SETS
program, The results are in point estimate sequence frequencies.
Additional uncertainty analyses are performed using the TEMAC computer
T

2.3.4 Output from the Systems “nalysis

The initial output frnm the SETs code is a list of cut sets (combinatiz~ of
basic events that result in core damage) for each sequence defined in the

event tree, Each cut set has an associated point estimate of its
frequency. The sum of the frequencies of all of the cut sets that define a
sequence is the frequency of the sequence, The sum of the se-uence

frequencies {s the total core damage frequency.

The TEMAC code calculates a distribution around the core damage frequency
(either by sequence or for the plaat) using the uncertainty informatiou
provided for th¢ basic events, Varinus basic event importance measures are
alsc calculated by TEMAC--importance in reducing ris:, importance in
increasing risk, and the importance to uncertainty,

It is often necessary "o regroup the cut sets for the accident progression
analysis. The definitions of the se iences that lead to core damage do not

2-7
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always Include the information necessary to proceed with analysis of the
subse_ uent severe phase of the accident. For example containment sprays,
which may not impact the accident up to the point of core damage, where the
accident sequences are defined will affect the accident after core damage
has begun. The cut sets are therefore grouped by the parameters important
to the subsequent analysis, the accident progressica analysis. The cut
sets groups are called PDSs.

As illustrated in Figure 2-2, mechanistically the output of the TEMAC code
which processes and quantifies the system cut sets and groups the accidents
into PDSs, is the frequencies of the PDSs. As illustrated, the result of
this process is the product of the first and second inputs to the risk
caleculation I fIE, P( "~PDS,), which vields the probability ¢f each PDS,.

2.4 Acclident Progression Analysis

The purpose oi the accident progression analysis is to track the
progression of the potential accident from the onset of core damage until
it is assured that no additional release of radionuclides from ‘e
containment will occur. Thus the core damage process is studied ir he
reactor vessel, as the vessel is breached, and outside the vessel. At the
same time the analysis tracks the impact of the entire progression on the
containment, with particular focus on the threat te containment integrity
posed by pressure loadings or other physical processes.

2.4.1 Interface of the Systems Analysis with the Accident Progression
Analysis

Potentiilly many thoussnds, even millions, cf dictinct accidents can be
fdentified as a result of the systems analysis. Many of these accidents
are of low probabliity and are thus unimportant in the subsequent risk
analyses. Nevertheless, a large number of accidents remain for additional
consideration, The remaining accidents may or may not be found to be risk-
significant in the subsequent analyses. The systems analysis often
v“equires details for individual accidents that are not needed ir the
accident progression analysis. Thus, before continuing the risk analysis
the important accidents are grouped according to properties required in
subsequenc analyses. This grouping is conducted as part of the systems
analysis, although the definition of the grouping chare-teristics is
determined as part of the accident progression analysis. The accident
groups are called PDSs and serve as the interface between the systems
analysis and the ac.ident progression analysis., The PDSs are different
from the accident sequences, discussed in the previous section, since the
characteristics determining the grouping are based on the needs of the
subsequent analyses, rather than a traditional grouping of accident
characteristics,

2.4.2 1Input to the Accident Progression nnalysis

The requirements of an ideal accident progression analysis would be
knowledge, probably in the form of the results of mechanistic calculations
from valldated codes, of the characteristics of all possible accidents
rosulting from each of the PDS, More than one accident would result from
each PDS since, as indicated in Section 2.1, random events (hydrogen
detonations, for exa'ple) occurring during the accidents can alter the
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course of the accidents., Given the probability of the PDS and the
freqrencies of the random events one could determine the outcomes and
frequencies of al' possible accidents.

Knowledge of the chavacteristics of all possible acciderts resulting from
each PDS is clearly not available with current technology. A large number
of mechanistic codes is available that can predict some aspects of rhe
accident progression, For example, MELPROG and CONTAIN can be used to
track in-vessel and containment details, respectively, of very explicit
scenarios. Lless detailed, but more comprehensive codes, such as as MAAP
the STCP and, more recently, MELCOR have been developed to predict
generalized characteristics of more aspects of the accident in an
integraved fashion, While these codes are very useful for developing
detalled understanding of ac:ident phenomena and how the different
phenomena interact, they do not meet the constraints imposed by a PRA: the
ability to analyze a very wide range of scenarios with diverse boundary
conditions in & timely and cost efficient manner. In addition, the number
of code calculations necessary to investigate uncertainty and sensitivity
to inputs, models, and assumptions would be prohibitively expensive,.
Further, these codes have not been fully validated against experiments.
Thus codes developed by different groups (for example, national
laboratories and industry contractors) frequently include “ontradictory
models and give different results for given sets of accident boundary
conditions. Finally, these codes alsy do not contain models of all
phenomena that may determine the progression of the accident. For example,
none of these codes mechanistically models the response of the containment
structure to dynamic pressure loading.

The information and/or models that were available witii which to conduct the
accident progression analysis for this study consists of the diverse body
of research results from about ten years of severe accident research within
the reactor safety community. This include~ a large variety of severe
accident code calculations, other mechanistic analyses and experimental
results, Much uf the information represents basic understanding of some
important phenomena. Because of the expense of developing and running
large integrated codes, less information is in the form of integrated
accldent progression analyses. That which is available is usually confined
to analyses of a few types of accident sequences. All existing codes were
recognized to have some limitations in their ability to mechanistically
model severe accidents,

Many new calculations were conducted specifically for this study, In
particular, many new CONTAIN calculations were conducted to assess pressure
loading on the containment and sensitivity of the pressure loading
calculations to various phenomenological assumptions. Most of the new
calculations are described in other sections of this series of reports.
Volume 8 (Supporting Calculations) contains a comprehensive listing and
description of the new supporting calculations. For the most part, the new
calculations were intended to fill the largest gaps in our knowledge of
accident progression for the most important accidents,

2.4.3 Accident Progression Analysis Models
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The accident progression analyses were conducted using plant-specific event
trees, called APETs. These APETs are themselves models. They describe the
accident in a very general and flexible way. They consist of a series of
questions about physical phenomena affecting the progression of the
accident. A typical gquestion would be "What is the pressure rise in the
containment at reactor vessel breach?" A complete listing of the questions
that make up the event tree for each power plant can be found in the
relevant NUREG/CR-4551 Volume (Evaluation of Severe Accident Risks, Sectien
2.3) for that plant. Typically, the event trees for each plant consist of
about 100 questions. The questions can have multiple outcomes or branches,

The APETs are general enough to efficiently calculate the impact of changes
in phenomenclogical models on the accident progression, in order to study
uncertainties. This generality adds complexity to the analysis since, with
the ability to consider different models, some paths through the tree,
vhich would be forbidden for a specific model, must be included when a
variety of models is considered. The multiplicity of possible accident
progression results caused by the considcration of multiple models for some
of the accident phenomena is amplified at each additional stage of the
accident progression, since in addition te creating more possible cutcomes,
a wider range in boundary conditions at the subsequent events is made
possible,

Because of the flexibility and generality of the APET., basic principles,
such as hydrogen mass conservation, steam mass conservation, etc., were
incorporated into the event trees in order to automatically eliminate
pathways for which the principles are violated. This is acconmplished since
parameters, such as hydrogen concentrations in various compartments, are
passed along in the tree as each accident pathway :s evaluated. At some
questions in the tree, the parameters can be manipulated using computer
subroutines. The branch taken in each question can depend »n the values of
passed parameters. The consistency of phenomenological treatment
throughout each accident is also enhanced by allowing questions to depend
on the branches or parameters taken in previous questions.

Generally, phenomenological models are not directly substituted into the
event trees (in the form of subroutines) at each question. Rather, the
results of the model calculations are entered into the trees through the
assigned branching probabilities, the dependencies of the questions on
previous questions (the "case structure”) and/or tables of values that are
used to determine parameters passed or manipulated by the event tree. Some
questions in the trees, such as those concerning the operability of equip-
ment and availability of power, were assigned probability distributions
derived from data, analogous to the process in the systems analysis,
Timing of key events is identified through a review of available code
calculations and other relevant studies in the literature. The process of
assigning valucs to the branching probabilities, creating the case
Structure, writing the user functions and supplying parameter values or
tables is referred to as "quantification” of the tree.

The APETs used in this study represent a significant advance over previous
methods used for PRA in this portion of the analysis, Typically, PRAs have
employed a logic model called a containment event tree to track, at a high
level, the key phenomena in contalnment. The number of questions in the
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event tree has been »mall (6 to 10, typically), the questions usually had
two branches with yes/no outcomes and did not depend on previous questions
taken. Parameters were not passed or manipulated.

Figure 2-3 {llustrates schematically the APETs used in this study. The
first section of the tree (about 20% of the total number of questions) is
used to automatically define the input conditions associated with the
individual PDS. Thus, if one of the characteriscics of a PDS 1is the
pressure in the .essel at the onset of core d mage, a question will be
included to set the initial condition according to that variable. The next
part of the tree is then devoted to determining whether or not the accident
is terminated before failure of the reactor vessel. Questions pertinent to
the recovery of cooling and coolaiility of the core are asked in this part
of the tree. The next section of the tree continues the examination of the
accident progression in the reactor vessel. As illustrated in Figure 2-3,
there are two chief areas of investigation Jor this part of the analysis:
in-vessel phenomena which determine the radionuclide release characteris-
tics and events that impact the potential for containment loads. The
example illustrat=1 shows the phenomena associated with the release of
hydrogen during the in-vessel process, and the resultant escape of that
hydrogen into the containment,

The next stage illustrated continues the examination of the accident
during, and immediately afte-, -essel breach. This includes the continued
core meltdown in the vessel and the simultaneous loading and response of
the containment. A good example would be an examination of the coolability
of the debris once out of the vessel, followed by questions concerning the
loading of the containment as a resul* of core-cuncrete interactions.

The final stage of the tree illusirated is related to the final status of
containment. Long-term overpressurization, threats from combustion events,
and similar questions are asked concerning this stage of the accident. For
convenience, some questions are included which summarize the statis of the
containment at specific times during the accident.

This explanation has delineated the general flow of the APET. What is not
immediately apparent in t} ¢ summary is the degree to which dependencies
can be accounted for. An ixample of the dependency treatment are the
questions that relate to hydrogen combustion. The ouvcomes of the event
tree questions that ask whether hydrogen deflagration occurs sometime after
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vessel breach, and the resulting pressure load from the turn are highly
dependent on previous questions., The individuai values for the probability
of ignition and the pressure rise are dependent on:

. Previous hydrogen burn quesiions (the amount consumed in each
previous burn i{s tracked, and the concentration at the later time
is calculated consistent with all previous hydrogen events);

. Questions concerning the steam loading to determine whether the
atmosphere is steam inert; and

. Questions concerning the availability of power, which influences
the probability of ignit{on.

In turn, these questions all have further dependencies on each other and on
other questions. For example, the steam loading questions are dependent on
the power and equipment availability, since heat removal would impact the
steam concentration, Section 4 of this report includes more expiicit
examples of this process.

2.4.4 Output from the Accident Progression Analysis

Once an APET, with ite list of questions, their branches and their case
structure, its subreoutines and its parameter tables, has beern constructed
by an analyst, it {s evaluated using the computer code EVNTRE. EVNTRE can
autonatically track the different kinds of dependencies associated with the
accident progression.® This code was also built with specific capabilities
for analyzing and investigating tho tree as it is being built, allowing
close scrutiny of the development of a complex model. For each PDS, EVNTRE
evaluates the outcomes of all subsequent accidents predicted by the APET
and their probabilities.

EVNTRE groups paths through the tree into bins. PSEVNT is a “"rebinner"
that further groups the initlal set of bins produced by EVNTRE, Groupings
can be chosen which clearly illustrate the importance of some aspect or
other of accident phenomenology, system performance or operator performance
as long as that aspect is a distinct part of the APET. To meet the needs
of the subsequent source term analysis the results are grouped into
"accident progression bins," which are described in the next section. As
illustrated in Figure 2-2, the result of this process is the third input to
the risk calculation, P(PDS;~ACP;) the conditional probability of accident
progression bin j given PDS,.

2.5 Source Term Analysis (Gary Boyd)

The goal of the thira part of the risk analysis is the estimation of the
radionuclide release and the conditions of the release (timing and energy)
so that consequences may be estimated in the final step of the analysis.
As described above, the interface between this part and the previous part
(the accident progression bin) is defined to efficiently transfer the
important information, maintaining a manageable set of calculations. The
conditions defined by a specific accident progression bin are similar
enough that a single source term estimation is possible for all accident
progression paths cthat are in that bin.

2-13



P s T S —— b R it e e e e e e i e

Draft A: 4551-Vol. 1.-Methods Report ..-Dec-88

2.5.1 Interface of tne Accident Progression Analysis with the Source Term
Analysis

It is fairly easy to see that the number of possible paths through the APET
is astronomical, since there are over 100 questions or events, most of
which have more than two outcomes. It should also be recognized that
although there are many paths through the tree, the probabilistic
evaluation reduces the problem. Not all aths (or accidents) have any
appreciable probability of occurrence. devertheless, the number of
important paths is very large, typically over a thousand. Thus, in a
wanner similar o the grouping important accldents from the systems
analysis into PDS, the important accidents that are identified in the
accident progression analysis are grouped into "accident progression bins."
The accident progression bins are defined in terms of characteristics which
are important to the subsequent analysis, the source term analysis, The
number of accident progression bins that could be defir d by all
combinations of the characteristics needed for the source term analysis can
be quite large (hundreds). However, typically only 20 or sc are .f
importance because some combinations are physically precluded and other
combinations are of vanishing probability.

The bins were defined through interactions between the accident progression
analysts and the source term analysts. Characteristics cf the bins include
timing of release events, size and location of containment failure,
availability of equipment and processes which scrub radionuclide and other
similar features of the physical progression of the accident, and the
impact on containment, Therefore, the bins are blind to many of the
individual questions in the tree as they focus on the ultimate outcomes
and through the use of these bins, the paths through the tree were greatly
reduced in terms of the number of unique outcomes.

Unce again, in a risk assessment project it is not practical to analyze
every scenario, in this case every accident progressicn bin, with a
detailed code calculation. The method selected for this part of the
analysis had to be efficient enrugh to calculate source terms for many
(thousands) accident progression bins, and had to be flexible enough to
allow direct incorporation of phenomenological uncertainties. In this case
a4 simple parametric algorithm was developed that allows the calculation of
source terms over a wide range »f conditions.

A different model has been developed for each plant, althougn the basic
algorithm is largely the same, with the code being customized to reflect
specific plant conditions and any special feature that could impact the
source term. (As noted in Figure 2-1, the codes that manipulate these
algorithms are called XSOR, where the X refers to & plant-specific
abbreviation, i - example the code for Peach Bottom is PBSOR.) 1Initially,
these models we: developed through detailed examination of the results of
Source Term Code Package (STCP) analyses of selected accidents done
specifically for this program.®1* However, accomplishment of the second
objective, treatment of the f 1 range of source term uncertainty, led to
changes to these wodels bec. se the uncertainties reflected ranges of
values outside the STCP and the uncertainties include phenomena not yet
included in the STCP.
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operability of sprays is then incorporated. Finally, the timing and mode
of containment failure or leakage is consideéved in order to calculate &
release from containment to the environment.

The algorithm also includes other complexicies, two of which are
illustrated in Figure 2-4: late revolatilization frie the vessel, and la:-
releass of lodine from water pools. Simple eyuations are used to track
these secondary sources of radionuclides that were removed in earlier
processes. As with the other parts of the algoritam, the uncertainty in
the amount of releases as.ociated with these processes can be directly
input to the XSOR models.

The actual SOR algorithms are somevhat more detailed than {llustrated in
Flgure 2-4, because other complexities and plant-specific aspects are built
into each model. However, it should be fairly obvious from this
description that these codes ave not too detuiled or at all mechanistic.
Siwple mathematical expressions are used to track the various portions of
the release and the processes adding to or subtracting from the release.

Once *1¢ basic algorithm was defined, it was necessary to supply basic
parameters and release fractions, analogous to the quantification of the
APET in the previous part. Originally (in the draft versior. of this study)
these inputs were derived from STCP results that were used to obtain the
information on the parametcr level in the XSOR models. This is still the
case for some of the parameters in the model, but the increased emphasis on
the uncertainty analysis aspect of this part has less.ned the role of STCP
information In favor of inputs from the experts, as discussed in Section
2.5, 1t was the goal of this process to define uncertainty {ssues for all
parameters that could significantly affect the consequences. This set of
issues was created through review of the previous work on thise plants,
Judgment of the analysts and judgment of the expert paneis. For parameters
that were not consideved either particularlv important or that are not
Pighly uncertain, the XSOR model uses a pare ter derived from STCP runs,
adjusted as needed for the “oundary conditions assoc.ated with the accident
progression bins.

The source term calculatio  correspond one-to-one with the accident
progression bine. This number of calculations is too great for the next
step in the part, the consequence analysis. Ir. this ca-e the interface was
defined to reduce the hundreds or t'wusands of source terms calculated to a
more manageable number, on the oru t of 20, Tie clusters were determined
by another post-processor code (see 1’qure 2-2) called PARTITION. The
source term estimates include a nu-ber ouf varisbles, including timing,
energy, and  ~lease fractions for niae groups of radi~nuclides. In order
to select r yesentative source terme, the number of variables ..ad to be
reduced. - is was done by expressing the release in terms of dose
equi- . lents oi 11 for early exposure effects and %’Cs for chronic
effs _s. The other Important aspect for defining the impact of a release
is the timing. Thus, the releases can be characterized in terms of two
health measures, o.: for early effects and the other for chronic effects,
over distirct time periods. Reduced in this fashion, the results can be
plotted and partitioned such tha: representative source terms (clusters)
are detincd, with each cluster being sufficient for representing many of
the individusl source terms produced by the calculation.
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The result of this process {s the third input to the risk calculation,
P(STC)y/APB;, the conditional probability of each source term cluster k,
glven each accident progression bin j. The actual release fractions for
each of the radionuclide groups are also provided for each of the clusters.

2.6 Consequence Analysis

The final step of the analysis process, the consequence estimation, was
performed using the MACCS code. This code is an improvement over the code
previously used for this part, CRAC2. Although & relatively recent
development, the MACCS code has been verified and benchmarked against the
previous codes used for this part of the aralysis. This part of the
process was a stralghtforvard application of the code for each of the
source term clusters. Some development work was done to more effectively
use the code within this program. A method was developed to break down the
source terms for each cluster to treat evacuation timing and participation
in evacuation. A means was also developed for calculating and displaying
the effect of weather variability across the consequences for each of the
source term clusters.

The MACCS code and its use are described in a separate report.® The code
requires as input;

¢ A source term--release fractions for radionuclide groups, along with
timing of release as well as sensible heat associated with the
release;

¢ The inventory at reactor scram of all isotopes {mportant to offsite
consequences ;

¢ The population distribution around the reactor site;

¢ Weather, land-use, and economic data for the region around the
reactor site, and

¢ Emergency response parameters and assumptions (evacuation speed,
non-participation, etc.)

Given these inputs, MACCS predicts the following:

¢ The downwind transport, dispersion, and deposition of the
radioactive materials released from the failed containment;

¢ The radiation doses received by the exposed populations via direct
(cloudshine, inhalation, groundshine) and indirect (ingestion,
inhalation) pathways;

¢ The witigatfon of those doses by emergency response actions
(evacuation, sheltering, and relocation of people), interdiction of
wilk and crops, and decontamination or interdiction of land and
buildings;
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¢ The early fatalities and early injuries expected to occur within one
year of the accident, and the latent cancer fatalities expected to
occur over the lifetime of the exposed individuals;

¢ The total population dose received by the people living within some
distance (50 wiles) of the plant and the early fatality risk to
persons living near the plant (within one mile); and

¢ The offsite costs of emergency response actions, and of the
interdiction and decontamination of land, buildings, wilk and crops.

By performing calculations for combinations of representative sets of
sourcte terws, weather sequences, and exposed populations, statistical
distributions of consequence measures are developed that depict the range
and probability of consequences. For this study, the uncertainties from
the previous three parts were propagated through the consequence analysis,
but only the stochastic uncertainty due to weather was considered in the
consequence analysis. Therefore, although there are uncertainty parameters
associated with the consequence wmeasures, those uncertainties do not
include the substantial uncertainty in the calculation of the consequences.
For example, the dose conversions to health effects are set to nominal
values that have been arrived at through a process invelving experts in the
field, but these factors are not varied over _.e range indicated by the
incertainty in these narameters. (If desired, the uncertainties associated
with offsite consequence estimates can be developed by a variation of input
parameter values using structured Monte Carlo sampling techniques, but such
sensitivity studles were not performed ac part of this study due to
resource limitations.)

Through the use of the MACCS code, the final part of the risk calculation
was developed: C,/STC,, the mean consequence (for measure 1) given the
source term cluster k.

2.7 Characterization of Uncerteinties

Although there have been significant cdvances in all areus of risk-
assessment technolopy, there remains significant uncertainty in each of the
analysis parts. A significant fraction of the effort in this program was
devoted to the Investigation of these uncertainties and the calculation of
the uncertainty in the result of each part area as well as the uncertainty
in overall risk. The appropriate means by which to characterize this
uncertainty remains & topic of substantial debate within the technical
community, and the methods chosen for this study were developed through
review of the current technolegy, and direct response to comments made on
the uncertainty treatment in the dvaft versions of these 1eports., The most
fmpertant results of the analyses reported in this document are engineering
and scientific insights that become evident after the completion and
integration cf each of the steps in the program and thorough review of the
results. However, the significance of many of these insights can often be
better understood within a guantitative framework. It is therefore
esseutial that & clear presentation be made of the elements considered to
be uncertain, and of the potential effects of these uncertainties on the
results. The formulation of the uncertainty presentation for the results
therefore had the following objectives:
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¢ To provide decision-makers with engineering- and/or sclentifically-
based information that allows them to understand the analysts’
treatment of important issues and the lampact on the analysis of the
rauge of viewpoints that experts in the field hold for these issues;

¢ To develop a quantitative estimate of uncertainty that reflect= a
credible and realistic range in which the analysts have a reasonable
confidence that the correct answer lies;

¢ To identify as completely as possible the key sensitivities and
sources of uncertainty for each portion of the analysis, including
those that have the most impact on the calculated risk measures; and

¢ To evaluate the quantitative impact on the risk measures of the
uncertainty in each part of the analysis and the combinations of the
uncertainties and sensitivities for the different portions of the
analysis.

