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ABSTRACT

This document contains the accident sequence analysis of internally
initiated events for the Peach Bottom, Unit 2 Nuclear Power Plant. This
is one of the five plant analyses conducted as part of the NUREG-1150
effort for the Nuclear Regulatory Commission. The work performed and
described here is an extensive reanalysis of that published in October
1986 as NUREG/CR-4550,Volume 4. It addresses comments from numerous
reviewers and significant changes to the plant systems and procedures
made since the first report. The uncertainty analysis and presentation
of results are also much improved, and considerable effort was expended
on an improved analysis of loss of offsite power. The content and detail
of this report are directed toward PRA practitioners who need to know how
the work was done and the details for use in further studies.

The mean core damage frequency is 4.5E-6 with 5% and 95% uncertainty
bounds of 3.5E-7 and 1.3E-5, respectively. Station blackout type
accidents (loss of all AC power) contributed about 46% of the core damage
frequency with Anticipated Transient Without Scram (ATWS) accidents
contributing another 42%. The numerical results are driven by loss of
offsite power, transients with the power conversion system initially
available, operator errors, and mechanical failure to scram. External
events were also analyzed using the internal event fault tree and event

tree models as a basis, and are reported separately in Part 3 of
NUREG/CR-4550, Volume 4, Revision 1.
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FOREWORD

This is one of numerous documents that support the preparation of the
NUREG-1150 document by the NRC Office of Nuclear Regulatory Research.

Figure 1 illustrates the front-end documentation. There are three
interfacing programs at Sandia National Laboratories performing this
work: the Accident Sequence Evaluation Program (ASEP), the Severe

Accident Risk Reduction Program (SARRP), and the Phenomenology and Risk
Uncertainty Evaluation Program (PRUEP). The Zion PRA was performed at
Idaho National Engineering Laboratories and Brookhaven National
Laboratories.

Table 1 is a 1list of the original primary documentation and the
corresponding revised documentation. There are several items that should
be noted. First, in the original NUREG/CR-4550 report, Volume 2 was to
be a summary of the internal analyses. This report was deleted. 1In
Revision 1, Volume 2 now is the expert judgment elicitation covering all
plants.

Volumes 3 and 4 include external events analyses for Surry and Peach
Bottom. External events for Sequoyah, Grand Gulf and Zion will be
analyzed in follow-up studies after NUREG-1150 is published.

The revised NUREG/CR-4551 covers the analysis included in the original
NUREG/CR-4551 and NUREG/CR-4700. However, it is different from NUREG/CR-
4550 in that the results from the expert judgment elicitation are given
in four parts to Volume 2 with each part covering one category of issues.
The accident progression event trees are given in the appendices for each
of the plant analyses.

Originally, NUREG/CR-4550 was published without the designation "Draft
for Comment." Thus, the final revision of NUREG/CR-4550 is designated
Revision 1. The label Revision 1 is used consistently on all volumes,
including Volume 2 which was not part of the original documentation.
NUREG/CR-4551 was originally published as a "Draft for Comment" so, in
its final form, no Revision 1 designator is required to distinguish it
from the previous documentation.

There are several other reports published in association with NUREG-1150.
These are:

NUREG/CR-5032, SAND87-2428, Modeling Time to Recovery and Initiating
Event Frequency for Loss of Off-site Power Incidents at Nuclear Power
Plants, R. L. Iman and S. C. Hora, Sandia National Laboratories,
Albuquerque, NM, January 1988.

NUREG/CR-4840, SAND88-3102, Methodology for External Event Screening
Quantification - RMIEP Methodology, M. P. Bohn and J. A. Lambright,
Sandia National Laboratories, Albuquerque, NM, July 1989.

xXiv
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NUREG/CR-4772, SAND86-1996, Accident Sequence Evaluation Program
Human Reliability Analysis Procedure, A. D. Swain III, Sandia
National Laboratories, Albuquerque, NM, February 1987.

