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Abstract

A large dry PWR containment response analysis for postulated severe accidents was performed
as part of the Zion Risk Rebaselining study for input to the U.S. NRC’s “Reactor Risk Reference
Document,” NUREG-1150. The Methodologies used in the present work were developed as part
of the Severe Accident Risk Reduction Program(SARRP) at Sandia National Laboratory specifically
for the Surry Plant, but they were extrapolated to Zion. Major steps of the quantification of
risk from a nuclear power plant are first outlined. Then, the methodologies of containment
response analysis for severe accidents used for Zion are described in detail: major features of the
containment event tree(CET) analysis codes and CET quantification procedures are summarized.
In addition, plant specific features important to containment response analysis are presented along
with the containment loading and performance issues included in the present uncertainty analysis.
Finally, a brief summary of the results of deterministic and statistical containment event tree

analysis is presented to provide a perspective on the large dry PWR containment response for
postulated severe accidents.
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1. Introduction

In the period directly following the TMI-2
accident in 1979, a major research was undert-
aken by the U.S. NRC to review existing U.S.
Plant designs and identify potential risks to the
public from those reactor accidents that would
be beyond the coverage of present licensing
design basis events. In addition, major programs
were initiated by the U.S. NRC, in particular,
to develop an improved understanding of severe
accidents and to establish a technical basis to
support regulatory decisions (1,2).

More recently, the response of containments
to severe accidents at several commercial nuclear
Surry (4,5) and
Sequoyah (6) has been analyzed under the Severe
Accident Risk Reduction Program (SARRP).
These results as well as the previous PRA’s

plants, such as Zion (3),

show that the greatest impact on the amount
of radioactivity released from a plant is determi-
ned by whether the containment fails or not,
or if it fails, the timing of the failure. Therefore,
the containment response analyses for postulated
severe accidents focus on identifying the various
pathways that could lead to the release of fission

products beyond the containment boundaries and
on estimating their frequency of occurrence.

A large dry PWR containment response
analysis for postulated severe accidents to be
presented here is mainly based on the results
and insights gained from the containment
response analysis performed at the Brookhaven
National Laboratory (BNL) as part of the Zion
Risk Rebaselining study (3) for input to the
U.S. NRC’s “Reactor Risk Reference Document”
NUREG-1150 (1).
Zion was based on the methodology developed

SARRP as Sandia National

The updating of risk for

as part of the

Laboratoy (SNL) (4-6). This methodology was
developed at SNL specifically for Surry plant-(a
Westinghouse-derigned three-loop PWR reactor
with a subatmospheric large dry containment)
but was extrapolated to Zion (a Westinghouse-
designed four-loop PWR reactor with a large
dry containment),

The main objectives of this paper are to
present:

(1) the “Containment Event Tree Approach”
used in the Zion analysis (3),

(2) the major uncertainty issues associated
with the containment loading and performance,
and

(3) results of the point-estimate and the stati-
stical containment response analysis for a large
dry PWR containment (3).

In addition, this work is directed to assisting
analysts in evaluation of PWR containment
response for postulated severe accidents as an
independent work and/or as part of an overall
task such as evaluation of severe accident risks
and the potential for risk reduction for any

nuclear power station.

2. Quantification of Risk from a
Nuclear Power Plant

Assessment of risk from the operation of
nuclear power plants involves determination of
the likelihood of various accident sequences and
their potential offsite consequences. The risk
from a nuclear power plant can be defined by

RK:ZJ fi ; C,‘j T’§<S,‘j} D)

where

R¥=risk of type K(associated with conseq-
uence K),

fi=frequency of plant damage state(PDS);,

C;j=conditional probability of containment
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release category j given PDS i (ie.,
containment matrix),
8;;=fission product source term for contai-
nment release category j of PDS i,

“rx’=consequence of type K, given fission
product source term (S;), for release
category f.

Thus, there are five distinct but closely related
phases in the risk analysis of nuclear power
plant operation. It should be noted here that
the matrix formulation is a powerful tool in a
systematic quantification of the overall risk and
also in identification of the dominant contributors
to the overall risk. The matrix approach lends
itself easily to computerization, thus improving
calculational accuracy, productivity, and docum-
entation. It is also very useful in carrying out
sensitivity analysis (7). The framework of the
matrix approach is already established in Refe-
rence (8), and also in detail in Reference (9).
A more detailed description of the steps of the
matrix analysis is given in Reference (7). The

Table 1. Major Steps of the Matrix Analysis
for Quantification of Risk (7)

Step Description | Result

1 | Construct the vector of initiating event a
frequencies:

2 | Construct the “plant systems matrix” of M
conditional probabilities:
m; ;=conditional probability of PDS
J given initiator ¢

haS

3 | Calculate the vector of core melt state
(i.e., PDS) frequencies:

f=Ma c
4 | Construct the containment matrix of
conditional probabilities:

C;r=conditional probability of rele-
ase category K given PDS j.