There are many ways to include uncertainty considerations in analyses. In
the past and in particular situations conservative analyses were performed
to limit the impact of any uncertainties. There ere difficulties in
applying this wethod since it {s aifficult to always prejudge what is
conservative when uncertainties are Interdependent and multiplied through
an analysis. The alternative i{s to obtain a best-estimate analysis that
includes uncertainty parameters. Detailed codes that follow the entire
accident process can also be used to investigate uncertainty. However,
this approach suffers from the limitation that the codes have many inputs
set to best estimate values, not all of which are easily changed. The
array of studies needed to support an assessment of the impact of all
combinations of uncertainties is also impractical in most cases. In some
cases there are also no codes for particular phenomena. Broader views of
uncertainty can be examined by comparing the results of different codes
which model the same phenomena. Once again this is & time-consuming
practice and still sheds little light on which alternative model is
correct. For the scope of analysis in a PRA, the only practical solution
is the ure of expert judgment This allows a more complete spectrum of
uncertainty to be included in a considerably smaller expenditure of
resources. This also allows a current measurement of the uncertainty.
Most of the experts would prefer to go off and Investigate an uncurtsin
prob'em to arrive at a model and solution, but in order to set the
p° srlties of which problems are most deserving of this analysis (in terms
oi ris% relevance) a “snapshot" in time of current understanding 1is
required. Expert judgment, derived from a formal elicitation process,
therefore playe” & large role in this study.

The first step of the uncertainty assessment was to define the scope of the
analysis. In this study the uncertainties in the systems analysis include
the uncertainties arising from incomplete or inconsistent data pertaining
primarily to equipment-failure rates. In addition, there are numerous
assumpticns made in the systems analysis, some of which pertain to the lack
of data cr verified models for important phenomena, & yood evample being
the behavior of the reactor coolant pump seals under loss eof cooling
conditions, In the containment aalysis the largest uncertainties are
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assoclated wi h phenomena that are poorly underetood. It was the intent of
this program to directly sccount for these wodeling uncertai ities. The
containment analysie also has other uncertainties including chose due to
varlability in materials properties or fallure rates of equipment. The
scope of this project was intended to include all of the uncertainties in
the containment analysis that have & significant impact on the risk
results. The source term uncertainties arve similar, in that there are
major uncertainties in the modeling of the processes as well as statistical
variability in boundary conditions that impact the estimated release. Once
again the scope vas selected to include all of the uncertainties that could
change the risk results, with a focus on the modeling uncertainties since
past studies have shovn those to be the most significant. Finally, as
mentioned above, the consequence uncertainty portion of the analysis was
limited to the variability in the weather, since resource limitations
precluded detailed Investigation of all other uncertainties in this stage
of the analysis,

Once the scops was defined, the next stage was the definition of the
speciflec uncertainties. This procesr was based on a review of the current
body of knowledge to identify the uncertainties found most significant in
other studies and in the opinions of experts in the field. This process
was initially done in the analysis reported in the draft versions of these
reports. The results of the draft analyses, and the internal and external
reviews helped to further identify the truly uncertain and important
{ssues. In sddition, more literature reviews and the advice of the outside
expert panels served to further develop the uncertainty list. However,
there are numerous uncertainties assoclated with all aspects of the
analysis, particularly when considered on a low level, {.e., at the basic
physics level. With the level of detail of the basic analysis tool in a
FRA it s not possible to directly consider these detailed uncertainties.
For practical representation of uncertainties in risk it was necessary to
both reduce the number of uncertainties and to increase the level uf the
uncertainty characterization to a level consistent with the models.
Through the use of sensitivity studies, experct judgment (including the
external panel of experts) and a process of coalescing uncertainties, the
large list of basic uncertainties was culled to a smaller list of higher-
order uncertainties. For example, all of the uncertainties in the basic
physics of the vessel breach process were collapsed into an "issue"
concerning the pressure rise at vessel breach. Ilssues were defined in each
of the analysis areas included in the uncertainty scope: systems analysis,
accident progression and containment analysis and source term analysis.
Table 2-1 lists the uncertainty issues for the accident progression and
containment analysis, and for the source term analysis,

Once the uncertainties were identified, it was necessary to develop
uncertainty ranges. The experience in the draft version of this study
clearly identified some uncertainties as being so great that the experts in
the field hold nearly polarized opinions on the possible outcomes of the
phenomena. In order to capture the range of uncertainty for these
uncertainties, it was determined that expert input was needed from a
spectrum of experts representing the range of opinion on each important
issue. This process was implemented in the draft analyses under som.
severe constraints. Comments on the draft analysis supported the use of
expert elicitation as a valid method, but were highly critical of the
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¢thods used in the draft, as well as the incomplete representation of the

ull reactor safecy community. In response to that criticism, a
considerably more formalized method was developed and lmplemented for the
results presented in the final reports, and the expert representation was
changed to attempt to include a broader spectrum of viewpoints within the
compunity. The details of this greatly lwproved process are provided in
Section 7 of this report.

Practical limitations precluded outside expert elicitation of all
uncertainties Sensitivity analysis was used to determine which other
inputs were most fmpo tant and expert elicitation was again performed, but
within the project team. Although the direct representation of differing
viewpoints may not be as great for these less lmportant uncertainties, the
participants did use avallable resources on the subjects as input to their
own elicitations, and the full range of opinion should generally be
represented. Finally, the reliabili.y data assigned to the events in the
fault trees and event trees include uncertainty distributions derived from
the original data source, or from jadgment in tle case of events not
particularly well supported by data.

Many methods ¢f uncertainty calculation were considered in the development
of the methods for this program, and a Monte Carlo approach was selected as
being sultable with the form of the input and compstible with the overall
method of caiculation of risk. The Monte Carlo method produces results
that can be analyzed with a variety of techniques, e.p., regression
analysie, and it allows consideration of essentially any variable that is
part of the input or output of the calculation, This sampling-based
cechnique also allows for consideration of uncertainties with wide ranges,
as well as correlation between uncertain variables.

Vith a problem of this magnitude, Monte Carlo sampling always poses a
resource limitation threat. This was limitod in this case through basic
properties of the models--the use of relatively fast running models for
each part of the analysis w/'th well-defired interfaces. In addition, the
Monte Carlo sampling was performed with a very efficient sampling
technique: latin hypercubte sampling (LHS). 1HS has proven an effective
technique when compared to nther, mere costly, methods. The key to the LHS
method is creation of a sampling scheme that is constrained or stratified
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Table 2-1

Uncertainty Issues For External Expert Elicitation: Accident
Progression and Containment Analysis and Source Term Analysis

Structural lssues

Static Jontainment Failure Pressure and Mode: All Plants

Reactor Building Bypass Probability: Peach Bottonm

Ice Condenser Fallure Due to Combustible Gas Detonation: Sequoyah

Drywell and Wetwell Failure Due to Combustible Gas Detonation: Grand
Gulf

Reactor Pedestal Fallure Due to Erosion by Core Concrete Interactions:
Crand Gulf

dn-Vessel _ccident Progression lssues

Temperature-Induced Failure of the Hot Leg: PWRe
Temperature-Induced Steam Cenerator Tube Rupture: PWRs
In-Vessel Hydrogen Production: BWRs

In-Vessel Hydrogen Production: PWRs
Temperature-Induced Bottom Head Failure: BWRs
Temperature-1lnduced Bottom Head Failure: PWRs

Containment loading lssues

Loads Due to Combustion Before Vessel Breach: Grand Gulf and Sequoyah
Loads Due to Combustion {n the Reactor Building: BWRs
Loads at Vessel Breach: All Plants

Melten Core-Containment lssues

Drywell Meltthrough: Peach Bottom
Pedestal Failure Timing: LaSalle
Mark 111 Containment Failure Via Pedestal Failure: Crand Gulf

Source Term lssucs

In-Vessel Fission Product Release and Retention: All Plants

Ice Condenser Decontamination Factor: Sequoyah

Revolatilization From the Vessel and Reactor Coolant System, Early and
Late: All Plants

Core-Concrete Interaction (CCI) Releases: All Plants

Release of CCl Species From Containme t, Aerosol Agglomeration: All
Flants 5

Late Sources of lodine: G and Gulf

Reactor Building Decontamination Factor: Peach Bottom

Releases as a Result of High Pressure Ejection/Direct Heating: All
Plants

by the input information. The LHS method is described in more detail in
Section 7 of this report as well as in separate reports. i4.1%
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Figure 2-5 {llustrates the incorporation of uncertainty inte the risk
calculation. The large list of basic uncertainties was reduced to the
smaller list of higher order uncertainties--issues. These issues were then
presented to the experts to obtain their dnput. Although the list of
issues was reduced to on the order of 40 per plant, the experts were
encouraged to create as many subcases of the issues as needed to accurately
characterize the uncertainties under the different boundary condicions that
might be expected. As illustrated in the figure, the next step was
ageregation of the experts’ inputs, each given equal weight. The resulting
asgpregate distribution formed the basis of the sampling for each issue.
The actual sample creation was done by LHS. It should be noted that the
figure does not represent all of the information manipulation. Many of the
issues were found not to be independent, and correlations were introduced
that then became part of the sampling schewe. The output of this process
was an 1HS sauple consisting of approximately 200 cample members. Each
sample member is defined by a specific set of distinct outcomes for each
uncertainty issue, as sampled from the apgregate distributions. As such,
each sample member defined a set of input variables that can be used to
calculate a complete risk result.

2.8 Calculation of Risk

The inputs to the risk calculation have been defined in the previous
sections. As {llustrated in Figure 2-2, a number of codes were used to
generate the necessarv output, and these outputs are then processed by an

additional code, PARAMIS, to calculate a risk result. PARAMIS is actually
& matrix manipulation code. As {llustrated in Figure 2.6, the elements of

the risk equation can be represented in a vector/matrix format., The
frequency of a PDS [F(PDS)) is a vector of frequencies for each individual
PDS, . There are n of these vectors, one for each sample member. As

fllustrated in Figure 2.5, each sample member represents a unique set of
values for each uncertainty issue. For this study, there are approximately
20 PDSs with appreciable frequency (i = 20) and approximately 200 ssmple
menbers (n = 200),

The plant damage vector is multiplied times the accident progression tree
output matrix [P(APB)/PDS). This {1 by § matrix represents the conditional
probability of each of § accident progression bins, for each of { PDS. For
this study, there are approximately 150 accident progression bins that
contribute to the risk result (jJ = 150)., There are also n of these
matrices, one for each sample member. The result of thir calculation is
multiplied by a third watrix that represents the outc~me of the source term
analysis [P(STC)/APB]. This k by j matrix represents the probability of a
source term cluster k, given each accident progression bin. There are
approxi- mately 20 source term clusters (k = 20).

The final input in the equation is a vector representing the consequences

for each of the source term clusters [P(C)/STC]. There are 1 of these
vectors, one for each consequence measure. For this study, 9 consequence

224
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Figure 2-5,
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measures were calculated (1 = 9). 1t should be recognized that, because
consequence uncertainty was not included in the list of issues and the LHS
sampling, only one set of 1 consequence vectors is required; the last term
illustrated in Figure 2-6 is the same for each and every sample member.

This matrix manipulation was done with the PARAMIS code. The risk
caleulation is a falrly straightforward process, but it is obvious that the
nusber of numerical manipulations is rather great. After caleulation of
all of the risk measures for each sample member, the set of n (in this case
approximately 200) results from a distribution in risk space that
represents the uncertainty associated with the issues. As noted above, the
Monte Carlo-based techniques are amenable to statistical examinetions to
provide insights concerning the result. Through examination of the resultis
(with the SAS code package??) with statistical techniques such as
regression analysis, the relative importa... of the issues to overall
uncertainty can be determined. Other measures of risk ifmportance can also
be calculated. The {ndividual sample members can also be examined. For
example, it the final distribution contains some results that are quite
different [rom all the others (say 5 ssiple members an order of magnitude
higher in consequences than any other sample members) the individual five
sample members can be examined as separate complete riek aalyses to
determine the important effects causing the overall result.

One of the key developments in this program is the automation of the risk
assembly process. The most significant advantage of this methods packape
is the ability to recalculate an entire risk result very efficlently, even
given major changes in the constituent analyses. The manipulation of these
models in sensitivity studies alluws efficient, focused examination of

particular lssues, and significant ability for examining changes in the
plants or in the analysis,

The objectives of the program included calculaticn and conclusions
concerning the risk results; intermediate results are also quite important,
Fach of the analysis steps included interuediate outputs. These outputs
are also manipulated to waximize the efficiency of consideration of
intermediate results. The nomenclature and representation of the results
described in this section are used consistently throughout the
documentation of both the methods and the results fer a specific plant,
The same intermediate results will be illustrated for each furility and the
terminology used to describe these vesuits is consistent with that
developed here,

Note: This section will need a description of the high-level results thatr
form the actual presentation of results in NUREG 1150. Currently this
section treats the sctual analysis steps and vhe interfaces as they were
nsed in the calculation. The trenslation of these results to the format
used in 1150 (super damage states, reduced accident progression bins, etc.)
vill need to be expleined so that the reader can follow the connection
between the 1150 document and the support documents.

2:26

M B R g gy ORI TS R R SN TR TS T R AR L pay RN TR I RTEEENESRRR = | ey T e

T ERTR———



om w,
y fu ! ' 'm" u o
: ..II‘.r.""wﬁ - '-' R e %‘-"’i -
s | B . P . I .
N i T T, : - o W !
'y ' '_ﬁ_” ol " N :I : : _ rul
:IH r ;I 1 » : A : I‘ I 4 III I : | -
.w'_'ruv_ ) ' N iy : . i = e ‘,‘:. k
Al I. ' » ! o e TENTE y g - M._ |
1 : : S R
. ' ! N : 2y ) b ’L...Il'
., (i = i \'- .“-H
L Y R e
- | “u _I[l_ |'. I _I||-.w -
' I.I'.Il I “' Il ||_” ..I"
I E- 2 5 I_u—"w I||T JI"J\
. ot _r JI'.| Illj-|||'|4|'"
|’Il I_D'I,:I | i . I ' ¥ II-III|: iy rel : i ',Ill _—]*rll 5
I "ITI-'A . b . . | K I g -:'_ I . '.: . __'-I'.'T”.‘.Llhq §
N;q ot i i ' i 5 L .I 3 1 J,)‘ _H|| H' .L',_
' ol . o el y el o
.II" | _ il W "m“ ' ;I nflhlp‘
0 iy , ‘ R “\.“.' .\0
i e : : H-{_u
_r_ __L ) - ) . g I“ i : ,I|, |I|

u.ﬁ.‘







Draft A: 4551-Vol. 1--Methods Report 23.Dec-88

2,10  References

(These references were in two different places. They have been combined
and alohabetized; now they need to be identified with the correct numbered
citations in the text.)

1 P. €. Aldrich et &l.,

L.chodcal Culdance for Siting Criteris
, Sandia National Laboratories, Albuquerque, NM, NUREG/CR-
2239, December 1982,

2. D. J. Alpert et al., "The MELCOR Acclident Consequence Code System, "
Exoceedings of the CEC Workshop on Methods of Assessing the Off-Site
Badiological Consequences of Buclear Accidents, Commission of the

. NEED TO UPDATE THIS

REFERENCE WHEN POSSIBLE

3, D. J. Alpert and J. C. Helton, "Uncertainty and Sensitivity Analysis
for Reactor Accident Consequence Models," Proceedings of the CEC
Workshop on Methods of Assessing the Off-Site Radiological

Consequences of Nuclear Accidents. (to be published).

4. D, J, Alpert et al., "The MELCOR Accident Consequence Code System
(MACCS) " Proceedings of the CEC Workshop on Methods for Assessing
she Off-Site Radiclogical Consequences of Nuclear Accidents,

5. C. N, Amos and A. M. Kolaczkowski, Contajopment Event Analysis for

Postulated Severe Accidents.  Crand Qulf Nuclear Station, Unit 1.,
Sandia National Laboratories, Albuquerque, NM, NUREG/CR-4700, Vol, 4
(Draft), February 1987.

6. C. N. Amos et al., [Evaluation of Severe Accident Risks and the
Sandia National Laboratories, Albuquerque, NM, NUREG/CR-4551, Vol. 3
(Draft), February 1987,

7. €. N. Amos et al., [Evaluat, g of Severe Accident Risks and the

Sandia Nationa)l Laboratories, Albuquerque, NM, NUREG/CI-4551, Vol. 4
(Draft), April 1987,

8. Author??, et a'., Analysis of Core Damage Frequencv.

Guidelines for Internal Events, Sandia Natlonai*iaborntorlcl.
Albuguerque, NM, NUREG/CR-4550, Rev. 1, Voi. 1, Date.

9. A. §. Benjamin et al., Evaluation of Severe Accident Risks and the
Eotential for Risk Reduction: Surry Power Station, Unit 1, Sandia
National Laboratories, Albuquerque, NM, NUREG/CR-4551, Vel. 1
(Draft), February 1987,

2-29






21,

22.

23.

24,

29,

26,

27.

26.

29.

30.

3.

32.

Draft A: 4551:Vol. 1.-Methods Report 23-Dec-88

K. N. Fleuing et al.,

, Electric Power
Research Institute, Palo Alto, CA, NP-3967 (Interim Report), June
1985,

J. A. Gleseke et al., Radionuclide Release Under Specific Accident
Conditions, Battelle Columbus Division, Battelle Pacific Northwest
Latoratory, Columbus, CH, BMI-2104, 1984,

J. A. Gleseke et al., Source Term Code Package: A VUser's Guide
(Modl), NUREG/CR-4587, Battelle Columbus Division, Battelle Pacific
Northwest Laboratory, Columbus, OH, July 1986,

J. A. Gleseke et al ,

, Battelle Columbus Divisien,
Battelle Pacific Northwest Laboratory, Columbus, OH, August 1984,

M. Griesmeyer, Users' Guide for the EVNIRE Computer Code, Sandia
National Laboratories, Albuquerque, NM, Need info.

L. Greimann et al.,

-of - ALt _Summary, Ames Laboratories, Ames, 1A, NUREG/CR-3653,
March 1984,

F. T. Harper, "ASEP Data Reevaluation." Memorardum to Senior
Consultant Group et al., Sandia National Laboratories, Albuquerque,
NM, March 15, 1985.

R. M. Harrington et al.,

ATWS at Browns Ferry Unit One--Accident
Sequence Anglysis, Oak Ridge Ncvional Laboratory, Oak Ridge, TN,
NUREG/CR- 3470, July 1984.

R. M. Harrington et al., Station Blackout at Browns Ferry Unit One--

, Oak Ridge National Leboratory, Oak Ridge,
TN, NUREG/CR-3470, July 1384,

§. W, Hateh et al.,

, Sandia National Laboratories,
Albuquerque, NM, NUREG/CR-1659, Vol. 4, October 1981,

R. L. Iman and W. J. Conover, Sensitivity Analysis iechnicues: Self-
Teach © 1. Curriculum, Sandia Mational Laboratories, Albuguerque, NM,
NUREG, .#-2350, June 1982,

R. L. Iman et al,, ' PRESS and Rank
Regression, Sandia National Laboratories, Albuquerque, NM, SAND?79-
1472, 1980,

2-31






46.

L7,

ulb.

49,

50,

51,

52.

53,

54,

53,

56,

57.

Draft A: 4551-Vol. 1--Methods Report 23.Dec-88

Estimates of Early Cor

Washington, DC, December 1945,

Accidents., Report
Jp, NUREG-1079, (Draft),

U.§. Nuclear Regulatory Commission Containment loads Working Group,

, letter report
to J. Telford, May to June 1984,

U.§. Nuclear Regulatory Commission Containment Performance Vorking

Group, Contalnment leak Rate Estimates, NUREG-1037, (Draft),
Washington, DC, 1984

Technology for Energy Corporation, IDCOR Task 23.1: Integrated
Contalnment Analygls. Knoaville, TN, 1984,

U.§. Nuclear Regulatory Commisslon Steam Explosion Review Group, A

: : g, U. §. Nuclear
Regulatory Commission, Washington, DC, NUREG-1116, February 1985,

U.5. Nuclear Regulatory Commission, Beactox Safety Study--An

U.S, Nuclear Regulatory Commiss:n, Washington, DC, WASH-1400 (NUREG.
75/014), 1975,

5 £
General Electric co., San Jose, CA, 1982,

Eloal Safety Analvsis Report for Grand Gulf Unit 1, Mississippi Power
& Light Co., Jackson, MS, 1983,

Reference Deleted

"A Description of Investigations into the Nature and Effects of
Assumed Hydrogen Detonations in the Grand Gulf Containment,®
(submitted to the U.S., Nuclear Regulatory Commission in support of
the llcensing of Grand Gulf Nuclear Station, Units 1 and 2, Docket
Nos. 50-416 and 50-417), Mississippi Power & Light Co., Jackson, MS,
January 1982,

“Response to Outstanding Items Identified in Letter Numwber HGN-032. "
attachment to letter from S. H. Hobbs, Hydrogen Control Owners'
Group, to R. Bernero, U.§. Nuclear Regulatory Commission, June 1985,

"Hydrogen Control Owners' Group Report on 1/4 Scale Scoping Test
Results," attachment to letter from S, H. Hobbs, Hydrogen Control
Owners’' CGroup, to R. Bernero, U.§8., Nuclear Regulatory Commission,
August 1985,

2-33



e e Lt ol B A e T e e By

Draft A: (%,1-Vol. 1..Methods Report 23.Dec-88

58, "Mississippl lower & Light's Grand Gulf Nuclear Station Blackout

59.

Evaluation Report,* attachment to etter from 0. D. Kingsley,
Mississippl Power & Light Co., to M. R. Denton, U.§. Nuclear
Regulatery Commission, April 1986.

M. B. Veinstein et al., "Primary Containment Leakage Integrity:

Avallability and Review of Failure Experience," Nuclear Safety 21,
1980,

2-34

PR S Pul | BN T >



B RN T Tl RUT L T e oy m—"NENENTWTe—. S TR TR p— - T - - i R——— - - i ; - - - 1

Draft A: 4551-Vel, 1--Methods Repurt 23-Dec-88

Accident Progression

:i:;"::. & Containment Source Term Consequence
Y Analysis Analysis Analysis
interface interface
progression -
event tree XXSOR |
———-—T}‘Bﬁ 1 ‘E | |APE 1 [y ]  SKCS
A | -l_u, ATE 7 | [$16T E"“"‘""‘i
: -{'{ APB 3 —— - :
F o
e T
‘ p—
; e : . : .
e FDE T L,E :f‘ J | ovomrenactpen: | §TC k j“"—"""\:_

Figure 2-1 Risk Analysis Parts and Interfaces




R R *’ e St
iy I‘-._.l‘-v.“,.‘; T e et
|

/3 o o Lml M‘M 1 m m ”M s

. ; i p HII 3 —
£ig - : ] . o A "'I.—
I . . 1 ' [ ' A v T
¥ - ,,JE'
TR N,



Draft A: 4551-Vol. 1--Methods Report 23-Dec-88

SYSTEMS ACCIDENT SOURCE TERM CONSEQUENCE
ANALYSIS PROGRESSION ARALYSIS ARALYSIS
ANALYSIS



T R R R R R R R R B R R T R B RN TR RIS RN RAT THRErE———m=— =~

P R SRR EETNmRSN——

e R . o e e e

Draft A: 4551-Vol 1--Methods Report 23-Dec-88

Fault and
event trec
models

Core-melt

cutset

expressions

Amm of

.5

plant damage

Accident Progression

event tlise

lmuv 1;‘
of accident pro ression

bins for ea h plant

Idn-ge state

L D e e o

Magnitudes

of all source

of consequence

terms calculated
I |
Accident i
progression |
PARTITION |
bin !
ldnx‘tctistics _
PR DY | :
Source term group .
|
characteristics |
XSOor :
mapping of accidert !
|
progression bins |
to source term groups i
Im term -gnita‘es' i I

and release information MACCS
for each accident
progression bin : .
[ Probabilities

SN ke, T Ul e



Draft A: 4551-Voi. 1--Methods Report 23-Dec-88

( 5% fIE, P(IE,~PDS,) P(PDS,~APB,) P(APB,~STG,) cSTG, =~ Risk, )

FRAMIS




T Y 1 g T

R R RN RI=,

Draft A: 4551-Voi,l--Methods Report, 23-Dec-b8

3. INTERFACE WITH THE ACCIDENT SEQUENCE FREQUENCY ANALYSIS

As described in Section 2, there was & need for close Interaction between
the systems analysts and the accident progression analysts, To's
interac fon was needed for the efficient transfer of informatien from . .
area to the other, as well as for a consistent treatment of assumptions
across the interface. This section briefly decribes the primary interface
activities. The detalls of the systems analysis methods are described
under separate cover.’