NUREG/CR-5263, SAND88-3100, The Risk Management Implications of
NUREG-1150 Methods and Results, A. L. Camp et al., Sandia National
Laboratories, Albuquerque, NM, May 1989.

A Human Reliability Analvsis for the ATWS Accident Sequence with MSIV
Closure at the Peach Bottom Atomic Power Station, A-3272, W. J.
Luckas, Jr. et al., Brookhaven National Laboratory, Upton, NY, 1986.

A brief flow chart for the documentation is given in Figure 2. Any
related supporting documents to the back-end NUREG/CR-4551 analyses are
delineated in NUREG/CR-4551. A complete list of the revised NUREG/CR-
4550, Revision 1 volumes and parts is given below.

General

NUREG/CR-4550, Revision 1, Volume 1, SAND86-2084, Analysis of Core
Damage Frequency: Methodology Guidelines for Internal Events.

NUREG/CR-4550, Revision 1, Volume 2, Part 1, SAND86-2084, Analysis of
Core Damage Frequency: Expert Judgment Elicitation on Internal
Events Issues - Expert Panel.

NUREG/CR-4550, Revision 1, Volume 2, Part 2, SAND86-2084, Analysis of
Core Damage Frequency: Expert Judgment Elicitation on Internal
Events Issues - Project Staff.

Parts 1 and 2 of Volume 2, NUREG/CR-4550 were published in one binder.
This volume was published in April 1989 and distributed in May 1989 with
an incorrect title, i.e., Analysis of Core Damage Frequency from Internal
Events: Expert Judgment Elicitation, without the Revision 1 designation.
The complete, correct title is: NUREG/CR-4550, Revision 1, Volume 2,
SAND86-2084, Analysis of Core Damage Frequency: Expert Judgment
Elicitation on Internal Events Issues.

Surry

NUREG/CR-4550, Revision 1, Volume 3, Part 1, SAND86-2084, Analysis of
Core Damage Frequency: Surry Unit 1 Internal Events.

NUREG/CR-4550, Revision 1, Volume 3, Part 2, SAND86-2084, Analysis of
Core Damage Frequency: Surry Unit 1 Internal Events Appendices.

NUREG/CR-4550, Revision 1, Volume 3, Part 3, SAND86-2084, Analysis of
Core Damage Frequency: Surry Unit 1 External Events.

xvii



uoTjelusundo( peleoey wojizog yoeag ‘g eindig woj3l0g yoead I0J SMIV Jo
VIH 2/2g-v ‘2dyg yoal TINY

L1snoo9yg pue ‘baxg 41
dSOT1 ‘Z€0G-9H/9TaNN

—_—
uoiyz

S seInp9501gd VIH

JInd puein TLL%-9D/95T90N
——————|  QSTT-9d¥0N
yefonbag

——— >

Spoyas| sajuaay

—_— TeUI0IXT ‘O%8Y-¥D/OTUNN
La1ang

uotuldg 3xedxg :z "ToAa
T UoISTadY ‘0GSH-¥D/HTUNN

A3o7opoyiasy :1 "IOA
1 uotsTAdy ‘QSSH-d40/93ANN

NOILVINIWNDOd
130ddNS dN3-ADVvd

——— ——

SHANSVIR ALNIVLYEAINN
ASIE ® ANV NOIIONQdd ASId R ¢ LIND

¢ LINN — WOLLog9 HOV3d
NOISSHAYO0¥d INIAIDOV WOll09 HOVAd SAIONINDIIS FALVIS FOVRVA INVId 1 NOISIAZY
166y -90/97UNN 065 7-90/9T40N

SISATVNV QONHE-ADvd SISATVNV ON3-1NO3dd

xviii



Peach Bottom

NUREG/CR-4697, EGG-2464, Containment Venting Analysis for the Peach
Bottom Atomic Power Station, D. J. Hansen, et al., Idaho National
Engineering Laboratory (EG&G Idaho, Inc.) February 1987.

NUREG/CR-4550, Revision 1, Volume 4, Part 1, SAND86-2084, Analysis of
Core Damage Frequency: Peach Bottom Unit 2 Internal Events.