5 | Caleulate the vector of “release category 7
frequencies”:
#=Cf=CMa
6 | Construct a “site matrix” for each of S;

the damage categories:
Skm=consequence m given release

category K
7 | Draw a risk curve for each damage | risk
category. curve

major steps of the matrix analysis for quanti-
fication of risk are summarized in Table 1 (7).
Present study focuses on the methodology used
to obtain C;; in Eq. (1) (or Cj in Table 1) and
the result of the containment response analysis

for severe accidents for Zion (3).

3. Methodology of Containment Response
Analysis for Severe Accidents Used
for Zion

In traditional probabilistic risk assessments
(PRAs), the accident pathways that contribute
to risk are described by two types of event
trees: (1) “system event trees” are used to define
the spectrum of accident sequences (i.e., the
combinations of accident initiators and subsequent
system failures) that can lead to core melt, (2)
“containment event trees (CET)” are used to
define the containment failure modes which lead
to fission product release beyond the containment
boundary.

a PWR
containment response analysis for postulated

However, the current method of

severe accidents include steps 1-4 shown in
Table 1. According to the current CET quanti-
fication method used in the Zion (3) and Surry
(4,5), the step 4 in Table 1 can be further
divided into 5 detailed steps as
Table 2,

The major objective of

shown in

the containment
response analysis is to determine, given a
core-melt accident, when and how the contai-
nment conditions could affect a release. Therefore,
the containment response analyses for postulated
severe accidents focus on identifying the various
pathways that could lead to the release of
fission products beyond the containment boun-
daries and on estimating their frequency of
occurrence,

Once the PDS frequencies, f; in Eq. (1),
are obtained from the step 3 in Table 1, the
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Table 2. Major Step of the Current CET Quantification Method Given the PDS Frequencies f;

Step Description Result
1 Construction of the plant-specific phenomenological containment event | CET-codes (e.g., EVNTRE
tree in the form of computer codes. or EVNTREISS)
2 Thermal-hydraulic analysis of containment loading by codes (e.g., Branch point probability
MARCH and CONTAIN), estimation of branch point probabilities data, dependency data.
to prepare the plantspecific input data for CET, and assessment of
data for dependency upon prior events.
3 Characterization of containment release modes (i.e., containment | Binning data for CET code
bins which result in source term bins).
4 Identification of containment loading and performance issues for | Issue data, sample data, and
uncertainty analysis, and determination of sample data and wei- weighting factors
ghting factors for statistical sampling.
5 Quantification of the CET matrix C;; via CET codes such as | Containment matrix_C;;
EVNTRE (10) and EVNTREISS (10) for deterministic and
statistical containment response analysis, respectively,
(Note) | For risk reduction analysis, in particular, “Identification of the | Modified containment matrix
Potential Accident-Prevention and Accident-Mitigation Options” C;;
should be added as an additional step and the step 5 should be
repeated.

next step for quantification of risk is to extend
the analysis to determine the containment
response to these damage states. For this purposes
a phenomenological containment event tree(step
1 in Table 2) is comstructed. The core melt
states (i.e., PDSs) become the initiator for this
event tree. Mass and energy balances in the
containment after a core melt event are analyzed
by codes such as MARCH (11) and CONTAIN
(12) (step 2 in Table 2) and failure frequencies
are assigned to various phenomena that may
take place in the containment. The event
sequences resulting from core melt states are
quantified and are sorted into radioactive fission
product release categories to be used in the site-
specific public damage analysis (step 3 and 5in
Table 2). For uncertainty analysis, in particular,
the step 4 in Table 2 should be performed
before step 5. A containment matrix is then
constructed (step 5 in Table 2). Each element
in this matrix is the conditional frequency of
occurrence of a radioactive release category
given the occurrence of a core melt initiating
event. A more detailed description of the major
steps of the current CET quantification method
is given here and in the next sections. All the
examples to be shown here are adopted from

the result of the Zion analysis (3).

(1D Accident Sequence Evaluation and Chara-
cterization of the PDSs

For the purpose of present work calculational
details to obtain PDS frequencies f; are omitted:
a brief outline of the method used to characterize
PDSs is reviewed here in the context of the
interface requirements of the containment and
source term phases of the analysis.

For the purpose of nterfacing with the
accident progression analysis, the accident
sequences are grouped into plant damage states.
The grouping is effected in such a way that
all sequences within a group are essentially
equivalent with regard to accident progression.
A plant damage state is labelled by up to four
letters in the Zion study (3,18). The first
letter represents the initiating event (or the
primary system states up to core damage):

A=large or medium LOCA, core damage at

low pressure,

S=small LOCA,

pressure,

core damage at high

T=transient initiator, reactor coolant system
(RCS) remains intact until core damage,

V=interfacing systems LOCA.

The second letter represents the timing of
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Table 3. Plant Damage States (3,13)

Containment Safeguards Status

PDSs

Accxg:nctlaS:s?uen- Respergzzx;?;nfrgr [}icg:gte;t (Containment Event
Calculatons Fan Coolers Sprays Tree Designators)
I Large LOCA 1 1 AEFC
ECCS failure 1 0 AEF
at injection 0 1 AEC
0 0 AE
I Large LOCA 1 1 ALFC
ECCS failure 1 0 ALF
on Recire. 0 1 ALC
0 0 AL
I Small LOCA . 1 1 SEFC
ECCS  failure ) 1 0 SEF
on injection 0 1 SEC
0 0 SE
v Small LOCA 1 1 SLFC
ECCS failure 1 0 SLF
on Recire. 0 1 SLC
0 0 SL
v Transient with 1 1 TEEC
no Cooling 1 0 TEF
0 1 TEC
0 0 TE
V Sequence — — v
core melt: nations of fan cooler system and containment

E=early core melt (ECC failure in the injecti-

on phase),

L=late core melt (ECC failure in the reci-

rculation phase).