In addition to the Inte.actions described here, one additional interface
was during the automated calculation of risk with propagation of
uncertainties. The actual means used to quantify the results while
maintaining consistency in assumptions and inputs are described in Section
8 of this report,

3.1 pRevelopment of FDS

This report includes a discussion of the methods for analyzing the accident
after core damage has been initiated. As i{llustrated in Section 2, the
interface between the accident sequence frequency analysis and the accident
progression analysis was accomplished by defining the PDSs. The output of
the accident sequence frequency analysis is a listing of cut sets (sach cut
set 18 a unique set of events, including system fallures, human actions,
and recovery fallures) that describe the initiation of core damage. A PDS
is a group of cut sets which presents » unique set of {nitial and boundary
conditions to the accident progression and containment analysis. These
damage states were defined by identifying the characteristi s of the
accident sequences that most affect the continusd progression of the
accident or the contalnment response. The cut sets within a PDS can be
sufficiently represented by the rame evaluation of subsequent acrident
progression.

The development of the characteristics that define the accident progression
bins (APBs) was based on an urierstanding of the important attributes of
the progression and containment analysis. In large part, this
identification is based on knowledge from other studies, and in this case
the analysis completed for the draft report was very useful in
understanding what initial and boundary conditions were wost important.
The accident progression analyst: and the systems analysts worked together
to develop & set of characteristics that weald allow grouping of all cut
sets. Each characteristic has a distinet number of outcomes that are
defined In enough detail to specify the conditions for the subsequent
analyses. For so.s of the characteristics, the outcomes are binary (for
example, failed or not failled), while in other cases a continuum of
outcomes is divided into discrete categories. An example of the PDS
definition is listed in Table 3-1, in tiils case for the Peach Bottom plant,
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Table 3-1

Example of PDS Definitions

———lALACteristics

Initiating Event

Offsite Power Availability

Station Blackout

DS Power Availeoility (Escly)

Safety/Relief Valve Status

Status of High Pressure Injec-
tion System and Reactor Core
Isolation Cooling Systems

Control Rod Drive System Status

Initlal Vessel Pressure

Status of Low Fiessure Inject-
tion Systems

3-2

SR— 111 17 TS

Latge LOCA

Medium LOCA

Suall & very small LOCA
Translent

Transient with scram failure
10RV

Seismic 108P
Other LOSP
No LOSP

Yes (no diesels operating)
No

No (all de power falled)
Yes (at least one train
available)

At least one stuck open
None stuck open

Both failed
Either or both working

Falled
Available (but not operating)
Working

High and automatic
depressurization have failed

High, automatic depressuri-
zation available

Low

Both failed

Not operating but recoverable
Operating but not injecting
Either or both systems are
operaiing and injecting
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Table 3.1 (Continued)

LT TH TS ST IS T —
Residuel Hest Removal Syst ms
Status

Status of Condensate System

Status of High Pressure Service
Water

Containment Spray System Status

Containment Vent Status

Level of Containment Leakage

Location of Leakage

PRN—— 11 31T 7Y

All modes are falled
Recoverable (with power
recovery). At least one mode is
operating

Failed

Recoverable

Available, but not injecting
Injecting

Failed

Recoverable (with power
recovery)

Avallable for manual lineup
Operating

Failed

Recoverable

Available for manual actuation
Operating

Containment vent

Drywell vent

Wetwell vent

Drywell vented but pressure
high

Wetwell vented but pressure
high

None i{n excess of tech specs
Leak after accident

Rupture after accident

Leak before accident or
isolation failure

Rupture before accident or
isolation fallure

Contairment intact
Drywell

Drywell Head
Vetwell
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4. ANALYSIS OF ACCIDENT PROGRESSION AND CONTAINMENT RESPONSE

After the frequency of core damage is calculated, the next task is the
modeling of the accident progression both in the reactor vessel and after
the core debris leaves th. vessel. At the same time, the effect on the
containment of the core damage progression must be studied. The methods
used in this task are lescribed in this <ection.

4.1 QObjectives of the Analysis

The accident progression and contaimnment analysis is designed to allow
efficient transfer of information to the source term and consequence tasks.
This ' formaticn is needed both to calculate risk and to provide
intermediate findings, insights, and conclusions concerning t“< ability of
the containment systems to mitigate core damage accidents and the effect of
the physical progresslon of the accident on the release of radionuclides.
The possible impact on containment of the cont:wed meltdown process is
critical to a determination of offsite risk sincs the timing, location, and
type of containment failure (if the containment does fail) are very
important considerations in the offsite release of radicactivity. The
analysis also examines the opersbility or effectiveness of 7 int feacures
such as containmen® sprays or th suppression pool, which act .o reduce the
radionuclide releases. Uncertainty analysis was also a primary objective
for all of the significant uncertainties including the basic
phenomenologies of the meltdown in the vessel and in the containment.

It was a specific goal of this program to improve upen the technology for
the evaluation methods involved in this task. In particular, past studies
have not modeled many of the complexities and dependencies among the
different phenomena, and the models were not well adapted to change; much
of the model had to be rethought if one of the inputs changed. It was
intended that the models of this study be more amenable to further
analysis. In addition, one of the programmatic objectives involved the
calculation of the effects of modifications to the facility, and it was a
goal here to enable such analyses directly without major restructuring of
the basic model. The models alvo had to be suitable for the uncertairty
analyssis  including the capability to maintain consistency throughout the

uncertainty analysis and to handle the dependencies between uncertainty
issues,

4.2 Selection of the HModeling Approach

As 'iscussed in Section 2, it would be desirable to have a detailed model
for this part of the process that mechanistically evaluated the actual
pro, ession of the accident. The highest level of detail would be afforded
by n chanistic computer codes such as MELPROG and CONTAIN. Integrated
simulation codes such as MELCOR are not as detailed as the mechanistic
codes, but would also provide results that could be tied to more
mechanistic models. Although these models do exist, they are not practical
for use in a PRA where a full array of scenarios must be evaluated
efficiently, because mechanistic code calculations involve considerable
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resource expenditures and calendar time. In addition, these codes do not
include models for all phenomena, nor is there a universally accepted code
that experts believe is correct.

The PRA requires both more flexibility and more efficiency, and these
requirements have generally been satisfied through the use of an event tree
in past PRAs. The event tree allows the creation of & logic structure that
can discriminate endstates in terms of severity, a necessity for the source
term assessment., In addition, the event tree structure is well suited for
analysis of uncertainties since the uncertainty in any given phenomena can
be treated as alternative outcome- of an event, and two (or more) whole new
progression pathways can be represented. The event tree can be thought of
as a probabilistic framework used to synthesize the results of the
mechanistic models. However, the event trees used in past PRAs did not
satisfy all of the other objectives of this program, particularly the need
to more completely track dependencies and the ability to recalculate the
entire logic under different assumptions, a necessity for sensitivity
ana)vsis and analysis of risk reduction.

In the methods development for this program, it was determined that there
were many positive attributes to the event tree approach, provided that
additional complexity could be included and the process could be automated
to allow efficient reevaluation. To satisfy these ~onditions, a new code
was developed for use in this program., This code, EVNTRE, is not specific
to accident progression analysis, but rather is a powerful and {lexible
manipulator of event tree logic. This code is capabl. of handling very
complex relationships between event tree juestions and has numerous ways of
examining the tree structure and results,

The use «. an event tree does not eliminate the use of the mechanistic and
simulation codes. Indeed, these codes are used to establish the basic
structure of the tree, to determine what events shoula be included and to

help establish specific parameters for specific sets of input and boundary
conditions.

Previous analyses have used the term "containment event tree" for the model
for this part of the analysis, because the focus of the study is to
determine the containment effects. 1In this study, the model is termed the
"accident progression event tree" to recognize the importance of the entire
meltdown process on the subsequent radionuclide release and the containment
response, Another increased focus on ac~ident progression in these trees
is the consideration of the possibility of recovery of the core damige
before the vessel is breached. In any case, the rerminology is not
critical and the reader is free to consider these models as being
equivalen: in purpose to previous containment event trces.

The reader familiar with containment event trees from previous PRAs may
have some initlal difficulty in reviewing these accident progression event
trees, because although each question is easy to comprehend, the size of
*he tree and the interrelationships can be difficult to grasp in terms of
the "big picture."” The presentations of the individual trees in the other
volumes of this report series include reduced tree representations and
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considerable discussion of the inputs and results. A working familiarity
with the trees is the best way to become comfortable with this advancement
in the containment analysis,

4.3 Event Tree Mechanics and Eveluation Capability

Before the discussion of the event tree structure, there is & need to
define the capabilities of the EVNTRE program used to manipulate and
quantify the trees. There is a separate user’'s guide for the code itself,
and the details will nut be repeated here; but a summary of the
capabilities and their effect on tree construction will be provided.

While event tree quantification schemes have been used in the past, EVNTRE
represents a significant advance in capabilities for manipulating any event
tree logic structure. The specific features include:

v Multiple branches at each question or node, rather than a limitation
of only two outcomes;

¢ Branch probabilities dependent on the path through the tree;

¢ Representation of continuous processes with automatic tracking of
parameters, such as pressures and temperatures; and

¢ Flexible classification of the results (binning) to sort the output
to a manageable set,

In addition to “hese capabilities, the EVNTRE code can handle very large
event trees, more that 100 multiple-outcome questions. This allows more
effective modeling of accident progression and allows separation of the
problem into time regimes of interest, each of which can be represented
with a unigue se. of questions. The value of this size increase can be
illustrated through the treatment of gas combustion processes which can be
examined at several time regimes in the model, with concentrations and
pressures tracked automatically, and uncertainty issues treated
copsistently across all questions.

The program allows for consideration of eight tvpes of questicns,
differentiated by the dependencies on other gquest'‘ons, the source of
gquantification information (supplied by the analyst or calculated from
previous parameters) anc later use of the output of the question (no use
versus use in a calculation in a later question). These types are listed
below:

Iype 1. This question is the typical event tree question where the
branch point probabilities ar: supplied by the analyst and are
independent of other events in the tree. The most typical use of
this type is in the setup of boundary conditions through the PDS,
e.g., "What is the status of the containment sprays at the start of
the core damage?" In this particular case three outcomes could be
defined: sprays operating, sprays failed, or sprays not failed but
unavailable (e.g., due to power loss) The quantification of this
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event would be determined by the input from the systems analysis and
would not be dependent on other event tree quescions,

lype 2. For this type, the quantification of the branch points is
dependent on previous branches, in a manner specified by thr
analyst. For examp!-, if the question relates to the probability of
ignition of combustible gas in a given timeframe, the branch point
probabilities can be made dependent on & previous event such as
«shether or not electric power is available.

Iype 3. This type is independent of previous questions, but in this
case the question not only carries information concerning the
probabilities of various outcomes (supplied by the user), it also
tracks other parameters for use in later questions. An example
would be a question concerning the impact of the release of an
accumulator inventory at some point in the accident. The outcomes
could be defined to be either # large pressure increase or small
pressure increase. In this case the parameter that would be tracked
would be steam pressure, with a unique value associated with the two
outcomes 1f more resolution was required, three or more pressure
outcomes could be defined.

Iype 4. This is similar to Type 3, but the question is dependent on
the outcomes of previous quescions. In the previous example, if the
accumulator dump pressure rise were dependent on an earlier question
such as spray operability, it would be a Type 4 instead of a Type 3.

Type 5. A Type 5 question is independent of all previous questions,
but t..e branch point probabilities are calculated rather than
supplied as direct input. The algorithms for calculating the
probabilities are called user functions. For example, a pressure
rise due to a combination of events can be added and compared to a
threshold that may vepresent the capability of the structure to
withstand the increase. Additional discussion of user functions is
included in Section 4.6,

Iype 6. The Type 6 question is identical to the Type 5, except that
the question is dependent on previous branch points. For example, a
pressure rise question could be dependent on the operabllity of the
sprays, with the resultant pressure rise compared to a threshold.

Iype 7. The Type 7 question is similar to a Type 5, in that it is
independent of previous questions and the branch ratios are
calculated. However, in addition to the calculation, the parameter
values are retained for reference in a future question. Therefore,
if a question concerniig a pressure rise was compared to a threshold
for containment failure and found to be below the threshold, that
base pressure may be used in a future question which concerns an
event that adds another pressure increment. These types cf
questions are very useful for tracking hydrogen combustion, as the
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amount of gas remaining after each burn question can be retained to
ensure consistent treatment in all future hydrogen questions.

Iype 8. The Type 8 question is the same as Type 7, but it is
dependent on previous question. A good example would be a question
regarding a pressur * increment associated with a hydrogen burn in
the third time regime of interest. The pressure rise calculation
could automatically account for the availability of hydrogen after
previous burns plus any additional hydrogen generation due to
physical events in the new time regime, and the probability of
ignition could be dependent on previous ignition questions as well
as questions concerning hydrogen flamability.

Two of the capabilities require special emphasis. The first is that tne
dependencies on previous questions may be very simple or quite complex,
The simplest dependency divic:s a question into two cases. As illus vated
below in Figure 4-2, the outcomes for question 2 are dependent on the
outcomes for question 1.

example here (to be provided)

However, the code also allows for considerably more complex dependen: ies
that can be entered as Boolean expressions. For example, a two-case system
could be defined by the expression below for one cese, with all other paths
through the tree belonging to case 2:

Case 1 Question: & 1 1
OQutcome : 1 * [(3 + &) *
and or and or and

L -

Case 2 All other paths through the tree

The first case only applies if question 4 takes branch 1 and either
questirm 6 takes branch 1 and question 1 takes branch 2, or question 6
takes branch 2 and question one takes either branch 3 o- 4. This example
illustrates the power of the tree to track dependencies, although it also
illustrates the ability to develop a tree that is quite complex.

The second capability that makes these trees unique is the ability to

include parameters within the tree structure, automating the tracking of
pressures, steam conceatrations, combustible gas concentrations and other
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paramet’.rs required for a consistent treatment of phenomena. For example,
the mass balance of hydrogen may be preserved without having to rethink all
of the hydrogen-related questions each time a change is made,

Due to the complexity allowed by the flexibility of the EVNTRE code,
special emphasis was also placed on provisions to assist in the development
of the trees and the diagnosis of errors The code includes checks on
inputs and writes error messages if the logic structure or inputs contain
errors. Another important feature is the annotated echo of the input which
repeats the input in a straightforward fashion, with a listing of the
meaning of each plece of input information for every question. The tree
can be examined question by question with a frequency report that
delineates the complete split between outcomes for each and every case, as
well as the realized split over all cases. With this capability the
analyst can work through every branchpoint, easuring that the intended
modeling of dependencies is being correctly implemented. Typically, the
analys: also inputs a cutoff frequency such that paths through the tree
that are calculated to fall below this frequency are deleted from further
consideration. The other capability important when building the tree is
the binning of pathways. As described in Section 2, the APBs define
endstates that are of sufficient resolution that a single source term
calculation will suffice for all paths collected into that bin. During the
development of the tree, any binner can be defined to aid the analysts in
checking the tree. For example, a binner could be devised that
concentrates solely on hydrogen phenomena, and the modeling of the hydrogen
can be checked through this capability. The ability to bin the millions of
paths through the tree into any combination of bins allows focus on

particular aspects, once again to help ensure the analyst that the model is
coriect,

4.4 General Process of Tree Development

A great deal of information is incorporated in the accident progression and
containment analysis. The event tree is used to distill the available
information into a systematic format that allows a probabilistic
delineation of the possible paths that the accident might take once core
damage is iniciated. The event tree does not mechanistically model the
processes such as thermohydraulic flows or concrete attack by molten core
material. It represents these processes in terms of events or questions
that list the possible outcomes o. the phenomena, as related to the
outcomes of previous events. These trees also have a major difference from
the typical event tree in that each question can have rore than one
outcome. For example, one tree question is concerned with the pressure in
the vessel before vessel breach, and this question has four outcomes.
Whereas the actual pressure could be anyvhere in a continuum of values from
very low up to the safety valve set points, the outcomes have been grouped
into four distinct categories: safety valve setpsint pressure, high
pressure, intermediate pressure, and low pressure. In the analysis, each
category is associated with a range of pressure values. The selection of
discrete outcomes is subjective and depends on the requirements for further
use of the values in the rest of the analysic,
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This analysis was initiated by collecting information concerning the design
of the specific plant being considered. This included details concerning
the primary system or reactor vessel, the containment structures, and any
containment systems that operate to mitigate the effects of an accident.
The next step was pgathering information relevant to the study of the
accident progression and contain~ nt response. This included:

¢ Results of detailed code calculations for partial and entire
accident sequences;

¢ Results of the simulation codes such as the source term code package
(STCP);

e Studies of particular phenomena such as hydrogen combustion with
detailed, specialized codes,

¢ Previous risk assessments; and
¢ Experimental studies of relevant phenomena.

This background information is not necessarily specific to the individual
plant, since even analyses on very different plants could provide insights
useful for developing the tree logic., For the analyses reported in this
series of reports, the collection of information was initially done several
years ago, culminating in the development of the draft event trees reported
in the NUREG/CR-4700 series of draft reports, For the final trees, the
collection of information focused on updates since the original data
collection plus the use of any more recent sources and those noted in the
commente on the draft report.

4.4.1 Interfaces with Other PRA Tasks

Section 3 of this report described the interface of this analysis with the
accident sequence frequency analysis. As noted there, the definition of
the PDS was an iterative process, because the characteristics of the damage
states are defined to be those that could significantly affect the accident
progression and containment analysis. This process would be very difficult
for an entirely new problem, but is somewhat easier with the availability
of other PRAs. The previous PRAs and the output of mechanistic codes for
similar plants or relevant accident scenarios were used to determine what
characteristics of the initial and boundary conditions were most important.
This process was initially done for the draft versions of the event trees.
The damage states for the final analysis were changed to reflect new
information was well as additional insight into important characteristics

that was obtained through the performance of the analysis reported in the
drafts.

As described in Section 2, the interface with the consequence analysis was
through the definition of APBs which are used to group paths through the
tree into bins that can be treated with one source term calculation. While
these APBs are not needed until the final stage of the analysis, the
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interaction between the source term analysts and the accident progression
and containment analyste was needed early on. The APET must include enough
discrimination such that the source term and consequence analyses have
sufficient information to appropriately calculate source terms. Four basic
types of information are needed by the downstream analyses:

¢ Time regime information important to the timing of evacuation and
other offsite events, as well as to the time for depeosition,
settling out, and decay which affect the radionuclide species;

¢ The physical progression of the accident in-vessel and ex-vessel,
important to the determination of the release fractions during
physical =2vents;

¢ Presence of mitigating features, such as the containment sprays,
which act to reduce radionuclides; and

¢ Integrity of containment during all of the ahove processes,

As with the rest of the steps of the PRA process, the most important
elements that are needed to accurately calculate the source term and
consequences can only be discovered through iterative processes. Once
again, the availabili: of other studies allowed a first cut at the
definitlon of the core melt progression characteristics that were most
critical to source terms and consequences. These parameters were refined
as the analysis of the duwnstream tasks was completed, The draft studies
were very useful in this study in setting the stage for the identification
of the aspects of the core melt progression most critical to the rest of
the study,

Interactions with source term analysts were therefore an important part of
the methodology. This process was initiated very early in the development
of the event tree and was continued through to the calculation of the final
result.

4 4.2 Definition of Time Regimes

As nentioned previously, the EVNTRE code allows the tree to be developed in
enough detail to consider time regimes. One of the first steps in the tree
development process is the selection of these time regimes. The time
regimes selected are subjective, and are based on conveniently defined
intervals and with consideration of the timing that is important to the
source term and consequence analyses. Some time regimes may be quite long,
while others, such as the time of vessel breach may be short but are
developed in detail because of their importance. The selection of the time
regimes can be made plant specific {f particular features have effects at
certain times, although there was an effort to maintain consistency across
plants as much as possible to assist in comparing inputs and results.

As illustrated in Section 2 (Figure 2-3), the tree can be viewed in several
time regimes. At least four time periods are considered: the boundary
conditions at the start of core damage: in-vessel core melt progression;
ex-vessel core melt progression; and the final cuatcome of the accident, In
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practice, these time periods are generally expanded to provide additional
focus or particularly ilaportant phenomena. For example, the in-vessel melt
progression may be separated into sections deuling with: (a) the
possibility of recovery of the core before the melt progresses to the point
where i* will fail the vessel, (b) the in-vessel meltdown process, (c) and
the phewwmera at vessel breach. The transition from ii-vessel to ex-
vessel, the vessel breach modeling, is usually detailed in these event
trees. The ex-vessel portion of the analysis may also be broken up into
periods: during critical core-concrete interactions, from vessel breach
up to about 2 to 3 h; late, in the period following the principal core
cencrete interaction, and  very late, up to about a day following the
accident. The specific times associcted with these intervals vary with the
plant. Some of the time regimes are most important from the point of view
of the accident progression while others are more critical with respect to
the source term and the operability of equipment (e.g. sprays) that would
reduce the source term. These time periods may be supplemented by others
if needed to further resolve the outcome of the events.

4.4.3 Layout of the Tree Structure

There are no specific rules for the initial development of the APET. Once
the initial PDSs were defined through questions, the time regimes of
interest were generally considered in detail in chronological order. The
process for the development of each part of the tree is the same. The
detailed code analyses, experimental results, and all of the otheir sources
with information pertinent to the time regime are examined. These sources
identify the major physical events to be considered, and a review of a
variety of sources indicates where there are uncertainties in the process.

Many Source Term Code Package (STCP) snalyses were done in support of this
program. Early in the program, the full project staff agreed on a set of
STCP runs for each plant, anticipating the outcome of the core damage
frequency assessment and attempting to cover the mcst important types of
scenarios. These scenarios roughly corresponded to sicae of the PDSs,
therefore relatively detailed analyses of certain PDS: were obtained from
this process. The resultant report contained a grea: deal of information
concerning timing of the physical events and identification of the major
phenomena. These detailed analyses a)lowed the development of a general
tree layout for the core melt progression in each time regime. This was
only a first step; however, since these initial trees did not cover all

PDSs and they did not reflect alternative hypotheses concerning many of the
phenomenologies.