NUREG/CR-4550, Revision 1, Volume 4, Part 2, SAND86-2084, Analysis of
Core Damage Frequency: Peach Bottom Unit 2 Internal Events

Appendices.

NUREG/CR-4550, Revision 1, Volume 4, Part 3, SAND86-2084, Analysis of
Core Damage Frequency: Peach Bottom Unit 2 External Events.

Sequoyah

NUREG/CR-4550, Revision 1, Volume 5, Part 1, SAND86-2084, Analysis of
Core Damage Frequency: Sequovah Unit 1 Internal Events.

NUREG/CR-4550, Revision 1, Volume 5, Part 2, SAND86-2084, Analysis of
Core Damage Frequency: Sequoyah Unit 1 Internal Events Appendices.

Grand Gulf

NUREG/CR-4550, Revision 1, Volume 6, Part 1, SAND86-2084, Analysis of
Core Damage Frequency: Grand Gulf Unit 1 Internal Events.

NUREG/CR-4550, Revision 1, Volume 6, Part 2, SAND86-2084, Analysis of
Core Damage Frequency: Grand Gulf Unit 1 Internal Events Appendices.

Zion

NUREG/CR-4550, Revision 1, Volume 7, EGG-2554, Analysis of Core
Damage Frequency: Zion Unit 1 Internal Events.
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1. EXECUTIVE SUMMARY

This document presents the final results from one of several studies that
will provide information to the Nuclear Regulatory Commission (NRC)
Office of Nuclear Regulatory Research about Light Water Reactor (LWR)
risk. The Office of Research will use the results of this work, along
with other inputs, to prepare NUREG-1150. Risk from a selected group of
five nuclear power plants is examined in NUREG-1150 by incorporating the
results of wide-ranging research efforts that have taken place over the
past several years. . These results will provide the bases for updating
the perception of risk from selected plants, developing methods for
extrapolation to other plants, comparing NRC research to industry
results, and resolving numerous severe accident issues. The level of
detail and subjects covered are for the Probabilistic Risk Assessment
(PRA) practitioner.

Peach Bottom was chosen as one of the five plants to be analyzed to
accomplish these goals. The Peach Bottom Atomic Power Station is located
in southeastern Pennsylvania in York County on the west shore of
Conowingo Pond and includes two Boiling Water Reactor (BWR) units each of
1150 megawatts (electrical) capacity. The reactors are both housed in
Mark I containments. Peach Bottom Unit 2, analyzed in this study, began
commercial operation in July 1974 and is operated by Philadelphia
Electric Company (PECO). The Peach Bottom plant was previously analyzed
in the Reactor Safety Study (WASH-1400). Other plants that were chosen
to be analyzed are Surry, Sequoyah, Grand Gulf, and Zion.

1.1 Objectives

The primary objective was to perform an analysis to support the NUREG-
1150 project that is an efficient Level 1 Probabilistic Risk Assessment
(PRA) that is as near to a state of the art as possible. Corresponding
Level 2 and Level 3 analyses have also been performed and documented.
External events were analyzed and are reported in Part 3 of this volume.

Direct objectives of the analysis are to identify potential, significant
system failures, to support improved plant operations, to provide
insights of value to utilities with plants of this type, and to support a
detailed methodology that can be used by others including utilities. The
perspectives gained from NUREG-1150 will be used to support the NRC
severe accident policy and a variety of regulatory issues dealing with
severe accidents.

This document presents the front-end part of the risk equation, i.e., the
frequency of scenarios involving system failures which lead to severe
core damage as a result of internal initiators.#*

* Core damage is defined as a significant core uncovery occurrence with
reflooding of the core not imminently expected. The result is a
prolonged uncovery of the core which leads to damaged fuel and an
expected release of fission products from the fuel.
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1.2 Approach

A standard Level 1 PRA approach formed the basis for this analysis.
Event trees were constructed, the top events were modeled using large
fault trees where required and quantified using the SETS and TEMAC
computer codes.