The presence of either of the last two letters
(i.e., the third and fourth letters) indicate that
the fan cooler or containment spray systems
operate successfully:

F=success of containment fan coolers,

C=success of containment spray injection or

recirculation.

Absence of either of these last two letters
indicate complete loss of containment heat
Temoval.

In order to provide a complete framework
for containment response analysis, it is necessary
to consider for each of the five accident sequence

«lasses (shown in Table 3) four possible combi-

spray system operation:

1. Fans on, sprays off;

2. Sprays on, fans off;

3. Both sprays and fans on;

4. Both sprays and fans off.

These combinations lead to the defination of
20 distinct plant damage states. In addition, the
interfacing systems LOCA (the V sequence)
constitutes the twenty-first state. The V sequence
is assumed a priori to bypass the containment
(therefore, V sequence does not challenge contai-
ment) and thus it is not treated by the contai-
the PDSs
and representative accident sequences are defined
(13). Table 4 displays the PDS frequencies over
the 100 samples (3), whereas Reference (14)

provides explicit calculations of the reference

nment event tree (3). In Table 3,

case.
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Table 4. Damage State Mean Frequencies for
100 Latin Hypercuve Vector Samples (3)

Damage State I Mean Frequency

AEC 7.0x1077
TEC 1.3x10°®
SEFC 9.9x107®
TEFC 1.3x107®
AEFC 7.0%x1077
SEC 7.9x10-¢
SE 5.6x107"
ALFC 7.3x107¢
SL¥C 8.7x1078
ALF 0
SLF 0
ALC 7.2x107®
SLC 8.6x10¢
AL 3.4x1077
SL 2.9x1077
\% 1.0x1077

Mean Total Co-

mulative Damage 5,5x1075

Frequency

(2) Major Features of the CET Analysis Codes
Used and CET Quantification Procedures

A major focus in SARRP was the development
of a containment event tree (CET) for each of
the plant types represented by the reference
plants (4,5). These event trees delineated the
various physical processes and phenomena of a
core melt accident and the pathways that could
lead to release of fission products as a consequ-
ence of core-damage accidents. Its purpose is to
examine the response of the containment and
to establish the most likely modes of containment
failure.

In the Zion study (3) the CET in the form
of computer codes (such as EVNTRE and
EVNTREISS) provided the necessary framework
for quantification of the likelihood of various
containment failure modes. These CET codes
have been developed by the SNL as part of the
SARRP program (3). Except for the detailed
input data, the Zion CET code is the same as
that of Surry (4,5). The plant-specific contai-

nment event tree was developed by identifying
the types of containment responses that might
be expected to impact risk and the various
events and conditions that could affect those
responses, at a level of detail that could reaso-
nably be supported by the information currently
available (4). This led to the construction of
an event tree that is significantly expanded be
yond those previously used in PRAs: the
structure of the Zion CET is based on 59 top
events, many of which have more than two
branching options. The 59 top events shown in
Table 3-3 of Reference (3) can be classfied
into ¢ distinct group of questions as shown in
Table 5. These top event questions are posed
in ways that require the answers to be expressed
in terms of likelihoods.

The major features of the Zion CET codes
(i.e., EVNTRE and EVNTREISS) can be
summarized ac follows:

1. Zion CET codes allow for nodes in the
CET with arbitrary number of branches, which
differs from a typical event tree that has only
two branches “yes” or “no”.

2. The
dependent upon branches taken at prior nodes.

branch point probabilities can be

3. Information can be fed to the program in
the form of “parameters” which the program
can manipulate at a later node to internally
calculate a branch point probability based upon
user input criterion.

4. The outcomes of the event tree are binned
by input specified by the user.

The Zion CET codes allow the user to develop
very complex event trees; ones which could
never actually be drawn on paper. The contai-
nment matrix C;; in Eq. (1) can be quantified
by either of the code, EVNTRE (10) or
EVNTREISS (10). The basic difference between
EVNTRE and EVNTREISS is that the former
is a deterministic code, while the latter is a

statistical code with some input from LHS 77
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Fig. 1. Schematic Diagram for EVNTRE
Calculation (3).

(15). Actually EVNTREISS is a modified
version of the EVNTRE code and the EVNT-
REISS code allows one to step through all
issues in a Latin Hypercube sample. For actual
deterministic quantification of the containment
matrix EVNTRE code is used along with three
different types of input data, namely (1) binning
data, (2) branch-point probability data and (3)
dependency data as shown in Fig. 1 (3).

