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.

ABSTRACT
.

A review of the Probabilistic Risk Assessment (PRA) of the BWR/6 Standard
Plant (GESSAR-II) was conducted with the broad objective of evaluating the
contribution of the internally generated accidents to the frequency of core
damage. The review included a technical assessment of the assumptions and
methods used in the GESSAR-II PRA study. The BNL staff reevaluated the main
results of the study within the scope and general methodological framework,
including both qualitative and quantitative analyses of accident initiators,
and accident sequences which result in core damage. The review assessed the
relative importance of various accident sequences as well as systems with re-
gard to their contribution to the core damage frequency. The effect of uncer-
tainties was considered throughout the review process, and the uncertainty

~

bands for the core damage frequency were quantified.
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NOMENCLATURE-

A large LOCA

ADS Automatic depressurization system

Bo LOCA - induced loss of offsite power

C Scram failure
C Alternate rod insertion failureg
C Mechanical failure to scramg
C Electrical failure to scram

E

C Scram initiation failurey

C Failure of one standby liquid control loop
g

C Failure of second standby liquid control loop, given C
21 g

CM2B Common mode failure of 2 batteries (Divisions 1 and 2)-

CM38 Connon mode failure of 3 batteries (Divisions 1, 2, and 3)

CM2D Commo'n mode failure of 2 diesel generators (Divisions 1 and 2)

CM3D Common mode failure of 3 diesel generators

CM301 Recovery of common mode failure of 30Gs in 30 minutes

CH302 Recovery of common mode failure of 3DGs in 2 hours, given CM3D1

DG1F2 Failure of diesel generator No.1 and failure to recover in 2 h~ours

DGIF2(IF) Independent failure .

DG1F2(CM) Common mode failure of DG No. I and DG No. 2
EPS Electrical power system

ESW Essential service water system

FW Feedwater system

HPCI High pressure core injection system
HPCS High pressure core spray system

I Two or more 10RV, given oneg
L1 Failure to recover offsite power in 30 minutes
L2 Failure to recover offsite power in 2 hours
L Level control failure
H

LPCI Low pressure core injection system

LPCS Low pressure core spray system

M Failure to maintain reactor pressure

PCS Power conversion system

e
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.

P One stuck open . relief valve (SORV)g

P Two or more SORV, given one 50RV - when there is no P in the
2 g

sequence P2 means two or more SORY
P ADS inhibit failureg

Q Feedwater system

R Redundant reactivity control system
RPV Reactor presure vessel
RHR Residual heat removal _ system

S Intermediate LOCA in drywellg

S, Intermediate LOCA in containmentg

S Intermediate LOCA outside containmentixx
S Small LOCA in drywell

2
S Small LOCA in containment2x_

$ xx Small LOCA outside containment
2

SSWS Standby service water system
T Loss of two DC buses (Divisions 1 and 2)DC
T Loss of offsite power

E ,

T Isolationp

T Isolation ATWSpg
T Inadvertent open relief valve -

g

T Manual shutdowng
T Turbine trip

T
U High pressure core spray system
N

U Reactor core isolation cooling systemp

URHE Manual control of reactor core isolation cooling system
U High pressure core spray and reactor core isolation cooling
HR systems

V Low pressure core cooling systems (includes LPCI and LPCS)4
V Condensate injection
C

X Depressurization (via automatic depressurization system or manual)
W Containment heat removal function (includes residual heat removal

system and power conversion system)
W Containment spray systemg
W External water supplyg
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, EXECUTIVE SUMMARY

This review of the Probabilistic Risk Assessment of the BWR/6 Standard
Plant, submitted as part of the General Electric Standard Safety Analysis
Report, was conducted by Brookhaven National Laboratory under the sponsorship,

of the U.S. Nuclear Regulatory Commission. The review of the internally gen-
erated plant accidents which lead to core damage, began in July 1982 and
involved five members of the Risk Evaluation Group at BNL. A companion review
of the core melt phenomenolgy, fission product behavior, and offsite conse-
quences was initiated at tne same time by the Accident Analysis group at BNL.
The results of that study are being issued in another volume in this series of
reports. Thus, the results presented in this volume of the report refer to

the delineation and quantification of accident sequences that can lead to core'

,

damage and are initiated by internally generated functional events (" internal"
initiators) and . loss of offsite power. In light of the ongoing review of the
consequence analysis and the assessment of the risk from the environmental (or
" externally" initiated) events, the results and conclusions reported nerein
should be considered only as a partial risk assessment. Upon receiving the-

comments and upon completion of the review of the consequence analysis and the
'

"envi ronmental events" risk assessment, BNL will issue a final report

(NUREG/CR-4315, Vol. 4) presenting the results and conclusions of the review.
,

'The broad objective of the review contained in this volume was to evalu-
ate the GESSAR.II PRA with respect to the frequency of core damage, the main
contributors to this frequency, the associated uncertainties, and all these

for accidents initiateo by functional events internal to the plant, as well as
loss of offsite power. The review by Brookhaven included a technical assess- '

ment of the assumptinns and methods used in the GESSAR-II PRA study. The
review also included a reevaluation of the main recults within the scope and

j general methodological framework of the GESSAR-!! study. This included both

| qualitative and quantitiative analyses of accident initiators, data bases, and
accident sequences which result in core damage.

'
t

The review process included seven meetings with General Electric and NRC

.

staff and two formal rounds of (written) questions and answers. The character -

!
'

i

i

,
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of the review process was highly interactive and has included (since the be-
ginning of the review), in addition to the meetings, the submittal of a major
revision of the PRA and a number of documents with supporting analysis for
various modifications. These changes resulted, understandably, in some sched-

uling difficulties for the reviewers since the original review planning and
schedule assumed the review of a single document. The GE staff was helpful and

cooperative throughout the course of the review. Overall, the interactive
review process was hignly beneficial to the reviewers, and the resulting re-
visions considerably enhanced the value of the information developed in the

_ GESSAR study.

The results and conclusions presented in this report might be altered by
insights from and findings of the ongoing review of the consequence analysis
and the risk assessment from environmental events generated externally (e.g.,^

seismic) or internally (e.g., fires, floods) to the plant. In that sense, the
results presented in this report should be considered preliminary in nature.
This remark notwithstanding, the main conclusions of this review are the
following:

a. Within the stated scope, the GESSAR-II PRA study is a reasonably good
piece of work. GE performed a PRA following the basic approach and tech-
niques of the Reactor Safety Study (event tree / fault tree methodology),
but which accounted for some extensions of the state-of-the-art and for
design differences between the Reactor Safety Study plant and the GE BWR/6

Standard Plant.

b. The Brookhaven reviewers believe that the GESSAR-!! PRA study was rea-

sonably successful in identifying the major failure combinations that can
lead to core damage. The reviewers, furthermore, believe that if the
GESSAR-II PRA study is modified in accord with the results of this review
(presented in the main body of the report) it will more reasonably portray
the major characteristics of the BWR/6 Standard Plant design with respect
to the risk to the inte5rity of the core,

c. The reviewers believe that the GESSAR-II PRA study constitutes a very use-
ful tool for the evaluation of the basic characteristics of the present
design of the BWR/6 Standard Plant as well as for the evaluation of mod-
ifications or of alternative design concepts. The BWR/6 Standard Plant,

2
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however, does not include all the aspects of the overall design of the
nuclear power station. The design of the Feedwater, the Power Conversion,
and the Condensate System, portion fo the essential service water system,
as well as the design of the plant air systems, are unspecified. Thus,

fault trees were not developed for these systems. Rather, assumptions

from extrapolations from other BWR designs and PRAs (e.g., Limerick) were
made in the assessment of the accident sequences and their frequencies.
The Redundant Reactivity Control System drawings are also not included in
the "GESSAR-!! BWR/6 Nuclear Island Design." This system was included,

however, in the PRA. For this reason it would be rather inappropriate to

draw conclusions uncritically from the results of this study as to the
actual risk from a real plant that may be built in the future on the basis
of this design..

d. The results of this review (as well as those of the GESSAR-II PRA) are
based on certain design modifications that were assumed as final but, at
the time of the review, were not yet implemented in the Safety Analysis
Report (SAR) documents available to the reviewers. These modifications

mainly concern the Reactor Shutdown systam and are associated with the
so-called Alternate-3 ATWS modification proposed by the NRC staff in
NUREG-0460. In particular, they include the incorporation of a Redundant
Reactivity Control System (RRCS), an Alternate Rod Insertion (ARI) system
initiated by RRCS, and an automatic initiation of the Standby Liquid Con-
trol System (through a RRCS permissive logic). An additional important

design modification assumed in the PRA but not yet implemented in the SAR
is the modification of the initiatio, logic of the depressurization system
so that it can also automatically initiate depressurization in the event
of a transient.

The main quantitative results of the Brookhaven revision are as follows:e.

BNL
Revision

Point value of the frequency of core damage: 2.2x10-5

(per year of plant operation),

This value corresponds to a site that belongs to a grid in the Mid-Atlan-'

tic Area Reliability Council (MAAC).

3



The BNL revised fr2quency for core damage is to be compared with the
4.4x10 6 value presented in the GESSAR-II PRA (for a site in the same
region). The frequency of core damage is very sensitive to the assumed
frequency of Loss of Offsite Power (LOOP). If the BNL " national average"

estimate for the frequency of LOOP is used, the frequency of core damage

increases to 3.8x10 5

The analysis of the LOOP initiator in the GESSAR PRA and in this review
was based on the assumption that the Reactor Core Isolation Cooling System

(RCIC) can operate without room cooling for two hours. Following the com-

pletion of this review and subsequent to the issuance of the draft version
of this volume, GE submitted an amendment to the GESSAR-II SAR claiming
that the RCIC system can operate without cooling for ten hours. A review
of this submittal to substantiate the claim was beyond the scope of the~

BNL project. If, however, the RCIC can operate without room cooling for
ten hours and the batteries can also operate for ten hours, the core
damage probability for the MAAC-LOOP frequency will be reduced from
2.2x10 5/yr to 1.2x10 5/yr. This is the maximum reduction possible since

the value of 1.2x10 5/yr was derived under the assumption that there is no
operator action whatsoever required for the successful operation of RCIC

'

for ten hours.
BNL

Revision

Point value of the frequency of core damage: 1.2x10-5

(per year of reactor operation) assuming that
RCIC can operate without cooling for ten hours.

This remark notwithstanding, all the review coments, both qualitative and
quantitative, presented in this volume are based on the assumption that
RCIC can operate without room cooling for two hours only.

In the BNL revision both a point value of the frequency of core damage and

the associated uncertainties were assessed. The results are depicted in

Figures 0.1 and 0.2 for the MAAC site and the " national average site,"
respectively. For the MAAC site the 90% probability range for the

4
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frequency of core damage of the BNL revision spans an interval slightly
higher than an order of magnitude from 3.7x10-6 (5% percentile) to
6.0x10-5 (95% percentile). The median value is 1.3x10-5 The correspond-

ing values for the " national average" site are 6.8x10-6 (5% percentile),
2.5x10-s (median) and 1.1x10-4 (95% percentile).

The difference of a factor of 5.0 between the BNL point value (MAAC site)
and the GESSAR-II PRA point value for the frequency of core damage can be
attributed to two reasons. The first is related to additional dependences
between safety functions that the BNL review identified and to certain

modeling modifications that were made to the accident sequence (event
trees) and system (fault trees) parts of the GESSAR-II PRA. The depen-

dences between the safety functions are due to the use of common support
systems for different systems in the GESSAR-II design. Dependences_

between the initiating events and mitigating systems were also modeled in
the BNL analysis. A detailed account of these changes is presented in the
main body of the report.

The second reason that led to a difference in the GESSAR-II and Brookhaven
results was that different values were used for the frequencies of some of
the accident initiators.

.

For the NAAC site, the first reason accounts for an increase of about a

factor of 3.8, while a factor of about 1.3 comes from the second reason.
For the " national average" site, the total incrase is approximately a
factor of 8.6 while a factor of about 2.2 increase is due to the second
reason. It is noteworthy that the GESSAR-II PRA did not present a
" national average" frequency for LOOP and, hence, the second BNL point
value should be regarded with this perspective.

f. The BNL revision is in qualitative agreement with the GESSAR-II study on
the relative importance of various initiator groups. The most important
sequences are transients caused by a loss of offsite power. The contribu-
tion of Loss of Coolant Accidents to the core damage frequency is almost
negligible (see Figure 0.3).

5
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,

The sequences that contribute the most to core damage involve trans-ients
caused by a loss of offsite power (LOOP) coupled with failure of the high
pressure (U) and low pressure (V) injection functions. These sequences

(T UV) contribute about 68% to the frequency of core damage for the MAACE

site and about 79% for the " national average" site (see Table 0.1). The

GESSAR-II PRA found that the LOOP induced transient sequences contributed
I 90% to the frequency of core damage (see Table 0.1). The BNL review

identified station blackout as one of the main modes of inducing core
,

damage following a loss of offsite power (i.e., a LOOP event followed by a
! common mode failure of the three emergency diesel generators and failure

to recover either power source in time to avoid core damage). Another

important failure combination consists of a LOOP event followed by failure
of two emergency diesel generators coupled with some other failure in the'

-

High Pressure Core Spray (HPCS) system.#

The BNL review also identified as important contributors to the core

damage frequency, sequences involving a transient initiated by an isola-
* '

tion (T ) followed by loss of the feedwater system (Q) or a transientF

(T ), with successful HPCS injection but failure ofinitiated by a LOOP E

TW)
.

containment heat removal systems (W). These sequences (Tp0W and E

contribute 8.6% and 3.5%, respectively, to the frequency of core damage
for the MAAC site and 5.0% and 4.2%, respectively, for the " national
average" site (see Table 0.1). In the GESSAR-II PRA, those sequences have

4

negligible contribution to the core damage frequency.

In addition, the BNL review identified certain ATWS sequences as the next

} most important contributors to the frequency of core damage (see Table 0.1
and Figure 0.3). In total, ATWS sequences contribute 14.5% to the fre-
quency of core damage (MAAC LOOP frequency). The two most important ATWS,

(T ) followed by failure ofsequences are those caused by a transient F

(C ) andthe control rods to insert because of a mechanical failure M

(U ) andcoupled with a failure of the high pressure injection system H

(TpC U P ), or failurefailure to inhibit depressurization (P ) MHAA

(T C L ). These two (as well asto control the reactor level (Lg) FMH
other) ATWS sequences become important because of the different probabil-
ity for the mechanical failure to scram (Cg) assumed in the BNL revi-
sion. One additional accident sequence identified by the BNL review is the

;

6
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loss of de power initiated by a common failure of two de buses followed by
failures of the high pressure and low pressure injection systems.

g. BNL reviewers can identify three areas of disagreement that contribute the
most to the difference between the BNL revision and the GESSAR-II PRA,

including the recent revisions. These are:

1. The probability of common mode failure of all three emergency diesel
generators: The BWR/6 standard design includes two emergency diesel

generators that supply emergency power to the various safety loads in
the event of a LOOP, and a third separate and dedicated diesel genera-
tor that powers the HPCS system. According to the present design this
third diesel will be housed in a different building, will be supplied
by a different manufacturer, and, further, all efforts will be made to

,

ensure separation and diversity between this diesel and the other
two. On the basis of this information and the analysis presented in
NUREG/CR-2989, BNL assessed the probability of common mode failure of
the three diesels at 4x10 " per demand. This value is to be compared

with the initial 6x10 4 value used in the GESSAR-II PRA. In September

1983, GE submitted an updated crimon mode failure analysis for the

diesel generators in which the use of the 1x10 '' (or even smaller)
value for this failure is advocated. The BNL reviewers performed a

limited review of this submittal and do not believe that the 1x10 "
value is adequately supported by the submitted analysis. In any

event, even if the value of 1x10 4 were to be used in the assessment
the core damage frequency (BNL value) would be reduced by about 337,
(for the MAAC site) and the relative ranking of the various accident
sequences would not change.

2. The frequency of failure of the Reactor Protection System: The BNL

review used a failure of 3x10 s per demand (1x10-5 for the mechanical

subsystem and 2x10-5 for the electrical subsystem), as proposed in
NUREG-0460. The GESSAR-II PRA used a failure probability of 1x10-7

per demand for failure to scram (this failure probability includes the
failure of the Alternate Rod Injection). The BNL reviewer- believe
that such a low failure probability for a system cannot be supported
by analysis alone, and, since there is no experiential evidence that
can support such a low value, they do not consider it meaningful. If

7
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the 10 7 value is used, the frequency of core damage would decrease by

about 15% for the MAAC site case.

3. The frequency of transients: There is a difference of about a factor
of 2.5 in the frequency of turbine trip and loss of feedwater
transients between the BNL revision and the GESSAR-II PRA. The BNL

values are based solely on the operating experience of the various
Boiling Water Reactor (BWR) power plants. The GESSAR-II PRA values

are also based on the operating experience of BWRs but modified to
include the effect of design changes in the BWR/6 standard plant, as
well as the reduction in frequency of transients in operating plants
with operating time (" burn in" effect). The BNL reviewers believe
that there is merit in both arguments. They did not, however, agree

,

with the details of the analysis that supported the GESSAR-II PRA
arguments, and, since the frequency of these transients has a small
effect on the frequency of core damage as well as on the relative
ranking of the various accident sequences the decision was made not to

allocate substantial review resources to further pursue it at this

point.

If the GE values were to be used in all these three areas, the frequency .

of core damage would decrease by approximately 55% to the value of 1x10-5,
'

for the MAAC site.

.