There is a wealth of information available on Peach Bottom since it has
been the subject of many studies. Using this information, an experienced
PRA team analyzed only those aspects of the plant that they judged to be
important. Thus, time was not spent analyzing areas that had been shown
to be unimportant in the past. Also, if the analyst determined that a
system could be represented adequately with a simplified model rather
than a detailed fault tree, then the simplified approach was chosen.
However, if the analyst determined that a system was important enough to
warrant detailed modeling, then the appropriate modeling techniques were
chosen.

As part of the basic PRA methodology, four areas merit comment. First, a
human reliability analysis was performed on operator actions that
surfaced in the PRA as potentially significant. Second, data was
collected from several sources and verified for accuracy and
applicability. Third, a recovery analysis was performed to assure proper
credit was given for operator intervention during the accident. Finally,

an extensive uncertainty analysis was performed. This required
determining the uncertainty on the failure probabilities for basic events
in the models. In some cases, no firm data existed, so expert judgment

was formally elicited from people with extensive experience on each issue
in question. This is the subject of Volume 2 of NUREG/CR-4550,
Revision 1.

In addition to the typical Level 1 analysis, the results were
reconstituted in a form suitable for input to the back-end accident
progression event trees. Plant damage states* were defined in a joint
effort between the front-end and back-end analysts. Statistical analyses
identical to those for the accident sequences were performed on the plant
damage states.

In order to maintain high quality, this work was reviewed by four
different groups: an independent Senior Consultant Group (SCG), an
independent Quality Control Group (QCG), Sandia staff and management, and
the NRC. In addition, the staff at PECO were given an opportunity to
review this work at various stages. PECO's comments were addressed in
this analysis as were numerous comments received from the NRC, the
public, and the nuclear industry.

* A plant damage state is a grouping of accident sequences or parts of
accident sequences that have similar characteristics such as vessel
pressure, timing, containment response, and system failures which
provides the necessary input for the accident progression event tree
used in the Level 2 analysis.



1.3 Results

The Peach Bottom PRA identified two major accident types which contribute
89% of the core damage frequency (CDF). These accident types, station
blackout [loss of offsite power (LOSP) transient with failure of the
diesel generators] and Anticipated Transient Without Scram (AIWS), as
well as other less important types of accidents, collectively cover a
variety of plant damage states (see Figure 1-1). The mean core damage
frequency at Peach Bottom was calculated to be 4.5E-6. The cumulative
probability distribution and the corresponding probability density
estimation for the total core damage frequency for Peach Bottom are given
in Figure 1-2 where all of the accident sequences are combined
statistically using a sample size of 1000. The corresponding statistics
are:

Mean 4 .5E-6

Standard Deviation 1.5E-5

Lower 5% 3.5E-7

Lower 25% 9.2E-7

Median 1.9E-6

Upper 25% 3.9E-6

Upper 5% 1.3E-5
Every accident sequence is the sum of one or more combinations of events
that lead to core damage. These combinations of events are the detailed
scenarios of the minimum sequence of failures (component and human) that
result in core damage. They are defined as "cut sets." There were 1393

cut sets in the 18 dominant accident sequences in the final Peach Bottom
front-end analysis. The top two cut sets contributed 36% of the total
CDF. The top twenty cut sets contributed 68% of the total CDF. The top
350 cut sets account for 95% of the total CDF.

Among the most important results of the analysis are the results of the
importance measure calculations. It is most illustrative to look at each
of the importance measures for the total CDF. The risk reduction
importance measure ranks the basic events by the reduction in CDF if that
event probability were set to zero. The most significant risk reduction
events for the Peach Bottom CDF are:

. Mechanical failure of the reactor protection system,

. Transient accident initiator with the power conversion
system initially available,

o Transient accident initiator from loss of offsite power,

L Operator failure to restore the standby liquid control
system after testing,

. Other operator failures to initiate systems or
miscalibration of sensors, and

. Diesel generator failure-to-run.
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Figure 1-1. Peach Bottom Core Damage Frequency Types
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The inverse of risk reduction is risk increase, which estimates the CDF
if an event probability is set to one. The importance of events ranked
by this measure is that relaxed vigilance could cause significant CDF
increases. Top risk increase events for Peach Bottom are:

. Mechanical failure of the reactor protection system,

. Operator miscalibration of the reactor vessel pressure
permissive sensors used for low pressure injection,

° Common cause failure of the station batteries, and

. Two stuck-open safety-relief valves contributing to a loss
of coolant injection following transient initiators.