The next step was to detertine the effect of the cther PDSs characteristics
on the basic progression ot the accident. This involved the creation of
new questions to cover types of events not considered in any of the STCP
analysis, for example, the addit’on of questions to treat steam generator
tube ruptures if they were not one of the specific scenarios analyzed with
the STCP. 1In other cases, the impact of different boundary conditions had
to be estimated in order to set up case siructures for each question that
would discriminate important differences in effects. For example, the
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reference STCP calculation may refer to an accident with a large LOCA
initiating event, but another damage state might include intermediate
LOCAs. The outcomes of the phenomenological questions in the tree would be
examined to determine i{f the change in LOCA size would change the accident

progression. In some cases sensitivity studies with the STCP generated
insights useful in establishing the dependencies on previous questions,
while in other cases no relevant STCP runs were available. Without

sensitivity studies judgment, interpolation, and use of analyses from other
studies had to be relied on to identify specific effects.

Through this process & basic tree structure was developed including the
development of a case structure that allows dependencies to be tracked.
Although the initial tool for layout of the tree structure was the STCP,
the next step of the process expanded the trees to account for the other
information sources collected as part of this task. Other mechanistic code
output was reviewed for relevant information conceruing the tree
development, In some cases the resources existed to perform some code
calculations, for example with CONTAIN, to assist in the further
delineation of the trees. In other cases information on specific subjects
was examined to see if the phenomenologies represented in the tree could
account for alternative views. For example, if a specific calculation with
a4 code other than the STCP, for example, a HECTR analysis of a combustion
event, either suggested a different magnitude of phenomena or introduced a
phenomena not in the STCP the tree was adjusted to allow consideration of
the alternative paths created by these new phenomena.

This process of examining other sources was quite extensive. In the
initial tree development, inputs from a number of other studies besides the
STCP analyses played a role in the tree development:

¢ Containment Loads Working Croup;

¢ Containment Performance Working Group,

¢ Severe Accident Uncertairty Analysis Program (SAUNA);

¢ Severe Accident Sequence Analysis Prograr (SASA);

¢ Various reports from the Industry Degraded Core Program (IDCOR);

¢ Steam Explosion Review Group;

¢ High pressure ejection test series;

* Analyses supporting the unresolved rafety issues; and

¢ Other analyses of specific phenometa.
Although the initial tree layout was based on the STCP, the final tree

represents a much broader view of the pessible alternatives of accident
progression and containment response. Experimental results are taksn into
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account wherever possible, Most experiments are done on a small scale and
involve only a portion of the accident progression scenario because of the
cost and complexity of expoerimenie of thils type. ‘'I'he experimantal results
generally are considered iu the tree development indirectly, by changing
the outcomes of pr.ifcular branchpoints or by influencing the
interpretacion of ths output of one of the mechanistic codes. The
zxperimental evidence was also part of the consideration of the experts
when developing uncertainty distributions for the iaportant uncertainties,
as discussed in Section 4.7,

The final trees presentsd in the other volumes of thris report were
completely redcne since the initial draft tree development. This
reanalysis took up where the other trees left off, but included updates in
information and steps to meke the analyses of the different plants more
parallel. The FEVNTRE code capabilities were expanded, and the ability
described earlier to tieck parameters such asr steam and hydrogen
concentrations artomatically was built inte the codes. The dependency
cases were expanded to account for additional interactions. Finally, in
the interim since the draft, a number of new information sources became
available, aliow!ng a more complete representation cof the possib’'es event
tree paths. The most useful sources of information includad:

¢ Some additional STCP runs to evaluate scenarios not well covered
previously;

¢ Comments on the draft report by a wide range ot organizations and
individuals;

* Some new experimental evidence;

* New inputs from the groups involved in expert elicitations for this
program;

¢ New analyses of issues found important in the draft study, including
mechanistic calculations.

Fer example, the NRC redirected some of its contractor aralysis toward
resolving some of the important issues discovered or highlighted in the
draft. A good example would be the numerous CONTAIN calculations done by
SNL to investigate high pressure ejection and direct heating phenomena. An
array of studies was carried out to attempt to better bound the
characteristics of direct heating and the role of initlal plant conditions
and certain plant features. For example, before the draft analysis there
vas no informatioa available concerning direct heating in the 1ice

condenser, but in the interim CONTAIN has been used to study the
phenomenon,

One of the other sources of information was the new elicitation of expert
opinion for highly uncertain issues. These elicitations could bring about
the need to modify the tree in a mechanistic way (the trees had to be
adapted to fit the form of the expert input), or the experts sometimes
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accident progression or source term calculation. The next question
concerns the availability of the injection systems, with three branches
defined: operating, failed, not failed, but unavailable (power loss).
This part of the tree continues until all of the characteristics are

covered.

Figure 4-2.
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by rupture or leakage, or any adverse effects of venting. For example, if
the containment failed due to loss of cooling, there is a possibility that
depressurization could fail the operating pumps either through NPSH
problems or through the possibility of direct damage to the piping in the
case of a catastrophic containment failure. The outcome of this portion of
the tree is used to provide the systems analyst with the conditional
probability t'st a core vulnerable accident will become a core damage
accident

4.5.3 1In-Vessel Recovery

One of the unique features of these event trees is that they address the
recovery of the core before a serious threat to the integrity of the
vessel. This part of the tree is not developed in great aetail, but is
included to recognize the possibility that even though core damage has been
initiated, there is the opportunity to arrest the damage before vessel
breach. There is a great deal of uncertainty in the tiwing and needs for
successful cooling during this phase of the accident, and these
uncertainties are reflected in the event tree model The trees only
consider this possibility fer accidents involving power loss, where
equipment is unavailable rather than failed and there is the possibility of
recovery when power is restored. (The loss of power accidents were
important contributors to the core damage frequency of each of the plants
studied in this program.)

4.5.4 1In-vessel Processes and Containment Response
The next section of the tree deals with the continued degradation of the

core, up to the vessel breach. There are many considerations during this
phase:

¢ What 1is the loading of containment from steam for the different
types of saccidents?

¢ What are the conditions important to the release of radionuclides
from the core and from the vessel?

* What are the physical conditions in the vessel before vessel breach?
* How is hydrogen being produced by the core degradation?

¢ Where is this hydrogen going, and does the hydrogen burn affect the
containment?

* How does the operability or non-operability of containment cooling
systems, containment sprays, or special features such as an ice
condenser affect each of the questions above?

Just by this listing of considerations, it is easy to illustrate how the

évent tree quickly becomes very large. A few typical questions for this
portion of the tree are discussed below.
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This discussion has id:ntified the basic premise of this portion of the
tree, The exact questions are dependent on the specific of the plant
design and on the analyst’'s choice concerning how the questions are asked.
The objective of this portion of the tree is to identify the conditions of
the core and containment just before vessel breach. Steam and hydrogen
concentrations are tracked within the event tree to ensure consistent
treatment in later questions. For example, if an early hydrogen burn
occurs, that amount of gas is deleted from the balance available to burn in
later events., As is obvious from the simplified description, this is not a
mechanistic treatment, and the physical event represented in single
questions may be considerably more complex in reality. For example, all
pre-vessel breach hydrogen burns may be modeled through a single questior
in this time regime. Multiple burns would only be modeled if it was
necessary to obtain and accurate picture of containment effects or if the
s urce term analysis needed this information,

4.5.5 Vessel Breach

All time regimes are not equally represented in terms of the number of
associated questions. A good example is the time during and immediately
after vessel breach. This time period is important because both the
radiological release and the threat to containment integrity in this time
period are quite important in terms of oerall risk. This part of the tree
generally includes questions that list the possiole failure modes of the
vessel when the core debris is released to containment. For example, there
is a possibility of failure of the bottem head en masse, or a few holes may
open, ablating to larger holes, and depending on conditions in the vessel
the material may come out only by gravity or be forced out by pressure in
the system. After vessel breach the event tree is concerned with loads on
the containment from steam hydrogen and any other sources such as diroct
heating. All of these questions involve cases that describe the effect of
the outcomes of earlier question on the probabilities of the outcomes »f
these questions. The operability of containment systems that could
mitigate pressure loadings or radionuclide reletses is also considered.

The questions in this time regime are similar to those drseribed previously
in that dependencies in parameters such as hydrogen concentrations are
tracked automatically. A question concerning the capability of the
containment to withstand the preassure loading is alsoc asked. This question
allows a direct comparison, within the EVNTRE code, of the total pressure
due to the integrated effects of the accident progression tu a containment
pressure capability curve that is an input. A Type 5 question could be
used for this purpose. Additional questions way he included to specify the
possible types of failure mode of the containment, {f failure should result
from the loading at vessel breach. This could include both size and
location of the failure, both of which may be important to the source term
and consequence analysis,
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4.5.6 Core-Concrete Interactinns

The next stage of the tree typically deals with the physical process
fuvolving the core after thc vessel breach, with a focus on core-concrete
inteructions. This section of the tree includes questions to account for:

¢ Additional combustible gas generation and its flammability;
¢ Possibility of debris coolability;

¢ Boundary conditions that would affect the release of radionuclide

during this phase, especially the presence of overlying water or
sprays;

¢ lLouading of containment due to steam generation and gas combustion;
and

¢« Fffect on containment of both pressure loading or any direct damage
due to the core-concrete interactions,

The questions are similar to those in the previous time regimes, with
contirved maintenance of the user functions to track combustible gas and
steam concentrations. As with the rest of the tree, the dependencies on
the previous paths of the accident are built into the case structure,

4.5.7 Late Containment Effects

Typically, a tree will also include some events to account for slowly-
evolving accidents, such as long-term pressurizations that would take tens
of hours to threaten containment. Another possibility is deinerting of the
containment, a reduction in the steam concentration due to the late
operation of cooling systems that allows the hydrogen concentration to pass
te the flamability limit. Another phenomena in this time regime involves
the possible breach of the containment by meltthrough of the basemat.

The late effects questiors are generaiiy only asked for pathways that have
not involved other serious releases or containment failures This
philosophy is generally true throughout the tree development. For example,
an early containment failure will preclude much of the downstream analysis.
There are some events that are considered even for these early containment
failures, depending on what aspects are most important to a full treatment
of the scenario in the source term analysis.

4.5.8 Summary Questions and Final Tree Outcome

In reviewing the tree structures, one should be aware that it is possible
that summary questions are placed at various locations in the tree
structure and possibly at the end. These summary question: are an
analyst's convenience for keeping track of the tree development. These
sunmaries also provide useful cross-references for future dependencies.
For example, if a question in the CCI time regime is dependent on the
status of containment immediately rfter vessel breach, it is easier to set
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up dependency cases based on a single question that summarizes the status
of containment up to that time period, as opposed to cross-referencing the
cases of several combinations of outcomes of previous questions. Very
often at the end of the tree it helps in the analysis of the results to
have a summary question or two that identify the chief outcomes, basically
the containment failure mode and the time of failure for those paths
through the tree that do not have an intact containment.

4.6 User Functions

Questions Types 5 to 8 include the calculation of the branch psint
probabilities based on a user-supplied function., Therefore these questicnc
can be considerably more complex than the other event tree questions 1
wvhich probabilities and possibly parameter values are part of the input .
The event tree program includes the capability for direct selection of some
of the most typical user functions, or the EVNTRE program can call a
subroutine that contains as user function of more complexity that can be
provided by the analyst. The directly supplied user function capabilities
are as follows:

* AND or ADD, the porameter v 'ies are added (e.g. adding of two
pressure increments);

¢ MAX or MIN |, find the maximum or minimum of the referenced
parameters; and

MULT. the inputs are multiplied together.
If these are not used, the analyst can supply an alternative funztion, In

this study the most frequent use of the user function involves the tracking
of combustible gas. While straightforward, the user functions can be made

quite complex in their ability to calculate parameters. The hydrogen
combustion user functions track hydrogen stream and oxygen concentrations,
over all time regimes of the tree. For example, u late deflagration

question will first consider the depletion of the concentrations in any
previous burns. The user function can also distinguish types of burns by
the concentration limit, for example, diffusion flame events can be
distinguished from deflagrations and detonations. The same user function
is used to calculate the pressure rise associated with the burn., User
functions are written in FORTRAN and are automatical'y called by EVNTRE.
Tne specific user functions for each plant are described in the appropriate
plant-specific reports.

The other aspect of the calculated branchpoint questions is the comparison
function. The calculated parameter values (for example, two pressures
combined together) can be compared with a third parameter (such as &
containment pressure capability). Once again this part of the process may
be done by EVNTRE-supplied comparison methods, or by a user function. The
comparison types that are built in EVNTRE include:

¢ EQUAL, which uses the output of the user function to directly
specify the branching ratios;
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¢ NORMAL, which allows the comparison of & parameter with a normal
distribution, A number is randomly selected from the distribution
and compared to the input parameter. For example, the pressures
addod together in the Tirst §rr¢ ol the piocves can be compared to a
coentainment failure distribution for a f2il . fall assignment of
split fracticus for containmeat fallure.

¢ THRESH, which cumpares the combined parameter from the built in

function or & wuser function tv a single threshold value. A
comparison of corncentration to a flamability limit would be an
example .

* CTHRESH, allows a discritization of the reference parameter to
compare to a series of thresholds, tius allowing consideration of
more ti.an two outcomes for a question.

The user functions offer great flexibility in tree development as well as
freeing the analysis of the burden of tracking parameters needed to
establish split fractions for paths well into the event tree.

4.7 Quantification of the Accident Progression Event Tree

Each question in the tree requires input for the quantification process.
As illustrated by the discussion above there are several different types of
questions in the tree, each of which may have a different type of
quantitative input. Each of these types of questions are discussed below.
The uncertainty repiesentation was a critical objective of this study. As
described in Sectimcn 2, a Monte Carlo approach was taken for the
calculation of the uncertainty across the risk analysis tasks. For this
part of the analysis, uncertain inputs were assigned distributions which
were then sampled in the Monte Carlo calculations., The sources of input
are described in this section, but Sections 7 and 8 of this report are the
source for detailed explanations of the uncertainty process and the overall
risk calculations.

It is important to remember that the quantification of the tree is done
through case structures that allow separate quantifications for specific
~onditions established by the path through the tree up to each guestion.
This is an important element of the analysis, and the quantification for a
single question in the event tree may involve dAifferent inputs for
different cases. The quantification can be made dep>ndent on any or all of
the preceding questions, allowing all of the complex interrelationships to
be tracked sutomatically and considered in the quantification.

4.7 1IDS Questions

ihe first questions in the tree that sort PDS are quantified based on the
results of the systems analysis. For a given PDS, each of the initial
questions takes a single path. For example, if the first question sorts
the size and location of the RCS failure, a large LOCA damage state will

have a probability of 1.0 for that outcome, and a probability of 0.0 for
all other outcomes.
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4.7.2 System Reliability/Recovery Questions

Some events in the tree are concerned «ith the reliability of equipment or
the possibility of recovery. These vvents are quantifiec with reliability
data or human reliability analysis, just as the system analysis models are
quantified. For exampls, the case structure defines whether or not the
spray system has failed previously, ard the probability of spray failure is
applied to those cases where the system {6 a-ailable and called to operate.
Similarly, the trees all contain questions referring to the probability of
offsite power recovery. The systems analysis task developed a curve of
recovery versus time. Each event tree question regarding power recovery is
assigned a value from the power recovery curve for the probability of
recovery in the interval since the last time the recovery event was asked.
Similarly, operator actions in the tree are quancified with the methodology
used in the system analysis. Some of these events can also be uncertainty
issues, meaning that their quantification in the event tree is based on
sampling from a distribution,

4.7.3 Phenomenological Ouestions

These questions form the basis for much of the tree, because the
uncertainty in phenomenology is the reason for the alternative branchpoints
at many of the questions. There {s considerable discussion of these events
in Section 8 of this report, because the description of the uncertainty in
these events is somewhat subjective. For example, a phenomenology question
wight have two alternative outcomes. In some cases, given a set of input
conditions, the phenomenology might always be expected to have one of the
outcomes, but there is uncertainty as to which one, (In an series of
experiments involving core damage, all cases with this set of input
conditions would take one of tlie paths and not the other,) In other cases,
glven a set of input conditions, the phenomenology might be expected to
take either path, although the probability of one path may be much greater
thar the other. (In the same series of experiments involving identical
initial conditions, some fraction of the events would have one outcome for
this phenomenology, while others would have the other outcome.) In
practice, the situation is more compliceted for two reasons. /he first is
that the initial conditions cannot always be specified exactly (the tree
would be too large if all cases were considered). This creates a situation
where the uncertainty in a specific question include both types mentioned
above, some due to the inability to specify exact conditions and some due
to the phenomenological wuncertainty, The other complication is that
inuividual analysts may have differing viewpoints on what type of
uncertainty is involved.

For this study, most of the phenomenological questions were quantified with
distributions, based on the evidence available from all current
iaformat . on, including the mechanistic analvses used to construct the tree.
As described in Section 8, the most important uncertainties in the
viewpoint or esperts in the field and as identified by the draft studies,
were quantified chrough a process of expert elicitation. Special expert
panels were forme. for key areas of the analysis. Each expert provided
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a view of a specific phenomenological question, including the dependencies
on previous issues, in a formal elictation process. Then the inputs of the
experts were convoluted to obtain a distribution representing the
uncertainty in the issue, with a different distribution for each distinct
set of previous dependencies. The quantification of the tree was based or
a saupling of those distributions.

In cases of events with somewhat less uncertainty, the expert elicitation
process was carried out within the project team. The process was he same,
and an attempt was made to represent the full range of uncertainty by
reviewing the available )Jiterature and experimental results of the topics.
These questions were also sampled in the final quantification.

There are other questions which were quantified with distributions
generated by the individual plant analyst. This method was applied only to
questions which were verified through sensitivity analyses to have very
limited importance,

As described in Section 8, the representation of uncertainty involved
several hundred complete risk estimates (sample members) including separate
event tree quantifications, It should be noted that the results of the
tree quantification may be examined for any sample member. For purposes of
tree development and review, mean inputs can be used for the issues.

4.7.4 Containment Fallure Questions

One special case constitutes the questions regarding the capability of the
containment. The experts provided their viewpoint of the location and
failure pressure as a function of loadings. The combined distribution for
the probability of failure (and location) as a function of pressure was
then input as part of a Type 5 question, This type of question
automatically adds the appropriate pressure from events contributing to the
pressure rise and compares it to the curve to determine the split fraction
for whether or not the ccntainment fails. In this question or as a
seéparate question, the expert inputs regarding location of failure are also
used to generate the probability of the possible outcomes.

4.7.5 Combustible Gas Modeling

Another special case of the phenomenological question are those +-egarding
the combustion of gas, principally hydrogen. As noted earlier, these are
evaluated with user functions that track the concentrations of steam and
hydrogen. As for as quantification of these events the user function
automatically provides the output, but the func*ion itself must be input.
Some aspects of the user function may be subject to limited uncertainty,
for example the calculation of concentration as a function of amount of
gas. These aspects of the user function are input as values with no
uncertainty. There may be other aspects of a user function that do involve
uncertainty, for example a combustion limit for some specific set of
conditions. The uncertainty in any of the inpu’_. to the user function
could be treated as an uncertainty issue and sam .d from a distribution,
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4 7.6 Summary Questions

As described previously, there are questions in the tree that are used for
analysts' convenience in summarizing previous outcomes, These questions do
not require additional quantitative input as the case structure determines
the outcome.

4.8 Bloning

An important part of the analysis process is the binning to reduce the
number of paths through the event tree to a manageable set for the
downstream analyses of source terms and consequences. As noted earlier,
there are binning steps that the analysts use in tree development and
review and ther there are the formally defined accident progression bins
wvhich are used to transfer infurmation to the source term analysis. In
essence, a binned result can be thought of & redu.ed tree with only the
events of interest as questions, and with all other questions internalized
in terms of their effect on the bin characteristics.

The trees included in the plant-specific report include the bin definition
information (the binner). The binner lays out the Boolean expressions that
define the bins. The paths through the tree then are sorted into these
bins, The EVNTRE code lists an error if = *th through a tree csnnot be
matched to a defined bin,

Consider a very simple bin scheme that has two characteristics: size and
time of containment failure. Each of these characteristics has a set of
outcomes. For example, there might be three defined sizes of containment
fallure and two time periods of interest. In this example there are six
possible bins. The binner defines *he conditions needed to arrive at the
different outcomes in terms of the outcomes of questions in the tree. The
paths through the tree are automatically sorted into these bins by a logic
structure supplied by the analyst. In the two-characteristic example,
there are six bins that are possible from a strict combination of the
possible outcomes. In reality, one or more combinations may be precluded
(perhaps there is no possibility of a catastrophic containment failure at &
late time period) and other combinations may not be likely.

This same logic applies to the larger binning schemes used in these
studies. The APBs ms s have 10 or more characteristics, each with several
outcomes. The number of possible combinations of bins is very large, but
the actual nuuber of bins after removal of those that are precluded and
dropping those of very low probability becomes a manageable set. The
cutoff frequency for what can be dropped is dependert on what is important
to risk at the specific facility.

The results can also be rebinned to meet other specific needs, For
example, the 10 characteristic bins are somewhat difficult to comprehend at
& high level, and are quite difficult to compare to the results of past
containment analyses, Therefore the results of these studies are also
presented in terms of these reduced bins that allow a simpler
representation of the results. The two-chsracteristic bins defined above
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concerning containment failure siz. and timing could be one example of a
high-level binning that would allow insight into some of the basic outcomes
of the analysis. The results of each study have been considered in terms
of these high-level bins, and these results are the ones actually reported
in NUREG 1150,

4.9 Computer Processing

Several references have been made to the use of the EVN™E code in this
analysis task. The EVNTRE User's Guide describes the input formats used in
this study as well as the use of the code, Each of the plant-specific
reports includes a detalled description of the tree input and a
presentation of the actual code input. Once familiarity with the format is
established, the annotated tree input Jile is sufficient for understanding
the logic of the tree, although the detailed description of the
quantification provided in text is needed for understaanding the
justification of the quantification of each branchpoint. Table 4-1
fllustrates some typical EVNTRE input. The EVNTRE User's Guide should be
referenced for a more thorough discussion,.

Once input, the trees are processed to obtain the frequencieu for each of
the pathways, binned as appropriate. As described above, the creation of
the tree involved {teration and review of intermediate branchpoints, so in
reality the trees are solved many times. In these intermediate solutions,
the analyst may create bins and bin sorting logic that focus on particular
aspects. The quantification of the tree during the development stage may
be based on nominal or mean values at each branchpoint, to avoid the need
to run a sample that samples distributions for each question.