[
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Table 0.1' Ranking of BNL and GESSAR-II PRA
Sequences by Core Damage Frequency

BNL Dominant Sequences

MAAC Site National Average Site
(Total = 2.2E-5) (Total = 3.8E-5)

1. T UV 1.5E-5 (68%) 3.0E-5 (79.0%)
E

2. T QW 1.9E-6 (8.6%) 1.9E-6 (5.0%)p

3. TW 7.8E-7 (3.5%) 1.6E-6 (4.2%)
E

4. TCUP 8. (. ) 8.7E-7 (2.3%)-

pggA

5. TCl 7.6E-7 (3.4%) 7.6E-7 (2.0%)pgH,

6. T QUX 5.3E-7 (2.4%) 5.3E-7 (1.4%)p

7. T UV 4.3E-7 (1.9%) 4.3E-7 (1.1%)
DC

8. T C C PA 3.9E-7 (1.8%) 3.9E-7 (1.0%)pgi

9. T C UP 1.8E-7 (0.8%) 1.8E-7 (0.5%)pg A

10. TCPUP 1.1E-7 (0.5%) 1.1E-7 (0.3%)pgggA
'

11. TCCC 1.1E-7 (0.5%) 1.1E-7 (0.3%)p g i 21

12. TCu 1.0E-7 (0.4%) 1.0E-7 (0.3%)pg

13. T UX 1.0E-7 (0.4%) 1.0E-7 (0.3%)y

GESSAR-II Dominant Sequences
(Total = 4.4E-6)

1. T UV 4.0E-6 90.0%
E

2. T UX 1.3E-7 2.1%
E

3. T PgUV 1.2E-7 2.6%
E

4. T P uV 1.6E-8 0.4%pg

5. T QUX 1.-3E-8p

6. T UV 1.2E-8
g

6
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1. INTRODUCTION -

This section contains a discussion on how the review of the PRA was per-

formed by Brookhaven National Laboratory (BNL), and how this report is orga-
nized.

1.1 Objective, Scope, and Approach to the Review

The broad objective of the BNL review of the GESSAR-II PRA study was to
evaluate qualitatively and quantitatively the study's assessment of the impor-
tant accident sequences that are internally generated and lead to core

damage. In addition, the review included an assessment of the externally gen-
erated LOOP accident initiator. To carry out this objective, BNL reviewed the
assumptions and methods of the GESSAR-II PRA within its stated scope. Within
this scope and within the basic methodological framework of the GESSAR-II PRA,-

BNL reevaluated the important accident sequences that lead to core damage,
their respective' frequency of occurrence, the total frequency of core damage,
and the associated uncertainties. The review included evaluations of accident
initiators, data, and accident sequence development and quantification. In .

addition, importance and sensitivity analyses were performed.

The review of the " internally" generated accident sequences, with respect
.

to the frequency of core damage, constitutes one part of the overall review of
the GESSAR-II PRA that is being performed by BNL for the Nuclear Regulatory
Commission. Other parts of the review include the core melt phenomenology,

and containment analysis (NUREG/CR-4315, Vol. 3). Furthermore, a review is

underway for both the system Onalysis and consequence evaluation of accident
sequences initiated by other events such as earthquakes (NUREG/CR-4315, Vol.
2), internal floods, and in-plant fires. The results of these parts of the

i review together with NRC inputs on off-site consequences will be reported in
NUREG/CR-4315, Vol. 4 and will be integrated to provide an overall assessment

of the risks of a BWR/6 Standard Plant.

The review of the " internally" generated accident initiator reported in

j this NUREG/CR was performed over the period of one and a half years. It

! involved five people at BNL (three on a regular basis and two on a partial
basis) and a contribution from Intermountain Technologies which was subcon-
tracted by BNL to assist in the initial review of the PRA. Ioannis A.

I Papazoglou was the principal investigator for the project and directed the

:
12
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review of the core damage frequency assessment. Nelson Hanan and Kelvin Shiu

of the Risk Evaluation Group were the main project engineers; they reviewed
the accident sequence and system modeling, and the quantification of the event
and fault trees, and they performed the importance and uncertainty analyses.
Ray Karol contributed to the qualitative review of both the system and the ac-
cident sequence modeling. Eshagh Anavim provided the frequencies of the acci-
dent initiators. Finally, intermountain Technologies performed a qualitative
review of the GESSAR-II PRA during the initial phrase and provided the

necessary input for the round-one questions submitted to GE through NRC.

The project monitors were David Yue and Mark Rubin of the Reliability and
Risk Assessment Branch.

The review process benefited from the several productive meetings held-

between NRC, BNL, and GE. GE staff were entirely cooperative in providing the
,

information and discussion that were needed to gain a detailed understanding
of the PRA for the in-depth review process. The various resubmittals, up

dates, and supporting analyses, with which GE responded to the various BNL
comments in meetings and/or letter reports, always constituted a technical im-
provement of the PRA and were always responsive to the BNL comments. This is
universally true regardless of whether BNL agrees with each and every point in

~

the responses.

1.2 Organization of Report

Section 2 gives a description of the plant modeling which includu iden-
tification of initiating events that can lead to core damage, and a discussion
of safety functicns and systems important to preventing or mitigating core

damage events. Section 3 presents a description of accident sequence defini-
tion and a discussion of the event tree / fault tree approach used in the

GESSAR-II PRA. Section 4 provides accident sequence quantification, reviews
the numerical values of the parameters necessary for this quantification,

gives a brief description of the GESSAR PRA approach to quantification, and
presents the BNL modifications to the quantification process and the revised

core damage frequencies. This section also contains an analysis of the uncer-
tainties in the core damage frequency and an importance analysis. Details of
the BNL modifications to the system fault trees, the uncertainty analysis, and
the evaluation of the containment event trees, are given in the Appendices.

13
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2. PLANT MODELING

This section reviews the modeling of the plant in the GESSAR-II PRA. The

plant modeling includes the identification of safety functions important to
prevent or to mitigate core damage events, systems that directly perform these
functions (frontline systems), systems that support the frontline systems
(support systems), success criteria of the safety functions and the systems,
and initiating events that can lead to core damage. Subsection 2.1 describes

the safety functions, the corresponding frontline and support systems, and
their success criteria. Subsection 2.2 presents the initiating events and
thr'r grouping according to the success criteria for the frontline systems. In
both subsections, the GESSAR-II PRA assumptions are reviewed, evaluated, and
compared to those of the Peach Bottom PRA (Reactor Safety Study, WASH-1400)I-

and those of the Grand Gulf PRA (RSSMAP, NUREG/CR-1659).2
'

2.1 Safety Functions and Corresponding Systems

2.1.1 Safety Functions and Frontline Systems

The safety functions important to preventing or mitigating the conse-
quences of core damage following an initiating event are given in Table 2.1.
These functions can be further subdivided for GESSAR-II into the functions
given in Table 2.2. Each of the functions in Table 2.2 is directly performed

by one or more frontline systems. The frontline systems for GESSAR-II are

given in Table 2.3, and in Table 2.4 they are compared with the corresponding!

f systems of Peach Bottom and Grand Gulf No.l. A short description of the dif-

ferenc,es in the frontline systems for GESSAR-II, Peach Bottom, and Grand Gulf

follows.

Reactor Protection System (RPS) - These systems are similar for GESSAR-
|

| and Grand Gulf, but there are differences in the methods
| II, Peach Bottom,

used to render the reactor subcritical and/or to reduce power during an ATWS.
The GESSAR-II PRA assumes a separate and diverse system for initiating the
systems used to prevent and/or mitigate an ATWS. This independent system, the
Redundant Reactivity Control System (RRCS), and associated modifications to
existing systems are described below.

( Redundant Reactivity Control System (RRCS) - The GESSAR-II PRA assumes

the incorporation of an RRCS which includes the following added features as

14
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recommended by Alternate 3 of NUREG-0460 to reduce the impact of a failure to

scram event.

a) A diverse initiation signal for the RRCS which is independent of the
RPS initiation,

b) Alternate Rod Insertion (ARI) - this system is effective in reducing
electrical common riode failure to scram. It is actuated by the

Redundant Reactivity Control System (RRCS).

c) Scram Discharge Volume (SDV) - diverse and redundant water level sen-
sors for the Scram Discharge Volume (SDV) were added to GESSAR-II

(Grand Gulf also includes this feature). Additionally, changes to

the instrument piping and installation of redundant SRV vent and
drain valves are included in GESSAR-II to further reduce potential

2

common mode failures.

d) Feedwater runback - the feedwater control system has been modified to
provide for a feedwater runback function which stops feedwater flow
to the reactor vessel during an ATWS situation. The feedwater run-
back reduces core inlet subcooling, thus helping to reduce the core
power.

e) Standby Liquid Control (SLC) - the GESSAR-II PRA SLC system assumes
model the Alternate 3 described in NUREG-0460 with two automatically

initiated SLC pumps (43 gpm/ pump). The system is actuated by the
redundant reactivity control system (RRCS). Peach Bottom and Grand

Gulf have two manually actuated SLC pumps.

f) Reactor Recirculation System (RRS) - The GESSAR-II PRA has been modi-
fled to include an ATWS recirculation pump trip designed to mitigate
the consequences of an ATWS event by tripping the recirculation

,

pumps. This trip is actuated by the RRCS.

Reactor Core Isolation Cooling System (RCICS) - the RCICS of GESSAR-II,

Peach Bottom, and Grand qilf are similar. The main differences are due to
GESSAR-II modifications to the RCIC system that allow it to restart at the low
reactor pressure vessel level (Level 2) following a trip due to high RPV water
level (Level 8), and decrease the potential for a RCIC failure to start.

15
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High Pressure Core Spray System (HPCSS) - the HPCSS of GESSAR-II and

Grand Gulf are similar. The GESSAR-II design has an electric motor-driven

pump which injects coolant at a variable flow rate (which is a function of the
reactor vessel pressure) via a core spray ring. The makeup water is jetted as

a spray over the top area of the fuel bundles. The equivalent system in Peach
Bottom is the High Pressure Coolant Injection System which has a steam turbine i

driven main and booster pumps injecting coolant at a constant flow rate to the
RPV via the main feed water line.

Automatic Depressurization System (ADS) - the ADS of GESSAR-II and Grand

Gulf are similar. Both systems use 8 Safety relief valves (SRVs) for the
automatic depressurization function and the ADS valves have two solenoid pilot

val ves. The ADS of Peach Bottom uses 5 SRVs for the automatic depressuriza--

tion function and each ADS valve has one solenoid pilot valve.
'

The GESSAR-II PRA was performed under the assumption that the ADS control

logic will automatically initiate the ADS function for events with low reactor
pressure vessel (RPV) water level (level 1). So, in the GESSAR-II PRA the ADS
signal is assumed to be initiated by low RPV water level and high drywell
pressure (same as for Grand Gulf and Peach Bottom) OR low RPV level (Level 1)
plus 10 minutes, i.e., low RPV level signal for 10 minutes. This modification

'

allows the ADS to automatically perform its safety function for transient
accident sequences without need for operator action. The modification, how-

ever, was not reflected in the logic diagrams of the SAR" at the time of this
review.

Control Rod Drive System (CRDS) - there are no major dif ferences in the
GESSAR-II, Peach Bottom, and Grand Gulf CRD systems.

Low Pressure Coolant injection System (LPCIS) - the LPCI$ represents an

operating mode of the Residual Heat Removal System. The GESSAR-II and Grand

Gulf LPCIS have 3 pumps and 3 loops, whereas the Peach Bottan LPCIS has 2
loops with 2 pumps per loop. A major difference between the Peach Bottom
LPCIS, and the GESSAR-II and Grand Gulf LPCIS is the location of injection.
Peach Bottom LPCIS injects water into the recirculation loops using loop
selection logic to ensure injection in the intact loop, whereas in GESSAR-II
and Grand Gulf the LPCIS injects water directly into the core shroud above the
top of the core through separate injection lines.

16
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|

4

i low Pressure Core Spray System (LPCSS) - the GESSAR-II and Grand Gulf
,

systems have a single pump, single loop system whereas the Peach Bottom equiv-
;

alent system (Core Spray Injection System? is redundant, consisting of two,

I independent loops and four pumps.

Residual Heat Removal System (RHRS) - the RHR systems for GESSAR-II and

! Grand Gulf are very similar. They consist of two separate loops for removing

decay heat from the primary containment. Each loop includes an electric
,

motor-driven pump, heat exchangers (two for GCSSAR-II and one for Grand Gulf),
|
|

1 and associated piping and valves. In GESSAR-II the heat exchangers receive
,

i their cooling water from the Essential Service Water System, which is an

! online system, and in Grand Gulf the cooling water for the heat exchangers is
| supplied by the Standby Service Water System. It is noteworthy that in the
; .

i
GESSAR-II PRA, credit was taken only for the suppression pool cooling mode of

| operation of the RHRS, whereas in the Grand Gulf-PRA credit was taken also for

| the reactor steam condensing mode of the RHRS.

In Peach Bottom, the system equivalent to the RHRS is the Low Pressure
Recirculation System. This system is grouped in two loops, each consisting of
two pumps in parallel, two !.aat exchangers in parallel, and associated piping
and val ves. The heat exchangers receive their cooling water from the High
Pressure Service Wr+.er System.

GESSAR-II and Grand Gul f have an automaticallyContainment Sprays -

actuated containment spray system which sprays the containment volume, whereas
Peach Bottom has a manually actuated containment spray systen which can spray

either the drywall or the wetwell volumes.
-
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main difference between GESSAR-II and Grand Gulf is that the SSWS is a standby

2 system.
.

I In Peach Sottom the equivalent system is actually composed of two
'

} systems: the High Pressure Service Water System (HPSWS) and the Emergency Ser-

| vice Water System (ESWS). The HPSWS comprises four redundant pumps, and its i

1 main function is to provide service water to the heat exchangers during "

?

; long-term cooling. It is a standby system which must be manually initiated.
The ESWS provides backup supply cooling water to the LPCRS and CSRS pump

,

| components and the CSRS pump lube oil coolers, and is the only source of cool-
ing water to the diesel generators. Both the HPSWS and ESWS in Peach Bottomi

i are shared by both units.
!

I
^

Plant Air Systems - the GESSAR-II does not have a description of all the'

!j plant air systents, and a comparison cannot be made with Peach Bottom and Grand

! Gul f. However, a description of the source of compressed air for the actua-
tors of the ADS SRVs is given in GESSAR-II. In this system (the Pneumatic

Supply System) GESSAR-II has core redundancy than Peach Bottom.

! 2.2 Initiating Events
;;

This section discusses the initiating events which could lead to core
f damage. It is divided into three subsections. The first presents the ,

| aoproach used in the GESSAR-II PRA for initiating events and the BNL review of +

this classification. The other two compare the initiating event and groupings '

;

of the GESSAR-II, Peach Bottom, and Grand Gulf PRAs.
'

i

! The GESSAR-II PRA considers three general classes of initiating events:
,

P

1. Loss-of-coolant Accidents (LOCAs),

2. Transients with successful scram, and

i 3, Anticipated transients without scram (ATWS).
f

L The LOCA initiators have been differentiated in the GESSAR-II PRA,
according to their location: inside the drywell (drywell LOCA), inside pri-
mary containment but outside the_ drywell (containment LOCA), and outside con-

;

i tainment (ex-containment LOCA). These LOCA initiators were further subdivided
into three groups according to the equivalent size of the break and the corre- ;

I sponding success criteria for the frontline systems (see Table 2.5). BNL has

reviewed and accepted this classification.
4
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The transient initiators with successful scram have t;aen subdivided into

five groups:

1. Reactor shutdown.

2. Turbine trip.

3. Isolation (includes MSIV closure and loss cf feedwater).

4. Loss of offsite power.

5. Inadvertent open relief valve (IORV).

Each of the five groups represents a collection of transients that demand
similar responses from plant systems. A summary of the GESSAR-II PRA grouping

'

is given in Table 2.11. In the BNL review, these five major groups were
,

retained and a sixth one was added. This additional group of initiating

events encompasses all events that can lead to loss of de power, but its fre-
quency 'is dominated by the common mode loss of two dc buses (EDC125E and

EDC125F). This group. of initiating events require: a separate event tree to
reodel the response of the plant (see Section 3.2).

Besides adding a sixth group, the BNL review used a list of generic tran-

Sients different frcm that used in the GESSAR-li PRA and classified them dif-
ferently in the five groups mentioned above. In particular, the BNL review
used a list of 37 generic transient initiators for BWRs contained in an EPRI
survey of the BWR operating experience 7 and reproduced here in Table 2.12.
The major departure of the BNL grouping from the GESSAR-11 PRA lies in the
treatment of events noted by en asterisk in Table 2.13. Under the GESSAR-If

PRA grouping scheme these events are classified as turbine trip transients. '

! The GESSAR-II SAR (Chapter 15 - Accident Analysis) indicates, however, tnat
these transient initiators cause a reactor vessel " Level 8" signal wnich in;

I turn causes a trip of the inain feedwater turbine in less than ten seconds,
This feature of the GESSAR-II design requires tne grouping of these ten tran-
sient initiators into the isolation group. It is BNL's speculation though

! that the number of actual turbine trip leading to a loss of feedwater would be

less than what is assumed in this reassessment..;

If the Reactor Protection System fails to scram the reactor after a tran-
sient initiating event, then an ATWS results. Four groups of ATWS initiators

| were considered in the GESSAR-II PRA.
|
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1. Turbine trip ATWS.

2. Isolation ATWS.

3. Loss of offsite power ATWS.

4. 10RV ATWS.

In the GESSAR-II PRA, the specific transient events placed into these
four groups correspond to those placed in the corresponding groups of tran-
sients with successful scram (see Table 2.11). In the BNL review the group

" Turbine Trip" was eliminated for the following reason. A successful mitiga-

tion cf turbine trip ATWS in GESSAR-II requires a recirculation pump trip

(RPT). As a result of the RPT, a reactor vessel " Level 8" trip signal is

generated resulting in the tripping of the feedwater turbine (see SAR Chapter-

15); NEDE-24222 also shows that tne reactor vessel Level 8 is reached in a few
seconcs. All the turbine trip ATWS events result, therefore, ir, a feedwater
isolation, and hence the event trees that delineate the accident sequences for
isolation ATWS are applicable. *

2.2.1 Comparison with the Peach Bottom PRA

In the Peach Bottom PRA, all transient initiating events were grouped to-
.

gether and a single event tree was developed. The fifteen likely transient

initiators used in the Peach Bottom PRA are given in Table 2.14. They are in-

cluded in tne BNL listing (Table 2.13). Since worst case assumptions were

made about the required responses and availability of the frontline systems in
the single transient event tree of the Peach Bottom PRA, the GESSAR-II
approach of creating five groups of transient initiators is more realistic
than the RSS approach. Furthermore, in the RSS, a failure to scram leads
directly to core damage, wqereas, in GESSAR-II, each failure to scram follcw-
ing a transf ert initiator is classified into one of the ATWS groups and a
detailed plant response is considered. In this regard, GESSAR-II is also more

realistic than the RSS.

For the LOCA initiators, both the RSS and GESSAR-!! consider three groups

according to the equivalent break size. GESSAR-II adds more detail by addi-

tionally separating each type of LOCA according to its location (drywell, con- t

tainment, or ex-containment). GESSAR-II conservatively assumed, as in the

RSS, that failure to scram following LOCA initiators leads to definite core
damage.