Several events appear high in both risk measures, especially mechanical
failure of the reactor protection system. Much more extensive lists of
events relating to the risk measures are given in Section 5.4 and
Appendix F of this report. The third importance measure is the relative
importance of event uncertainties in the analysis. This will be
discussed in Section 1.4.4.

1.4 Conclusions

One of the major purposes of the Peach Bottom analysis was to provide an
updated perspective on our understanding of the risks from the plant
relative to the results of the WASH-1400 analysis. It has been
determined that changes to the plant design and its procedures, the
evolution of Probabilistic Risk Assessment (PRA) methodology and an
increasing understanding of severe accidents have all impacted the
perspectives on the dominant risks for Peach Bottom.

This study concludes that station blackout (loss of all AC power)
accidents and Anticipated Transients Without Scram (ATWS) scenarios are
the dominant contributors to core damage at Peach Bottom. The
possibility of successful containment venting and realistically allowing
for successful core cooling after containment failure have considerably
reduced the significance of the loss of long term heat removal accidents
originally found to be important in the Reactor Safety Study (WASH-1400).
Giving credit for more injection systems, using realistic system success
criteria, and plant modifications have also collectively reduced the
importance of loss of injection type sequences.

Given the considerable redundancy and diversity of coolant injection and
heat removal features at Peach Bottom, it is not surprising that common
features of the plant tend to drive the mean core damage frequency.
These include common cause failures of equipment, failure of common
support systems [AC power and Emergency Service Water (ESW)], and human
error. In light of this conclusion, it must also be recognized that the
calculated core damage frequency in this study is subject to the non-
trivial uncertainties associated with the common cause and human error
analyses.
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The above insights can be considered applicable to other boiling water
reactors of similar design to the extent that the redundancy arguments
are true for other plants of interest. However, numerous subtleties in
plant design and operational practices and procedures make it difficult
to draw specific conclusions for other plants on the basis of this
analysis without performing plant-specific reviews. Such reviews should
consider plant-specific common cause failure potential and the location
of equipment that might be subjected to possible phenomena such as steam
entering the reactor building.

1.4.1 Plant Specific Conclusions

As stated above, the core damage profile is primarily made up of two
general types of accidents as indicated below:

$ Contribution

Mean to Mean Core
Accident Type Frequency Damage Frequency*
LOSP 2.2E-6 49
ATWS 1.9E-6 42
All Others 4.0E-7 9

*Does not account for the ~3% contribution of sequences <1E-8

These general accident types are made up of eighteen individual accident
sequences or, alternatively, nine plant damage states.

1.4.2 Accident Sequence Conclusions

The accident sequence with the highest contribution to core damage
frequency is a loss of offsite power transient with failure of the diesel
generators (station blackout) and late failure of the high pressure
systems. The high pressure systems are initially operating, but later in
the sequence either battery depletion or harsh environments cause system
failure. This is a late core damage sequence and contributes 36% of the
total core damage frequency.