When the final tree was ready, the LHS code was used to generate a sample
for the inclusion of uncertainty. (See Section 7 for a complete discussion
of the uncertainty methodology in this program.) The LHS sample,
consisting of severa, hundred sample members, is used to represent the
uncertainty in this p.rt of the analysis. Each sample member includes the
selection of single values for each branch point from the uncertainty
distribution supplied as discussed in Section 4.5, Each sample member
therefore has a unique quantification of the entire APET resulting in a
conditional probability of the APBs for each of the PDSs. As noted in
Section 2, this is

P(APB)j/PDSi = conditional probability of APB bin j given PDS{,

Although the EVNTRE code can be used directly for producing the binned
results, a post processor, POSTSM, was used to do the actually sorting into
bins xor this study. In this manner, the output of the EVNTRE processing
of the tree can be kept somewhat goneralized (in terms of a large number of
unsorted bins) and the POSTSM code can do the final manipulation of the
results. The adventage of this process is that the analysts can adjust the
bins or create reduced bins with POSTSM alone, without the need to rerun
the entire EVNTRE input,
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RADIOLOCICAL SOURCE TERM ANALYSIS

A radiological source term is the fraction of radiological material
available in the reactor at the beginning of the accident which is released
to the environment, along with information as to the timing, energy, and
location of release point. The radiological source terms for NUREG-1150
divide the radiological material into nine source term groups. The
elements comprising a group all have similar chemical, physical, and
physiological properties. The principal element of each group is a
surrogate for all the elements within the group. The source term groups
used in the present study are shown in Table 5-1.

Table 5-1
Radiological Source Term Groups

—~Lroup = __Principal Element Elements Included
1 Noble Gases Xe, Kr
2 lodine I, Br
3 Cesium Cs, Rb
4 Tellurium Te, Sb, Se
5 Strontium Sr
6 Ruthenium Ru, Rh, Pd, Mo, Tc
7 Lanthanum La, Zr, Nd, Eu, Nb, Pm,
Sm, ¥
8 Cerium Ce, Pu, Np
9 Barium Ba

Because the thermal, physical, and mechanical conditions are different for
each accident sequence, the fractions of material released from the core
and ultimately released to the environment are different for each accident.
The objective of the radiological source term analysis is to provide a
radiological source term for each accident progression bin (Section 4).

5.1 Background

PRAs have traditionally calculated the radiological source terms for a verv
small number of representative accident sequences using large computer
codes or suites of codes. The codes compute conditions within . he core,
and the interaction of the core with the reactor system and working fluid
during the progression of the accident. The codes calculate the quantity
of radicactive material released from the fuel and reactor structure, the
interaction with the structure, and eventual release f om the reactor
vessel (RV) or reactor coolant system (RCS). If the fuel debris interacts
with concrete after leaving the RV or RCS, there is an opportunity for
material to be released during the interaction. ‘here is also an oppor-
tunity for engineered safetv features (ESFs) or ws a1l processes Lo remove
some of the material from the containment atmosp The containment may
leak or rupture as a result of pressure buildw iolent events during
the accident, and some of the material may be rele__ed to the atmosphere,
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Some of the codes or suites of codes used In estimatirg the accident
progression and the release of radioactive materfial to the envirenment are
the Modular Accident Analysis Progrvam (MAAP),* ! developed by the U.§.
nuclear industry, the Source Term Code Package (STCP),%? developed by
Bettelle Columbus Division (BCD) of Battelle Yacific Nortawest Laboratory
(BPNL) for the NRC, and MELCOR,*? which is currently under development by
SNL for the NRC., Each of these code suites calculates somewhot different
frections of radioactive material released becausy of differing models,
approximations, and assumptions.

In sddition to code suites which calculate the entire accident progression,
special purpose codes have been developed for a more detailed calculation
of specific phases of the accident. For example, the MELIYROG® ¢ code
provides a detailed mechanistic calcuiation of conditions within the RCS
before vessel fallure, and CONTAIN® ' makes detalled and mechanistic
calculations of conditions within containment. Bucause of the detail
invelved, the special purpose codes are often heavy users of computer time
and resources and are thus not well suited to the calculation of many
accident sequences; in addition, the special purpose codes focus on a small
area and are not intended for an overall look at the entire acclident,
However, the special purpose codes are uscd for comparison and checking the
results of the more general, faster running accident progression codes.

ihe NRC decided early in the NUREG-1150 analysis to use the STCP as a hasis
for source term estimates. The reasons for the choice of the STCP were
avallabilivy (MAAP was not available te the NRC or its contractors, and
MELCOR had not yet been fully developed), relatively low consumption of
human and computer resources (MELPROG and CONTAIP require more computer
time anrd more detailled modeliog), familiarity B°D had considerable
exnerience in running the codes), and previous kuuvled. of both the
capabilities and limitations of the codes.

The STCP uses the MARCH2/MERGE® .37 codes for ca.rv¢lat ng thh therma,
hydraulic conditions within the RCS and contalncent, CORSOR® ® f-,
caleulating the release of radionuclides from the fuel in the RC,
TRAP/MELT® ¥ for transport and deposition within the RCS, CORCON® ' for the
core-concrete interactions (CCl), VAKNKESA® ) for the release of
radlonuclides in CCl and their possible recapture by overlying water, and
'AUAS42 for transport and deposition within and releise from containment.

The STCP accounts for many phenomenological nd data uncertainties. Some
of the uncertainties can be investigated by us. g alternate models provided
within the codes, and for others alternative input data sets are available.
If the STCP were to be used for investigating uncertainties, a separate
S§TCP run would be required for each model or data uncertainty. Schedule
and funding constrain.c nrohibited the use of the STCP for many mul ‘ple
runs for each accident. In addicion, thers are many phenomena fer wnish
the entire possible range of uncertainty is not included in the models in
the STCP. For other phenomena no alternative models are provided. The
STCP does not have any model at all for some phenomena; an example is
revolatilization of material initially deposited within the RCS.
Furthermore, the source terms calculated by alternate runs
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of the STCP would not indicate which of the alternative sOUrce terms was
more likely,

Another reason for finding some alternstive to the STOP was the large
nusber of accident progression bins. 1. was not poss .le to determine
which accident progression bins were most lmportant until after the entire
risk analysis had been completed. The STCP could not be used for all
accident progression bins because of the heavy usage of human and computer
resources. An sttempt to determine the most ifmportant bins in advance, and
determine the uncertainty in those by the STCP would have been practically
impossible; some {mportant sequences would have been omitted and the power
of the STCP would have been wasted on some sequences of trivial {pvortance.
It is also iikely that some unimportant saquences for one set of
phenomenologlcal or data assumptions will be more important if another set
of assunmptions is chosen.

In order to account for uncertainties and to be able to provide source
terms for a large number of accident progression bins, an alternative te
the STCP was required. The substitute model was required to calculate
source terms which could closely mimic those calculated by the STCP or eny
other suite of gour~e term codes, be very fast running, be easily
understood, be capable of representing uncertaint, even for phenomena not
included in the STCP, and be operable in a sampling mode. The solution
adopted was & parametric model, in which each parameter stands for a module
of the STCP. 1f the parameters are properly chosen, the parametric model
would give source terms nearly the same as those calculated by the STCP for
the same sequence. In addition to parameters adjusted a posteriori from
STCP runs, other parameters represent phenomens not considered by the STCP.
The model adjusts the values of parameters for different accident
conditions, and can thus extrapolate STCP results to other sequences. An
smplicit assumption of this operation is that coupling between parameters
either does not exist, or can be adequately represented by the parametric
mode] . Each of the parameters of the model can be varied across its
expected uncertainty range. 1f the coupling between parameters is not
important, the source terms calculated will then reflect the range of
uncertainty in source terms due to the uncertainty in the parameter.

It 1s {mportant to understand that the parameters represent a sort of
response function for a physical process, that is, the radiocactive material
output from a process for a given amount of material input to the process.
The parameters do not represent physical constants or quantities., No
assumption needs to be made about the phenomena involved in the process,
Because all accident progression and source term codes represent the same
types of processes (although often using distinctly different models), the
parametric models are not limited or necessarily closely tied to the STCP.
If the parameters were given values appropriate for MAAP, for example, the
parametric model would calculate source terms similar to those produce’ by
MAAP. 1f the parameters were varied across the range of values for any
coc~, then the outputs would represent the source terms obtainable from all
possible combinations of codes.

It is also important to understand that the parametric models are unable by
themselves to avold impossible or unrealistic combinations of parameters.
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Ry S U ——— — R P— N— P ———— A e e e e e A



Draft A: 4551:Vol.1--Methods Report, 23-Dec-88

lmproper combinations must be avoided by scrupulous attention of the user
to the allovable coubiratlons and avoldunce of forbidden conbinations

The parametric wodels developed for the draft report were quite siople.
The valuew of the parameters were very closely tied to the STCP, parameter
values for some sequences were simply “hard-wi-ed" into the model. The
expert panel that chose the range of parameters and their distribution also
tied thelr estimates very closely to the “TCP. The experts themselves were
from the NPC and its contractors and were familiar with the STCP but were
less familiar with other codes such as MAAP. Consequently, the output of

the parametric models used in the draft report tended to represent
variability or uncertainty in what could be enpected from the STCP {f other
phenomena had been represented and other models included.

In contrast, the expert panels for the present study were recruited from
the NRC, the DOE national laboratories, nuclear industry, universities, and
independent contractors, Many of th: experts were familiar with methods
other than the STCP., The experts were not expected to follow the STCP, nor
were the parameters necessarily to be tied to the STCP. Each expert was
encouraged to develop an individual wathod for estimating the range and
distribution of the parameters. The parametric models and their source
term outpuls as used In the present study are thus not specifically linked
to the STCP. Some combinations of parameters would glve STCP-like results,
out other combinations would give MAAP-like results, §till other
combinations would give source terms different from those calculated by any
current codes, but which {n the opinion of the experts were possible, or at
least could not be ruled out.

5.2 duterface With the Accident Progression and Contalnment Analysis

The accldent progression bins described in Section & are the principal
vehicle for passing information from the sequence and contalnment analyses
to the source term parametric aodels. The description of the accident
progression bins is necessarily highly plant-specific. Some
characteristics which are commen to all plants are the timing and nature of
containment failure, the operation of ESFs, conditions within the RCS, the
degree of zirconium oxidation, the presence or absence of water, and
conditions under which CCI occurs.

The num +r of possible attributes for the accident progression bin and the
number o' possible outcomes under each attribute {is only limited by the
complexity of the containment event trees. The contalnment event trees
used in this study are very complex, and an enormous number - -many millions-
~of accident progression bine could be produced, However, many of the
theoretically possible accident progression bins would be expected to give
identical or very similar source terms. In order to reduce the number of
source terws to a tractable number, the number of attributes and outcomes
vas limited to those which could be expected to have a marked effect on
magnitude of the source terms. A further limitation of the accident
progression bins was imposed by the simplicity of the parametric models.
There would be no advantage in passing fine nuances of the accident
progression which could not be recognized by the parametric models.
Another limitation on the number of accident progression bins was allowable
because of the subsequent use of the source terms caleulated by the model.
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Table 5.2

Summary of Source Term Code Package Calculations

AB

THLB' - A

§2D

AG

$3B

S2HF

S3B

S3HF

" —

SURR EIANT
ST 77 - —————stQuenee Description

BM1-2104 Station Hlaclout with failure of
auxiliary feedwater

BM1-2104 Small break LOCA (0.5 to 2.0 in.
equivalent diameter) with failure of
ECCS injection.

BMI-2104 Interfacing systems | CA

BM1-2104 Large break LOCA vith station blackout

BM1-2139 Station blackout with failure of
auxilia-y feedvater and failure of
coutainment isolation

BMI-2139

BMI-2139 Large break LOCA with failure of
containment heat removal, consequent
containment failure and failure of
recirculation due to flashing

BMI-2160 Station blackout with reactor coolant
pump seal LOCA

SEQUOYAH PLANT

BM1-2104 Station blackout with failure of
auxiliary feedwater

BEM1-2104 Transient with failure of ECCS

BMI-2104 Small break LOCA with failure of both
ECCS and containment heat removal in
recirculation

BMI-2136 Blackout with reactor coolant pump seal
failure

BMI-2139 Reactor coolant pump seal failure with

fallure of ECCS and containment heat

removal in recirculation
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SEQUOYAH PLANT (Continued)

11V {3 Sequanze Description

BM1-2139 fteam pgenerator tube rupture without
makeup; no other containaent faillure

BMI-2139 Blackout with fallure of auxiliary
feedvater and temperature-induced lerge
hot-leg break

BM1-2160 Blackout with reactor coolant pump seal
fallure and secondary depressurization

BM1-2160 Reactor coolant pump seal fallure with
failure of ECCS in recirculation

BMI- 2100 Reactor coolant pump seal failure with
failure of ECCS and containment heat
removal in recirculation

EEACH _BOTION FLANT
(Someor.e needs to check these sequences)

BMI-2104 Large LOCA with failure of injection

BMI-2104 ATVS

BM1-2104 Failure of containment heat removal

BMI-2139 ATWS, low pressure

BM1-2139 ATWS, high pressure

BMI1-2139 ATWS, high pressure, venting

BM1-2139 Long-term blackout, containment falls
late

BM1-2139 Long-term blackout, containment fails at
vessel breach

BMI-2139 Interfacing systems LOCA

BMI1-2160 Short-term blackout

GRAND GULF FPLANT
BMI-2104 ATWS
BMI-2104 Failure of containment heat removal
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CRAND CULF FLANT (Continued)

Aequence 0 ____Source Sequence Description
™Y BM1-2104 Transient with fallure of ECCS
S2E BMI-2104 Small break with injection fallure
TC BMI-2139 ATWS
T8, BMI-2139 Long-tern blackout with failure of RCIC
and ADS, late containment failure
T8, BMI-2139 Long-term blackout with failurs of RCIC
and ADS, containment falls at vessel
breach
TBS BM1-7139 Fast blackout with failure of injection
TER BYI-2139 Fast blackout with no ESFsg, containment

fails late by hydrogen detonation

The STCP was being revised, extended, and improved during the time these
calculations were being carried out. Consequently, the earliest
caleculations were performed by a version of the STCP that was less well
developed than the latest calculations. An example is the in-vessel
release of ruthenium. A more advanced version of the STCP gave values of
ruthenium release which were orders of magnitude lower than did the
earliest version. In the draft version of NUREG-1.50 the parameter values
were specifically linked to STCP runs, Some experts may not have been
entirely familiar with all the imrlications of the changes made to the STCP
during the course of the study. In the current study, the experts were
encouraged to make use of all available information, from the STCP, MAAP,
MELCOR, experiments, and any other sources, and to integrate the evolution
of understanding of source term phenomenology ince their distributions.
The experts discussed their sources of information among themselves before
being elicited on their distributions. The parameter distributions thus
represent the experts' judgments as to the relative accuracy or worth of
all of the sources of information available to them, including the
evolution of their understanding over time.

5.4 Development of Parametric Models

Although the details of the models differ slightly from plant to plant, all
of the models are of the form:

ST(1) = FCOR({)*FVES(1)*FCONV/DFE +

+ FPART*(1.-FCOR(1))*FCCI(1)*FCONC(1)/DFL(1) +
+ FPME* (1. -FCOR(1))*FDCH(1)*FCONV +

+ Special tervs
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FCOR(L)* FISC(1)*FOSG(1) ¢ (1-FI18G(1))*FVES(1)*FCONV/DFE)
where

FSIG(1) 1e the fraction of nuclide 1 released from fuel which enters
the steam generators, and

FOSG(4) 1is the fraction of nuclide { entering the steam generators
wvhich {e¢ then released from the steam generators to the environment.
Other symbuic ave as previously defined.

The basic flow diagram for the acst simple form of the parametric wodel Is
shown in Figure 5-1. The initial core inventory enters at the left center.
At the box marked FCOR some 1s released from the fuel, and a fraction (1-
FCOP) remains in the fuel  The fraction released from the fuel enters the
box marked FVES. A fraction (1-FVES) is retained in the reactor vessel,
and the fraction FVES s released. At the box marked 1/DFE ESFs remove all
but the fraction 1/DFE, and at the box warked FCONV a fraction of what
remains escapes to the environment, 7This constitutes the RCS release.

Below the box marked FCOR the fraction (1-FCOR) represents the material
which was not roleased from the fuel in the reactor vessel. On the
downward path, & fraction FPME of the fuel is ejected from the vessel at
high pressure. A fraction FDCH is released to the cuntainment atmosphere,
and a fraction FCONV of that 1is released to the environment. This
constitutes the direct heating release.

The material which was not ejected at high pressure is 1-FPME. A fraction
of thai, FPART, participates in core-concrete interaction., The fraction
FCCT of that is released from the debris. ESFs permit a fraction 1/DFL to
escave, and a fraction FCONC of that escapes to the environment. This
constitutes the core-concrete release,

The material remaining in the RCS-.FCOR*(1-FVES), and that which was never
ejected from the vessel (not shown in Figure 5-1) is available for later
revaporization.

It is necessary to point out again that no chemistry or physics is involved
in the parametric equation, other than conservation of mass. All of the
knowledge of chemistry and physics {s involved in choosing values for the
parameters such as FVES, FCOR, etc., If these parameters are correctly
chosen for any scenario, then the source term calculated by the parametric
wodel will be correct. On the othar hand, the source terms are only as
good as the choice of parameter values, and 1f the model attempts to
caleculate source terms for a scenario for which the parameter value is
inappropriate, the source term is incorrect, The model attempts to prevent
some errors of extrapolation by making the parameters scenario-dependent.
Thut s, the values of the parameter will be different for different
scenarios. For example, for PWRs the value of FVES is different depending
on the RCS pressure and the type of accident. The distributions for FJVES
provided by the experts are different for each scenario. These scenario
details ere passed to the parametric model through the accident progression
bin., When the model receives, for example, "high-RCS pressure, LOCA," a
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Figure 5-1.

Basic Flow Diagram for Parametric Models.
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value for FVES is chosen from the distribution for that scenario.
Consistency between the containment event trees and the parametric models
is enforced by passing important values used in the containment event trees
to the parametric model to be used in calculating the source terms.

The evaluation of the parameters for the draft version of NUREG-1150 was
actually sisplified because the parametric model was so closely linked to
the STCP. Each parameter in the model can be related to & specific module
in the STCP. FCOR corresponds to CORSOR, FVES to TRAP/MELT, FCCI to
CORCON/VANESA and FOONV, FCONC, DFE, DFL to NAUA. The physical precesses
behind these modules would be Included in any source term release code, but
the ldentification between parameters and code modules might not be so
transparent. For the current study the parsmetric wmodel is not
specifically linked te any code, so that tie model parameters can be more
ireely chosen. However, the source term experts (even those more familiar
with other codes than with the STCP) appeared to have little difficulty in
relating source term phenomenclogy to the parametric model.

The actual evaluation of the parametric equation is trivially simple.
However, assessing the distribution to be used for each scenario, choosing
the decontamination factors corresponding to the actual operation of ESFs,
and making certsin that all the core material ‘s correctly accounted for is
more complex as well as being extremely plant specific. A set of codes
called the XXXSOR codes® !? has been developed for this task. A distinct
code haa to be written for each plant, and the XXX designates which plant
the code applies to. SUR represents Surry, SEQ is Sequoyah, PB is Peach
Bottom, and GG is CGrand Gulf.

Each of the XXXSOR codes contains the information for source term timing.
Generally, this information {¢ *"hard-wired" inte the code. There is &
wealth of information on release timing from MAAP, MELCOR, and the STCP.
The information passed in the accident progression bin is usually adequate
to be able to recognize an analogous sequence which has been calculated by
one of the codes. The XXXSOR code then takes approximate timing
information from the tabulation of previously calculated release times.
(1f there is a conflict between codes, an average is used.) I1f the analog
to the sequence being considered is inappropriate or if the choice of
contalnment event tree parameters would have altered the timing from what
was previously calculated, the XXXSOR estimates of release time could be in
error. It is important to understand that just as the adequacy of source
term magnitudes is dependent on proper cholce of parameter values, the
release timing is subject to the correct interpretation of previously
calculated accident scenarios.

The accident progression bins contain scenarics for which no calculation
has ever been performed, however. For example, an accident in which the
debris leaving the vessel 1is initially cooled by water, ..ich is not
replenished and eventually boils away, would have CCI delayed relative to &
sequence in which CCI is initiated promptly. However, it is not difficult
to calculate approximately the time at which the water would be boiled off,
vhich can then be related to the time at which the core would exit the
vessel., Thus an approximate time for initiation of CCI can be used, even
though the specific scenario may never have been calculated.
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Other timing distinctions are provided by the breakdown into RCS release,
CC1 release, and late revolatilization release. The early and late
releases have distinct components, and this distinction (along with the
time of initiation and duration) for each component is part of the
information provided by the XXXSOR codes.

The most important timing parameter is the warning interval--the time
interval between warning the populace to evacuate and the actual release.
The warning interval is highly uncertain and variable, being dependent on
the ability of the plant personnel to diagnose the accident and to warn the
local authorities, and the speed with which the authorities warn the
populace. Because this very fmportant time interval s so poorly known, it
has not seemed appropriate to attempt a more accurate determination of
other less flmportant times.

5.5 Quantification of he Paremeters in the Codes

All of the parameters were considered co be uncertein quantities (for a
more extensive discussiii of urcertainty see Section 7). Each parameter is
represented by & probability distribution. For each rample member a
specific realization of each parameter is chosen from each distribution.
The sampling scheme will not repeat any specific parameter value. However,
the frequency with which values in the neighborhood of othe. values are
selected depends on the probability distribution assessed by the experts.
For example, in a normal distribution more values will appear in the
neighborhood of the mean than at the extremes. In fact for all of the
distributions chosen by the experts, the extreme values are only sparsely
represented in the sample. The values chosen by the sampling scheme are
then randomly combined, unless the experts have suggested that certain
values of one parameter should be coumbined or correlated with certain
values of other parameters. For example, the sampling scheme could combine
high values of FCOR with high values of FVES. However, because the extreme
values of a parameter are rare in the sample, combinations of the extremes
are rarer still, and mcst sample members will have middle values of either
FCOR or FVES or both.

Distributions for the most important parameters were assessed by teams of
experts. However, the number of parameters in the models and the need to
determine plant- and scenario-specific distributions for most parameters
made it practically impossible to have the expert teams determine the
distributions for every scenario of each parameter. The parameters wvece
prioritized according to their importance in the draft version of NUREG-
1150, the degree of interest within the reactor sefety committee, the
adequacy of the distributions prepared for the draft version, whether the
parameters were global or applied only to a single scenario, and the range
of uncertainty in the parameters. The expert panel was then invited to add
to or subtract from the list of parameters considered. The parameter )ist
finally decided on by the experts was FCOR, FVES, FCONV, FCCI, FCONC,
DLATE, late iodine release from the suppression pool at Grand Gulf, and
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reactor building decontamination factor at Peach Bottom. The list did not
include every pocsible case for every parameter. For example, FCONV and
FCONC for lat. leaks at PVRs were not evaluated by the expert panel,
because they were expected to be so low compared to the values for early
fallure as to have little lmpact on risk. On the other hand, for some
parameters the experts increased the number of cases to be con dered

A complete description of the expert elicitation process can be found in
Section 7. For the purposes of this section the reader only needs to
understand that the parameter distributions were the product of several
experts who had different sffillations but had a common expertise and
buckground in outce term calculetior The experts often disagreed
substantially witl, each other on the vange and distribution of the
parameters. These differing distributions were aggregated by averaging, so
that each expert's viewpoint was represented in the aggregate distribution,

Each parameter was subdivided into cases for presentation to the expert
panel. A "case" {s a set of {nitial and boundary conditions which could be
an {mportant determinant of the value of the parameter. For example, "high
prior zirconium oxidation and water present" is one case for the parameter
FCC1, and "high prior zirconfum oxidation and water absent” 1s another
case. The number and description of cases varies from one parameter to
another. The expert panel considerably expanded the number of cases for
some parameters. The XXXSOR codes were then specifically tallored to the
final case structure as approved by the expert panel, so that every case
desired by the experts would be correctly included.