The branch point probabilities shown in Fig.
1 are a set of probabilities for each branch of
the top event. These probabilities are conditional
and depend on the previous branch(or branches),
Dependency information and branch point prob-
abilities should be provided for an EVNTRE
(or EVNTREISS) analysis. The information
may be provided by an expert (or a group of
experts) who is familiar with the containment
event tree or the accident phenomenology. Some
of the branch point probabilities need to be
calculated internally. In this case, “parameters,”
instead of the probabilities themselves, are input
to calculate branch probabilities. This is most
frequently the case for the probability of contai-
In these
loads are compared to estimates of a contai-

nment failure. instances, pressure
nment failure pressure distribution (estimated
using “parameters”) to obtain an estimate of

containment failure probability. Depending on

the types of input, there are six different types
of top events and they are shwon in Table 6.

After marching through the event tree and
finding the probability for each of the pathways,
all of the different outcomes may be condensed
into a more tangible form. The binning data
shown in Fig. 1 is used to bin all of the
different outcomes in a user specified fashion.
For example, each pathway of the event tree
may be binned according to its source term
characteristics, i.e., release category. Finally,
using “SEOQi. DAT” (i.e., the CET input data
prepared for PDS 7), an EVNTRE calculation
is performed to obtain SEQi. OUT which consists
of binning probabilities. This procedure is
repeated for every plant damage state to obtain
the containment matrix.

For statistical quantification of the containment
matrix, on the other hand, EVNTREISS code
is used with (1) Issue data and (2) Sample
data in addition to the three input data required
for EVNTRE. For those issues in the contai-
nment event tree judged to most likely have a
significant impact on risk ranges of plausible
values were developed, and, for each parameter
value fractional weights were assigned by
experts to provide an estimate of the validity
This
process of combining the use of complex contai-

associated with that particular value.

nment event trees and associated expert judgement
quantification where data were lacking was
instituted for NUREG-1150 (1) since it is
particularly suitable for the study of incompletely
understood physical processes such as severe
accident progressions. This process was also
used to combine accident sequence frequency,
and source term

containment performance,

uncertaintiies into overall risk uncertainties in
the NUREG-1150 (1).

In the Zion analysis (3), the different sets
of values for branches of each issue are called

“levels”, The levels may represent different
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opinions about the severities of a certain physical
phenomenon. However, the probability of occu-
rrence of each “level” can be different from
each other. The “weighting factor” for example,
can be considered as this subjective probability
of occurrence of each level. The weighting
factors are used in LHS77 (15) as the SUBRO-
UTINE USRDIST. The combination of one
issue with other issue is done according to the
weighting factors. For example, there are two
issues with 4 and 3 levels for each issue,
respectively, as shown in Fig. 2. The weighting
factors are (0.1, 0.4, 0.3, 0.2) for Issue 1
and (0.33, 0.34, 0.33) for Issue 2,
that we have 30 samples using LHS77. Each

sample consists of the level numbers of Issue 1

Assume

Fig. 2 shows the combination
process by LHS77. The last column under LHS

samples shows how Issue I levels are combined

and Issue 2.

with Issue 2 levels.

(3) Characterization of Containment Release
Modes (Containment Bins which Result in Source
Term Bins)

The outcomes of the containment event tree
form a set of discriminated accident pathways,
The combination of a given accident sequence
and a given path through the CET is called a

“scenar1o”, Such a scenario provides a description
of the initial and boundary conditions required
to assess the resulting source term. Since the
numer of such pathways (i.e., scenarios) for
each core melt sequence is large, it is necessary
to combine these scenarios into a smaller set of
groups, called bins, which are judged to be
similar in terms of parameters considered to be
important to the source terms. Examples of
parameters included in defining bins are:

1. reactor coolant system therma[-hydraulic
conditions during meltdown,

2. timing and mode of containment failure,

3. availability of containment engineering
safeguard features.

4. state of the debris after vessel breach with
respect to coreconcrete interactions.

That is, the release categories are defined so
that the end states from the CET paths can be
assigned on the basis of risk-related characteri-
stics (radionnclide inventory as well as the
time, duration, and energy of a potential release).
For Zion (3). the containment release modes
are classified into 19: For reference purposes,
the bins are delineated by characteristics in
Table 7. The definnition of the source term

bins used in the Zion study (3) are similar to

Table 5. Classification of the 59 CET Top Events (3,4)

Classification of Top Events

Questions Addressed

(1) Entry States:

(2) Phenomenological
Events:

(3) Reactor Coolant Syst-
em Failure Modes:

(4) Survivability of Cont-
ainment Safeguards
Systems:

(5) Active System Status
and Recovery:

{6) Containment Failure

Modes:

The conditions (1) in the reactor coolant system and (2) comtainment prior
to melting of the core that could influence the accident progression.

(1) The physical phenomena that could affect the progression of severe
accidents, (2) time frame of occurrence, and (3) their subsequent effects
on the accident development.

(1) The size and location of the reactor coolant system breach and (2) the
corresponding pressure during core meltdown.

(1) Whether the containment fan cooler and spray systems survive the
cg)nditions occuring during severe accidents that exceed their design
ases,

(1) Availability of AC power after the initiating event, whether AC has
been restored after vessel breach and/or before or after 6 hours, and (2)
operability of ECCS.