24
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The reactor vessel rupture initiator was handled the same way in both

studies. That is, small and medium-size ruptures are considered to be among
the small and medium LOCA initiators, respectively, and massive reactor vessel

ruptures are excluded from the internally initiated accidents on the basis of
their extremely low probability of occurrence. Massive reactor vessel rup-

tures are, however, considered in the " externally" initiated accident analysis
and, in particular, the BNL seismic analysis.8

The RSS concluded that interfacing LOCAs were an insignificant contribu-
tion to the overall risk. The GESSAR-II PRA, however, includes an analysis of
smali LOCAs cutside the containment which includes interfacing LOCA.

Thus, overall, the handling of the initiating events in the GESSAR-II PRA
,

is more realistic and of finer detail than that in the RSS.

2.2.2 Compariso'n with RSSMAP Grand Gulf

The Grand Gulf study considered two transient initiator groups, one con-
sisting of the loss of offsite power and one covering all other transients. A
single event tree was then used to model the plant response to the two tran- ,

sient initiating events.

LOCA initiators were first partitioned according to two break sizes, and
then a single event tree was developed to represent the entire spectrum of
break sizes.

It follows that the GESSAR-l! PRA treatment of initiating events is more
detailed and realistic than that of the Grand Gulf study.

2.3 References to Section 2

1. Reactor Safety Study, "An Assessment of Accident Risks ir. U.S. Commercial

.
Nuclear Power Plants," WASH-1400, NUREG/75-014, October 1978.

,.ethodology Application Prograa:v
2. Hatch, S. W., " Reactor Safety Study

Grand Gulf No.1 BWR Power Plant," NUREG/CR-1659/4, November 1981.

3. " Anticipated Transients Without Scram for Lignt Water Reactors,"

NUREG-0460, April 1978.

4 GESSAR-!J 3WR/6 Nuclear Island Design.
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5. " Assessment of BWR Mitigation of ATWS " GE Report NEDE-24222, Vols. I and

2, 1979.

6. " Additional Information Required for NRC Staff Generic Report on Boiling
Water Reactors," GE Report NED0-24708, August 1979.

7. " Anticipated Transients, A Reappraisal," EPRI-NP-2230.

8. "A Review of the GESSAR-II BWR/6 Standard Plant Seismic Probabilistic
Risk Assessment," NUREG/CR-4315. Vol. 2. Draft, September 1984.
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Table 2.1 Safe'ty Functions Required for Initiating Events

1) Render reactor subcritical

2) Protect reactor coolant system from overpressure failure

3) Remove decay and sensible heat from core

4) Protect containment from overpressure

5) Scrub radioactivity from containment atmosphere

Table 2.2 Safety Functions for GESSAR-II
- ,

1) Render reactor subcritical

2) Protect reactor coolant system from overpressure failure

3) High pressure injection of coolant into core

4) Depressurization

5) Low pressure injection of coolant into core

6) Containment heat removal and/or containment spray *

7) Scrub radioactivity from containment atmosphere

* Containment spray is required to prevent containment overpres-
surization for LOCAs which are located in the containment but
outside the drywell.

I
1
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Table 2.3 Frontline Systems for GESSAR-II

Safety Function Frontline Systems

1) Reactor subcriticality 1) Reactor protection system

2) Redundant reactivity control system
including
a) Alternate rod insertion
b) Automatic standby liquid control
c) Recirculation pump trip
d) Feedwater runback

2) Reactor coolant system over- 3) 19 Safety relief valves (SRV)
pressure protection

3) High pressure injection 4) High Pressure Core Spray (HPCS).

5) . Reactor Core Isolation Cooling (RCIC)
.

6) Control Rod Drive (CRD*)

?) Condensate and feedwater system
with power conversion system

! 4) Depressurization 8) Autom tic depressurization system
(8 SRVs used for this function)

,

9) . Manual depressurization

5) Low pressure injection 10) Low Pressure Core Injection (LPCI)'

ll) Low Pressure Core Spray (LPCS)

12) Condensate pumps

6) Containment heat removal 13) Residual Heat Re:noval and Essential*

Service Water (RHR)

14) Power Conversion System (PCS)

15) $uppression pool

16) Containment sprays **

7) Scrub radioactivity from 17) Suppression pool
containment atmosphere

18) Containment sprays

! *Tnf s system was conservatively not considered in the PRA front end analysis.

**For LOCAs in the containment (outside the drywell), spray is required to
prevent overpressurization failure.
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. Table 2.4 Compaatson of GESSAR-11. Peaci Bettase, and Grand c.J1f Safety System

GESSAk-!! Peach fattom Oraro Gulf -1

Power (MT) 3579 3293 3833
Contstaneet NK-!!!(free standing * MK-t(free standing Mit-!!!

iteel) steel)
fio. Welfef Valves 19 SRis 11 Sus 20 SRys
No. Sefety Valves 2 4.--

-----

RC!C 5ttee turotne arben Steam turbine driven Steam tur>1re driven
HPCI Steam turbina detven---- ....

HPCS Electric mater driven Electric ector driven---

LPCI 3 pumps with 3 loops 4 tiarps with 2 loops 3 pugs witb 3 foops
LPCS 1 pump 2 Ioops; 2 pumps /locp 1 pus
A05 Valves 8 SR'ts 5 reltef valves 8 SRYs
RHRHX 4 cooled by essential 4 cooled by HP5W 4 Cooled by the $$W$

service water (50% (100% capacity each)
capacity each)

EDG 3 =1th division 3 E3G 4 shared between two 3 with oteiston 3 EDG
for HPCS only units for HPC3 only

RPS Has AA!. APT.feedwater Pias pFT R s RPT
runbact

$LC 2 puses, autamatf c 2 Jugs manual 2 , pugs, naaval
actuation actsation actuatios.

HP3W A-- 4 puses.100% each ---

Cross-cconection with
etner unit coasidered; f.

pumps nor'mally not run.
'

ning
ESW 2 loops. 2 pugs / loop 1 10C% puso per unit, ----

with 1 pump / loop pug nermelly not
normally operatirg* running

SSid5 3 loops.1 pump / loop;---- ---

loop dedicates to

HPC5; stancDy system
HPCS ESW This is a separate ---- - - -

E.5W syrtest whici
, ,

supplies only MPCS
system heet loads;
stand 3y 'systese

fFW and condensate " 3 turtiae-drieen 3 motor-driven
fseed pumps and 3 tendensate pumps,
electric-driven 3 motor-drivon 6

condensate paups condensate booster
pumps and 2 (50%
capacity) turbine-
driven feeowater
N4s'.Containment Sprays Automatically or Menue11y actuated. Aatematically er

manually &ctuated. Spr,ays eithee tSe manually actuated.
Sprays only the daytell or weteelt
contafement area
(not the drywell)

~

*This is the C0nfighirettoo assumed to the GE$3AR-pRA system fault tree fer ESW. The CAA provides no information
as to the number of pumps for this systes.

,

** Specific information og the PW and condensate system 13 not provf ded by the 142. .

1
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Table 2.6 Peach Bottom LOCA Success Criteria

large LOCA (A)

Liquid Break: Ab > 0.4 ft ' Injection: 4 of 4 CSIS jy;2

2Steam Break: Ab > 0.4 ft 3 of 4 LPCI and
2 of 4 CSIS

Recirculation: 1 of 4 CSIS cg;
1 of 4 LPCI and
1 LPRS

Intermediate LOCA (S )i
2Liquid Break: 0.03 ft2<Ab < 0.4 f t HPCI ty; 4 SRVs and

~

2Steam Break: 0.12 ft2<Ab < 0.4 ft 1 of 4 LPCI cg;
I of 4 CSIS and 1 LPRS

Small LOCA (S )2

2Liquid Break: 0.002 ft2<Ab < 0.03 ft HPCI or RCIC or 4 SRVs and ,

2Steam Break: 0.01 ft2<Ab < 0.12 ft 1 of 4 LPCI jy;
1 of 4 CSIS and 1 LPRS -
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Table 2.7 Grand Gulf LOCA Success Criteria;

Containment
Core Cooling Heat Removal

i Large LOCA:

2
Ab > 0.5 ft HPCS E 1 of 2 RHR Loops

ILPCS or

3 of 3 LPCI Loops

Medium LOCA:

2
Ab < 1 ft HPCS E 1 of 2 RHR Loops

RCIC or
^

4 SRVs and
i

. LPCS E
2 of 3 LPCI Loops t

Table 2.8 Transient Success Criteria
, ,

r
|

.,

'

GESSAR-II Peach Bottom PRA Grand Gulf PRA
.

Injection HPCI or HPCS or

RCIC or RCIC or

FW or FW or
'

- 4 SRVs and: 4 SRVs and:

4 out of 4 LPCS LPCS or
' pumps or

'

3 out of 4 CSIS 2 out of 3
| pumps E LPCI loops

1 condensate pump

Containment PCS or 1 RHR PCS or 1 RHR
Heat Removal
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Table 2.11 GESSAR-II PRA Initiating Event Groupings
,

Reactor Shutdown

Planned Shutdown.

Other Scrams.

- Inadvertent Scram
- Flux or Pressure Scram
- Single MSIY Closure

Turbine Trip1

- Turbine Trip
- Generator Load Rejection

.

. Isolation

Feedwater Failure.

- Recirculation Failure
- Loss of All Feedwater
- Feedwater Control Failure

Immediate Isolation.

;
- - Pressure Regulator Failure

- MSIV Closure -

- Loss of Condenser Vacuum

Loss of Offsite Power

:

Inadvertent Opening of Safety / Relief Valves
,

i

|
|
l

4
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Table 2.12 Summary of.the Categories of BWR Transients Used to Classify
Operating Experience Data on Anticipated Transients *

1. Electric load Rejection

2. Electric Load Rejection with Turbine Bypass Valve Failure
3. Turbine Trip

4. Turbine Trip with Turbine Bypass Valve Failure
5. Main Steam Isolation Valve Closure
6. Inadvertent Closure of One MSIY (Rest Open)
7. Partial MSIV Closure
8. Loss of Normal Condenser Vacuum
9. Pressure Regulator Fails Open

10. Pressure Regulator Fails Closed
11. Inadvertent Opening of a Safety / Relief Valve (Stuck)
12. Turbine Bypass Failt Open
13. Turbine Bypass or Control Valves Cause Increase Pressure (Closed)
14. Recirculation Control Failure -- Increasing Flow
15. Recirculation Control Failure -- Decreasing Flow,

16. Trip of One Recirculation Pump
17. Trip of All Recirculation Pumps
18. Abnornal Startup of Idle Recirculation Pump
19. Recirculation Pump Seizure
20. Feedwater -- Increasing Flow at Power
21. Loss of Feedwater Heater
22. Loss of All Feedwater Flow
23. Trip of One Feedwater Pump (or Condensate Pump)
24. Feedwater -- Low Flow
25. Low Feedwater Flow During Startup or Shutdown
26. High Feedwater Flow During Startup or Shutdown
27. Rod Withdraw at Power
28. High Flux Due to Rod Withdrawal at Startup
29. Inadvertent Insertion of Rod or Rods
30. Detected Fault in Reactor Protection System
31. Loss of Offsite Power
32. Loss of Auxiliary Power (Loss of Auxiliary Transformer)
33.- Inadvertent Startup of HPCI/HPCS
34. Scram due to Plant Occurrences
35. Spurious Trip via Instrumentation, RPS Fault
36. Manual Scram -- No Out-of-Tolerance Condition
37. Cause Unknown

*EPRI-SAI Study (Reference 7).
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Table 2.13 Grouping of Transient Initiators

(Number in parenthesis refers to transient
numbers from Table 2.12)

Item Transient Group **
4

1 Isolation
Electric Load Rejection (1*, 2)
Turbine Trip (3*, 4, 13*)
Closure of All MSIVS (5)
Loss of Condenser (8)
Pressure Regulator Failures (9*, 10*)
Recirculation Problems (15*,17*,19*)
Distrubance of Feedwater (20*, 22)
Loss of Auxiliary Power (32*)

2 Turbine Trip
Partial Closure of MSIVs (6, 7)^

Bypass Fails Open (12)
- Recirculation Problems (14,16,18)

Disturbance of Feedwater (21, 23, 24, 25, 26)
Rod Withdrawal / Insertion (27, 28, 29)
Fault in RPS (30)
Inadvertent Startup of HPCS (33)
Others (34, 35, 36, 37)

3 Loss of Offsite Power (31) -

4 Inadvertent Open Relief Valve (11) .

*These transients are normally grouped under turbine trip
events; however, for the GESSAR-II, they are later charac-
acterized as isolation events (see Section 2.2).

36
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Table 2.14 WASH-1400 BWR Transients (Reactor
Safety Study Table I.4-12)

Likely Initiating Events

1. Rod Withdrawal at Power

2. Feedwater Controller Failure - Max. Demand
3. Recirculation Flow Control Failure (Increasing Flow)
4. Startup of Idle Recirculation Pump
5. Loss of Feedwate.r Heating

6. Inadvertent HPCI Pump Start

7. Loss of Auxiliary Power
8. Loss of Feedwater Flow

9. Electric Load Rejection (Turbine Valve Closure).

10. Turbine Trip (Stop Valve Closure)
11. Main Steam Line Control Valve Closure
12. Recirculation Flow Control Failure (Decreasing Flow)
13. Recirculation Pump Trip (One Pump)
14. Recirculation Pump Seizure
15. T-G Pressure Regulator Failure - Rapid Opening |

,
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3. ACCIDENT SEQUENCE DEFINITION

The objective of this section is to provide a discussion and the major
conclusions of the review on the following topics: 1) the GESSAR-II accident
sequence definition and the qualitative description of the event trees, 2) the
system fault trees that were used in the GESSAR-II PRA, and 3) the various
aspects of human performance analysis that entered into the risk assessment.

3.1 Functional Event Tree

Subsection 3.1.1 provides an overview of the BNL comments on the func-
tional event tree approach and the assumptions inherent in the GESSAR-II PRA.
Subsection 3.1.2 presents a discussion of dependence analysis. Subsection

3.1.3 presents detailed discussions of the BNL review of the transient and
.

manual shutdown events. Subsection 3.1.4 focuses on the ATWS functional event
trees, and Subsection 3.1.5 on the LOCA functional event trees.

3.1.1 Overview

The GESSAR-II PRA employed the event tree / fault tree method in the cval-
uation of core damage sequences. A total of 13 sets of functional event trees
were developed, one for every particular type of initiating event. These

events include: turbine trip, isolation, loss of offsite power, inadvertent -

open of relief valve (four for successful scram and four for ATWS), manual
shutdown, large, intermediate and small LOCAs inside the drywell containment,*

and LOCAs inside and outside containment. More detailed discusrions of the
initiators, their grouping and their frequencies are presented in Section 2.2
and Secticn 4.2.

Figures 3.1 through 3.3 depict typically the set of functional event
trees used for the turbine trip initiator. The first tree, Figure 3.1, exam-

ines various ATWS prevention and mitigation functions and reactor pressure
function. For those sequences where there is a successful insertion of con-

,

trol rods, an adequate pressure control, and feedwater injection, they are
transferred to Figure 3.2, which continue: to evaluate the availability of the
high pressure and low pressure injection functions and the containment decay
heat removal function. Given the occurrence of failure to scram and failure
of the feedwater system to inject, the event is transferred to the isolation

'
event tree. Failure to scram with feedwater available events are further

! developed in Figure 3.3. In this event tree, the various AfWS mitigating
,

38i
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functions are evaluated. The overall event tree approach used in the GESSAR-

II PRA is, in general, consistent with the state-of-the-art currently being
adopted in all the PRA studies. Detailed discussions on the specifics of each
of the event trees will be presented in Sections 3.1.3 and 3.1.4.

The end points of the transient event tree (for example, Figure 3.2) or
the ATWS event tree (Figure 3.3) can be classified into four groups: 1) suc-
cessful shutdown, 2) core damage, 3) loss of containment heat removal, and 4)

transfers. Sequences which result in core damage are divided into plant
damage states depending upon physical characteristics associated with core
damage and containment response. The loss of containment heat removal events
are further developed in containment event trees. Some of these sequences

eventually lead to core damage, and others result in successful shutdown.
.

It is assumed in the GESSAR-II PRA that in a given accident sequence, if
the peak clad te'mperature (PCT) is maintained at less than 2200*F and a viable
capability to remove decay heat exists, then the sequence is considered a suc-
cessful sequence. The 2200'F PCT criterion is based on the 10 CFR 50 Emer- a

gency Core Cooling Requirements which is a conservative license criterion.

In the development of functional event trees, the GESSAR-II PRA did not
include a few of the functions which may be available to mitigate the event.
These functions include the RHR steam condensing mode and the control rod

drive pumps. Consideration of these functions may result in a reduction in
the core damage frequency. However, a more detailed analysis of these sys-
tems, their support systems, and the dependence and interactions with other
functions is necessary before one can conclude that their omissions in the
event tree analysis lead to conservative results. BNL did not perform these

analyses, and it was assumed for this review that these functions are not
available.

3.1.2 Qualitative Dependence Analysis

The objective of this section is to provide a summary of the dependence
modeling used in the GESSAR-II PRA and of the review comments and modifica-
tions by BNL. Detailed discussions on the quantification of these dependences
are provided in Sections 3.1.3 and 3.2.

A comprehensive discussion on the various types of dependences is given
in Reference 1. They can be classified as: 1) functional dependences, 2)

39
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physical dependences, and '3) humanly induced dependences. It should be noted

that these three types of dependences are not necessarily mutually exclusive.
A finer resolution of them yields the following six categories: 1) system'

functional dependences, 2) system physical dependences, 3) system humanly in-
duced dependences, 4) component functional dependences, 5) component physical

dependences, and 6) component humanly induced dependences.

System Functional Dependences - This type of dependence can be character-
ized by a functional relationship which exists between two or multiple sys-
tems. The GESSAR-II PRA is reported to have addressed, in general, this type
of dependence in the functional event tree approach.

In the review of the GESSAR-I,I PRA, BNL evaluated specifically this type
of dependence among frontline systems and also between frontline systems and-

support systems. The review identified a few areas of potential frontline
system dependenc'e that apparently were not adequately modeled in the GESSAR-II

PRA. For instance, the PCS shares with the feedwater system the main conden-

ser system which it serves as a common decay heat sink. Given that there is a
failure of the feedwater system, the degradation in the power conversion sys-
tem availability within the containment heat removal function is not observed
in the GESSAR-II analysis. Moreover, as a result of the shared hardware be-
tween the low pressure coolant injection system and the RHR system, one would
expect a compromise in the reliability of the RHR system given that the low
pressure system is disabled. Another dependence that is identified in the BNL
review is that of the RCIC system on the containment heat removal systems
through the suppression pool. The RCIC system is driven by a steam turbine

pump with the lube oil system cooled via diverted pump discharge flow. These
items are addressed in greater detail in Section 3.1.3.