The expert panel was unable to consider every case for every parameter, so
that values for son parameters and some cases had to be determined
internally. The dist:i'butions used in the draft version of NUPEG-1150 were
used when it appearid that these would be adequate (the discrete
distributions of the draft version were first converted to continuous
distributions) In other cases, a value for one quantile (for example the
median) would be suggested by n STCP or other calculation. A dintribution
vas used which had the Aesired quantile value along with the distribution
for some closely related parameter. 1In still other cases the distribution
wvas found to be unimportant; for example, for some cases the value of the
parameter was known to be very close to zero and any small value would give
essentially the same risk, For these cases a constant value was chosen for
the parameter.

Each accident progression bin contains all the information necessary to
uniquely determine the appropriate case for each parameter, The
distributions for every case of every parameter are available to the XXXSOR
codes. For each sample member, the contalnment event tree passes the set
of applicable accident progression bins and the LHS program passes the
desired fractiles for each paramrtor, The XXXSOR code determines the
appropriate case for each parameter for each accident progression bin,
determines the value of the parameter from the stored distributions and the
desired fractile, and evaluates the source term Equation 1, The output
from the XXXSOR cods consists of the fraction of the Initial inventory of
the nine nuclide pgroups listed in Table 5-1 relong with the timing
information (Sectlon 5.5).
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A numerical example using the distributions produced by the experts
combined with an actual LHS sample wenber will now be given. The example
is for the Surry plent. Only a single accident progression bin will be
used for simplicicy, but the reader should understand that each sample
menber would have many accident progression bins.

The example accldent progression bin is DHAAACAABCA, which drcodes to:

Containment faillure at the time of vessel breach
Sprays mever operate

Prompt, unserubbed CCI

High pressure in RCS before vessel breach

Vessel falle by high pressure melt ejection

No steam generater tube rupture

Large amount of core in CCl

Low Zr oxidation before vessel breach

Moderate fraction of core ejected at high pressure
Containment failure is a leak

There is only one large hole in the RCS after vessel hreach

The fraction of core which actually leaves the vessel is hard-wired at 95%
for this plant. A "moderate" fraction of the core ejected at high pressure
is taken to be the median of the in-vessel experts distribution, 1{.e.,
0.265. However, this must be wultiplied by the fraction actually leaving
the vessel, so that 0.252 is the fraction involved in high pressure melt
ejeccion and 0.050 is the fraction which never leaves the vessel. This
entire amount, 0.252 4 0,050 « 0,302 does not participate in CCI. A "high"
fraction in CCI is considered to be all the core available for CCl, that 1is
1.000--0.302 = 0,698,

The LHS sampler asks for the following fractiles to be selected:

FCOR FVES V-DF FCONV FCCl FCONC
0.607 0.999 0.619 0.015% 0.695 0.420
Spray DF Late 1 DLATE FDCH Pool DF F18G
0.850 0.942 0.191 0.670 0.528 0.7711

Because the accident progression bin is not a V-sequence, and there are no
sprays, and there is no pool scrubbing of CCI, and there is ne steam
generator tube rupture, the fractiles for V.-DF, Spray DF, Pool DF, and FISC
are ignored. Because there are no sprays or pool scrubbing, both DFE and
DFL ave 1.0 for all nuclides, and can be ignored. The LHS program asks for
the 60.7th percentile of the distribution for FCOR, the 99.9th percentile
of the distribution for FVES, the 1.5th percentile of the distribution for
FCONV, etc.

The selection of values for one parameter (FCOR) will be snown in detail
For simplicity, only the results will be shown for other parameters.
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From the expeics’' distribution for FCOR, for low previous zirconium
oxidation, the 50th and 75th percentiles are:

~Sreup —Oth Percentile —dath Pexcentile

NG 0.%0 1.00
1 0.69 0.90

Cs 0.59 0.83

Te 0.20 0.46

Sr 0.0064 0.027
Ru 0.004 0.013
La 0.002 0.012
Ce 0.0001 0.00095
Ba 0.00015 0.0025

The fractile desired is 0.607, so by interpolation between the fractiles
0.500 and 0,750, the values for FCOR are:

—EOND FCOR
NG 0.94
1 0.78
Cs 0.69
Te 0.31
Sr 0,015
Ru 0.0073
La 0.0063
Ce 0.00046
Ba 0.0012

The early release--that which takes place near the time of vessel breacl
is composed of the RCS release component and the direct heating (high
pressure melt ejection) component. The RCS release component is FCOR({)*
FVES(1)*FCONV., At the 99.9th percentile, the value of FVES is 1.00 for
every nuclide group. The value for FCONV i{s the 1.5th percentile of the
experts' distribution for early leak with containment dry (no spra,s
operate), which is .0025. The products of these values give the RCS
component of the release:

—_LOND —nis Belease
NG 0.940
1 0.0020
Cs 0.0017
Te 7.8E-04
Sr 3.BE-05
ry 2.0E-05
La 1.6E-05
Ce 1.2E-06
Ba 3.0E-06
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LHS program, A different fractile was used for every parameter in the
sample member, and also the fractiles would be different from one sample
member to another.

5.6 Rartitloning of the Scurce Terms for Consequence Analysis
(To be written by Jon Helton)

5.7 Nexification of the Parametric Model

The parametric model does not represent any physical effects for
conservation of mass. Therefore, beyond the rather trivial task of
determining that mass ‘s indeed conserved, verification in a strict sense
is neither possible nor required. However, it is necessary to know whether
the pavame*ric model can be reiled un at all, Moreover, the results of the
parametric models will be extrapolated across both sequences and cases. It
is necessary to know to what extent the extrapolation can be relied on,

If the experts are perfectly knowledgeable, the parametric model should be
able to produce their intended source terms using their choices for the
parameters. This would be & test of the ability of the parametric models
to reproduce a desired source term from known or estimated values of the
parameters, for a specific case. If the parametric models could be exactly
extrapolated, then values found to be appropriate for one sequence would be
exactly correct for another sequence. Unfortunately, the number of STCP
runs for vach plant was too limited to be able to perform either test
separately. However a combined test of the model’'s ability to reproduce
known or desired source terms and also the validity of extrapolation has
been performed by Battelle Columbus Division (BCD).® * The Surry plant was
chosen for the test because more STCP runs were available for this plant
than for any other. The values of the parameters were selected to match
the STCP for some runs. It should be understood that the value of a
parameter back calculated from one run might not match the value calculated
from another run, both because the STCP can recognize differences between
sequences which are not recognized by the parametric model, and because the
STCY was undergoing revision during the time that the runs were being made.
The conflict was usually resolved by using parameter values appropriate to
the run most representative of the accident progression bins expected for
the LHS study. 1In some cases several values were available, and the value
most representative of the ensemble was used., Some of the conflicts were
ceused by changes to the STCP; values appropriate to the earliest version

were used for some plants for which most of the STCP runs were carried out
with the earlier version.

Representative results of the test study for Surry are shown in Figures 5.1
through 5.--. Generally, the parametric model predicted the releases of I,
Cs, and Te quite well, with some exceptions. The releases of Ru matched
STCP predictions for runs in which the earlier version »f the STCP was
used. The later version of the STCP predicted Ru releases several orders
of magnitude lower than did the parametric model. Releases of I, Cs, and
Te predicted by some runs of the STCP were lower than the predictions of
the parametric model for runs in which the STCP used a mean spray drop
diameter of 400 microns, but were in reasonable agreement with the STCP if
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& mean drop diameter of 1000 microns was used. The releases of 8r and Ba
agreed with the STCP predictions in some cases and disagreed in others.
The agreement for La was not as good as for other wwuclides; however, the
predicted releases were all quite low., The agreement for some of the more
benign sequences is apparently poor. However, the source terms (other than
noble gases) for these sequences are extremely low. The consequences are
completely dominated by the noble gas release, which is 1008 for both the
param tric model and the STCP. The apparent disagreement for these very
low sourcr terms is therefore not important for risk,

The values used for the parametric model were not corrected to improve the
agreement with the STCP, because the STCP values were not used in the
NUEEG-1150 study. For example, there would be no reason to change the
value of FCOR for ruthenium, because the value used in NUREG-1150 always
comes from the distribution provided by the expert panel.

An example of the back calculation of parameter values will be given for
the Sequoyah plant. For this plant there were enough STCP calculations
using the latest version of CORSOR so that values appropriate to the
current code version could be determined. A detailed example of the back
calculation of parameters from the STCP results will be given for the §3B
sequence, reported in Reference 5.17. Results will be swunmarized for other
sequences.

The inicvial inventory, by group (Table 4.6 of Reference 5.17) is:

E

—dtal Mass (Kg)

347
15.2
185
3.7
60.9
470
684
796
17.7

OO~ P WA

Table 5.14 of Reference 5.17 shows masses of radionuclides released from
the fuel and retained in the RCS, from which values of FVES and FCOR for
groups 1 to 4 can be immediately calculated:

Released Retained
~Sroup (kg) (kg) ~ECOR__ ~ENES
1 336.5 0.0 0.97 1.00
2 14.7 10.1 0.97 0:.31
3 178.9 134 .4 0.97 0.25
4 26.6 24.3 0.84 0.086
5.19
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Table 5. 13 of Reference 5.17 shows 355.3 kg of aerosols released and 256 .6
retained, whence FVES is inferrea to be 0.28 for groups 5 to %, Table 5.15
summarizes release to containment (that is, FCOR*FVES) for all groups, fromw
vhich FCOR for groups 5 to 9 s calculated to be:

Croup FCOR.
5 5.6 x 10°¢
6 9.6 x 107
7 1.25 x 107
8 0.0
9 0103

Table 5.15 also summarizes the release to contalnment from core-concrete
attack [*' t s, (1-FCOR)*FCCI)], from which FCCl can be calculated:

JCCL

18

27

22

032

4 ox 100
0016
,0012
020

s
2

WD wN
DO0OWOOCOCOC

The information in Reference 5.17 is not sufficient to permit an accurate
deternination of FCONV AND FCONC. However, 97% of the iodine and cesium
are released from the fuel before vessel breach, and 30% of the fodine and
248 of cesium are released to the containment directly from the RCS. The
total release of iodine and cesium to the environment must be nearly all
from the RCS component of the release, and a value of FCONV can be
approximately calculated for groups 2 and 3. This value i{s then w 4 as &
proxy for all groups except the noble gases. FCONC for all groups can then
be calculated. Table 5.33 of Reference 5.17 shows that the ice bed
decontamination factor is approximately 7. During the periods when there is
heavy flow of steam through the ice bed, and approximately 5. overall. A
OF of 7 will be used for the RCS release and a DF of 5 for the CCl release.
The calculation of FCORC depends on the difference of two numbers total
release minus RCS release, which are themselver approximate. The value of
DF is also the merest approximation, and the assumption that effective DF
is the same for all species may be quite poor. In fact, Te and Ru are
released more slowly than other radionucliides, so that the effective DF
could be much lower for these if most of the ice had melted before they
were compleately released. With all these approximations, it does not seem
proper to use a different FCONC for each group. The average of the
calculated values of FCONC for groups 4 to 9 will be used (FCONC' in the
table velow):
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Release to
Sreup ~hnvironment —~LCONY ~LCONC ~ECONC'®
1 1.00 1.00 1.00 1.00
2 0.02 0.50 .s 0.7
3 0.017 0.50 .o 0.7
4 0.0078 0.50 0.37 0.7%
5 0.0063 0.50 0.97 0.7
2 2.2 x 107 0.50 0.32 9.7
7 2.8 x 104 0.50 0.68 0.7
f 2.3 x 10 0.50 0.92 0.74
4 0.004 0.30 1.00 0.%

With these approximations, it is not surprising that the releases
calculated with the parametric model do not exactly match the releases as
caleculated by the STCP, The swmall discrepancies observed below are
typical, especlally for groups having very low environmental releases.

1 1.00 1.00

2 0.02 0.022

3 0.017 0.018

4 0.0078 0.010

5 0.0063 0.0047

6 2.2 % 1077 5.2 x 107
7 2.8 x 10+ 2.4 % 10°¢
8 2.3 ¢ 10 1.8 x 10
9 0.004 0.003

The parameter values used in SEQSOR must be applicable not only to the $3B
sequence, but to any sequence whatever, although separate parameter values
are allowed for low and high Zr oxidation levels. Some representative back
caleculated values for FOOR are:

FCOR

—Sroup )1 —saB — B —~S2HE
1 0.99 0,97 0.99 0,999
2 0 .97 0.97 0.99 0,999
3 0.97 0.97 0.99 0,999
4 0.84 0,84 0.27 0.84
5 0.011 5.6 x 10 0.17 0.15
6 6 x 10" 1 x 10¢ 0.069 0.054
7 1 x 1078 1 x 107 0.007 0.007
8 1 x 107 0.0 0.0 2 x 10
u 9.0103
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The STCP calculations for TMIB' and S2HF used an older version of CORSOR
which appears to have overstated the release of refrectories; therefore,
those sequences will not be used for groups 5 to 9. The TMLB' scenario had
& lower oxidation c¢f Zr, and the value for group 4 is excluded from the
sverage for high Zr oxidation fraction. Because ol the very lovw releases
of some of the refractories, cnly order of magnitude values are used. The
values of FCOR used for attempting to match the STCP are:

~Srewp . . lew Zr Oxidation —iligh Zr Oxidation

1 1.00 1.00

2 0.99 0.99

3 0.99 0.99

4 0,99 0.96

5 0.27 0.84

6 0.006 0.006

7 1 x 10°¢ 1x 10t
8 1 x 107 1 x 1077
9 0.01 0.01

Values for other parameters were back calculated and avervagsd in a similar
manner. The Sequoyah calculations for FVES were supplemented by those for
Surry in order to cover all pressure regimes.

BCD also determined the distribution of source terms using the parameter
disributions provided by the experts and an LHS sample. The intent here
was to determine if the source terms predicted by the STCP would fall
within the distributions provided by the experts For bins in which the
sprays operate, the STCP results using & 400 micron spray drop diameter
were below or at the low end of the distributions from the experts. The
distributions for decontamination factor due to sprays was taken from draft
NUREG-1150 and had been lurgely based on a mean spray diameter of 1000
microns. A drop diameter of 400 microns was believed to be more
appropriate, and the distributions for spray decontauination factor were
widened so that the values corresponding to 400 microns fell near the
center of the distribution. At the same time, the values corresponding o
1000 microns were still retained, giving the effect of a very wide
distribution with great uncertainty. This change rasulted in the runs
using both 1000 micron and 400 micron spray diameter falling within the
distribution of source terms predicted by the model.

The STCP calculation for the $3B sequence had not been available at the
time the parameter values were estimated. The prediction of this segquunce
thus represents to some extent a "blind" test, that is, the ability of the
parametric model to predict the outcome of the STCP in advance.

An older version of the XXXSOR co” ; (the version used in draft NUREG-1150)

was tested by Brookhaven National Laboratory (BNL).®!* The stud, concluded
that:
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An older version of the SEQSOR code (not, however, the version used in
draft NUREG-1150) was tested at SNL against STCP predictions® !® of source
terms at Surry and Sequoyah. These calculations were not available at the
time that this version of the model parameters were developed, and hence
vere "blind" tests.

Table 5-3
Tests of Parametric HModel at SNL

—abguence. b el ki P WS | 4 Ru_ PR —
Surry S3B
BMI-2160 0.185 0.16 0.061 0.0158 1.2 x 107 8.2 x 107
Model 0,22 0.22 0.083 0.062 1.5 x 10% ¢ x 109

Sequoyah S3B*

BMI-2160 0.38 0.32 0.11 0.12 5.4 x 10°¢ 0.0094
Model 0.24 0.24 0.11 0.12 2.9 x 10°¢ 0.0062

Sequoyah S3HF

BM1-2160 0.013 0.011 0.023 0.13 1.9 x 10°¢ 0.008
Mode) 0.007 0.007 0.05 0.12 2.7 x 10°¢® 0.0047

*Not the same $3B sequence as was used in the exampie of back calculation of
parameters.

The tests of the parametric models show that the models can reproduce any
given sovrce term with reasonable fidelity. The parameter values can be
extrapolated to other cases and sequences; however, the extrapolation may
be poor if the two sequences rre very different. Only a limited number of
blind tests are available; these tests appear to give results as good as
when the STCP outcome is known in advance. Many of the instances when the
parametric models do not agree with the STCP can be explained by changes to
the STCP during the course of the study, The STCP predictions fall
generally within the distribution of source terms calculated from the
“ ¢l «8' d' st ibutions for the parameters.

- «t be clearly understood that the parametric models do not attempt to
<v.  the STCP in any part of the NUREG-1150 study. The tests described
s- # used the STCP calculations only for reasons of availabililty. The
comparisonc could have been performed using MAAP or MELCOR, or any other
code system. Whether the STCP predicts source terme that are consistently
higher or lower than those predicted by other code systems is irrelevant,
However, the STCP was one of the sources of information used by at least
some of *’ experts, and therefore the STCP source terms ought to fall at
leas) <. 1  the distribution of source terms predicted by the parametric
mode
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The reliability of the parasetric mwodels can only be measured by thelr
ability to predict source terms consistent with their input values. 1f all
of t' « possible cases for all of the parameters had been decided by the
expert panel, the parametric wodels would be perfectly reliable, because
the exper{ “elected their distributions with complete knowle ge of the way
thelr values would be used. The parametric models would then perfectly
reflect the opinions of the experts. (Whether the experts’ opinions are
consistent with reality {s currently untestable. ) Some of the parameters,
and some cases, were not decided by the experts. Furthermore, the case
structure s unable to reflect every possible combination of the initial ‘
and boundary conditions. I1f the initial and boundary conditions closely
match a case considered by the evperts and only the parameters which were
provided by the experts apply to the case, then the parametric models
should closely match the experts’ {ntentions,

The experts were unable to consider all the possible interactions or

“orrelations between parameters, Some correlations are enforced; for
example, the values of FCOR for low prior zirconium oxidation always
accompany the values of FCCl for low zirconium oxidation, Some

interactions are enforced; for example FCOR appears in the expressions for
the RCS release and also for the CCl release, so that the two release
components “ist Interact. However, there are probably other correlations
and interactions which were not forseen by the experts, or which were
assumed to be negligible when in fact they may be quite {mportant. The
effect of unknown correlations and interactions {s currently untestable.
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(This list does not include any of Jon Helton's references)

MAAP description (get reference)

J. A. Gileseke et al., Source Term Code Package. A User's Cuide,
Battelle Columbus Division, Battelle Pacific Northwest Laberatory,

Columbus, OH, NURRG/CR-4587 (Draft), April 1987, (Check whather
final version is out yet, )

MELCOR description {(get reference).
MELPROG description (get reference).

CONTAIN reference manual (get reference).

R. 0. Vooton, P, Cybulskis, and § F. Quayle, MARCH2 (Meltdown

Accident Response Characteristics) Code Description and User's
Manual, Battelle Columbus Division, Battelle Pacific Northwest
Laboratories, Columbus, OH, NUREG/CR-3988, BMI-2115, September 1984,

R. Freeman-Kelley and R. G. Jung, A User's Cuide for MERCE, Battelle
Columbus Division, Battelle Pacific Northwest Laboratory, Col.umbus,

OH, NUREG/CR-4172, BMI-2121, March 198%,

M, R. Kuhlman, D. J, Lehmicke and R. 0. Meyer, CORSOR User's Manual,
Battelle Columbus Division, Battelle Pacific Northwest Laboratory,

Columbus, OH, NUREG/CR-4173, BMI-2122, March 1985.

H. Jordon and M. R, Kuhlamn, JIRAP-MELI2 User's Manual, Battelle

Columbus Division, Battelle Pacific Northwest Laboratory, Columbus,
OH, NUREG/CR-4205, BMI-2124, May 1985,

R, K. Cole, D. P. Kelly, and M. A. Ellis,

: , Sandia
Nutional Laboratories, Albuquerque, NM, NUREG/CR-3920, SAND-xxxx,
August 1984,

D. A. Powers, J. E. Brockman, and A. W, Shiver, VANESA. A Mechanistic

Rebris Interaction With Copcrete, Sandia National Laboratories,
Albuquerq », NM, NUREG/CR-2142, SANDBO-2415, July 1981,

H. Bunz, M. Koyro, ar4 W. Schoeck, A _Code for Calculating Aerosol
Rehavior dn LWR Core Melt Accidents. Code Degscription and User's
Manual . Kernforschungzentrum, Karlsruhe, (KfK No. and date).

H-N Jow and W. B. Murfin, XXXSOR Codes: Description and User's
Manusl, Sandia National Laboratories, Albuquerque, NM, NUREG/CR-xxxx,
SANDBS -XXXX, date,.

Report of Battell:'s test of SURSOR (get reference).
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Brookha'en test of SURSOR (get reference).
Alpert et al, consequence effect weights, (get reference)>

R. §. Denin, J. A, Gieseke, J. A. Cybulskis, et al., Rad

donuclide
Belease Calculations for Selected Severe Accident Scenarios, battelle
Columbus Division, Battelie Pacific Northweet Laboratory, Columbus,

OH, NUREC/CR-4624, BMI-2139, Vol. 2, 1086
BM1-2160,
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7.2 JIypes of Uncertainties

Uncertainty is defined by The American Heritage Dictionary’ ! as: (1) the
condition of being in doubt; lack of certainty; and (2) something that is
uncertain, Bayes’ ? defined uncertainty as "-«ooovnn R
----- Y. sesss|7.3) detined uncertaloty 88 Yecssccisiiiiiniiiiiisnnnrnna,

The word "uncertaln® in the sense of "not known or established;
quesctionsble, doubtful" has always besn a major part of every sclentific

endeavor. Fvery expt iment and every asnalysis has the sole purpose of
reducing uncertainty, ‘However, the nature of scientific advancement {s
such that research 1. seldom significantly reduced uncertainty; most
experiments raise mo: uestions than they answer. In fact, research often
ralses questions wuer none existed before. For example, before the

Michelson-Morley experiment, there was no uncertainty about the existence
of aether--virtually every sclentist accepted that the velocity of light
must depend on the relstive velocities of the emitter and the observer and
that light must travel through a medium. After the experiment, most
scien istn initially questioned the results and conclu:ions, and the
uncertainty became large. Only after many replications of the experiment
was the invariance of the velocity of light accepted.