(1) The loads that challenge comtainment, and the survivability of the
containment to these loads, (2) the nature of the failure (size and location),
and (3) the subsequent pathways for release of fission products to the
environment.
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Level

Weighting
Factor

LHS
Sample

Level

Weighting
Factor

LHS
Sample

Level No.
‘of Issue 1

Level No.
of Issue 2

Level 0.1

Level

Level 0.4

0.33

Level

Level 0.3

0.34

Level

Level 0.2

P PLPAPLPAPROMWWWWWWWWINRINNINNNNRNND NN P - -
[a]

0.33

WWWWWWWWWWRON NN RN N NN N NI s s et e e o
N PAWHEMNPNIMNNWMNWRBWWEEEHENWWRWRNRNWRNRN S NN S -
WNROHMNHPFEWWWHRFWHRFERNWNDWRNWRNMNDN - WWH =N

Issue 1

Issue 2

LHS SAMPLES

Fig. 2. Level Combinations between Two Issues

that given in NUREG-0956 (16) for Surry,

with additional bins assigned to direct heating
resulting from high pressure ejection, namely,
bins 16, 17,18 and 19. Bins 1~4 and 16~19,
respectively, are equivalent except that bins
16~19 include effects due to direct heating,

and bins 1~4 do not. Bins 18 and 19 are

introduced for the Limited Latin Hypercube
(LLH) sampling study. Bin 13 is used for a
pressurized containment (no sprays); bin 14,
for unpressurized (sprays on). Bins 7 and 6 are
for isolation failure sequences with and without
sprays, respectively.

Bins for interfacing-system LOCA (V-sequence,

Table 6. Six Types of CET Top Events

Dependency Upon Prior Events
Independent 1 Dependent
Branch Point Probabilities only Type 1 Type 2
Branch Point Probabilities and Parameter Values Type 3 Type 4
A Set of Parameters to be Summed and Compared to Reference Type 5 Type 6
Parameters to Obtain Branch Point Probabilities
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Table 7. Characteristics of the Source Term Bins

Sequence and

Source Term Bins

Containment Status

7 8 9 10 11 12 13 14 15 16 17 18 19

Containment Failure
Rupture Before Core Melt v
Early Overpressure

Late Overpressure-Rupture
Late Overpressure-Leakage
Melt-through

Leak or Isolation Failure
Containment Bypass-SGTR
Containment Bypass-Dry
No Failure

Containment Spray System
(See Note 1) Operates v v
Fails v v
Primary System Pressure
High v
Moderate v v
Low

Containment Pressure
(See Note 2) High

Low

Water Available to Cavity
Yes v v

No v v v
Direct Heating Effect
None VoY
Significant

NV

NNV

oYY

¥ —The characteristic is required for the bin. Characteristics not maked are not determinant of the bin

and any combination may apply.

Note 1: The spray question is also dependent on timing. Critical time frames are different for different bins.
Note 2: This is only used as a discriminator for Bins 13 and 14. Obviously, containment pressure is high
in many other bins and these are not checked.

bin 11 and bin 12) were slightly modified in
order to account for induced LOCA situations:
bin 12 now includes all V-sequences. Bin 1] is
for induced LOCA at steam generator (steam
generator tube rupture),

For point-estimate containment response ana-
lysis, the likelihood of the 15 release modes
(source term bins) was calculated for each of
the 8 PDSs. For statistical LLH containment
analysis, on the other hand, the likelihood of

the 19 source term bins was calculated for each

of the 14 PDSs. This generated the frequencies
for each of the source term bins, for integration

into the risk calculation.

4. Plant Specific Features Important to
Containment Response Analysis

The brance points and probabilities for the

Zion containment event tree (3) reflect consi-

deration of a number of plant-specific features

that could have important effects on the
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More detailed
description of the Zion plant-specific features

progression of a severe accident.

regarding the containment failure pressure
containment safeguard systems, and the reactor
cavity geometry is given below to put present
analyses in right perspectives.

(1) Containment Pressure Capacity

The pressure at which failure would be
expected to occur is a key determinant in the
likelihood and timing of containment failure
during piessure transients that result from the
generation of steam or noncondensibles, direct
heating and the combustion of hydrogen. The
pressure at containment failure can also influence
the dispersion of fission products released to
the enviroment.

The detailed description of the Zion contai-
nment is given is Reference (17).

(2) Containment Safeguard Systems

The containment fan cooler and spray systems
provide redundant and diverse containment heat
removal capability for Zion. The initiation
pressure for fan coolers and sprays are 0,14
MPa (19.7 Psia) and 0.26 MPa (37.1 Psia),
respectively (17). More detailed description can
be found in Reference (17).

(8) Reactor Cavity Geometry

The progression of the accident, following
the reactor pressure vessel (RPV) failure is
strongly affected by the reactor coolant syatem
pressure before RPV failure, the cavity geometry,
and water availability. The design of the reactor
cavity, in particular, can have an important
impact on the accident progression due primarily
to: (1) the degree to which the core debris is
inhibited from being dispersed following ejection
from the reactor vessel, (2) the ability of water
in containment to reach the core debris, and
(3) the ability to transfer heat from the cavity
The major
characteristics of the Zion reactor cavity geom-

to the containment atmosphere.

etry is given in Reference (3).