With regard to the dependence between frontline systems and support sys-
tems, BNL compiled a dependence matrix whir.n illustrates how frontline systems
depend on the various support systems, such as ac and dc power. This matrix

is presented in Table 3.1. The left-hand column of the matrix contains the
frontline systems. As one moves to the right, each successive column denotes

a particular support system on which a frontline system may depend. For in-

stance, the safety relief valve (SRV), depends only on the de power for actL'-
tion and not on ac power. It is also dependent on the instrument air system

or human action for actuation. Lastly, the suppression pool is required to

40
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condense steam release through the safety relief valves. The following

frontline systems are included in the dependence matrix: SRV, ADS, HPCS,

RCIC, LPCI, LPCS, RHR, and SLC.

A similar matrix delineating the dependence of one support system on
another support system is not possible owing to the lack of information on
these systems. Most of these systems , e.g. , instrument air, service water,
etc., are not part of the GESSAR Nuclear Island design,2 and hence no spe-

cific information is available.

System Physical Dependences - Dependences of this type were treated in ,

the GESSAR-II PRA to some limited extent. For instance, the effect of con-

tainment failure due to overpressure resulting from loss of containment heat
,

removal was incorporated in the containment event trees. The GESSAR-!! PRA
-

assumed that only a fraction of the containment failures would lead to loss of
coolant injection to the core. In the event of a station blackout, loss of

room cooling was considered.;

These dependences were also ad-System Humanly Induced Dependences -

dressed to a limited extent. These dependences include cognitive errors of

the operator; an example included in the analysis is the failure to inhibit
ADS in an ATWS event. Errors of commission were not included in the analysis.

Component Functional Dependences - This type of dependence was partially!

addressed in the GESSAR-II PRA. Implicitly, the PRA assumed that the fault |'

trees were developed u. to a point that no functional dependence exists |
|

between the basic events (component failures).

This type of dependence was not ad-Component Physical Dependences -

;

dressed in the GESSAR-II PRA.

Component Human Interaction Dependences - This type of dependence was (
partially addressed by including in the analysis common mode failures of com- |

| ponents because of operator errors during test and maintenance. Failures of

multiple components owing to miscalibration were included in the system fault
,

i trees.
I

3.1.3 Transients and Manual Shutdown Events

| 41
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3.1.5 LOCAs

; In the GESSAR-l! PRA, tnree types of LOCA are considered to be possible
| inside the drywell: large, intermediate, and small. A separate event tree

, models the plant response for each of them (see Figures 3.18-3.20). In addi-

f tion, three types of LOCAs inside containment--large, intermediate, and
j small--cre discussed in the text of the GESSAR-PRA. The large and the inter-
! medf ste LOCAs inside contairzent are assumed to contribute negligibly to the

- |\t
| final core damage frequency, and details are not presented in the report. On

.i

the other hand, the small LOCA inside containment, which is believed to be a
|eore credible event is treated in more detail, see Figure 3.21. Lastly, the
|

small LOCA outside containment is ilso considered in the GESSAR study (Figure |
3.22). ]

The GESSAR-It PRA presented a quite detailed study of the various types
of LOCA events which could conceivably occur within the nuclear power plant. |
BNL concurs witn the overall approach used in the development of these LOCA
event trecs, whtch were basically adopted in BNL's re-assessment of the LOCA
core damage frequency, Minor improvements had been made to the event trees to (
give trare credit for the availability of the feedwater system whenever it is |
poss i ble. :n the event thri, there is a loss of offsite power, the common mode f

ifailure of the die,el generators and the recovery of offsite power as well as
|

i '

the dieseis are also included. The scram and ARI fonctions are modified to
|

4 i
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,

properly reflect the relative relationship of electrical and mechanical all
line failures, and the ARI system.

3.2 System Fault Trees

The system fault trees are contained in Section 0.2 of the GESSAR-Il
PRA. The following system fault trees are given in the PRA:

High pressure core spray (HPCS)

Reactor coolant isolation cooling (RCIC)

Automatic depressurization system (ADS)

Low pressure coolant injection (LPCI)

Low pressure core spray (LPCS).

Residual heat removal * (RHR)
,

'
Suppression pool makeup system (SPMS)

Essential service water (ESW)

Standby liquid control system (SLCS)

El'ectric power system (EPS)
.

Redundant reactivity control system (RRCS)

There are no system fault trees developed for the following systems:

a) Reactor protection system - the unavailability value given for the
scram and ARI functions was 1x10 7 based upon an internal GE study.
This value was not used in the BNL review (see Section 4.4.2),

b) Plant air systems (support system)

c) Feedwater and PCS

d) Condensate

The GESSAR-!! PRA states that the main steam and feedwater systems

(beyond the nuclear boundary), the main condenser and its supporting systems.

*This system has four trees associated with it. One tree applies for shutdown
cooling, one for containment sprays, one for suppression pool cooling, and
one for steam condensing. The steam condensing and the shutdown cooling
functions of the RHR were not considered in the GESSAR-PRA accident sequence
evaluation.

s
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the condensate systents, p'rtions of the essential service water system, theo

plant af * supply systems, and tte offsite electrical supply systems are not
part of the GESSAR-II nuclear island. Thus, the PRA assumed values for the

'
unavailability of these systems based upon . judgement.

,

ice tapact of the omission of fault trees for the above systems hat not '

been evaluated, but it may be important. If a full nuclear plant design, h
'

t>ased on the GESSAR-II nuclear island, is to undergo risk evaluation, then
reevaluation of these systeves (including generation of tystem fault trees)
shoCd be considered to assess the Ifnptet en core damage frequency and risk. ,

The GESSAR-II PRA has a fault tree for the Redundant Reactivity Control

System. However, since this is a system which was assumed to nave teen f ocor- 1

porated into the nuclear island oesigi only for the purpose of the PRA, ao-

drawings of the RRCS exist in the GESSAR-II SAR. Taarefore, the fault tree

could not be rev'iewed.

The BNL review of the fault trees resulted in some additions and revi-
sions wtlich are discussed next. The q'Jactitative effects of these changes are

discussed in 3ection 4_.3. In general, the level of resolution in the f ault
trees (down to the component level, if dats arc aya11 ADie) is consiste'.t with
the state-of-the-art PRA practice. Two states are considered for eacn ca.,po-

nent in the fault trees: either the component operates as designed or it - '

fails. The following items were not included in the Analysis of tht, failure i

of a component (or system): ;

a) External events (including earthquakes, fires, ar4 floods)

b) $abotage

c) Operator errors of commission ;

The effect of external events is analyzeo in a separate stur.'y the review of ;

which will be presented in a separate report.ll Items (t,) and (c) abo,e are
outside the scope of the PRA. The following items were #150 part of the ifNL ;

review:

a) Manual Actuation of Coolant Injection Systems: In the GES UR.!! PRA

a grace period of 30 minutes, i.e., time availabe for initiattoo of

coolant injection before core deninge begins (see footnote on p. 3-9),
for transients with successful setan, was assumed for manual

,
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initiation of coolant inventory makeup systems in the case of failure

of auto-Initiation. A description of the analysis of the BWR melt-
down scenario given in Appendix F of the GESSAR-II PRA seems to sup-

port this grace period, It is noteworthy that for LOCA and ATWS
events there is no grace pericd.

'

b) Dependences within a system and among systems: The GESSAR-Il PRA

states that those dependecces ware treated by using the same alpha-
numeric desigc.ator for components that appear several times in the
same fault tree or in fault trees for more than one systeo BNL re-

view fannd that this policy was not followed consistently, and
'

changes were made to correct this discrepancy.

c) The fsflore rates used in the GESSAR-II PRA system fault trees were.

point values and were meant to represent the average ova.c the plant
life. ' Thesa data were based en References 5-9. The sue failure

: rata were used in the SNL revised fault trees.

3.2.1 Summar.y of BliL 19odificatio_ns to GESSAR-II Sjstem Fault Trees
i

A thorough review of each fault tree was performea usir.g GiSSAR-Il SAR
systea dGscriptions, drawings and FMEAG. The failure rates used in the

,

j GESSAR-II PRA system faul t trees were point values and represeot average
values over the plast life. These data were based on References 5-9. The '

same failure rates were used in the Bdt revised syste fault trees; the only
exception is the cononon mode failure of the three diesel generators which RFL

revised and used in the LOOP event tree (ree section 4.C.1).

The following is a list of changes that were made to the trees rhich
'

cLnged $0% of the system unavailability valous. A more detailed list of
these changes is given in #ppendix A.

'

High pressure Core Spray _

a) Included the failure of Division IV power (EV10 and EV3D) at a fail-
ure mode of channel 5 D and %

b) 7,ccounted for failures of the hPCS pump suction supply in which auto-
Mtic transfer from the CST to the suppression pool is precluded. ,

c) Accounted for trtChanical failures of HPCS valves in which manual re- r

positioning of the failed valves is precluded.,

i
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__.

'

d) Changed sone basic component names to account for commonalfties with |
other < systems.

e) Delated the high drywell pressure signal to initiate the system for '

transtant events,

Reactor Core Isolation Cooling
,

a) Mded f ailures of bus dc E as a failure roode of RCIC.

b) Mded failure of VI and V3 power as a failure mode of RCIC initiation'

signal.
,

c) Changed nanes of basic components to properly r.ccount for commonali.
.

ties with other systems.
.

~

d) Accounted for mechaof cal failures of RCIC valves in which manual re-
positioning of the failed valves is precluded. ;

e) Accounted for failures of the RCIC pump suction supply in wnich auto-
matic transfer from the CST to the suppression pool is precluded. , ,

f) Inserted the proper portion of the service water system /ault tree to ,

i properly account for this support system.
\

j Automatic Depressurization System ( ADS)

a) The designator of the failure of tne ope.ator to open non-ADS $Rys
~

,

and the failure of the operator to inanaally initiate ADS given auto- e

I initiation failure was changed from two separate cames (AHUSRV and ;

AHUADS) to a singte came (AHUDEP) to account for his comon faticrei

to depressurize. +

; b) Oc and ac support systems were Shanged fecm basic independent events
to prcperly account for Inter and intra system common mode failures.
The corresponding gates in the EPS fault tree were used in the BNL
ny)dified fault tree for ADS.

c) The raattor low water level signal nomenclature for failures of the f
'

transmitter. ACU, isolator, and common mode miscaljbration of the
t

! transmitter were changed to conform to that used in the low pressure
ECCS system fault trees. This war. done in order to properly account
for ccmonalities between these systems.

!
'
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d) LPCS and LPCI pump failures to run were changed from basic indepen-
dent events to properly account for dependences. The corresponding

gates in the LPCS and LPCI fault trees were used in the BNL modified
fault tree for ADS.

e) Deleted the requirement to have a high drywell pressure signal for
ADS auto-initiation, as assumed in the GESSAR-II PRA (p. 15.D.3-28).

Low Pressure Coolant Injection

a) Included failures of electric power as a failure mode of the system,

b) Accounted for failure of manual valves such that operator action
could not change the position of the valve.

c) Included failures of service water as a mode of failure of the pumps.-

d) Changed the names of many components in order to properly decount for
commonalities between systems.

Low Pressure Core Spray

a) Accounted for failure of the system if the minimum flow valve (norm-
ally closed according to FMEA in GESSAR-II SAR) fails to open upon
system initiation while the pump is running but the injection valve

-

is still closed waiting for a low reactor pressure permissive signal. ,

b) Changed some component names to properly account for commonalities
between systems.

c) Included failures of the electric power system as a failure mode of
the system.

d) :eveloped pumping system auxiliaries failures,

e) Included additional injection line valve failures.

RHR Suppression Pool Cooling Mode

a) Decoupled operator failures in LPCI from this system by changing the
'

names of components.
.

b) Accounted for mechanical failures of the system's valves which would
;
' prevent the operator from taking corrective action,

c) Changed some component names to properly account for commonalities
j between systems.
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s

d) Included failures of the electric power system as a failure mode of
the system.

.

RHR Containment Spray

a) Accounted for mechanical failures of system valves which would pre-
vent the operator from taking corrective action.

b) Changed some component names to properly account for commonalities
between systems.

c) Included failure of the electric power system as a failure mode of
the system.

d) Corrected some incorrect valve designators.

Suppression Pool Makeup*

a) Accounted for system failure because of loss of electric power.

b) Accounted for common mode miscalibration of the suppression pool
level instrumentation.

Essential Service Water

Changes to the ESW system were made, when appropriate, directly into the
frontline system it serves, and, thus, are reflected in the frontline system
fault trees. ~

RHR Steam Condensing Function

This tree was not evaluated because this .eaction was conservatively not
used in the GESSAR-II PRA.

Standby Liquid Control System (SLC)

a) The failure of a pipe cap downstream of valve F025 was removed since
there is no cap on this line.

Electric Power

a) The failure of service water to the three emergency diesel generators
was treated as a basic event in the PRA. These basic events were
changed to transfer to the ESW system fault tree in order to properly
account for commonalities,

b) Changed the common mode failure probability of the three diesel gen-
erators.
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c) Included failures of several breakers left out in the GESSAR-II PRA.

d) Included the non-class IE battery chargers as a means of supplying
rectified power to Division 1 through 4 125V ac buses. The PRA did

not take credit for the non-class IE chargers,

e) Changed the loss of 6900V ac preferred power to bus G (Division 3) to
account for the lack of an alternate offsite supply to the Division 3

bus.

In summary, it can be said that the GESSAR-II system fault trees present
a more detailed and complete description of the faults leading to system fail-

ure than those used in the Peach Bottom and Grand Gulf PRAs.

3.3 Human Performance Analysis
.

The two types of human errors (cognitive and procedural) that can con-
tribute to the unavailability of systems are addressed in the GESSAR-II PRA;
the way they were treated is discussed below.

3.3.1 Cognitive Human Errors

In the GESSAR-II PRA, cognitive human errors are explicitly modeled
either in the event trees or in the fault trees. Those human errors with a .

description of the required action and the time available (or assumed) for ac-
~

'

tion are given in Table 3.2 for errors modeled in the event trees, and in
Table 3.3 for those modeled in the fault trees.

The BNL review is in agreement with the qualitative modeling approach to
most cognitive human errors. However, as will be discussed in Sections 4.2
and 4.3, BNL disagrees with the GESSAR-II PRA quantification for most of the
human errors explicitly modeled in the event trees. More specifically, dis-

agreements exist in the quantification of the following human errors:

a) Operator failure to manually scram the reactor given an 10RV (C ).1

b) Operator failure to inhibit ADS or, if ADS is initiated, failure to
prevent reactor vessel overflow during an ATWS event (P ).A

c) Recovery of FW and PCS (included in the heading Q and W in the event

trees).

It is noteworthy that a human error that is important in the Peach Bot-
tom 5 and Grand Gulf PRAs,10 namely, the failure of the operator to timely
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~

depressurize the reactor vessel in the case of a transient and a failure of
the high pressure injection function, is of less importance in GESSAR-II. This
difference is due to the GESSAR-II PRA assumed modification in the ADS logic,

i.e., ADS is automatically actuated in the presence of a low reactor pressure
vessel (Level 1) plus 10 minutes.

3.3.2 Procedural Human Errors

Procedural human errors contribute to component and/or system unavaila-

bility through routine operations such as in test and maintenance acts. The
GESSAR-II PRA followed, in most cases, the techniques recommended in NUREG/CR-

12789 for quantification of the procedural human errors. The BNL review was

mainly concentrated on including omitted human errors which lead to common
mode failure; it did not take up requantification of procedural human errors.-
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fable'3.1 frontitre/So port $ystem Oependence Katrix

System
~

AC Pever DC Power Cooling Compretsed ' Air Svction Hwaan Other'
_

5RV For manual Instrtine't air... For w uat Suppression... ...
or re14ef system for een9ai actestion roo) re,
mode actuation, or relief mots of SRVs. Quired for

estOation s require 5AY dis.
plant str. Each charge
SRV hes an Itcumu. st6am c.w.,

lator which is de isation.avellable upon the
loss sf plant air.

AD$ rce initiattaa Pneuest14 Supply.
For marra41 same as

... "...
and actuation. Systw, same as A05 actu. above,

above. attoa,

HPC$ Class if 4 r initietton Independent CST with For manual... -e
(Dedicate.1 ano control. [5W system evimatic intilation.
EDG No.3) w ich enly switchover* supolies to the sup.

MPC5. pression pool
om low CST

- level, or high
SP lavet.

RCIC Class IE for initiation 15V system C57 with For manual suppression...

(for room gnd control. for room automatic fr,ittation, pool, lobecooling) cooling. setteenver to of1
the suppression
pool on low C57
level, sa hign -

$P level.
.

LPCI Class 1E For initiation ESW for Kappression To :oeiroi...
. . .

(EDGMo.1 and breaker roce coater, pool, flow rate to
or No.2). control, bearing RPV. <

Cooler and
motor cool.
Ing. '

DCS Class IE saae as Same as %poression Manual act.-- .e
(EDG ns.1) above. above, poc1 untion.

4HR Cisss IE Tor treaker E5W fo* Suppression To control..- ..
(EDG 4o.1 sontrol, heat ex. pool or RPV. flow rates
or me.2). changer, ano place,

room cool. systes 1sto
er, bearing operation,
cooler, and
tector cool.
ing.

$LC Chss IE For inittetf on $fngle poisoe For mar.as] 1
. . ...

(EDG %.1 mater tank. initiation.
or no.2).

Centato. 41 ass IE For inttfation ESW for Suppresston Fee manual
'... ...

ment (EOS No.1 and breaker heat es. pool. initiation,
4r&V or he. 2). control, changer,

roce cool.
er, ing
cooler, and
metor cool
1MQ.

EDG For initiation. ESW EDG air com.... ... -- ...

breaker con. presston and
trot, and reservoirs.
field " lash.

-
_ ;
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I Table 3.2 Human Errors Modeled in Event Trees

.

I Time Assumable
Symbol Description of Required Action for Action

L Limit high reactor vessel level during ATWS. Minutes
H

V Failure of this system includes the failure of Hours
C the operator to initiate makeup water to the

; condenser hotwell.