The second highest accident sequence contributor is a transient with the
power conversion system initially available and mechanical failure of the
reactor protection system (anticipated transient without scram). The
standby liquid control system also fails, leading to core damage. This
accident sequence contributes 31% of the total core damage frequency.
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1.4.3 Plant Damage State Conclusions

From a plant damage state perspective, two plant damage states dominate
the core damage frequency. Plant damage state 5 contributes 42% of the
total. This plant damage state is a transient loss of offsite power and
subsequent failure of all diesel generators (station blackout). The high
pressure injection systems initially operate, but fail later due to
battery depletion or harsh enviromments. The second highest contributor
is an anticipated transient without scram with the standby liquid control
system also failing. This plant damage state contributes 33% of the
total core damage frequency.

l.4.4 Uncertainty Considerations

The process of developing a probabilistic model of a nuclear power plant
involves the combination of many individual events (initiators, hardware
failures, operator errors, etc.) into accident sequences and eventually
into an estimate of the total frequency of core damage. After
development, such a model also can be used to assess the importance of
the individual events. The detailed studies underlying this report have
been analyzed using several event importance measures. The results of
the analyses using an uncertainty importance measure is summarized below.
For this measure, the relative contribution of the uncertainty of
individual events to the uncertainty in total core damage frequency is

calculated. Using this measure, the following events were found to be
important:
. Technical failure of the reactor protection system,
J Failure of the diesel generators to continue to run once
started,
) Battery depletion time in station blackout accidents,
. Miscalibration of the low reactor pressure permissive
instrumentation,
o Operator failure to restore the standby liquid control

system after testing.
1.4.5 Comparison to Reactor Safety Study (WASH-1400)

In over ten years between WASH-1400 and this study, the Peach Bottom
plant design, as well as the industry's understanding of reactor
operation and safety, has changed substantially. Any comparison of
dominant contributors to core damage frequency between these studies must
be balanced by a knowledge of the differences in plant design, study
methodology, and success criteria considerations.

It is difficult to directly compare the total core damage frequencies
calculated in the two studies. WASH-1400 calculated a total core damage
frequency of approximately 2.6E-5, which is a sum of individual sequence
median values (note that the sum is not necessarily a median value).
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This study has determined the median core damage frequency at Peach
Bottom to be 1.9E-6 with a corresponding mean value of 4.3E-6. The
modifications in plant configuration and procedures at Peach Bottom,
consideration of realistic success criteria, as well as the evolution of
analysis techniques since WASH-1400 have reduced the dominant results of
the WASH-1400 study considerably. In fact, the two most dominant
scenarios from the WASH-1400 study (transient with loss of long-term
decay heat removal [TW] and ATWS [TC] have been decreased by factors of
approximately 1000 and 25, respectively. However, a more complete
consideration of failures of DC-powered systems during station blackout
and a more comprehensive treatment of common cause failures and support
system (e.g., power, cooling...) failures combine to yield a mean core
damage frequency of 4.5E-6. Some of the significant comparisons leading
to these insights are presented below.

. Transients with loss of long-term decay heat removal are
dominant in WASH-1400, but not in this study. This is
primarily because of the consideration of containment
venting procedures now in place at Peach Bottom and an
examination of the survivability of core cooling systems.

. ATWS sequence frequencies are reduced over an order of
magnitude in this study as compared to WASH-1400 because a
more detailed analysis was performed which more accurately
treats the sequence thermal hydraulics and accounts for the
provisions of the ATWS rule.

. Station blackout (loss of all AC) sequences are estimated
to be a factor of five higher than in WASH-1400 because of
a more complete consideration of potential failures of DC-
powered systems during a blackout, a more complete common

mode failure analysis (e.g., includes DC battery common
mode failures), and a more complete analysis of support
system effects on the AC power system (e.g., diesel
cooling).

° All other transients and LOCAs combine to have a median CDF
of 1.5E-6 in WASH-1400 and a median CDF of 7.5E-8 in this
study. Thus, these sequences are a factor of 20 lower in
this study.

) Based on the above, both studies conclude that transients,
and not LOCAs, dominate the core damage frequency (and
risk) at Peach Bottom. However, the types of transients
are significantly different. WASH-1400 1is dominated by
ATWS and long-term heat removal failure sequences, while
this study is dominated by station blackout scenarios (47%)
and ATWS (42%).