During the period before the Michelson-Morley experiment, every scientist
believed himself to be “"objective" In asserting that light traveled
through a medium, aid that the velocity increased i{f the source was
traveling in the direction of transmission, Excellent, careful, objective
analyses were carried out to prove that it was so. The fact i{s, that the
excellent, objective scientists were wrong. After the experiment,
subjectivity came intoc the argument, Whatever choice a participant made
depended on his background, attitudes, and personality, His choice
therefore was subjective. Those who agreed with Michelson and Morley were
right (at least insofar as can be judged from our current knowledge).
Subjectivity does not necessarily indicate falsehood, and objectivity does
not necessarily guarantee truth. Objectivity depends on the existing state
of knowledge; what i{s to be accepted as "true" at any tiwe is 1itself &
subjective cholce.

Although uncertainty in sclence is {rescapable, most scientists make a
determined effort to escape from its perceived negative effects. Every
analyst attempts to reduce the inherent uncertainty to manageable
proportions by making simplifying assumptions about the data, initial and
boundary conditions, and phenomenology. The choice of the assumptions is
usually quite subjective; however, most honest analysts do not attempt to
hide the subjectivity. Unfortunately, the analyst seldom knows the
processes involved in the analysis well enough to be able to distinguish

*The rule or principle of objectivity {s that the results of a process
should be independent of the viewpoint of the observer. The words
"ohjec wvity ' and “"subjectivity" often have a value-laden and emotiosnal
cennotation for scientists, thereby giving objectivity a positive value and
subjectivity a negative value,
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clearly between assumptions that would be self-evident to any observer and
those which are endemic to him or her alone. Furthermore, there is no
guarantee that objeciive assumptions are Lrue; an advancement in the state

of knoeledge may show that objectively chosen assumptions were, in tact,
false,

The ree ts of the analysis heve the {ilusion of cortainty, but only
because the analyst has substituted his/her own opinions for the unk.own or
doubtful guantities. Another equally competent analyst might well consider
a different set of data and initlal conditions to be more reasonable.
Uncertainty is thus no only inherent in all science, but the resolutien of
uncertainty 1is invariably {diesyncratic and subjective. Even the
measuremont of unce:tainty is subjective. What one analyst might cons.der

quite reasonable as representing the range of uncertainty might be totally
unreasonable to others.

Uncertainty is sometimes cemoved by use of the term "best estimate,* which
denotes that some consensus is used for what is hoped will be the most
likely combination of finputs and phenomenology. The “best estimate" is
itself highly subjective, and is often actually dangerous for risk
analysis. Severe accidents are, by their n ture, rare and unexpected
events. The greatest risk _omes from twists of the accident that are
unexpected, not from the best estimate. The so-called *Yest estimate” may

be the most likely outeime for the consensus assurr’ ns but will often
present an overly optimistic pleture of risk.

Neither analysis nor experiment is likely to remcve a 1 uncertainty, and
may in fact increase {t. However, oune can attempt to neasure the
wicertainty. Because uncertainty is Iinherently subjective, the measurement
of uncertainty must alsc subsume that subjectivity. There {s no guarantee
that & true answer will lie within the band of uncertainty which has been

measured. (On the other hand, there is no guaraatee that en answer arrived
at objectively will be true, either.)

NUREG-1150 does not attempt to reduce uncertainty in risk analysis, nor is
it an attempt to find & best e imate. This stidy is vather an attempt to
produce an unbiased picture of uncertainty in risk. The study tries to
discover the vange in risk inherent in the range of plausible assumptions
abour 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 corresponding to less plausible assumptions
nevertheless has some likelihood of being accepted by any expert, and m¢ -
indeed be the most acceptable for some experts. Experts are sometimes

wvrong, and the “true" risk could lie outside the ranges found in this
study,

For purposes of this stvudy the word uncertainty has three specific and
definite meanings, thus claszifying uncertainty into three types: (a)

phenomenological, (b) data and (c¢) stochastic. Each type 1{s explained
below by example.
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7.2.1 Pk nomenclogical Uncertainty

The first type of uncertainty s encountered when alternative outcomes ave
posuible for an event, depending on which of several rules is applicable.
Only one possible rule is applicable, and this rule {s unknows, If the
rule were known we would Le a'le to predict the occurrence of the event
with complete confidence, because only the possibl: rule always applles.
The event is insensi'ive to small variations in the Initial and boundary
conditions; If conditions are such that the event could occur, it will
eceur, The uncertainty here is with regard to the rules--the
phenomenology--te be followed, and this type of uncertainty is called
*phenomenclogical uncertainty” in this study, An exauple of
phenomenological uncertainty is the formation of crusts on molten fuel
debris. Some experts consider th~ formation of substantial ecrusts (thick
enough to impede the flow of gases) to be totally certain under some
conditions. Other experts consider the formation of such crusts to be
fmpossible under the same conditions. 1f the opposing schools of experts
could agree on the phenomenclogy of crust formation, there would be no
uncertainty. Elther the crusts would always form, or they would never form,
depending on which view of crust phenomenclogy was mutually asccepted.

Phenomencloglcal uncercalnty can be viewed as 4 fork in a path. Only one
path leads to a correct outcome, but in the present state of uncertainty we
cannot be certain which path this is. Phenomenological uncertainty could,
in theory, be entirely removed by a single critical experiment.* Once the
experiment indicates the correct path to be followed, any person who agrees
that the experiment shows what the experimenter claims 1t to show would
agree on che path,

Phenomenologlcal uncertainty can be o asured or expressed by neutral
betting odds; the odds that a bettor would be equally willing to give or
take on the correctness of one of the two possible outcomes of the
uncertain proposition. The neutral betting odds can also be expressed as
the bettor's ¢ 1 jective probability or degree of belief in the outcome. 1f
a bettor Is equally willing to give or take even odds on the outcome, he is
absolutely unable to decide which of the two outcomes is more likely., This
represents the state of maximum uncercainty, and can be expressed as a
probability of 0.5 that an outcome will be correct.

One important point to be understood about phenomenological uncertainty is
that the single probability number that represents the betting odds
contains in itself all the uncertainty about the outcome. The reason {s
that no rational bettor is at the same time equally willing to give or take

*Even "critical" experiments do not immediately remove phenomenological
uncertainty. So many questions are raised about the applicability,
conduct, limitations., and implications of important experiments that
uncertainty does not begin to be narrowed until the experiment can be
veplicated by independent oxperimenters.
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even odde, odds of 1:3 and odds of 3:1. If a bettor is indifferert as to
vhether odds are to be taken or given at some specific value of odds, 1

follows that he would not be indifferent at some other value of odds.
Berman’ * has s'swn that attempting to attach & distribution to
phenomenological uncertainty is equivalent t> betting against oneself. A
bettor's entire understanding of the outcome is expressed i single
probability fraction. Although an individual’'s uncertainty is e. essed by
a single number, other bettors would be likely to express the uncertainty
by anoiher number. 1f several bettors have different probabilities for the
truth ot a proposition, the singie pr-iability which has the greatest
chance of being acceptable to all is uvne aiithmetic mean of all tho
probabilities.

Suppose that an eveut has possisle outcomes A and B, the outcome
depends on which rulc is applicable. Suppose th t three . .ervers, 01, 02,
and 03 determine the'r neutral betting odds a.d hence their subjective
degree of belief for the correctness of path A, 0] assigns a subjective
probability of 0.1, 02 assigns & subjective probability of 0 5, and 03
assigns a subjective probability of 0.9, We now ask which o. the three
observers is correct. The surprising answer i{s--all three! The subjective
uncertainty is an expression of an internal siste--the willingness to give
or take odds at & certain level--and as such is a measure of the observer
rather than of the event, If the observers are not lying, each one's
measure of his own internal state is equally velid. Now suppose that a
eritical experiment is carried out, and it is determined (for all time)
that B is the only possible path, Which observer was correct before the
experiment? The answer is, none of them. The only possible gorrect
probability for the occurrence of outcome B is 1.0, and any observer would
assign this probability after having viewed (and accepted) the experimen .

The outcome of the phenomenological uncertainty is unaffected by small
changes in the initial and boundary conditions, However, some events are
a“fected, For some events the connection to the initial and boundary
conditions is so subtle or so complex that an observer is unable to explain
the conncection. Tt appears to the observer that the outcome is
unpredictable and -~ <:rn¢ ! only by random chance, If the observer could
cbserve a great r. . of trials, he might be able to estimate the
frequency with which tne evenc appears to occur, buc would never be able to
predict the outcome of any specific trial. An example is the tossing of a
coin. Mos' observers have scen enough trials that they are well convinced
that the frequency of heads 1s C.5. However <he {initial and boundary
condirins of coin toscing are sc exceedingly cou;iex that no obs:rver can
reliab.y predict the outcome of any single toss.

e “

1.2.« Data Uncertainty

Suppose that the observer has available limited number of trials, e.g.,
ten, and suppose the* the cbserved frequency of heads is four out of ten,
or 0.4. There is a possibility that another sample of trials would have
given a different frequency of heads, so the observer is uncertain as to
th¢ exact leng-run frequency of heads. A model or rule is available for
*#*‘matirg the prehability of the long-run frequency from a limited number
~f crials, which is the binomia) distribution. Tables are available for
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the binomial distribution. 1f the observer has only the limited number of
trials to work from, plus the binomial tables, a probability distribution
for the "true" long-run frequency can be conmstructed. For this example,
the probability of four out of 10 {is approximately 0.25 if the "true"
frequency is 0.4; the probability is approximately 0,11 if the "true"
frequency is 0.6; the probability is approximately 0.9 if the "true"
frequency is 0.2, etc. The observer could now build a probability
distribution which would show the degree of bellef in various estimates of
the true long-run frequency of heads. Every observer who had access to the
same t¢st and the same model would oroduce an identical probability
distribution. 1If the number of tests was few, and the event was rare, the
distribution would be very wide and flat, If the event was relativi'y
common and the number of tests was large (but still finite), tne
distribution we 1d be sharply peaked. Nevertheless, as long as the
experimental ev: .nce is finite, there will continue to be uncertainty as
to the true long-run 1" -quency.

The type of uncertainty described above is called data uncertainty, because
it arises from the necessarily limited data available. An example is valve
failure rate. Valve failures are rare, and the data are necessarily
scanty. Thus, there exists uncertainty as to the "true" failure rate for
any type of valve. However, if data exist for the specific type of valve,
and the data are credible, there is no need to convene an expert panel to
‘etermine the probability distribution for the failure rate. All experts
might reviev the failure data would come up with the identical

' bility distribution. Although this type of uncertainty always exists
cially for rare events), it is not the subject of the uncertainty

igatii: for NUREG-1150. Every PRA ever conducted has dealt with this
f unce.cainty,

Stochastic Uncertainty

Suppose however, that the failure rate data did not exist, or that the
failure tests were poorly conducted and not very credible. An expert in
the subject of valve failures might still be willing to estimate the
failure rate of the valve in question by analogy to similar items of
equipment or by some understanding of the likely laws of failure as they
applied to this valve., The probability distribution for failure rate would
now be much broader than if applicable data were available. The expert
would have to account for his subjective uncertainty as to the
apl.icability of the analogous data, or his uncertainty as to which of
s .eral competing failure 1/ vs might be most appropriate. The expert would
probably internalize several such factors, along with his understanding of
the variability in initial and boundary conditions, in order to arrive at
his subjective probability distribution. The distribution is subjective
because another expert fazed with the same scanty data and lack of
knowledge of the applicability of failure laws could very probably arrive
at some different prorability distribution., The distribution, then, is a
function of the observer's viewpoint and the principle of independence does
. held., This type of uncertainty is called "subjective stochastic
“rtainty,” or simply "stochastic uncertainty” in NUREG-1150. Although a
.agle critical experiment clears phenomenological uncertainty for al’
time, a large quantity of data is necessary to clear the stochastic
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uncertainty. The flrst experimental outcomes will be viewed by some
experts as "wild" or anomalous results, and their subjective probability
distributions may not be radically changed. Only after accumulative data
converge unequivocally to the same "true" frequency of occurrence will the
majority of experts uniformly accept the results.

The differences in the three types of uncertainty are not academic. All
three types are handled differently in the sampling process. A
phenorenolopical question with two outcomes A and B will be handled by
having some sample members follow outcome A and some will follow outcome B.
1f the subjective probabllity of outcome A, as assessed by experts, is
0.10, then 108 of the sample members will follow outcome A, and only A; and
90% will follow B and only B Sample members having outcome A may be
considered as belonging to a universe in which A is the only possible
outcome, and those having B belong to & universe in which only B is
possible. This type of sampling is r1eferred to as "0/1" sampling, because
the probability of following a path is zero for some sample members and
unity for others, tut never anything in between.

On the other hand, “split-fraction" sampling is used for stochastic
uicertainty. Each sample member is split between outcomes A and B, but the
ficetion of split between outcomes is different for every sample wember.
Some sample members might have a high fraction for outcome A, and others
have a high fraction for outcome B. Each sample member can be considered
as belonging to a universe in which the "true" long-run frequency ¢¢ A is
perfectly known, but the well known frequ. .y is different for each.

Data uncertainty is alsc treat:d by split fractions. However, the
distribution of the split fractions may be narrower, and the opinions of
experts were not required for determining the distribution,

The division of uncertainty int. types is not as clear-cut as appears from
the foregoing explanations. The experts were divided in their opinion as
to whether any uncertain issue should be treated as phenomenclogical or
stochastic. These experts who had a background in probability and
statistics tended to view more issues as stochastic than did those having
backgrounds in theoretical analysis. ‘‘he extremes were that some experts
b-lieved all questions to be phenomenological and some believed all
qu. tions to be stochastic. The division of types is subjective and
neither type is exclusively right nor - rong for any question. 1f some
experts believed an {ssue to be truly phenomenological and others believed
it to be truly stochastic, then the resulting aggregated distribution will
be a hybrid. Sample members falling within the phenomenological part are
sampled "0/1" and those falling within the stochastic part are sampled by
split fractions. An example is tempeiature-induced large hot-leg failures
in PWRs. Some experts believed that the event would either always happen
or would never happen, and their ui-~ertainty was as to which outcome would
be true. Others thought that the event would sometimes happen, but under
similar initial and boundary conditions might not happen, and their
uncertainty was as to the frequency with which the event wou'd occur. If a
sample member falls at either end of the distribution the event will occur
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At the scme meeting, the experts were trained in the quantification of
subjective probability distributions (the so-called normative training
sessions), and were informed of the method and procedure for elicitation of
opinions. This procedure wis made as transparent as possible, so that the
experts would know how their subjective distributions were to be used.

The issues selected for investigation were then debated wichin the expert
panel. Open testimony by other interested parties was presented to the
experts. A large collection of research reports bearing on the issue was
given to the experts for more intensive study.

After a period of several weeks, during which the experts thoroughly
familiarized themselves with the substance of the issue and in many cases
carried out further research or calculations themselves, a second technical
meeting was held. At this time the =xperts presented their vieus on the
technical substance of the issues. Some of the experts attended other
technical meetings of the panel, often without the presence of the NUREG-
1150 staff.

At & final meeting, the experts described their understanding of the issue
in qualitative terms, without giving any quantitative information to the
other experts. After all experts had an opportunicy to speak on an issue,
each expert's quantitative distributions were privately elicited in the
presence of a normative expert (one expert in the elicitation of opinion)
and a substantive expert (one knowledgeable about the issue itself). The
reader should refer to Section 7.6 for a more detailed explanation of the
process of issue selection and opinion elicitation.

The procedure was too cumbersome and time consuming for more than a handful
of issues In any area. Issues which were not quantified by the expert
panels were then quantified internally. For some of the issues, the
quantification used ia the draft wversion of NUREG-1150 was found to be
adequate. The vemaining questions for internal quantification were
prioritized usirg the same criteria as for selection of issues for the
expert panels. The most important remaining questions were referred to
panels of experts within SNL, who were then elicited in a similar procedure
as were the external experts. Less important questions were quantified by
a panel of the NUREG-1150 plant analysts, and the least important were
quantified by individual anc ysts.

It was not necessary to undertake a new quantification for every question.
For example, plant-specific data on recovery of offsite power was readily
available, and was used in the containment event trees as well as in the
sequence frequency analysis. Site-specific weath'r end demographic data
were available for each of the plants studied, and these data were used in
the MACCS code for consequence analysis. Some questions were
administratively determined to be beyond the scope of the study,
particularly the health effects models .. ed in the MACCS code. The
sequence frequency analysis used a wealth of data on component failure
rates, ooth industry-wide and plant specific; these data were used the same
as in any other PRA. For some questions there was only minimal uncertainty
as to the outcome. For example, if an equipment failure had caused some
engineered safety system to be inoperable at the beginning of the accident,
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and there was no chance of repalr or replacement during the time frame of
the accident, the system was considered to be inoperable throughout the
accident,

7.4 Definition of Specific Varisbles for the Uncertainty Analysis

Those issues which were selected for quantification by the external espert
panels fell into three broad classes--uncertain issues affecting primarily
the sequence frequency calculation, uncertain issues affecting primarily
the response uf the containment and its svstems, and uncertain issues
affecting primarily the radiological source term. There were more issues
affecting containment than for the cther classes, and there was a further
breakdown into issues related to the in-vessel phenomenology, containment
loads, structural response, and molten core-concrete interactisns. Tables
7-1 through 7-6 show the issues presented to each of the external expert
panels, along with the reasons for including the issue.
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Table 7-1
Issues Presented to Sequence Frequency Panel

litle Reason for Inclusion
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Table 7-3
Issues Presented to the Containment Loads Panel

3,4

6,7

10

Title

lLoads befeore vessel
breach at Crand Gulf

Loads due to hydrogen
burn before vessel
breach at Sequoyah

lLoads in reaccor
building at LaSalle
and Peach Bottom

Loads at vessel breach
at Crand Gulf
Deleted

Loads at vessel breach
at Sequoyah

Loads at vessel breach
at Surry.

Loads at vessel breach
at Zion

—.Reason for Inclusien

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

Early failure of contalnment

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

Bypass of reactor building has
potential for increasing source
terms

Failure of containment at vessel

breach has potential far cavsing
large source terms

Same as issue #5
Same as issue #5

Same as issue #5
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Table 7-4
Issues Presented to the Structural Response Panel

Title

Reason for Inclusion .

Static failure pressure
and mode at Zion

Static failure pressure
and mode at Surry

Static failure pressure
and mode at LaSalle

Static failure pressure
and mode at Peach
Botton

Reactor Building bypass
at Peach Bottom

Static faillure pressure
and mode at Sequoyah

Ice condenser failure
due to detcnations
at Sequoyah

Drywell and wetwelil
tailure due to
detonations at Grand
Gulf

Pedestal failure due to
erosion at CGrand Gulf

Containment failure is the
most important determinant
of source terms

Same as Iissue #1

Same as issue #]

Same as issue »]

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

Same as issue #l

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

Failure of drywell bypasses
suppression pool. Failure of wet-
well allows large release to
environemnt

Pedestsl failure i¢ a major factor
in subsequent accident progression
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Table 7-5
Issucs Presented to the Molten Core-Concrete Interaction Panel

lssue No,

Title

Mark 1 drywell melt-
through at Peach Bottom

Mark 11 pedestal failure
timing at LaSalle

Mark 11 containment
failure via pedestal
failure at Grand Gulf

Reason for Inclusion

Drywell meltthrough bypasses

suppression pool; controversial
issue

Early pedestal failure could
lead to large source t.rms;
controversial issue

Peaestal failure could lead to
early containment failure;
controversial issue
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Table 7-6
Issues Presented to the Source Term Panel

Title

Reason for Inclusion

In-vessel fission product
release and retention

Ice condenser DF at

Sequoyah

Revolatilization from
RCS/RPV

CCI release

Release of RCS and CCI
species from containment

Late sources of lodine
at Grand Gulf
Reactor building DF at

Peach Bottom

Release during direct
containment heating

Release and retention are major
determinants of source term

Ice condeuser is principal
decontamination wechanism in
blackouts

Revolatilization could negate
effects of high retention; highly
uncertain issue

If in-vessel release is low, €71
release could be high; uncertain
fssue

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

Appeared as important issue in draft

NUREG-1150

Natural decontamination processes

could reduce source term; uncertain

and controversial issue

Uncertain and controversial issue;
direct heating is also associated
with early containment failure
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7.5 Souices for Uncertainty Ranges and Distributions
(FIRST PARAGRAPH TO BE DONE LATER)

REMAINDER OF SECTION FRO:( KEENEY & WINTERFELD

7.6 HORA & IMAN‘S PAPER.

7.6.4 Elicitation Training

Training In probability sssessment techniques 1is an integral part of the
expert opinion metliodology used in NUREG-1150. Each panel of experts that
participated in the expert opinion process received training through & one-
half day training session. This session constituted the first meeting of
each panel. The trairing was given by consultants from the field of
probability assessment and decision analysis. These trainers included
Professor Steve Hora of the University of Hawaii at Hilo and Professors
Detlof von Winterfel4t and Ward Edwards, both of the University of Southern
California.

The purpose of training in probability assessment is to facilitate the
elicitation process. Experts in various fields of science are often not
trained in probability theory and the techniques of probability
elicitation. The expertise possessed by the scientists and engineers on
the panels is called substantive expertise and thus they are substantive
experts, Expertise about probability elicitation is called normative
expertise and the participants in the expert opinion process schocled in
probability asscssment are known as normative experts. Both substantive
experi‘se--knowledge of the problem domain being studied--and normative
expertise--knowledge of techniques for encoding beliefs into probability
distributions--are required for a successful expert opinion process.

Muring probability training, experts are exposed to various techniques for
probability elicitation and the difficulties that accompany probability
elizitation. Once trained, substantive rxperts 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 accuratsly reflect the expert's knowledge
and uncertainty. A by-product of the training is that the experts become
more comfortable with the concept of subjective probability and more

confident in expressing their beliefs in terms of probability
distributions.

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

Iraining Topics. The training sessions conducted in NUREG-1150 covered
several related topics. These topics included the expert opinion process
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itself and the need for expert opinion, the elicitation techniques for the
probabilities of various types of quantities and events or phenomena, the
psychological aspects of probability assessments, and the decomposition of
complex issues.

Each training session began with an overview of the goals of the expert
opinion process and background material oa the development of thal 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, some were initially uneasy with the concept of
expert opinion and the uses that it might be put to, Caining the
confidence of these experts through familiarization with the process was
essential to the success of the expert opinion .fort,

There are many different types of assessments that might be required of the
experts. The type of assessment depends upon the nature of the physical
quantity or phenomena under study. During the training sessions, the
experts were introduced to assessment instruments for continuous
quantities, discrete qu wntities, zero-one events, and dependent events, At
appropriate points iu the training, the experts were asked (o make
assessments using the methods under discussion. Using practice assessments
develops confidence and ensures that the substantive experts understand the
tasks that they will be required to perform. In order to make the training
more interesting and more relevant, examples were used that reflected
nuclear power risk issues.

Since many of the assessments would require the development of a
probability distribution for a continuous quantity, the experts were given
training in both the direct assessment techniques (assessing probabilities
of given irtervals of values) anc bisection techniques (assessing values of
the variable having given cumulative probabilities) for continuous
variables. Later, in the elicitation sessions, these techniques would be
used interchangeably by the normative experts.