5. Containment Loading and Performance
Issues Included in the Zion Uncerta-
inty Analysis

During a core melt accident, there are several
possible types of containment loads that could
occur. In each type of the containment loads,
there still remains significant uncertainty. The
uncertainty analysis approach relies on the
selection of key uncertainty issues that can
have a significant impact on the estimated risk
at Zion. The approach used in the selection
and evaluation of key uncertainty issues for
Zion containment loading and performance is
basically the same as that used in the analysis
of containment response for Surry (4). Thus,
as in the case of Surry (4), the containment
loading and performance issues shown in Table
8 were also included in the application of the
Limited Latin Hypercube (LLH) approach (15)
to Zion (3).

The issues shown in Table 8 were discussed
in detail for Surry in Reference (4), For the
present work, only a brief outline of the issues
is given here for reference (3).

Issue 1 : The probability and location of an
induced failure of the RCS pressure boundary
can be an important consideration in the determi-
nation of the timing and mode of containment
failure. This issue influences the potential for
primary system depressurization during core
meltdown which in turn influences the potential
for a high pressure melt ejection and contai-
nment failure due to direct heating by the
dispersed core debris.

Issue 2 : The mode of reactor pressure vessel
breach is another important consideration, which
can affect the early containment failure.

Issue 3 : The magnitude of pressure loading
of the containment at vessel breach is strongly
governed by the direct heating phenomenology.
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Direct containment heating phenomenon involves
the possible heating and pressurization of the
containment atmosphere due to dispersal of core
debris following ejection of melt from the vessel
under high pressure. It is potentially capable
of generating extremely large containment loads,
but the actual loads to be expected from it are
very uncertain, with negligible loads also being
considered possible (18). The
input data for this issue were derived by

Zion specific
extrapolating the values suggested for Surry.
There are five levels which represent a wide
spectrum of pressure load due to steam spike
and direct containment heating issues. The
respective pressure increment and, weighting
factor for each level are listed in Table 9. There
are two major important factors which determine
the magnitude of pressure increment, namely;
RCS pressure at the time of vessel breach, and
in the
Depending on these conditions different values

existence of water reactor cavity.
of multipliers are assigned. The conditions and
multipliers are listed in Table 10,

Issue 4 : During a core melt accident, signifi-
cant quantities of H, and other combustible
gases could be generated. If these combustible
gases accumulated to large concentrations before
igniting, the resulting deflagration could impose
a high pressure and temperature loads on the
containment. The magnitude of hydrogen burn
pressure increment at vessel breach includes
all of the uncertainties associated with hydrogen
production and combustion issues.

Issue 5 : The containment failure pressure is
the most important issue, because the failure
pressure is the key parameter in determining
the timing and likelihood of the containment
failure, during overpressure accident conditions
that result from the substantial release of steam
and other gases into the containment, or other
events such as hydrogen combustion and direct
containment heating. The input data for each

level of failure pressure were obtained ; by
extrapolating the Zion plant specific data along
with a multiplier based on the rate of Zion to
Surry containment pressure capacities. For each
level, the containment failure pressure and the
corresponding standard deviation are shown in
Table 11.

Issue 6 : The size of containment failure is
also considered important because of two princi-
pal correlations associated with this issue, namely
(1) the size of failure is correlated with the
ultimate pressure capacity, and (2) the size of
failure is also dependent on the level of pressuri-
zation relative to the mean failure pressure.

Issue 7 : The probability of containment spray
failure resulting from the consequences of the
accident condition is also considered to be
important because there are a number of
uncertainties associated with the spray failure
due to core debris accumulation in the contai-

Table 8. Containment Loading and Performance
Issues for the Uncertainty Study

Ilsils(l;l_e Subject of the Seven Issues

1 Probability and Location of Induced Failure
of the RCS Pressure Boundary

2 Mode of Reactor Vessel Breach

3 Magnitude of Pressure Loading at Vessel
Breach due to Direct Heating and Steam
Spike

4 | Magnitude of Hydrogen Burn Pressure
Increment at Vessel Breach

5 Containment Failure Pressure
6 Size of Containment Failure

7 | Probability of Late Containment Spray
System Failure

Table 9. Pressure Increase Due to Direct Heating
and Steam Spike

Level l Pressure Increment Weighting Factor
1 | 20 psi 0.18
2 } 55 psi 0.32
3 85 psi 0.23
4| 115 psi 0.16
5 140 psi 0.11
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Table 10. Conditions and Multiplier

Conditions
J Multiplier
RSC Pressure [ Cavity
High Dry 1.0
High Full 0.76
Intermediate Dry 0.76
Intermediate Full 0.50
Low Dry 0.0
Low Full 0.0

Table 11. Containment Failure Pressure and
Standard Deviation

Failure Standard Weighting
Level Pressure Deviation Factor
1 110 psia 17.4 .20
2 149 psia 21.7 .48
3 175 psia 26 .25
4 215 psia 17.4 .07

nment sump or damage caused by hydrogen
combustion. This issue is directly related to the
operability of the active containment engineered

safety features.

6. Containment Response Analysis Results
and Discussion

A Brief summary of the results of determini-
stic and statistical containment event tree analysis
is presented here to provide a perspective on
the large dry PWR containment response for
postulated severe accidents.