C This value includes the probability of operator 15 minutes
g failure to manually scram the reactor given an

10RV.

P This value includes the probability of operator Minutes *
A failure to inhibit ADS or if ADS is initiated to

.

prevent reactor vessel overfill during an ATWS.

W Failure to actuate an adequate external water Many hours
X

i supply given a small LOCA outside containment.

W,Q Recovery of FW and PCS (included in the heading Minutes for
"W" and "Q" in the event trees) FW, and

hours for
PCS.

_

*The time available for operator action is sequence dependent.
.

|

|
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,
Table 3.3 Human Errors Modeled in System Fault Trees

Time Assumable
Description of Required Action for Action

HPCS

1. Manual actuation of HPCS upon failure of auto-start signal 1/2 hour
2. Open CST supply line valve to HPCS pump given that it 1/2 hour

was shut
3. Transfer HPCS suction from CST to SP upon failure of 1/2 hour

auto-transfer action
4. Open HPCS discharge valve given that it failed to 1/2 hour

automatically open
5. Failure to shut CST test line valve given that it was 1/2 hour

open and failed to automatically shut
6. Failure to shut valve F023 given that it failed open 1/2 hour-

and diverts HPCS flow
7. Manually start HPCS pump given that it failed to 1/2 hour

automatically start

RCIC

1. Manually initiate RCIC given that it has failed to 1/2 hour
automatically initiate

2. Manually open valve F010 given that it was shut and 1/2 hour
~

failed to open automatically -

3. Manually open F031 given that it failed to open 1/2 hour
automatically

4. Manually open valve F13 given that it failed to 1/2 hour
,

open automatically
5. Manually open MOV022 and 059 given thct they failed 1/2 hour

,

to open automatically' '

6. Manually close MOV019 to stop diversion of RCIC flow 1/2 hour
to the suppression pool given that it failed to
automatically shut

ADS

1. Manually depressurize plant given that automatic Minutes
depressurization has failed

LPCS

1. Failure to manually start the LPCS pump given that 1/2 hour
it failed to start automatically

2. Failure to manually open LPCS pump discharge valve 1/2 hour
,

i given that it failed to open automatically

,

. 87
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Table 3.3 (Continued)

Time Assumable
Description of Required Action for Action

LPCI

1. Failure to follow procedures resulting in failure to 1/2 hour
line op an alternate LPCI pump suction path given that
the aormal path is unavailable

2. Manually open alternate path crossover valves given 1/2 hour
that an alternate suction path to the LPCI pump is
required

3. Manually initiate the LPCI pumps given that they 1/2 hour
failed to auto-start

4. Manually open LPCI pump discharge valves given that 1/2 hour,

they failed to auto-open
5. Manually initiate LPCI given that it failed to 1/2 hour

auto-initiate

RHR (Containment Spray Mode)

1. Manually align RHR system for containment spray hours
mode given that auto-alignment of containment
spray has failed

2. Manually initiate containment spray given that it hours
failed to automatically initiate -

RHR (Suppression Pool Cooling Mode) .

1. Start suppression pool cooling when required hou rs *
2. Correct valve misalignments during line up of system hou rs *
3. Manually open pump suction valves in alternate suction hou rs *

lines given that normal suction line valves have failed
4. Initiate RHR pump room cooling hou rs *

Suppression Pool Makeup

1. Manually initiate the system given that it failed 1/2 hour
to auto-initiate

SLC

1. Manually initiate SLC given that it failed to < 5 minutes
auto-start

2. Recognize leak in SLC poison water storage tank in daily ---
,

! inspection

*The time available for operator action is sequence dependent.
|
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4. ACCIDENT SEQUENCE QUANTIFICATION

\ 1
) This Section discusses the quantification of the accident sequences in ;

the GESSAR-II PRA. Section 4.1 presents an overview of the accident sequence

quantification approach used in the GESSAR-PRA, and Section 4.2 a discussion
of the quantification of accident initiators. Section 4.3 presents the

resul ts of system fault tree evaluations. Section 4.4 discusses the BNL

revisions to the various functional event trees. Section 4.5 gives the re-
j
|' sults of the quantification of these revised trees and the dominant accident

sequences. Sections 4.6 and 4.7 provide discussions on the uncertainty analy-
sis and the importance analysis, respectively, that were done by BNL on the
basis of the revised functional event tret2.

l -
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.6 Uncertainty Assessment
, . . w . u , .,. , .3 ., ,

'

i~

| This section presents an assessment of the uncertainties about the fre-
!

| quency of core damage. These uncertainties should be interpreted as being in- |

troduced by uncertainties in the values of the various input parameters, given |
|

the modeling assumptions of the GESSAR-II PRA as revised by BNL and described '

in the previous sections. They are not meant to include uncertainties intro- j
duced by failure modes and other modeling assumptions considered outside the |

scope of the GESSAR-II PRA.|

i

|
| An uncertainty analysis was submitted by GE at the time this report was ,

, i

being written. A liniited review of this analysis was performed, and the fol- '

lowing comments can be made:

1. The methodology used by GE is similar to that used in this review.

2. The results are presented in terms of release categories while in the
BNL review the results are presented in terms of core damage classes.

3. The analysis for release categories 1, 2, and 3 (in the GE analysis)
l

does not include several sequences. The reason for this omission is 0

| the probability cut off used in obtaining the cutsets for reactor

water injection (Table 3.1 and 3.2 of the GE uncertainty analysis.) ,

I
,

I

I
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4. The equations used for the uncertainty analysis for release catego-
ries 1, 2, and 3 (in the GE analysis) do not correspond to the cut-
sets for reactor water injection (Tables 3.1 and 3.2 of the GE analy-

sis). These equations include the failure to recover offsite power
in 2 hours (given failure to recover offsite power in 1/2 hour),
which is not correct, because the common mode failure of the 3 diesel
Generators and failure to recover the DGs in 1/2 hour, together with
failure to recover offsite power in 1/2 hour and failure of the RCIC
system, leads to core damage whether the offsite power is recovered
in 2 hours or not.

Because of limitations in the level of effort of the BNL review of the
*

GESSAR-II PRA, a rigorous propagation of the uncertainties was not performed.
Instead, a rather conservative approach was used for the assessment of the un-*

certainties in the frequency of core damage. The approach consisted of the
,

following general steps:

1. The uncertainties in the initiating events and in the frontline and
support systems were quantified by fitting lognormal distributions to
evaluate uncertainty measures (mean and variance).

2. The uncertainties in each accident class were quantified, using the
most important accident sequences in each class (contributing 95% of
the class frequency) and the distributions assessed in step 1.

3. The uncertainties in the frequency of the total core damage were
evaluated, using the most important accident sequences (contributing
95% of the core, damage frequecy) and the distributions assessed in
step 1.

The main approximation of this approach lies in the evaluation of the un-
certainties for the various systems. The procedure is further described in
the remainder of this section.

Initiating Events: Frequency distributions were derived for each of the
37 transient accident initiators using the methodology described in Reference

4. Then, the several initiators that form the turbine trip and the isolation
|

groups were added by simply adding the means and the variances. Finally, the
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results for each of the four transient groups and manual shutdown were fitted
to lognormal distributions. Table 4.38 gives the mean values and probability
intervals for the five initiators. For LOCA initiators, the mean values given

in the GESSAR-Il PRA were used,as the mean of lognormal distributions, and an
error factor of 5 was assumed.

Frontline Systems: The analysis of the minimum cutsets for the frontline
systems indicates that hardware failures are responsible for most of the un-
availability of those systems. Therefore, lognormal distributions with the

mean equal to the calculated unavailt.bility and an error factor of 3 were

assumed for all automatically initiated frontline systems. For the LPCCS, an

error factor of 5.0 was used because human error (miscalibration) is the domi-
nant cutset. For the ADS, the operator failure to depressurize the reactor-

given a failure of auto-initiation was treated with an error factor equal to
10.0.

Quantification of Uncertainties: For the quantification of uncertain-

ties, all dominant accident sequences that contribute up to 95% of the core
damage frequency in each class were determined. The accident sequences for
each class were then input to the SAMPLE 2 code, which provided the uncer-
+ainties for each class frequency; details of the SAMPLE input are described

'

in Appendix D. No uncertainty was assumed in the offsite power and diesel
recovery probabilities used in the event trees. Table 4.39 shows means,

medians, and 5% and 95% probability intervals for the frequencies of all
classes. Note that in Table 4.39, the distribution for each class uses the

" National Average" initiation frequency for LOOP.

The total core damage frequency was obtained by combining the uncertain-
ties in the accident sequences that contribute 95% to total the core damage
frequency using the SAMPLE 2 code. The results for the final distribution

using the * National Average" and the Mid-Atlantic Area Council are also pre-
sented in Table 4.39.
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.

> 4.7 Importance Analysis

In the GESSAR-II PRA, an importance analysis (sometimes referred to as
the sensitivity analyst:;) was not included as part of the risk evaluation
study. Therefore, this presentation, which includes a description of the
methodology (Section 4.7.1) and results (Section 4.72.) of an importance anal-

'

ysis, reflects the work of a BNL evaluation rather than a review or a reas-
sessment.

;

4.7.1 Methodology
I

Various types of importance measures have been defined to serve as indi-;

cators of relative importance with respect to different risk indices, for
instance core damage frequencies. This~ study will utilize two of these meas--

ures; namely, the Birnbaum measure and the Fussel-Vesely measure. The Birn-

baum measure of 'importance is defined as

I, (1)I8= .

as

where a is the unavailability of the system (or component) of interest and f
is the total core damage frequency, i.e., the sumation of all the core damage
sequences. This measure expresses the slope of change in core damage frequen-
cy due to the change in the unavailability of the system. The Fussel-Vesely

,

measure is defined asi

(2)*
Ipy = .

This measure is equivalent to the logarithmic derivative of both f and a. It

is also the Birnbaum measure weighted by the ratio of the unavailability of
the system to all the core damage sequences. An alternative interpretation of
this measure is that it gives the percentage of change in the risk indices per
unit change in the system unavailability.

In order to evaluate these two importance measures for the various
systems with respect to core damage frequency, BNL examined the cutsets as

( generated from the core damage fault trees and identified all the cutset
f elements which contributed to dependence between systems. The cutsets were

then reduced and grouped according to systems. Dominant accident sequences

.
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contributing up to 95% of the core damage frequency) were then defined in
terms of these systems. Those cutset elements which are major contributors to
syste. Jependence were retained in the sequence definition and were not
reduced. The computer code Set Evaluation Program (SEP)l7 was used to

calculate the partial derivatives.

Ari alternative method of sepicting the importance of a system is by exam-
ining its risk achievement worth or the risk reduction worth as proposed by
Vesely.18 The approach considers two different states: 1) when the system

is perfectly reliable a(0), and 2) when the system is in a f ailed state,
a(1). The risk reduction worth of the system a is defined as

(3)R

R = f(a(0))

where f(a(0)) is the sum of core damage sequences with a being perfectly reli-
able. Similarly, the risk achievement worth of system a is defined as

,f(a(1)) (4)p

where f(a(1)) denotes the core damage sequences with a in a failed state.

The inverse of RR can be interpreted as a reduction factor which re-
duces the core damage frequency if the system a is rendered perfect. Con-

is a factor which increases the core damage frequency if a is inversely, RA
a failed state.

Both RA and RR can be derived by the method described in Reference
18. However, they can also be expressed in terms of the Birnbaum and the

|
Fussel-Vesely importance measures. Let the core damage sequences be written

as

(5)aa+bp+cf= j k

where a is the NOT event of system a, i.e., its success, the coefficients-

aj, bj denote all other cutset elements; and ck represents cutsets which
do not contain either system a or its NOT event. The core damage expression

with a perfect system a can then be written as:
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f(a(0)) = f [1 - Ipy] (6)

Furthermare,

f(a(1)) = IB + # EI - IFV]. (7)

It follows that the risk reduction worth becomes

R* EI - IFV]- (8)R

and the risk achievement worth becomes

3 O)RA" IB+b-IFV
Both Eq. (8) and Eq. (9) exhibit one very important feature: given the

,

partial derivative of the core damage sequence function f and the unavailabil-
ity value of a, both the risk reduction and achievement worth can be readily
calculated.

4.7.2 Importance Analysis Results

The two importance measures were calculated for each of the ten accident
sequence classes based on the " National Average" LOOP initiator (Case 4 of
Table 4.25), and the results are presented in Tables 4.40 to 4.49. An expla-

nation of the acronyms used in these tables can be found under nomenclature.
For instance, in Table 4.40 the first column enumerates the cutset elements of

i the accident sequences. The second and the third columns present the Birnbaum
measure and the Fussel-Vesely measure, respectively. The cutset elements are

given 'i.1 the ascending order of the Fussel-Vesely measure.

The two importance measures of the cutset elements with respect to the
total core damage frequency for the " National Average" LOOP initiator were
also calculated, and the results are presented in Table 4.50. It is evident
that perturbations of the electric power related failures, such as the LOOP
initiator or the common mode three-diesel failure, will result in suhtantial
changes to the total core damage frequency. For instance, a 50% reu. : tion in

' the three-diesel common mode failure probability results in a 20.5% reduction
I in core damage frequency. The HPCS and the RCIC systems rank third and fif th

respectively in the list. A 100% change of the mechanical failure to scram

function, Cg, will lead to an 8% change in the core damage frequency. Among

those that rank low on the list are the low pressure systems, V4 , the
d
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ARI, the electrical failure to scram, C , manual shutdown transient initia-E

tor, T ,and the multiple 10RV function, I .M M

The core damage achievement worth and reduction worth for various systems

are presented in Table 4.50 and Figure 4.32. It can be seen that the common
mode failures of two or three diesels have quite marked core damage achieve-

ment worth. The same is true for the failure of reactor scram due to either
mechanical or electrical failures. The depressurization function X similarly
exhibits a high core damage achievement worth. In summary, it appears that

there are a number of systems or functions in the GESSAR design which warrant
efforts to maintain their reliability.

On the other hand, the more significant core damage reduction worth func-
.

tions are the failure of three or two diesels due to common mode and the high

pressure injection systems. Results indicate that improvements made to these

systems would have the most notable impact in the reduction of total core dam-
age frequency.

One of the findings of this analysis appears to point to the overall
importance of the various electrical subsystems, be it ac or de, offsite or
onsite power.
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Figure 4.2 Functional level event tree of the feedwater system with no
SORV for turbine trip.
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Table 4.1 Transient Initiator Frequencies for GESSAR-IIj

GESSAR-II PRA BNL
t

!

j Planned Reactor Shutdown (T .O
M

! Turbine Trip (T ) 4.93
T

Isolation (T ) 4.28p

Loss of Offsite Power (T ) 0.22*
E

0.11**
Inadvertent Open Relief Valves (T ) 0.25

g

Turbine Trip ATWS 0.0

Isolation ATWS 9.21

| Loss of Offsite Power ATWS 0.22*-

i 0.11**
Inadvertent Open itelief Valve ATWS 0.25

Loss of Two DC Buses 6.0E-5

* National Average .''

** Middle Atlantic Area Council (MAAC)
*** Includes recovery in the first half hour.
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Table 4.3 Comparison of Systems Fault Trees Results

1
.

1
GESSAR-II PRA BNL

HPCS 3.9E-2

f
9.1E-2RCIC

ADS f 2.5E-5
,i

L PCC S * 3.0E-5
, 1

: h
RHR (Suppression Room Cooling) 5. 3E -4

) RHR (Containment Sp ray ) 5.7E-4

SLC 1.2E-3
. _ _ . _ - - . - - - - . - _ . -- ,

_

*LPCCS i ncludes the LPCI and LPCS systems.
,

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

J
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,

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



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

s

i
i 1

? .

|

- |

! Table 4.4 Conditional probabilities of Core Damage :

IGiven an Accident Initiator
!

CLASS CTIT/CTIP CLASS CT2T*
l

BNL GE BNL GE ;
,

I'*(58
'

Turbine Trip 6.5E-9 20

3.2E-6'

Isolation 1.3E-7 |i 4, E_
!

0*4
10RV 5.4 E-7 2 -7

l

(

2.7 jReactor Shutdown 3.1E-9*
,9E

'l

I*h 6
'

loss of Offsite Power 1.3E-4
,

3.1(-3 |Loss of DC Power 7.2E-3;
_ 4 4
1

-

*0nly the bottom value in each row represents core' damage frequency (see |
,

| Section 4.1). i

|
|

; l

!
! ,

: |
'

|
| |

|

|

i

!

; l
1

*

1

a

a

I

i
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Table 4.5 CoredamageFrequencyforTransientInitiators
i

!

| CLASS CTIT/CTIP CLASS CT27*
i

|

| BNL GE BNL GE
' '

-

|
.

. |

6 -7
Turbine Trip 3.2E-8 ;

9

I'.0 -
6

Isolation 5.5E-7 2

2.
IORY 1.3E-7 _ |,

8.6
| Reactor Shutdown 9.8E-9 ,2E 8 ,

,

3* *

Loss of Of(site. Power 3.0E-5** .6

1.7E-6***
- 1.5E-5** ' 7.8E.7 :

-h*,|E-7Loss of DC Power 7,2E-3 -

g

Total with:
I'8E

National Average LOOP 3.1E-5** 3,326 |

f*. 6

*

MAAC LOOP 1.6E-5***

*0nly the bottom value in each row r/oresents core damage frequencyI(see !
i

!;I Section 4.1.
** National Average LOOP frequency.

t

***MAAC LOOP frequency,

i
a

|

I
i
I

|

|

l
1
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i Table 4.6 Conditional Probabilities of Core Canage f or ATWS

/ Givan an Initiator
!

CLASS CT3 CLASS CT4 CLASS CT2A*

i

j BNL GE BNL 6E BNL GE
'

~,

I I 1 \

); Turbine Trip -- -- --

I

EjIsolation 1.3E-8 3.0E 7
E

hah 10RV 1.6E-8 5.2E-7

E8'

f1 Loss of Offsite Power 2.1E.8 5.7E-7 g ,

~

*0nly the bottom value in each row represents core damage frequency (see
| Section4.1), j
,

|i .

1 !
'

4

|
Table 4.7 Core Damage Frequency for ATWS |

d
i

I

| CLASS CT3 CLASS CT4 CLASS CT2A*
i ;

J
BNL GE BNL GE BNL GE,

,

Turbine Trip -- ----

4 ',Isolation 1.2E-7 2.8E-6 8 ;

10RV 3.9E-9 1.3E-7 |7
2.
4,

:

h2 jLoss of Offsite Power 4.8E-9 1.3E-7
!i

7 * h,~71.3E-7 3.1E-6
,

;
. . . . . .