A discussion of stochastic and parametric uncertainties and how they are
differentiated in an uncertainty analysis was also provided. The concept
of calibration of experts and calibration functions was also introduced.
However, mathematical calibration of experts was not attempted in the
NUREG-1150 expert opinion process.

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 sources of
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7.7 Eldcitatiopr of Expert Opinion Within the Project Staff

(I SUGGEST REMOVING THIS SECTION OR AT LEAST PUTTING 1T AS A SMALL
SUBSECTION ELSEWHERE. IN THE FINAL EVENT, WE DIDN'T ELICIT EXPERT OPINION
FROM WITKIN THE PROJECT STAFF, PRINCIPALLY OWING TO LAMENTABLE LACK OF
INTER- PERSONAL COOPERATION., EVEN THOSE I1SSUES FOR WHICH AREA 5 HELP WAS
REQUESTED HAVE BREEN (OR WILL BE) ELICITED IN AN INDEFENSTBLE INFORMAL
MANNER. 1 SUGGEST WE NOT DRAW ATTENTION TO THIS GLARING GAP.)

7.9 lIncorporation of the Uncertalnty Informetion in the Risk Analysis

Ea'h member of the expert panels produced a distribution for each case of
each lssue, Tor some issues, several dependent variables were requested,
and a separate distribution was elicited for each variable. If all the
experts had worked with identical case structures and if all had produced
their results in the same form, the task of aggregation would have been
simply & matter of taking the numerical average of all the distributions
for eac’ case. However, some experts used idiosyncratic case structures,.
On some issues, the experts expanded the case structure beyond what wac
tractable in the containment event trees (Section 4) or the XXXSOR codes
(Section 5). On some issues, experts gave their results in different
furms .

For the purposes of aggregation it was absolutely required that the case
structure be small enough to fit into the containment event trees and
XXXSOR 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 i{f possible by an analysis of wvariance (ANOVA).
The ANOVA compared the variance in the dependent variable attributable to
the differences between cases and the variance attributable to the
differences among experts to the unexplained variance in the dependent
variable. For many issues it was found that the differences between cases
were not significant compared to the differences between experts, that is,
that the large and complex case structure had little effect on the
dependent variable. A mathematical procedure was then used to determine
which of the cases could be safely combined,

1f different experts used different cases, they were first encouraged to
resolve their differences; if they failed to do sc it was necessary to find
some common ground. The cases common to all experts were of course
retalned. The remaining cases were inspected, and the most important ones
were retained. 1If an expert did not have one of th~,e 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 relsted to the missing case, then the
average of the case for all other experts was used for his missing case.
It was recognized that this procedure would reduce the range of
uncertainty, so the substitution was resorted to as little as possible.
For some issues, missing data could be filled in by interpolation or ratios
of existing cases.
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1f the experts produced different dependent variables, some analysis was
required to put all the outputs into the same form. Whenever this was dene
the experts involved might find the final form of their data difficult to
reconcile with what had been produced in the elicitation. Therefore,
anaiytical 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 alwvays in the
form of cumulative distribution functions (CDFs), that is, curves or tables
of the probability that the independent variable would be no greater 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.

The LHS program then divided each CDF into bands of equal probability, 1If
there were to be N sample members then the width of each band was 1/N. The
LHS program then took one value of the independent variable corresponding
to each of the N probability bands. These N values of the independent
variasble were then randomly combined with the N values for each of the
other issues, Eacl sample member thus has & value for each of the issues,
and each value appears once only in the entire sample. This method of
sampling makes it virtually impossible that any sample member should have
most of its values drawn from the extremes of the distrioution, LHS

sampling also ensures thet every part of the probability space of every
issue is represented in the sample.

Many of the issues had several cases, or sets of initial conditions. The
general rule for multiple cases was that they should be corvelated unless
‘here was some good reason for not correlating. Correlation between cases
means that if the LHS program selected a low value for the independent
variabie for one set of intial and boundary conditions, a low value was

also selected for every other set of initial conditions. Torrelation
between cases tends to increase the apparent uncertainty.

The CETs (Section 4) and XXXSOR codes (Section 5) now have a discrete value
to be used for each case of each issue (the values, of course, are
different for each sample member). The applicable case is determined from
the PDS, from preceding calculations, or from the APB (Section 4.8, and a
single value is thus presented to the CET or XXXSOR code for analysis.

Each sample member has a unique combination of

term parameters., Risk is calculated (Section
parameters. The sample

event tree inpucs and source
8) for each combination of
members all have equal probabilities of occurrence
80 that each of the risk values
likewise has an equal probabilicy of
1f the risks for all sample members are arranged in order of

because of the way values were selected,
(one for each sample member)
occurrence
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Increasing risk, a distribution of risk can be determined. The sample
wenbers having the lowest risk renresent the most benign combinations of
phenomenology. The sample members having the highest risk represent the
most severy combinations of phenomenclogy.

It is important to understand that a sample member does not represent an
"occurrence” or "trial" with some combination of phenomenclogical rules.
Each gccurrence has a single, specific outcome. Each gample member, on the
other hand, represents an average over all possible occurrences all of
which follow th2 same phenomenological rules. The conjunction of all
sample members (the sample) represents all possible occurrences following
all possible combinations of phenomenclogical rules, Actually a finite but
large set of occurrences is used as a proxy for the universe of all
possible occurrences and a large but finite combination of phenomenological
rules is used as a proxy for the set of all possible combinatiors of rules.
(vee Section 8.2 for a fuller discussion of this point). It is possible to
consider e.ch sample member a&s a PRA in its own right. The NUREG-1150
study has been particularly exacting in its analysis of all phases of the
accident, particularly so with regard to containment phenomenology. The
study as a whole can thus be considered to be & very large collection of
carviully performed PRAs.
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(NOTE: 1 HAVE MADE A STAB AT NOTATION FOR THE MATRIX REPRESENTATION. IT
WILL PROBABLY HAVE TO BE CHANGED TO MAKE IT COMPATIBLE WITH SECTION 2)

8. RISK CALCULATION

8.1 gCalculation of 8 Single Risk Result

This section will present a detailed explanation of the matrix
representation of risk which was introduced in Section 2. As discussed
before risk is the gxpected value (that is, the average) of consequences.
The average value of the product of frequency times consequences is very
nearly the same as the product of their averages, that is, it is possible
to multiply the average frequency (averaged over all data) times the
average consequences (averaged over all weather), with very nearly the same
results as the average of the products of all possible values of frequency
times all possible values of consequences,

The TEMAC code calculates the frequencies of cutsets. The cutsets are
first grouped into PDSs; the frequency of a PDS (in occurrences per year)
is the sum of the frequencies of all the cutsets comprising the PUS.

Consider the frequencies (in events per year) of all PDSs. Let f, be the
mean frequency of PDS “i". Suppose that there are n PDSs which have been
determined to have frequencies above some lower cut-off value. The
frequencies of these n PDSs can be arranged as a vector (F):

f,
£,
fy
A
Now consider all possible APBs. Each of these has some relative
frequency, p. Let p;; be the relative frequency of AP" . .’ .n the

occurrence of PDS 1. Then the frequency (in occurrer-.. per year) of APB j
is the row vector {A), where the frequency of APB "j* is:

‘J -zf‘p"i
i

or in matrix notation:

(A} = [P]{F). 1If there are m possible APBs, then [P] is matrix of m
rows and n columns, and (A) is a vector of length m, each element of which
is the gbsolute frequency of a single APB. To every APB, j, there
corresponds a unique source term (ST), 8,, and to every ST there
corresponds a mean consequence in consequence measure "k". The risk that
is, the expected value of consequences in measure k, is approximately the
sum over all source terms of the mean consequence corresponding to each
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source term times the frequency of the source term. 1f ey = c(sy) is the
consequence corresponding to the source term from APB j, then the risk in
measure k is:

Ry = (A)T(C}, where the column vector (C) has as its elements the mean
consequence corresponding to each source term, In terms of the previcusly
calculated PDS frequencies and APB relative frequencies, the risk is:

Rk = ([P](F))T(C).

In many past PRAs the number of PDSs and APBs has been very limited. 1In a
"best estimate" calculation, there is generally only one possible APB for
each PDS (because, by the nature of best estimate calculations, the only
outcome corsidered is the most likely one). It is entirely practical to
calculate risk by hand. Even if multiple accident progression bins are
allowed, hand calculstion is not difflcult if the number of PDSs and APBs
is small. For example, consider four PDSs and six APBs. For the sake of
this numerical example, suppose that the frequencies of the four PDSs have
been found to be 1 x 10-5, 5 x 106, 8 x 10-6, and 1 x 10-6. Suppose that
a simple CET has given the following relative frequencies for the APBs (the
table below is precisely the matrix [P]):

Bin Bin Bin Bin Bin Bin
PDS 1 2 3 4 5 6
1 0.1 0.0 0.3 0.7 0.05 0.05
2 0.0 0.2 0.0 0.8 c.0 0.0
3 0.05 0.1 0.05 0.5 0.2 0.1
4 0.1 0.0 0.0 0.0 0.9 0.0

It is a simple matter, well within the practicality of hand calculation, to
find that the frequencies of the APBs are 1.05 x 10-5, 1.8 x 10-6, 1.4 x
10-6, 1.5 x 10-5, 3 x 10-6, and 8.5 x 10-7.

1f the source term and conssquence calculations have beer. carried out for
each of these six bins, and the mean number of early fatalities (given the
occurrence of each bin) have been found to be 1.5, 3¢y T 0.0 30, and
5., respectively, it is alsc a matter of simple hand calculation to
determine that the risk of early fatality is 7.03 x 10-5 per year.

For NUREG-1150 the number of source terms and hence of consequence
calculations is staggeringly high. It would be impracticable to use MACCS
(which is an intensive user of computer resources) for each and every
source term, many of which would probably be quite similar to each other,
Partitioning (Section 5.6) is resorted to in order to keep the number of
MACCS calculations reasonably low, The entire source term space,
containing several hundred source terms, is partitioned into a smaller
number of surrogate source terms. Each of the surrogates is a proxy for
all the source terms within its neighborhood. The matrix equation is
modified by the inclusion of an m x r matrix, [Q], where r is the number of
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surrogate source terms. Each element of (Q'. q contains 1.0 1f source
term j 1s to be assigned to surrogate {, or zero otherwise. The modified
risk equation is:

Rk = ((FI[P])T[Q](C). The consequence vectoir, (C) is now a vector of
length r.

In the preceding simple example, source terms 2 and 6 have the same
consequence, and could be grouped together. Source terms 3 and 5 have
approximately the same consequence, and could be grouped together, with a
consequence which is the average of the two, The number of consequence
calculations would thus be reduced from six to four. (It should be peinted
out that the reduction achieved in this simple example would hardly be
considered worthwhile). The matrix [Q) has the form

COO0OOO»
OO OD
O OO0
CO=~OCO

The consequences for the partitioned source terms are 1.5, 5., 8.5 (the
averape of consequences for source terms 3 and 5), and 0.1. 1f the
partitioned source terms are used, the risk becomes 6.79 x 10-5 per year,
which 1s not very different from the result calculated without
partitioning.

The calculation of PDS frequencies, APB relative frequencies, source terms,
and conseyuences may have been very complex and time consuming. However,
in this simple example, the calculation of risk was completely straight
forward and simple.

1f there are more PDSs, of the order of 10 to 50, and hundreds or thousands
of possible APBs, the difficulties of bookkeeping in hand ralculation
become nearly insuperable, and computer calculation is required,
Simplification on the basis of neglecting the less important terms is
seldom possible; the relative importance of each APB and PDS is unknown
until the calculation has been completed.

For _.JREG-1150, PDS frequencies are calculated by the TEMAC code, the AFB
relative frequencies are calculated by EVNTRE, and the socurce terms are
calculated by XXXSOR. Partitioning is done by the PARTITION code, and
consequences are calculated by MACCS. The matrix arithmetic (risk
calculation) is done by PRAMIS, Each of these codes is discussed in

Appendix A. Appendix B gives an example showing how cacn of these codes is
used for an actual risk calculation.

The outputs of each major code--TEMAC, EVENTRE, and XXXS0i--is more
detailed than is required for the following code. The computational task
would be practically impossible if every output were to be used in the risk
calculation. For example, TEMAC calculates the frequency of each sequence,
or combination of initiating event and plant faults. However, the CET
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would not recognize the differences between many sequences. The event
trees calculate relative frequencles for & vast number of sccident
progression pathways, but the XXXSOR codes recognize only a limited number
of distinct accident progression pathways. For practical considerations of
computation, some means of limiting the outputs was necessary., The
information transfer between codes had to be limited to that which was
usable, at the same time ensuring that essential information was passed to
the following code,

Accident sequences which present similar initial conditions to the CET were
gathered into PDSs (Section 3.1). Each PDS is recognizable by the CETs as
unique and distinct. The CETs then calcvlate the relative frequencies of
all accident progression pathways for each PDS. These are then gathered
into APBs (Section 4.6) for input to the XXXSOR vodes. The XXXSOR codes
calculate & source term for each APB; however, the number of source *erms
is too great for practical consequence calculations. As explained wvove
and in Section 5.6, the large volume of source terms is reduced to a
workable set by partitioning.

The reduction and gathering of informaticn at each interface is
accomplished by post-processors, each of which is a code in its own right.
The TEMAC post-processor ( ), reduces cutsets to PDSs,
The EVNTRE post-processor (__ ) reduces accident
progression pathways to APBs. PARTITION acts as the post-processor to
XXXSOR.

8.2 Risk Calculations Supporting the Uncertelrty Analysis

The single risk calculation described in Section 8.1 is small part of the
effort required for NUREG-1150. The major part of the study involved the
determination of uncertainty in risk.

Section 7 described uncertainty and the types of uncertainty, Each of the
inputs required for the calculation of risk is to some degree uncertain.
For example, the PDS frequencies are uncertain because of data,
phenomenological, and stochectic uncertainties. The APB relative
frequencies are uncertain becaus. of phenomenological, stochastic, and to a
lesser degree data uncertainties. The source terms are uncertain because
of poorly understood phenomenology. It is usually impossibie to estimate
the effect of uncertainty in any phenomenon in advance because of the
complexity of the calculation. It is especially difficult to estimate the
effects of uncertainty in several phenomena when all are acting
simultaneously.

One possible solution to the difficult problem of estimating uncertainty is
to perform bounding calculations, that is, to determine the risk if all
uncertain quantities were at their most optimistic levels and then at their
most pessimistic levels. Unfortunately, for many quantities it {s
difficult or impossible to determine g priori which is the most nessimistic
direction. Many phenomena act in different directions at dif! -ent times
in the accident, and phenomena which appear to be severe can ac. ally have
a benign outcome. For example, burning hydrogen early in the accident
might appear to be pessimistic, because if an earlier containment failure
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is caused, the consequences would generally be higher. However, burning
hydrogen early means that less hydrogen and oxygen are available latei. At
& later time the initial pressure could be higher and the total quantity of
hydrogen could be greater, so that there might be a greater probability of
failing containment {f hydrogen is saved for a later burn. Even more to
the point, if all quantities simultaneously are set to their most
optimistic and pessimistic levels, the bounds are usually so large as to be
nearly meaningless. If {t is believed improbable that any single quantity
should be at the extreme of its possible range, it is certainly not
credible that all quantities should simultaneously be at their extremes.

NUREG-1150 uses sampling to assess uncertainty., The principle is simple;
for each observation a value is randomly chosen for each uncertain quantity
somewhere in its range;, for each uncertain phenomenon a phenomenclogical
"rule" is chosen, and for each uncertain irequency a specific frequency is
chosen. The sampling is done in such a way that the most likely reglions of
the range for each quantity are sampled more often than the less likely
regions. The method of Monte Carlo sampling is well known, and is often
used for solution of difficult physical problems. If the sampling is
sufficiently large* the output of all the many calculations (in this case,
each calculation gives the risk) will have a distribution. The most
probable values of risk will be bunched together, and the least probable
values will fall in the outlying tails. Straight Monte Carlo sampling is
not practical for the risk calculations, however, because of the very large
sample size required. Alsc, there is aiways a chance (which 1is not
negligible) that some important part of the distribution will be missed.
In NUREG-1150, the number of variables to be sampled is so large that it is
almost certain that parts of some distributions would be missed.

The sampling scheme used for NUREG-1150 is Latin Hypercube Sampling
(RON IMAN'S STUFF ABOUT LHS SHOULD GO IN HERE).

In the NUREG-1150 application, a probability distribution is formulated for
each uncertain variable. Some of the distri _uations are subjestive and some
are data-based. The most important of the subjective distributions were
developed by teams of outside experts (Section 7.6). Each distribution was
then "sliced" into regions of equal probability, and values corresponding
to the slices from each of the many independent variables were randomly
combined. Each such combination is a sample member and the set of all
sample members is the gample. The sample could be thought of as a
numerical experiment replicated many times, each time with somewhat
different initial and boundary conditions. Each sample member then
corresponds to a sgingle observation.

*A statistical test (the Kolwogoroff-Smirnoff test) is available to
determine what sample size {is necessary for any desired degree of
accuracy of the resulting distribution. The required sample size is very
large 1f the output distribution is to have any hope of representing the
"true" distribution.
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A sample member corresponds to a set of assumptions which might have been
made by an indi idual analyst, Tre experts who assessed the distributions
for the uncertain variables also providqd guldance on correlations between
variables. Enforcing these correlations rnsures that the assumptions for
the variables are mutually consistent. Consistency is also enforced by
carrying some variables and distributions through =11 phases of the
analysis. That is, the same distributions for povwer recovery are used in
the sequence frequency analysis as in the accident progression analysis.
The same value for in-vessel oxidation of zirconium which is used in the
accident progression analysis 1s also used in the source term analysis, so
that it 1s impossible to oxidize the same material twice. Consistency 1is
further enforced by the case structure (Section 4.5) in which the outcome
of one phase autsmatically becomes the initial condition for the next
phase. Consistency is also tested, but cannot be strictly enforced, by a
methodical and assiduous search for inconsistencies, For at least some
recognized expert, the assumptions are reasonable or at least cannot be
ruled out, Furthermore, the sampling scheme selects more sample members
from the part of each distribution to which the experts gave highest
credence, and fewer sample members from the parts of each distribution
which the experts considered to be less likely. The result of this
sampling scheme is that the majority of the sample members represent the

assumptions that the majority of the experts would consider most likely to
be correct,

The risk for each sample member is calculated as described in Section B.1.
Because the assumptions and input data were different for each sample
member, the risk will be different for each sample member. If a large
number of critical experiments could be conducted, and the outcomes showed
that the true phenomenology was consistent with the assumptions used for
sample member 50, the uncertainty would be reduced to the narrow range
imposed by data and weather uncertainties--we would know unequivocally that

the risk for sample member 50 was the "true" risk. However, it is
impossible (and will probably remain forever impossible) to conduct all the
necessary critical experiments. Because of the method of sampling each

sample member is equally likely, and thus each represents an equally valid
opinion of the expert community. The sample members at the extremes of
risk are as good as those in the middle. However, the region in which the
most cample members are found is the region where the majority of experts
believe the risk is most likely to lie.

A sample member does not represent a trial, that is a throw of the dice.
Each sample member represents the ensemble of all possible trials which
could be made subject to the rules selected for that sample member. For
any throw of a dice, there is no uncertainty as to the outcome of the
throw, which is a single, clearly Jefined number. A single throw either
does or does not result in a s ., or one, or any other number. However, if
a large number of throws in considered, there is only a frequency with
which six will be thrown; if the dice are fair, the frequency of a six will
be 0.167. Likewise, for any sample member there is only a frequency with
which power i{s recovered at any time. 1In any specific accident (that is,
throw of the die) power either is or is not recovered at that time. The
sample member represents the ensemble of all possible accidents--those in
which the power is recovered and those in which it is not recovered--and
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the split fraction for power overy shows the fraction of the accidents
in which power is recovered. T. frequency of power recovery is uncertain,
and each sample member has a different split-fraction for power recovery,
based on sampling from the distribution for power recovery frequency. For
phenomenological uncertainties, each sample menber follows one and only one
of the possible rules for outcrme. If the phenomenon is containment
failure at vessel breach, then each sample member will have either
catastrophic rupture, or ordinary rupture, or a small leak, or no failure
at all, and these outcomes are exclusive. The choice of one outcome rules
out all the others, The reason is that the experts were uncertain about
the phenomenology of containment failure. The majority of experts wight
believe, for example, that at a certain pressure leak was tle most tikely
failure mechanism, although more severe failures could not be abs) lutely
ruled out. However, if leaks did indeed occur, then they would be - Xpected
teo occur consistently.*

The sample members are sorted in order of increasing risk, and a
distribution of risk can be formed. 1t is nezessary to clearly understand
that this is not at all a probability distribution. The distribution of
risk 1s a "belief" distribution. The statement attached to any level of
the cumulative distribution function for probabilities is no* “ally "the
probability is y, that the value of X is less than or equal to x;", but for
the risk distribution it is "the probability is y; that an expert would
believe the value of X to be less than or equal to x;". As an expression
of bellef, it is absolutely true; the distribution could only be incorrect
if the experts were lying or the NUREG-1150 staff had incorrectly applied
their data. The distribution represents the opinion of a sample of the
expert community about the likely values of risk. However, experts are
often wrong, so that while it is frue that the distribution represents the
opinions of the experts, i may be false that the opinions represent
reality. One should never allow oneself to think of the mean of the
distribution as the mean risk; the mean only represents the opinion of an
"average" expert. It is also necessary to understand that the "true” risk
might not even fall within the distribution. Furti.srmore, the range of the
distribution is that given by the experts being questioned. Another expert

might have found the risk to lie completely outside the distribution found
here,

After the risk values are sorted, the sets of assumptions corresponding to
the extremes of risk are carefully examined. The principal question asked
at this stage is whether the results are reasonable. Are they consistent
with other calculated values? Did the results vary in the right direction
when the input assumptions were varied? Are there sets of assumptions that
seem to be clustered in any reglon? If so, is the clustering reasonable?

*The experts believed that the variation in failure mode due to variabilicy
in materials and workmanship would be small relative to the large
uncertainty in failure phenomenology.
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A further test of reasonalleness is given by examination of the average
contribution to risk of each plant damage state and accident progression
bin.*

For example, if a PDS had a low frequency and did not appear to be
particularly serious, but had a large impact on risk, it would be a signal
that something might be wrong in the calculation, and that serious checking
would have to be done.

8.3 Methods for Results Evaluation

THIS SHOULD BE WRITTEN BY HELTON AND IMAN; HOPEFULLY RESTRAINED FROM MAKING
THIS TOO TECHNICAL., MOST OF OUR READERS WILL NOT BE TECHNICALLY (AND
ESPECIALLY NOT MATHEMATICALLY OR STATISTICALLY) SOPHISTICATED!

*The contribution of any PDS to the total risk is different for each sample
member., The average contribution to risk for a PDS is the sum of the
contributions for that PDS over all sample members, divided by the totel
risk summed over all sample members