(1) Deterministic CET Analysis Results

For the point-estimate, the branch probability -

of direct containment heating was assumed to
be zero. It should be noted here that, for the
Zion plant, the initial operation of the contai-
nment sprays will lead to a flooded cavity with
a correspondingly higher potential for ex-vessel
debris coolability.

The results of the point-estimate calculations
are given in Table 12 in terms of conditional
for the

frequencies of containment failure

various accidents that were assessed to be major
contributors to core melt at Zion (a summary
is given in Tables 2.2 and 3.2 in References
3). It must be noted that the containment
matrix shown in Table 12 ignores the contri-
butions due to Bins 16 through 19 (direct
containment heating failure modes).

Table 12 shows that the point-estimate calc-
ulations indicate that for most accident sequences,
there is a high likelihood that containment
integrity will be maintained. However, contai-
nment failure will occur with a relatively high
likelihood for the plant damage state ‘SE’
through a variety of faijure mechanism; with
late overpressurization being the dominant
failure mode.

(2) Statistical CET Analysis Results

The results of the containment uncertainty
analysis using the LLH approach are shown in
Fig. 3 and 4 and Table 13. Fig. 3 and 4 show
the median, 5th, and 95th percentile values of
the conditional probability for early (Bins 1~5
and 16~19) and late (Bins 8~10) containment
failure probabilities, respectively. Early contai-
nment failure is taken here to include all cases
for which significant radionuclide releases to
the environment occur before or during the
time of reactor vessel breach. Table 13 shows
some statistical parameters for all containment
failure modes. These LLH results were obtained
by the application of the EVNTREISS (10)
computer code that has incorporated the LLH
sampling technique for the key uncertainty
issues of the containment loading and perfo-
rmance shown in Table 8.

It should be noted here that the number of
LLH samples was limited to 100. The observati-
ons that can be made from the results presented
here are, therefore, limited by the sample size.
However, valuable insights concerning the LLH
approach can be gained by simply comparing
the LLH results with that of the point-estimate.
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Table 12. The Containment Matrix (Point-Estimate)

| SEFC | SLFC | TEFC | AEFC | ALFC | SEC | s | v | sorR

Bin 1 ; 1.8-4

2 1.0-4

3 :

4 1. 0-4% ‘ 1.0-4 1.0-4 1.0-4 1.0-4

5 ;

6 2.5-3

7 2.5-3 | 2.5-3 | 2.5-3 | 2.5-3 | 2.5-3 2.5-3

8 3.3-3 3.3-3 3.3-3 2.0-3 2.9-3 3.3-3

9 4.54-1

10 3. 08-1

11 1.0

12 1. 0%*

13 23.5-1

14

15 9.94-1 | 9.94-1 | 9.94-1 | 9.94-1 | 9.94-1 | 9.94-1

*1.0-4=1.0x10™*

** The Break location is assumed to be above water, i.e., no scrubbing.

Thus, the following observations can be made
from results displaysed in Fig. 3 and 4 as well
as in Table 13,

1. Fig. 3 shows that the LLH results for
early containment failure probability range
from 0.0 and 0.76 for the plant damage state
TEFC, while it varies from 1.0x10™* to nearly
unity for SE. For the remaining plant damage
states (SEFC, AEFC, and SEC) the early contai-

nment failure probability ranges are slightly

RESULTS FOR BINS 8110 (ALL DATA)
SE SEFC AEFC TEFC  SEC

10° SYMBOLS
] rh s
al D 1 5-~95% LLH Range
O },—~_‘ . rz) -~ - Medien LLH value
g s
L | 18 . Bose Case (OCF
6% 1 ’_:j ‘ T X Central} Estimare
; e x>
o’k | | |
F Poler TE T
o i
104: " ‘ ‘ ! (
| i 1 t |
oL L |

PLANT DAMAGE STATE

Fig. 3. Comparison of LLH and Point-Estimate
Results for Conditional Probability of
Early Containment Failure (Bins 1~5 and
16~19) for Five Representative Plant
Damage States.

narrower than that for TEFC. The LLH median
values are from one to two orders of magnitude
larger (i.e., higher probability for early contai-
nment failure) than the point-estimates. The
pointestimates have very low probability of
early containment failure (1.0Xx10™* to 1.8X
107 for all PDSs and they are close to the
bottom of the LLH distribution.