' . H <

| *0nly the bottom value in each row represents core da:1 age frequency (see {
! Section 4.1). :

I

!
i
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! Table 4.8 Core Danage Frequency for LOCA in Drywell Initiators I

CLASS CTIL CLASS CT2L* CLASS CT4

BNL GESSAR BNL GESSAR BNL GESSAR }

l Large LOCA 5.4E-10 1 * $,-7 2.2E-9
9,

I l

f*, {
! Intermediate LOCA 1.9E-9 6.7E-9

\ t

9*2E
Small LOCA 6.1E-10 1.2E-8,3E

I** '73.0E-9 2.1E-8 |g, ,,
'

fepresents chre damhge frequendy (see '*0nly the bottcn value in e/ch row
,

Section 4.1). ' '
i

, ,

| |
'

i

!Table 4.9 Core Damage Frequency for LOCA in the Containment Initiators

i
'CLASS CT5 CLASS CT6*

|! BNL GESSAR BNL GESSAR

|.

|! Large LOCA -- --

|

# fE- 0Intermediate LOCA 1.7E-14 7.

2.6
Small LOCA 3.0E-12 4,2 - 0 i

7.4E-9 |3.0E-12 1.2E-9

*0nly the bottom value in each row represents core damage frequency (sde
Section 4.1).

'
i

r

i

|

|
,
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Table 4.10 Core Damage Frequency for LOCA Outside Containment Initiators

CLASS CT5 CLASS CT7*

BNL _ GESSAR BNL , GESSAR,
_

_

Large LOCA 7.4E-13 --

, l'

Intermediate LOCA 5.9E-14 --

Small LOCA 1.9E-11 1.7E-7
'2.0E-11 1.7E-7

''
* Values in Class CT7 do not contribute to core dama'ge (see Section .1).

>~

Table 4.11 Turbine Trip: Accident Class Core Damage Frequencies

Class

Case CTIT CT2T** CT3 CT4 CT2A** CD** / '

|
| BNL Modifications 3.0E-7 3.1E-72. 1.4E-8 ~~ ~~ ~~

in F/T-E/T 4.4E-8 5.8E-8

6. 7 -73. BNL Initiators 3.2E-8 ,, ,, ,,

_

|

.

Table 4.12 Isolation: Accident Class Core Damage Frequencies
,

|

Class ,

/

Case CTIT CT2T** CT3 CT4 CT2A** CD** /

BNL Modifications 3.0E-7 2.2E-7 8.0E-62. 2.6 E-7 5.3E-8 1.2E-6I in F/T-E/T 9.2E-7 3.6E-8 2.5E-6

f.4
'1.2E-7 2.8E-63. BNL Initiators 5.5E-7

0 8.0 - 6

i

** Only the bottom value represents core damage frequency (see Section 4.1),
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!

Table 4.13 Loss of DC Power: Accident Class Core Damage Frequencies

!
i

Class

.
Case CTIT CT2T* CD 1

1. GESSAR-II PRA -- -- -- -- -- --

2. BNL Modifications " # ~- -- -- -- -- --

in F/T-E/T
1*9
30- 4.'6 -3. BNL Initiators 4.3E-7 ~~ -- --

'

Table 4.14 LOOP: Accident Class Core Damage Frequencies
,

|

- Class
'

Case CTIT CT2T* CT3 CT4 CT2A* CD* i

/ |
;

1. GESSAR PRA ,

i BNL Modifications 1.5E-6 5.1E-9 SE-5
' 2- 1.3E-5 2.0E-9 5.5E-8

in F/T-E/T 6.9E-7 8.3E-10 1.4 E-5

BNL Initiators 1.7E-6 5.8E-9 1.7E-52.3E-9 6.3E-83. 1.5E-5 ,

-MAAC Loop EfiG7 9.4 E-10 1.6E-5

BNL Initiators 3.5E-6 1.2E-8 3.4 E-5
4. 3.0E-5 4.8E-9 1.3E-7-Nat. Avg. Loop 1.6E-6 1.9E-9 3.2E-5

Table 4.15 IORY: Accident Class Core Damage Frequencies

Class
, ,

,/Case CTIT CT2T* CT3 CT4 CT2A* CD*

BNL Pbdifications 4.2E-8 5.0E-8 1.5E-7
| 2* 2.7E-8 8.0E-10 2.6E-8:

in F/T-E/T 6.lE-9 8.lE-9 E6G6

2.1E 2.5E '

3. BNL Initiators 1.3E-7 3.9E-9 1.3E-7'

, E-8 4, E- 3 4E 7

I * Only the bottom value represents core damage frequency (see Section 4.1).
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I

i
i

1

!!

|

|

Table 4.16 Manual Shutdown: Accident Class Core Damage Frequencies;

Class

| Case CTIT CT2T* CD*

1 BNL Modifications 5.3E-8 5.9E-8
2* 6.1E-9 ~~ ~~ "

in F/T-E/T 7.7E-9 1.4E-8

8.6 '3. BNL Initiators 9.8E- 9 ~~ ~~ ~~

2 8 2.2
- !

1 ,

:-
4 i

I Table 4.17 Large LOCA in Drywell: Accident Class Core Damage Frequencies i
. !

I

Cicss |

Case CTIT CT2T* CT3 CD* |

BNL Modifications 1.0E-7 1.0E-7
2. 5.4 E-10 2*I ~9 " ~~

in F/T-E/T 7.7E-9 8.2E-9 |

f*,,~7 I* 7
3. BNL Initiators 5.4 E-10 2.2E-9 -- --

9 9,

i

Table 4.18 Medium LOCA in Drywell: Accident Class Core Damage Frequencies
!

I

Class r

!
'

lCase CTIT CT2T* CD* '

BNL Modifications 4.0E-8 4.9E-82' 1.9E-9 6.7E-9 " "

in F/T-E/T 5.8E-9 1.4E-8
,

4jE-9 #*96.7E-93. BNL Initiators 1.9E-9 -- --

5 ,4

* Only the bottom value represents core damage frequency (see Section 4.1).
,
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Table 4.19 Small LOCA in Drywell: Accident Class Core Damage Frequencies
,

i Class

Case CTIT CT2T* CT4 CD*>

.

BNL Modifications 9.2E-10 1.3E-8
2. 6.1 -10 1.2E-8 '. -- --'

in F/T-E/T 1.3E-10 1.3E-8
4

I'. fE-8
9*

3. BNL Initiators 6.1E-10 1.2E-8 -- --

g.3E

-

Table 4.20 Medium LOCA in the Containment: Accident !

,

Class Core Damage Frequencies

|Class

[Case CT5 CT6* CD*

:
-

!

BNL Modifications 4.8E-9 4.8E-9
; 2. 1.7E-14 7.8E-10 !

" " "

in F/T-E/T 7.8E-10
1

4fE7 O 7. -0 {3. BNL Initiators 1.7E-14 " ~~ ~~

,

Table 4.21 Small LOCA in the Containment: Accident
Class Core Damage Frequencies

;

Class
,

Case CTS ~ CT6* CD* ,

BNL Modifications 2.6E-9 2.6E-9
'

2. 3.0E-12 " " "

in F/T-E/T 4.2E-10 4.2E-10

2.6
3. BNL Initiators 3.0E-12 42-0

" " "

4,2 0

* Only the bottom value represents core damage frequency (see Section 4.1) .
P
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|

| Table 4.22 Large LOCA Outside Containment: Accident
Class Core Damage Frequencies |

!

Class i

; Case CTS CD /

in F/T-E/T4

i |

7.4 E-133. BNL Initiators 7.4 E-13 -- -- -- --

I i

Table 4.23 Medium LOCA Outside Containment: Accident !! -

Class Core Damage Frequencies

Class
I

Case CTS CD !
,

in F/T-E/T i

1

5.9E-143. BNL Initiators 5.9E-14 -- -- -- --

1

1

Table 4.24 Small LOCA Outside Containment: Accident
Class Core Damage Frequencies

( l
Class |i

I

'

Case CT5 CT7 CO* .

BNL Hodifications 1.7E-7 1.7E-7 t

,! 2. 1.9E-11
|

" " -

in F/T-E/T 0.0 1.9E-11

I'.9E- 1
I* I

3. BNL Initiators 1.9E-11 -- -- --

t

* Only the bottom value represents core damage frequency (see Section 4.1), f
|

l

|*

|
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Table 4.25 Total Core Damage Frequency of Various Accident Classes

Case

1 2 3 4
BNL Modifica- BNL Initiators BNL Initiators

Class GESSAR-II PRA tions in E/T F/T -MAAC Loop -Nat. Avg loop

CTIT 5.8E-8 7.3E-7 1.1E-6 1.1E-6

CTIP 4.3E-6 1.3E-5 1.5E-5 3.0E-5

a 1.0E-6 8.4 E-6 1.6E-5 1.8E-5
CT2T 3.3E-8 1.7E-6 2.9E-6 3.8F.-6

CT3 7.5E-10 5.6E-8 1.3E-7 1.3E-7

CT4 1.1E-8 1.3E-6 3.0E-6 3.lE-6

a 5.2E-9 2.7E-7 7.4 E-7 7.4 E -7
CT2A

2.4 E-10 4.5E-8 1.2E-7 1.2E-7

CTIL 3.1E-9 3.0E-9 3.0E-9 3.0E-9

a 1.1E-7 1.4 E-7 1.4 E-7 1.4 E-7CT2L
3.4 E-9 1.4E-8 1.4E-8 1.4E-8

CT5 1.9E-11 2.3E-11 2.3E-11 2.3E-11

a 7.3E-9 7.4 E-9 7.4E-9 7.4E-9
CT6

3.4 E-10 1.2E-9 1.2E-9 1.2E-9

a 1.7E-7 1.7E-7 1.7E-7 1.7E-7
CT7 0.0 0.0 0.0 0.0

re 4.4E-6 1.7E-5 2.2E-5 3.8E-50 ae

Total
Accident 5.5E-6 2.4 E-5 3.6E-5 5.3E-5
Sequences

a ln these rows, the first value is for accident sequence frequency, and the
second value is for core damage frequency.
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Table 4.26 Ranking of BNL and GESSAR-II PRA Sequences
by Core Damage Frequency

BNL (3.8E-5) Dominant Sequences

1) T UV 3.0E-5 79.0%
E

2) T QW 1.9E-6 5.0%p

3) TW 1.6E-6 4.2%
E

4) TCUP 8. -7 2.3%pggA

5) TCl 7.6E-7 2.0%pgH

6) T 00X 5.3E-7 1.4 %p
.

*

7) T UV 4.3E-7 1.1%
DC

8)' T C C P 3.9E-7 1.0%pggg

9) T C UP 1.8E-7 0.5%pg g

10) T C P U 'A 1.1 - 0.3%pggH

11) TCCC 1.1E-7 0.3%p g g 21

12) TCU 1.0E-7 0.3%pg

13) T UX 1.0E-7 0.3%
g

GESSAR-II (4.4E-6) Dominant Sequences

.

1) T UV 4.0E-6 90.0%
E

2) T UX 1.3E-7 2.1%
E

3) T P UV 1.2E-7 2.6%Eg

4) T P UV 1.6E 8 0.4%pg

5) T 0VX 1.3E-8 0.3%p

6) T UV 1.2E-8 0.3%
g
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Table 4.27 Class CTIT Dominant Table 4.28 Class CTIP Dominant
Sequences Sequences

1) T QUX 5.3E-7 1) T UV 2.7E-5p E

2) T CUV 4.3E-7 2) T(CM2BATT)UV 1.7E-6
D E

3) T uX 1.0E-7 3) T(CM3BATT)UV 6.9E-7g E

4) T QUX 2.9E-8
T

5) T uV 2.7E-8g

Table 4.29 Class CT2T Dominant Table 4.30 Class CT3 Dominant
Sequences * Sequences

,

1.3E-6
1) T QW

, 9 _6 1) 7CU 1.0E-7p pg

2) T" 2) TCPU 1.3E-8
E 6 pgg.

L3
3) T (CM2BATT)W 3) TCU 3.6 E-9

E 4,7 Eg

4) TPw 4) TCU 3.0E-9T2 6. E 8 gg

E.9Ej 5) TCCU 2.4 E-95) TPWp2 pgg

2.0E-7
6) T QWT 3.0E-8

1.8E-77) TDC 3.0E-8

* Only the bottom value repre-
sents core damage frequency
(see Section 4.1)
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Table 4.31 Class CT4 Dominant Sequences

1) TCUP 8.7E-7pgHg

2) TCL 7.6E-7 ;pgH

3) TCCP 3.9E-7pggg

4) T C VP 1.8E-7py g

5) TCPUP 1.1E-7pggHg

6) TCCC 1.1E-7p g g 21

'

7) TCPL 9.9E-8pggg
'

8) TCCPP 5.1E-8pgg1g

9) T C U 'A 3.2E-8EgH

10) TICC 3.1E-8E M g 21

11) TCUP 2.7E-8gggg

12) TIC 2.5E-8ggg

13) TIC 2.5E-8ggg

14) T C P uP 2.4 E-8pgg g

15) TCCP 2.4 E-8gggg

16) TCl 2.3E-8ggH

17) TCCP 2.1E-8pggg

18) TCUl 1.9E-8pggg
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Table 4.32 Class CT2A Dominant Table 4.34 Class CT2L Dominant
Sequences * Sequences *

4.5E-7 9.8E-81) TCPP g) ggFM12 7.3E-8 7.6E-9

2.5E-7 3.8E-82) TC 2) SWII 4.1E-8 1 5.6E-9

'3) TCW 3) AU Wpg
9 g 3 0.

Table 4.33 Class CTIL Dominant Table 4.35 Class CTS Dominant.

Sequences Sequences

.

1) SUV 7.9E-10 1) S2xx@x 1.3E-11gH

2) SUX 6.7E-10 2) 5 W 3.2E-12gH 2xx x

3) S uv'Bo) 4.4E-10 3) 5 0VX 2.1E-12g 2x

4) Au V 2.6E-10 4) 5 C 1.7E-12g 2xx g

5) AU YIB ) 2.8E-10 5) 5 0V(Bo) 7.6E-13H O 2x

6) S0V(Bo) 7.6E-11 6) 5 00 W, 4. 9E-132 2xx g

* Only the bottom value repre-
sents core damage frequency
(see Section 4.1)
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Table 4.36 Class CT6 Dominant Table 4 37 Class CT7 Dominant
Sequences * Sequences

1) S II 3 N 1.3E-7
'

ix 8E. 2xx x

2) S2xx "S } 3 I 3.2E-80
3.1E 10 2xx x

4.7E-103) 3 y
2x S 7.6E-11

* Only the bottom value repre-
sents core damage frequency
(see Section 4.1),

.

Table 4.38 Uncertainty Measures for Transient
Initiators and Manual Shutdown .

.

Initiator 51 Median Mean 951

Turbine Trip 3.10 4.77 4.93 7.30

MSIV 2.09 3.97 4.28 7.55

10RV 0.05 0.19 0.25 0.65

LOOP (National Average) 0.06 0.17 0.22 0.53

LOOP (MAAC) 0.009 0.06 0.11 0.28

Manual Shutdown 0.85 2.56 3.20 7.68
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Table 4.39 Core Damage Frequency Distribution

Class Xos Xa han X5 ss

CT1P 3.4E-6 1.7E-5 2.9E-5 9.1E-5

CTIT 5.7E-8 4.3E-7 1.1E-6 3.7E-6

CT3 2.9E-9 4.5E-8 1.2E-7 4.6E-7

CT4 2.6E-7 1.5E-6 2.8E-6 9.4 E-6

CTIL 2.7E-10 1.4E-9 2.9E-9 8.9E-9

a 1.1E-6 7.0E-6 1.7E-5 6.3E-5
CT2T

4.lE-7 1.9E-6 3.7E-6 1.2E-5
.

a 8.0E-8 3.9E-7 7.0E-7 2.4E-6
CT2A 4.2E-9 4.lE-8 1.2E-7 4.4E-7

,

a 8.0E-9 6.3E-8 1.4E-7 5.1E-7
CT2L 3.0E-10 4.lE-9 1.3E-8 5.2E-8

CTS 1.7E-12 1.1E-11 2.2E-11 7.4E-11

a 1.4E-9 5.3E-9 7.3E-9 2.0E-8
CT6 6.8E-11 5.3E-10 1.2E-9 4.3E-9

a 2.0E-8 1.0E-7 1.7E-7 5.3E-7
CT7 0.0 0.0 G.0 0.0

Total Core Damage with
DNational Average LOOP 6.8E-6 2.5E-5 3.6E-5 1.1E-4

C
MAAC LOOP 3.7E-6 1.3E-5 2.6E-5 6.0E-5

'In these rows, the first value is for accident sequences and the second
value is for core damage (see Section 4.1).

bWith the " National Average" for the frequency of LOOP.
"With the Middle Atlantic Area Council average frequency of LOOP.
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Table 4.40 Importance Measures of CTIT

Cutset Element I Ig py

U 2.87E-5 1.00g

U 9.80E-6 0.79g

X 2.64 E-3 0.60

Q 1.95E-6 0.50
T 1.23E-7 0.47p

T 7.15E-3 0.38DC

URHE 2.36E-6 0.19
T 5.28E-7 0.12g

T 5.95 E-9 0.03-
T

V 7.15E-3 0.024
T 2.98E-9 0.01g

CTIT Core Damage Frequency: 1.1E-6/yr

Table 4.41 Importance Measures of CTIP
4

%

.

Cutset Element I, I py
l

T 1.27E-4 0.96.