2. Fig. 4 indicates that the LLH results for

late containment failure probability ranges from

RESULTS FOR BINS 1:5 AND 16:19 (ALL DATA}
SE SEFC  AEFC TEFC SEC

10%- SYMBOLS
N 5-95% LLH Ronge
o'k > 3. -~ Medon LiM Vole
4 Base Case (OCP
g x e
ZZ-_) !62— E ] E Centrs. | Estimgte
3 £ "
& 16} g i
o . :
4 X B D
10 o b4 x e %
16
PLANT DAMAGE STATE
Fig. 4. Comparison of LLH and Point-Estimate

Results for Conditional Probability of
Late Containment Failure (Bins 8~10)
for five representative Plant Damage
States.
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Table 13. Some Statistical Parameters for the 100 LLH Samples of the Conditional

Probability of Containment Failure Modes (All Sequences Inciuded)

Minimum 5th Median 95th Maximum Mean
Early Failure 3.4-4 1.0-3 1.1-2 0.17 0. 66 4,0-2
Late Failure 3.5-5 3.5-3 1.9-2 0.16 0.54 5.9-2
Isolation Failure 2.0-4 1.1-3 2.5-3 2.5-3 2.5-3 2.3-3
Melt through 0.0 4,3-5 1.9-3 8.1-3 4.4-2 3.0-3
A% 5.3-4 6. 6-4 2.7-3 1.8-2 0.14 6.8-3
No Failure 0.30 0.52 0.94 0.98 0.99 0.89

0.0 to about 0,77 for SEC, while the ranges
for other PDSs are slightly narrower. This
figure also shows that the point-estimates for
the conditional probability of late containment
failure are similar to the median values of the
LLH results for all PDSs.

3. Table 13 shows some statistical parameters
derived from all LLH samples of the conditional
probability of each containment failure mode.
According to Table 13, the most dominant
failure mode is late overpressurization failure
with the mean value of about 6 percent, followed
by early failure with mean conditional probability
of 4 percent. These two overpressurization
failures have a conditional probability of 0.1,
which is about 50% lower than the early
containment failure probability reported for the
Surry plant.

(3) Discussion of the Results

Major factors that have contributed to the
difference between the point-estimates and the
LLH results are as follows (3):

1. The direct containment heating phenomenon
was absent in the pointestimate analysis whereas
the effect of the direct containment heating
phenomenon was addressed as a major uncertai-
nty issue for the containment loading in the
LLH samples. Therefore, the LLH results for
early containment failure probability shown in
Fig. 3, in particular, include effects due to
direct heating and this factor brought about a

shift in the early containment failure probability.

2. The pressure loads associated with hyd-
rogen burn were smaller in the point-estimate
analysis than for the average LLH input.

3. The point-estimate analysis has one contai-
nment failure pressure distribution while the
LLH sampled with lower failure pressures.

Thus, a comparison of the point-estimate and
LLH results tends to indicate that the LLH
uncertainty band, particularly for early contai-
nment failure, appears to be mostly in the
upward direction, and the LLH result seems to
be dominated by containment failures resulting
from direct containment heating. The main
reason for this result is attributable to the fact
that the LLH input from the expert reviewers
favored a more severe containment condition
due to direct heating scenarios.

7. Summary and Conclusion

The containment response analysis results of
the Zion nuclear power plant (3) are summarized
here to provide a perspective on the large dry
PWR containment rasponse for postulated severe
accidents:

1. The probability for early containment
failure when considering all accident sequences
is plotted in Fig. 5 along with the mean, the
median and the uncertainty range represented
by the 5th and 95th percentiles. As shown,
the uncertainty ranges from 1, 0x 1072 to 0, 173.
The median value is 1,1x1072 and the mean
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Fig. 5. Conditional Probability of Early Contai-
nment Failure: All Sequences included.

value is 4,0x1072

2. The Zion results are compared with other
studies in Table 14, The Surry study has a
mean value of (.2 which is about an order of

magnitude higher than that for Zion. The
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the isolation failure probability for the Zion
containment showed a similar result to that of
the IDCOR analysis. The mean probabilities of
isolation failure were 2,3x 1072 in the present
study and 5.0x1073 in the IDCOR analysis,
respectively.

3. Fig. 6 is reproduced directly from the
NUREG-1150 (1). In this figure, the ranges of
the estimated conditional probabilities of early
containment failure, weighted by core damage
frequency, are displayed for 5 plants including
the Zion containment analyzed in the present
work. The horizontal lines within the vertical
bars represent the individual sample results
from the uncertainty analysis and provide a
qualitative indication of the concentration trends

within the range, based on the judgement of

Table 14. Comparison of Early Containment Fai-
lure Probability with Other Studies.

’ 5th i 95th ‘Median ‘ Mean

0.173 [L.1x1072 | 4. 0x102

i j 0 Zion  [L.ox107?
IDCOR analysis predicted a sxgmﬁcantly lower Surry*  [1.5x10°2 | 0.50 0.1 0.2
probability of 5% 10~% based on the assumption RSS* — — - 0.2
that early containment failure is dominated by IDCOR* — - - 5x10-2
the isolation failure. A separate calculation for * Data from the Surry Report.
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experts. For the large, dry PWR containmant
such as Zion (3) and Surry (4,5), the majority
of results tend to indicate a relatively low
probability of early failure: however, the contai-
nment failure probability could be high if the
pressure increments from direct heating and
hydrogen burning are near the high ends of
their ranges. Thus, for those plants with a
large, dry PWR containment it appears that
the probability of failure is relatively low, but
the potential for a high likelihood of failure
cannot be completely ruled out.

Finally, it should be noted that the risk has
not been calculated here, only the frequencies
of accident pathways that lead to fission product
source terms have been estimated. Evaluation
of risk requires two additional steps: (1) esti-
important

and (2)
determination of the mean consequences associ-

mation of source terms for all
sequences and accident pathways,
ated with each source term.
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