E

i CM30 4.45E-2 0.65

| u, 2.5,E-4 0.32
'

CM20 2.4 7 E-3 0.26
I U 5.07E-5 0.23p
'

CM38 5.35E-3 0.07

j 8o 1.20E-3 0.04

! T 1.27E-7 0.02
T

T 1.27E-7 0.02i
p

URHE 3.78E.6 0.01
j; T 1.27E-7 eg

|
CT1P Core Damage Frequency: 3.0E-5/yr

i
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Table 4.42 Importance Measures of CT2T

Cutset Element !g I py

E 3.97E-6 0.82
1 1.14E-5 0.63
RHR 3.82E-2 0.63

0 7.44 E-6 0.59
T 2.02E-6 0.55y

T 6. 91 E-6 0.41
E

CM2D 2. 94 E-4 0.24

CM28 1.18E-3 0.13
*

T 1.13E-7 0.03
T

P 5. 36 E- 5 0.02
2

Bo 6.53E-5 0.02
T 6.91E-9 eg

CT2T Core Damage frequency: 3.8E-6/yr

Table 4.43 Importance Measures of CT3

Cutset Element 1 I
8 FV

C, 1.21E-2 1.0
U 3.07E-6 1.0
H

U 1.33E-6 1.0
R

T 1.24 E-8 0.95FA
P 8.13E-6 0.11

2
T 1.58E-8 0.03
E

T 1.22E-8 0.03g

C 1.27E-8 0.0221

CT3 Core Damage Frequency: 1.3E-7/y r
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Table 4.44 Importance Measures of CT4

Cutset Element 1 I
8 FV

C 2.82E-1 0.98y
T 2.93E-7 0. 94pg
P 2.65E-6 0.60g

U 3.NE-5 0.44
H

L 3.22E-5 0.33
H

C 3.22E-6 0.21
21

P 1.82E-4 0.10
2

U 1.08E-6 0.03p

T 4.02E-7 0.03*
g

T 3.7M-7 0.03
E,

C 1.72E-3 0.01
E

C 2.50E-3 0.01g

I 5.00E-6 0.01g

Bo 3.58E-6 0.01

ARI 3.44 E-6 0.01

CT4 Core Damage Frequency: 3.1E-6/yr

Table 4.45 Importance Measures of CT2A

Cutset Element 1 I
8 FV

I 5.83E-7 1.0

E 1.08E-7 0.69

C 7.64E-3 0.66y
T 8.30E-9 0.66yg
P 4.63E-5 0.63

2
C 4.02E-3 0.34g

T 1.61E-7 0.34g

RHR 5.12E-5 0.03

CT2A Accident Sequence Frequency: 1.2E-7/y r
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Table 4.46 Importance Measures of CTIL

Cutset Element !g I py

U 5.02E-8 0.79
H

S 2.83E-6 0.76g

V 3.67E-5 0.444

So 7.90E-7 0.31

X 2.63E-5 0.27
A 2.4 5E-6 0.21

CM3D 1.28E-6 0.21

CM2D 6.70E-8 0.08
'

S 6.30E-8 0.03
2

'

CTIL Core Damage Frequency: 3.0E-9/yr

Table 4.47 Importance Measures of CT2L

Cutset Element I, I
FV

RHR 2.25E-4 1.00

1 6.74 E-8 1.00
E 1.41E-8 0.79
A 3.58E-5 0.58
S 8.39E-6 0.42g

CT2L Accident Sequence Frequency: 1.4E 8/yr
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Table 4.48 Importance Measures of CT5

Cutset Element 1 I
8 FV

S 1.10E-4 0.87
2xx

W 1.70E-7 0.79
X

Q 5.44 E-11 0.60

S 4.74 E-7 0.132x
X 8.00E-8 0.10
U 5.47E-11 0.10g

U 2.4 9E-11 0.10g

C 1.70E-7 0.08y
CM3D 1.4 2E-9 0.03,

Bo 7.40E-10 0.03

CM20 5.40E-11 0.01-

CTS Core Damage Frequency: 2.3E-11/yr

Table 4.49 Importance Measures of CT6

Cutset Element I, I py

I 5.8E-9 1.0

E 1.08E-9 0.69

S, 1.62E-1 0.67g

5 6.60E-5 0.33
2x

W 9.27E-7 0.33
3

0 1.08E-9 0.27

CT6 Accident Sequence Frequency: 1.2E-9/yr

e
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Table 4.50 Importance Nasures of the Total Core Damage Frequency

Cutset Element 1 I N R
8 FV A R

T 1.34 E-4 0.80 3.8 4.90
E

CM30 4.45E-2 0.51 1.2E+3 2.03
U 3.21E-4 0 .34 9.4 1.52g

CM20 2.76 E-3 0.23 7.6E+1 1.29
U 6.29E-5 0.16 2.6 1.18g

T 1.04E-6 0.12 0. 91 1.14p

E 4.09E-6 0.08 1.0 1.09
C 3.01E-1 0.08 8.2E+3 1.10g

Q 9.39E-6 0.07 1.2 1.08,

CM28 6. 54 E-3 0.07 1.8E+2 1.08
I 1.21E-5 0.07 1.3 1.07

-

RHR 3.85E-2 0.06 1.0E+3 1.07
T 4.69E-7 0.06 0.95 1.07T

P 2.31E-6 0.04 1.0 1.04g

Bo 1.27E-3 0.03 3.5E+1 1.04

L 9.39E-5 0.03 3.5 1.03g

X 2.67E-2 0.02 7.2E+2 1.02
URHE 5.92E-6 0.02 1.1 1.02
C 3.22E-6 0.02 1.1 1.0221
DG1 2.72E-5 0.02 1.7 1.02
DG2 2.72E-5 0.02 1.7 1.02

T 7.15E 3 0.01 1. 9E + 2 1.01OC
P 2.61E-4 0.01 8.1 1.012
T 1.24E 6 0.01 1.0 1.01g

C 6.52E-3 c 1.8E+2 1.0g

C 1.72E-3 e 4.8E+1 1.0
E

V 8.85E 4 c 2.5E+1 1.04

I, 4.83E 6 e 1.1 1.0
ARI 3.44E 6 c 1.1 1.0
T 2.98E-9 c 1.0 1.0g
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APPENDIX A
*

BNL MODIFICATIONS TO GESSAR-!! PRA FAULT TREES

This appendix presents the details of the modifications made by 8NL to
the GESSAR-!! PAA fault trees for the following systems:

r

High Pressure Core Spray System-

Reactor Core Isolation Cooling System '-

Automatic Depressurization System-

Low Pressure Core Injection System-

Low Pressure Core Spray System '

-

'
Residual Heat Removal System.

t
Suppression Pool Makeup System '-

Electric power System
|t

-

Standby Liquid Control System.-

.

i

i

i

e

'
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APPENDIX B

EVALUATION OF BNL M00!FIED SYSTEM FAULT TREES

This appendix presents the results obtained from the quantification of the
BNL modified system fault trees; the SETS code was used for this quantifica-
tion. The BNL modifications to the GESSAR-II PRA fault trees were presented in
Section 3.2 and Appendix A.

Tables B.1 through B.5 present the most important cutsets generated for
the HPCS, RCIC, LPCCS (LPCI and LPCS), ADS, and RHR systems, respectively. In

these tables, the cutsets are given together with their description and contri-
bution to the system unavailability. It is important to note that in some cut-

"' sets (mainly the cutsets with system maintenance egents) the non-occurrence of

some events was ,not shown for clarity of presentation.

Table B.1 Cutsets for BNL Modified HPCS System Fault Tree

% of System
Probability Unavailability Cutset Description

1. 9.0E-03 23.1 HPCShSTRT Restarts

2. 7.2E-03 18.5 IM00SWDWI SWS Pump

3. 6.5E-03 16.7 HPM001DWI HPCS Pump

4 5.0E-03 12.8 H00VNVHLI Maintenance

5. 2.0E-03 5.1 IHERCFHWI Cooler (Room Cooling)

6. 1.7E-03 4.4 HSS000HWI Spargers

7. 1.6E-03 4.1 HMV004 HWI Fump Discharge Valve

8. 1.4E-03 3.6 HMD001DRI HPCS Motor

9. 1.0E-03 2.6 EST12NSG Static Switch Div.3
10. 7.1E-04 1.8 HCA000HBI Cable

11. 5.0E-04 1.3 HTKCSTHFI*H00 ERROR 2 CST Suction Line
Plugged and Failure
to Transfer to SP
Suction.

d
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Table B.2 Cutsets for BNL Modified RCIC System Fault Tree

% of System
Probability Unavailability Cutset Description

1. 2.1E-02 23.1 RLS068HWI RCIC Switch

2. 2.0E-02 22.0 RCICRSTRT Restart and Quick
Trip

3. 1.1E-02 12.1 RTU001DHI Turbine Failure

4. 1.1E-02 12.1 R00VNVHLI Maintenance

S. 6.5E-03 7.1 RPM 001DWI RCIC Pump

6. 2.0E-03 2.2 RHERFCHWI Cooler (Room Cooling)

7. 1.6E-03 1.8 RMV045HPI RCIC Steam Supply
Valve.

8. 1.6E-03 1.8 RMV013HPI Pump Discharge Valve

9. 1.0E-03 1.1 RLU001DWI Turbine Lubrication
10. 1.0E-03 1.1 RPR83BHWI Steam Line Dif-

ferential Pressure
Transmitter

11. 1.0E-03 1.1 RPR84BHWI Same as above

12. 1.0E-03 1.1 RPR83AHWI Same as above

13. 1.0E-03' 1.1 RPR83BHWI Same as above

14. 1.0E-03 1.1 RPRPFBHWI Steam Supply Pressure
Transmitter

15. 1.0E-03 1.1 RPRPF1HWI Same as above

16. 1.0E-03 1.1 RPRPFSHWI Pump Suction Pressure
Transmitter

17. 1.0E-03 1.1 RPRS6AHWI Turbine Exhaust Pres
sure Transmitter

18. 1.0E-03 1.1 RPR56BHMI Same as above
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Table B.3 Cutsets for BNL Modified LPCC System Fault Tree *

% of System
Probability Unavailability Cutset Description

1. 2.0E-05 66.7 DLHU005 Miscalibration of
Pressure Transmitters
on Miniflow Valves

2. 1.0E-06 3.3 ZSP000DWI Suppression Pool
Water Unavailable Due
to High Temperature

3. 1.0E-06 3.3 EST12NSE*EST12NSF Static Switches (Div.
I and 2 EPS)

4. 9.8E-07 3.3 DTMABC* LPM 001DRI All LPCI LOOPS in
Maintenance and LPCS,,

Pump Failures

5. 3.0E-07 1.0 DPPSUPHFI Suppression Pool
Water Unavailable Due
to Rupture

*It includes failure of LPCI and LPCS systems.
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Table B.4 Cutsets for BNL Modified ADS Fault Tree

% of System
Probability Unavailability Cutset and Description *

1. 2.0E-06 8.0 AHUDEP*AHU003

2. 2.0E-06 8.0 AHUDEP*DLHU001
3. 9.0E-07 3.6 AHUDEP*DTL91FHWI*LTL91EHWI
4. 9.0E-07 3.6 AHUDEP*APX95BHWI*LTL91EHWI
5. 9.0E-07 3.6 /dUDEP*DTL91BHWI*LTL91EHWI
6. 9.0E-07 3.6 AHUDEP*DTL91FHWI*APX95AHWI
7. 9.0E-07 3.6 AHUDPE*APX95BHWI*APX95AHWI
8. 9.0E-07 3.6 AHUDEP*DTL91BHWI*APX95AHWI
9. 9.0E-07 3.6 AHUDPE*DTL91FHWI*LTL91AHWI

10. 9.0E-07 3.6 AHUDEP*APX95SNWI*LTL91AHWI
11. 9.0E-07 3.6 AHUDEP*DTL91BHWI*LTL91AHWI
12. 6.0E-07 2.4 AHUDEP*DPP23HHFI*LTL91EHWI--

13. 6.0E-07 2.4 AHUDEP*DPP23HHFI*APX95AHWI
14. 6.0E-07 ' 2.4 AHUDEP*DPP23HHFI*LTL91AHWI
15. 6.0E-07 2.4 AHUDEP*DTL91FHWI*LPP13HHFI
16. 6.0E-07 2.4 AHUDEP*APX95BHWI*LPP13HHFI
17. 6.0E-07 2.4 AHUDEP*DTL91BHWI*LPP13HHFI
18. 4.0E-07 1.6 AHUDEP*DPP23HHFl*LPP13HHFI *

AHUDEP*EST12NSF*LTL91EHWI19. 3.0E-07 1.2 ,

20. 3.0E-07 1.2 AHUDEP*EST12NSF*APX95AHWI
21. 3.0E-07 1.2 AHUDEP*EST12NSF*LTL91AHWI
22. 3.0E-07 1.2 AHUDEP*DTL91FHWI*EST12NSE
23. 3.0E-07 1.2 AHUDEP*APX95BHWI*EST12NSE
24 3.0E-07 1.2 AHUDEP*DTL91BHWI*EST12NSE

*AHUDEP = Operator failure to initiate ADS and non-ADS valves, given failure
of ADS auto initiation.

Miscalibration of LPCCS pump discharge pressure transmitters.AHU003 =

DLHU001 = Miscalibration of transmitters (reactor level).

DTL---HWI
TransmittersLTL---HWI =

AP R---HWI

DPP---HFI
Instrument lines=

LPP---HFI

EST12NSE
Static switches=

EST12NSF
,
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Table B.5 Cutsets for BNL Modified RHR System Fault Tree *

% of System
Probability Unavailability Cutset Description

1. 1.4E-04 26.4 DTMAB Both RHR loops in
maintenance

2. 4.6E-05 8.7 DPM02ADRI*DPM02BDRI Both RHR pumps

3. 4.0E-05 7.6 SPDHUU002 Operator fails to
follow procedures

4. 2.0E-05 3.8 SPDHU001 Operator initiation

5. 1.4E-05 2.6 DTMA*DPM02BDRI Loop A in maintenance
and pIimp loop B_

6. 1.4E-05 2.6 DTMB*DPM02ADRI Loop B in maintenance
-

and pump loop A_-

7. 1.4E-05 2.6 DCS02AHW;*DPM02BDRI Coolers on loop ~A and
- pump loop B_

8, 1.4E-05 2.6 DCS02BHWI*DPM02ADRI Coolers in loop B and
pump loop A

~~

9. 6.8E-06 1.3 DLUO2AHWS*DPM02BDRS Lubrication pump A-
and pump loop B,

10. 6.8E-06 1.3 DLUO2BHWI*DPM02ADRI Lubrication pump B_
and pump loop A,

*RHR system operating in the suppression pool cooling mode. Note that re-
covery of the RHR system is not included in this fault tree, even though it
is addressed in quantification of the accident sequences.

.,
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1 Table C.1 Results of BNL Review of the Fi rst Stage f or
Accident Classes CT2T, CT2A, CT2L and CT6*

| Classes
|

CT2T CT2A CT2L CT6
1

Turbine Trip (T ) 6.7E 7 ---

7

Isolation (T ) 1.4E-5 4. 9E- 7F

IORV (T ) 2.1E-7 2.5E 7
I

Reactor Shutdown (T ) 8.6E-8 ---

M

Loss of Offsite Power (T ) 3. 5 E -6" 1.2E-8**
E

1.7E-6*** 5 . 8 E - 9* * *

Loss of DC Power (TDC) 1.9E-7 ---

Large LOCA (A) 1.0E-7 ---

Intermediate LOCA (5 ) 4.0E-8 4.8E-9
1

Small LOCA (S ) 9.2E-10 2.6E-9
2

|
*Results for all classes are presented in Tables 4.5 througn 4.9 in this
report.

** Na t i on a l Average LOOP Frequency
***MAAC LOOP Fregeency

-._ -

|

|

| I

m c
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|
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F

' Table C.2 Basis for Assessed Probabilities for
the Containment Event Tree (Figure C.1)

,

î

Branch
in

i Function Initiator Probability ET Description / Comment
,

i

| RHR Recovery T.T ,T ,T 0.85 B a) The probability of failing to restore RHR priorT p g g
to loss of containment integrity given that it

. Class CT2T has not been restored in the first sta Proba-
j bilityofrepairfrom74hrsto27hrspwitha.

MTTR equal to 19 hrs.
.

; ATWS (T ,T ,T ) 1.0 B b) The dominant accident sequences for ATWS (seep g E Table 4.32 of this report) do not have fail-'

. Class CT2A ure of RHR. BNL review uses this value because
ps no deterministic calculations were performed

to assess the pressure / temperature historyo'

in the containment. This value is similar to4

| the one used in the GESSAR-II PRA.

; T 1.0 B c) A sequence accounting for about 34% of the Class
~ E CT2T for a LOOP initiator (the 6th sequence in

. Class CT2T Figure 4.7.8) includes in its first stage the
| failure to recover offsite power and the failure

to recover the DG1 and DG2 (common mode failure)
in 24 hrs; in this sequence core cooling is via,

the HPCS injection (DG3). So, no credit was'

i given for failure to recover power (onsite or

| offsite) from 24 hrs to 27 hrs,

i

|

t

i

!

i

!

I
--
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Table C.2 (Continued)

Branch
in

Ft.nction Initiator Probability ET Description / Comment

RHR Recovery T 1.0 8 d) A sequence accounting for about 21% of the Class
E CT2T for a LOOP initiator (the 6th sequence in

. Class CT2T Figure 4.11) is very similar to the one in item
c) above; the only difference is that there is a
common mode failure of the batteries instead .

of two DGs.

T 0.85 8 e) For all the other LOOP sequences the same comment
E

as in item a) applies.
. Class CT2T

m
"

T 1.0 B f) Since for 85% of the Class CT2T for a T the re-DC covery of DC power (Divisions 1 and 2) Nd ini-
. Class CT2T tlation of RHR without DC power is included in

the first stage (for 24 hrs) no credit was given
for the time interval between 24 and 27 hrs.

A 0.24 8 g) Sam 2 as item a). However, since no credit for
. Class CT2L RHR recovery was given in the first stage, the

probability of recovery in 27 hrs is given by:
exp(-27/19) = 0.24

S and S 0.85 B h) Same as item a).g 2

. Class CT2L

_
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Table C.2 (Continued) ,

Branch
in

Function Initiator Probability ET Description /Conment
:

Injection All 0.5 C i) The probability that erroneous RPV level signal
from due to adverse environment will trip the high

Suppression pressure ECCS; for all dominant sequences the
Pool high pressure ECCS is the core cooling medium.

This value is used for the cases where the con-
tainment integrity is not lost.

4

All 0.75 D j) Same as above, but with loss of containment
integrity.

E3 Maintain T T,T T 0.1 E k) The probability that core cooling can be main-T p g g' Injection 0.05 F tained with CRD or condensate booster pumps:g*3'3
from CST l 2 0.2 G

0.1 used for the case where containment integ-
rity is maintained, and injection from

i suppression pool fails.

0.2 used for the case where containment.

integrity is lost, and injection from
suppression pool fails.

0.05 used for the case where containment
integrity is lost, but injection from

i suppression pool does not fail.

,

%

! *
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Table C.2 (Continued)

Branch
in

Function Initiator Probability ET Description /Comunent

Maintain T 1.0 F,G 1) For cases c) and d) above, where offsite power is
EInjection not recovered; the CR0 and condensate booster

from CST pumps require offsite power.

T 0.1 E m) Same as item k) above.E 0.05 F

0.2 G

Drywell All 1.0E-4 H n) The probability of excessive drywell leakage.
g Leakage
*

3



Table C.3 * Core Damage Frequencies for Accident
Classes CT2T, CT2L, CT2A and CT6

Classes

CT2T CT2A CT2L CT6

Turbine Trip 9.8E-8 --- ---

Isolation 2.0E-6 8.0E-8 ---

10RV 3.1E-8 4.1E-8 ---

Reacter Shutdown 1.2E-8 --- ---

Loss of Offsite Power 1.6E-6* 1.9E-9 ---

7.8E-7** ---

Loss of DC Power 3.0E-8 --- ---

7.7E-9Large LOCA ------

5.8E-9 7.8E-10Intermediate LOCA ---

1.3E-10 4.2E-10Small LOCA- ---

CLASS TOTAL ,
3.8E-6* 1.2E-7 1.4 E-8 1.2E-9
2.9E-6**

* National Average LOOP Frequency
**MAAC LOOP Frequency

*. ,

a
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Maintain
RHR Injection from Injection from Drywell

Initiator | Recovery | Suppression Pooll CST | Leakage

.

.

C ;

E

H

U
-

_

F

H
. B

D

G.

H

Figure C.1 BNL revised containment event tree for class 2 type
accident sequences.
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APPENDIX D

UNCERTAINTY ANALYSIS

This appendix presents the details of the functions used in the uncertain-
ty analysis performed in this revision of the GESSAR-!! PRA. As discussed in
Section 4.6, the uncertainties in each accident class were quantified, with the
SAMPLE code, using the most important accident sequences in each class (con-
tributing 95% of the class frequency). The most important accident sequences .

in each class, as given in Tables 4.27 through 4.37 in the main text, were
transformed to SAMPLE functions as required by the SAMPLE code. These func-
tions and the numerical data for all the variables are given in Table 4.B.1 and
4.B.2, respectively.

The following notes are required for better understanding of the SAMPLE
functions as compared to the accident sequences:

1. To account for the unavailability of some systems being accident
sequence dependent, it was assumed that the ratio of the various
unavailabilities will remain constant and equal to the ratio of the

base case. For example, the unavailability of the Q function depends
on the accident initiator. For the uncertainty calculations, it was
assumed that the unavailability of the Q function given an MSIV

closure initiator will be the " independent" variable (that is charac-
terized by a distribution) and that the unavailabilities of the Q

function given other initiators will be a multiple of the former. For

example,
.

Oj = r .0p,g

where rj is the ratio of the point estimates Qt to QF, that 15,

0
1rjO .

F

The numericai values of the various r coefficients are directly

inserted in the expressions given in Table 0.1.

i
f
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d

4

2. Since, as explained in Section 4.6, no uncertainty was assumed in the
,

I offsite power and diesel recovery probabilities, the coefficients used
in the SAMPLE functions given in Table D.1 also include the numerical |

; values of these probabilities.

3. To properly account for the uncertainties in sequences where depen.
dances between systems are important, the SAMPLE functions represent
the sequences by using the minimal cutsets at the component level. !

i

|
This representation is used for sequences with the failures of the f
RCIC and ADS (sequences of TUX type). e

; .

:
'

I
,

.e

k

4

,

1
1

1 N

P

8
E

|
,

.

4

i
4

.

! !
i

.

$
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Table D.1 SAMPLE Functions

Class CTIP

4A"DLE= ( *(5);r(Al*(x(1).x(2)*vt311)*fi.n-r(171)*
( i.Asnr-lo (1.0-o.08191*xtasia x(pon +
2 5571E-1*(1.0-x(Po))*x(10)*r(71*(1.0-o.9PTolertni) .

5 66A4E-1* X(20) * Xf9) +

7.AA6Cr-1* (1.0-xt20)l*r(30)*v(i)*x(6) +

(1.957p*x(71*(1.0-x(5*))*xts31'
(n.25'(1.0-X(a))*(1.0-X(95)) i
(r(81*(1.n-x(55))+r(55))) '

' 1 4 m o7E=01 * (1.0-Y ( 29 ) ) * (1. 0-Y t 3n ) ) * (1. 0-9.8791 E-01 * x ( A ) ) *
Xf71*r(44)*x(45) ))

Class CTIT

SAMPLEsiix(1)*4.R276E-2*xt2)+2.4I3Ar **vt41)*v(11)*(1.n vt171)
*

+

, J1.n-x(131)*x(31) .?,xt/8) * vt?)*
(5.*A32r-1*r(9)*r(In) +

x(14) vt15)* (x(IA)+x(17)+vtla s.xtlo)*x(2n))+
.

xts')* (v(21)*x(22)*xidn);xt?11*r(?n))+
~

x(74). ((x(25)+x(lo).x(2A1)*rtsni.xtlat) +

xt?S)* (x(18)+ (x(291+x(lo)+x(SA)+vt171)*r(203) ;
x(SC)* (vt271*x(231)* *(75) +~ '

xi26)* (X(27)+4(PI); rial i) ;x (10) *

r(??)* (x(18)+xt26)*x(20)) . -

~

Yt?)) r(161) +*
f,

(1.n=x(11))*x(3)*x(71*1(4)*ytos +
^

x(54)*vt71*(x(8)*(1.0-(Ins) r ', g s ) ) ..

Class CT3 '

9 AMPLE s x (181 * * ( 3P) * x ( 71 * x ( A l * ( 1.n-M.sM% Ar-1 * r (15) ) * ( 1.0-v (141 ) *
(1.n-xf31))* (P.5797E-1 +7.nA97r;j.x(1pl+1 1np3r-1*vt1A)) +

1.2655*(v(s).x(6)*(x(18)*x(1)))*vf13)*y(71*x(8)+(1.0-vt14)):

6. o'sa. 0-v t 3 4 ) ) * ( 1. 0-v ( 3 31 )
(1 +

vf31*Vt32)*x(7)**(8)*(1.n-i.6394r-1*i(351)*
ti.n-vr14)

.
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Table 0.1 (Continued)

Class CT4

;AMPLEs Xf14)*(1.0-5.9956F-1**(351)*(vt19)*(n.o7b'(1.0 v(111)o
(A.7997E-01* ( 4.7610E-1*vt71*vt 14 ) + ( 1. 0 - x ( 51 1) +

vt30)*(1.0-x(71) 5(71*w(4tev(14)+ +

vt7)*v(lo)+(1.n-v(81)*(1.n-4 7AloF-1*x(14))) +

7P.*00*y(12)+( 4.7619E-lex (7)*vt 14)+(1.n-x(d)) .

, vt33)+(1.0-x(71)+ XI7)*X(*)**(34))) +

1.7526F-1 *x f 36) * (1.n-x (33 3 ) * ( ?.4696E-1*Xf36)*fl.n-v(7))+
'

23.613*X(12)**(34)*(1.0-x(71) 4.19n3E-1*nt34)*x(7)*+

(1.n-Y(A))). 6.3158E-01 * x(143) + "

8.5797E-01*r(37)*t(51)*(1.0-vfO t)+(1.0-x(323)*
'

I4. 7619E11 *X (7 ) * v ( 3 * ) * (1. 01t in ) ) + v ( 3 0 ) * ( 1. 0- v'( 7 3 ) ) ) .

(Xtt)+r(6)*(X(34)+Yt3)))*v(32)*(i.n-y(15))*

0.927'(1.n-xf 33))+( 6.50*1E-nter(71*~(0.073*x(36) +

ivt34)*(1.0-X(A)) * 8.7407t nt.vtlo)*(1.G-1.c422*>(7)i)*' ~ ~

8.9182E-?'X(36)*x(34)*(1.o-vf 111)*(1.0-).5425+vt71)).
X(1)*( x(13)* (X(40)+ (1.0-vtan1

" n.975+x(32)*(1.0-0.1*x(461)*(1er(371)
+

1.n-y(111) *

(1.0-7.6389F-1**(351)*(4.76to -1er(14)*4(71*r
fl.0-ytn)) (1.0-r(73)*vflogi)+

Class CTil

SAMPLE xfa?)*((1.n-x(61)*(xit)*xto) x(7)*x(10)*A(2al)+ +

xt')+(r(29) 1.4522*8(7)*(1.n v(74))*+

l'(30) 26.667+xfo))))+ +

x(41)*((1.0-1(A))**(52)*x(PA)*Vi7) *

*

(9 593*F-1*Y(4)*x(10) *

x(14) x(15)* (x(16)+1(17)ix()*)ix(19)*X(20))+
+ -.

X(l')* (X(21)+X(2 Plot (20)+X(23)*vf20)1+ .

x(Pal * (fx(25)+X(19)+X(263)*r(20)+x(tal) +

' x(75)* (X(14)+ (X(25)+4flo)+Yt?^)+x(171)*x(201) .

xt**)* (r(27)+x(231)* 4(20) +

x(14) * x(26)* (X(77)+5(2i)+xt>3 3) +
x(77)* (X(In)+xf26)*x(2n)) ;
x(?)) * x(181) +
1.A50E101*x(6)*y(24)*(1.0.x(q))) +

~~ Xf41)*((1.0-1.055*x(63)*x(7)*vfoi +

1 05mo v (6) * (X f 29) + 1 5522* (i.51X iPol l * * (7) *
(Yt30)*P6.667*1(913))

.
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Table 0.1 (Continued)

Class CT2T

S AMPLEa r x t ) ) * (1. A017E-1*x (11) *x ( 31) * (1 0-x (7) *x (8 3 ) * (1.0-x (12) ) *

x(12)*(1.0-1.1724*x(11))*xt313) +

3.871E-01* (x(5)+x(6)*(x(1)+x(Plax(31))* x(11)*xf31)*
(1.0-A(121)* (1 0-x(291)* (1.0 1.5522*x(73) *

xt2)* ( 2. 39.4 8 E-0 3 * x ( 11 ) * x ( 31 ) * ( 1. 0-x ( 7 ) * x ( a ) ) * ( 1. 0-x ( 12 ) ) +
x(12)*x(31)*(1.0-3.7931g 01*x(11)))) *

(0.A54* (x(60)*x(61)+ (1.0-x(601)*0.25+x(61)) *

4.AA7E-2* x(60)*x(61)) *

1.8F-3* ( x (5) +x (6) * (x (1) *x (21 +x (3 ) ) *x (30) * x (60) *1

(1.n-x(293)*(1.0-x(12))*(1 0-1.522*x(71) *
7.245E-3*(x(5)+x(6)*(x(1)+x(2)+xf31))*(1 0-1.522*x(71)*
(1 0-x(54))*x(53)*x(60)

Class CT2A

5AMPLEs(x(38)*x(32)*(1.0-5.5556E-01*xf 3 1)*(1.0-x(331)*5
(3.n922*x(12) + 3.6006 *(1.0-x(7 3)*(1.0-X(39 1)*x(311) *
0 1 * x(314(1.0-x(131)*x(40) ) *
(x(60)*x(61) (1.0-x(601)*0.25*x(611)+

Class CT2L

SAMPLE =7.7579E+00*x(41)*xt31)*(1.0-1.o5 x(6))*5
((1.0-Xt71)+x(71*(1.0-A(911)* ,

(0 742*(x(60)*x(61)+(1.0-x(60)l*0.25*xf61)) +

2.527E-01*x(60)*x(61)) *

x(47)*(1.0 .x(6))*(1.0-x(731*x(31)* ''

(0.AS4*(X(60)*x(61)+(1 0-x(601)*0.25*t(61))*
4.867E-02*x(60)*x(611),,

Class CT5
$AMPLEstIsa)*(x(321+(1.0-xg6)l*x(Sn)*f vt5?)*

((1.0 vi71)Ax(71*(1.0-*(811) i'

(1.0-s(%?)))) +

x ( 4 71 * ( ( 1. 0-x ( A ) ) * x ( 5 / ) * x t o a ) * * 'v 7 ) *

(5 883?F-1*x(8)*x(10) *

x (15) * (X(IA)+A(17).X(1 4).x()o)*x(20 3) .x(14) *

x()A)* (x(2))+x(27)*4(20)ix(231*y(203). .

x(84)* ((xtr5)+xf19)+x(261)*x(20)ix(1A)) +

x(7S)* (X(lal+ (X(25)+x(19)+x(*^)+X(17))*x(203) +

x(85)* (x(27)+x(233)* ((26) +
= x(2n)* (x(27)+x(71)ix(91 3) +x(to)

X(*7)* (x(1A)+Xf26)*x(203) +

x(71) x(141) +*
.

x(At*(l'.650E-1*x(29)*(1 0-x(m))*xi29)*x(6)*
2.5AliE-1*().0-x(29))*x(7)*(1.n X(A))*x(301))
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Table 0.1 (Continued)

Class CT6

SAMPLE =( X (46) + x (471 * (1. 0-x ( 6) ) *x ( 49) .
(xt#2)*(1.0=x(7)) (1 0.N(52))) )**

(x(AO)*x(61)* (1.0.x(60)l*0.25+A(61))

Class CT7

SA9PtE=xt'*)*rt.n-y(61)*(1.0-ximn)).(vtsp).(3.o x(7 1).(1.n-r(52)))
.

o

N

.

d
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Table 0.2 Sample Code Input Variables

Sample Code Event Error
Variable Designator Event Median Factor

X(1) T MSIV Closure 3.97E+0 1.9p

X(2) T Turbine Trip 4.77E+0 1.5
T

X(3) T 10RV 1.87E-1 3.5
g

X(4) T Manual Scram 2.56E+0 3.0g

X(5) T Loss of Offsite Power 1.74E-1 3.0
E

X(6) B LOP Due to Grid 6.20E-4 5.0
Instability

X(7) U HPCS 3.14E-2 3.0g

X(8) U RCIC 7.28E-2 3.0
R

X(9) V LPCCS (LPCI and LPCS) 1.86E-5 5.0
4

X(10) X ADS 2. 04 E-4 3.0
X(11) Q FW Recovery 1.80E-1 5.0

(Transients)
X(12) P S/RV Reclosure 9.83E 4 5.0

2

X(13) I Multiple 10RV 8.00E-3 3.0g

X(14) OLHU001 Miscalibration of Level 7.51E-6 10.0
Transmitters

X(15) OTL91BHWI Transmitter 821-N091B 2.40E-3 3.0

X(16) LTL91AHWI Transmitter B21-N091A 2.40E-3 3.0
'

X(17) LACTUO91A Analog Comparator 1.04 E-3 3.0
Unit 821-N091A

X(18) EST12NSE Static Switch (EPS 8.00E-4 3.0
Division 1)

X(19) LPP13HHFI Instrument Line 1.60E-3 3.0
Rupture or Leakage

X(20) R0 ERROR 1 Operator Failure to 7.38E-1 1.3
Initiate RCIC

X(21) 0ACTUO918 Analog Comparator 1.04 E-3 3.0
Unit B21-N6918

X(22) OPP 23HHFI Instrument Line 1.60E-3 3.0
Rupture or Leakage
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Table 0.2 (Continued)

Sample Code Event Error
Variable Designator Event Median Factor

X(23) EST12NSF Static Switch (EPS 8.00E-4 3.0
Division II)

X(24) OTL91FHWI Transmittor 821-N091F 2.40E-3 3.0

X(25) LTL91EHWI Transmittor B21-N091E 2.40E-3 3.0

X(26) LACTUO91E Analog Comparator 1.04 E-3 3.0
Unit 821-N691E

X(27) DACTUO91F Analog Comparator 1.04 E-3 3.0
Unit B21-N691F

X(28) AHUDEP Manual Initiation of 3.75E-2 10.0
ADS and non-ADS
values given Auto.
Initiation Failure

X(29) CM30 Three DGs Common Mode 2.60E-4 5.0

X(30) CM20 Two DGs Comon Mode 1.86E-3 5.0

X(31) RHR RHRS 3.70E-5 5.0

X(32) C RPS Mechanical 6.20E-6 5.0g

X(33) M Limit Pressure (ATWS) 6.20E-5 5.0

X(34) P Inhibit ADS (ATWS) 6.37E-1 1.4
A

X(35) R RPT(ATWS) 8.92E-5 5.0

X(36) C SLC 2nd LOOP 1.52E-1 3.0
21

X(37) C RPS Electrical 1.24 E-5 5.0-
E

X(38) TA Isolation ATWS 8. 96 E+0 1.5p

X(39) L Limit High Level 6.20E-3 5.0
H

(ATWS)

X(40) C Scram Initiation 6.20E-6 5.0g

(IORV)

X(41) A Large LOCA (Inside 1.36E-4 5.0
Drywell)

X(42) S Intermediate LOCA 4.15E-4 5.0g (Inside Drywell)

X(43) 5 Small LOCA (Inside 7.44 E-4 5.0
2 Orywell)

.
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Table 0.2 (Continued)

Sample Code Event Error
Variable Designator Event Median Factor

X(44) DG1 DG No.1 Independent 1.81E-2 3.0
Failure

X(45) DG2 DG No.2 Independent 1.81E-2 3.0
Failure

X(46) S* Intermediate LOCA 2.97E-4 5.0
1 in the Containment

X(47) S Small LOCA in the 3.66E-6 5.02x Containment

X(48) S Small LOCA Outside2xx the Containment 1.05E-7 5.0

X(49) WS Containment Spray 3,36E-4 3.0

X(50) WX External Water
Supply 6.20E-5 5.0

X(51) CA ARI (ATWS) 8.00E-3 3.0

X(52) QL FW Recovery (Small
LOCA) 8.05E-1 1.2

X(53) CM2B Two Batteries (Comon
Cause) 2.48E-4 5.0

X(54) CM3B Three Batteries
Common Cause) 6.20E-6 5.0

X(55) RCICHE Operator Failure to 3.75E-2 10.0
'Actuate and Control

RCIC w/o de Power

X(56) T Two de Buses 3.72E-5 5.0
OC Divisions 1 and 2

EPS)

X(57) Not Used

X(58) Not Used

X(59) Not Used

X(60) E Instrument Failure 7.45E-1 1.2

X(61) 1 Maintain Injection 1.24E-1 5.0

Note: Events CT27, CT2A, and CT2L were not used in the final uncertainty
analyses review.

.
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