Table 1-1 summarizes the comparable core damage frequencies for the most
dominant sequences as well as for the total core damage frequency results
of both studies. The sum of the median frequencies from WASH-1400 is
2.6E-5. Although the overall TEMAC median result is 1.9E-6, the sum of



the individual PDS median frequencies, which is comparable to what was
done in WASH-1400, is 9.1E-7. Thus, in comparable terms, the core damage
frequency from the NUREG/CR-4550, Revision 1 analysis on Peach Bottom is
about a factor of 30 less than the WASH-1400 value.

1.4.6 Other Insights

Some additional insights are noted by the team analysts as a result of
performing the PRA update of Peach Bottom. The recent availabilities of
the diesel generators at Peach Bottom generally are a factor of ten
better than the industry average. This appears to be based on a
deliberate attention to detail in the test and maintenance practices as
well as an attempt to determine the root causes of failures so that
effective actions can be taken.

The importance of the Control Rod Drive (CRD) and High Pressure Service
Water systems as injection sources to the vessel (the latter as a last
resort) came through clearly as the analysis evolved. The CRD system
success probability might be further improved by examining whether the
loss of air should be allowed to affect the operation of one of the CRD
flow paths to the vessel. In addition, the use of CRD under
depressurized conditions in the vessel could cause insufficient net
positive suction head for the CRD pumps.

An air pressure limit for Safety Relief Valve (SRV) operation of
approximately 100 psia could affect the capability to continue low
pressure core cooling under accident conditions when the containment is
at high pressure (i.e., SRVs will not stay open).

The conflicting requirements of first inhibiting the automatic
depressurization system and then needing to rapidly depressurize in some
ATWS sequences should be recognized.

The difficulties associated with venting the containment in a station
blackout and the harsh reactor building environments caused by venting in
ATWS scenarios have significant core damage and consequence effects.

Finally, the varied and more subtle failures of equipment because of
unusual accident conditions are important factors. These failures
include, for instance, turbine backpressure trip of the Reactor Core
Isolation Cooling (RCIC) system when experiencing high containment
pressure, the potential for High Pressure Coolant Injection (HPCI) and
RCIC system failure on high suppression pool temperatures, the closing of
the SRVs under very high containment pressures, the potential for loss of
low pressure core spray and residual heat removal pumps under low
pressure saturated conditions in the containment, and the possible
effects of battery depletion when AC power is lost, among others. It is
these subtle and perhaps "unexpected" failure modes which affect multiple
equipment in the analyzed scenarios and ultimately contribute to the core
damage potential at Peach Bottom.
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2. PROGRAM SCOPE

The Peach Bottom Probabilistic Risk Assessment (PRA) was conducted during
two periods. During the first period, the objective was to complete a

fast, efficient PRA in a short time. This was accomplished, and
following a review and some revisions, the PRA was published as NUREG/CR-
4550, Volume 4 in October 1986. This report received extensive

distribution and considerable review. In response to the comments from
reviewers and especially the NRC and Philadelphia Electric Company, an
update of the report was initiated. During the interim period, several
changes were made to the plant, and additional system and procedural
details were examined. The result is the significantly revised analysis
presented in this document, NUREG/CR-4550, Revision 1, Volume 4, Parts 1
and 2.

This report combines the tasks performed in the original analysis with
the tasks accomplished during the revised analysis. While the original
objective was to perform a fast, efficient PRA, it became necessary due
to comments and criticism to examine additional details and to refine the

models and techniques during the revised analysis. One target in the
reanalysis was to reduce conservatism as much as possible. To give the
reader a perspective of the scope of this work, a list of PRA tasks is
given below describing what was done in this analysis. The level of

detail is compared to a "state-of-the-art" PRA for each task and graded
as (1) improved state of the art, (2) state of the art, (3) slightly
abbreviated, (4) abbreviated, and (5) not analyzed.

. Initial Information Collection -- The information collected
from past Peach Bottom studies and the Final Safety
Analysis Report (FSAR) was put together in an initial set
of event trees, fault trees, and questions for plant
personnel. The pre-visit information gathering took a
month, One week was spent at the plant gathering
information first hand and regular contact with the plant
was maintained throughout the course of the study. A
confirmatory visit near the end of the first analysis and
two subsequent visits during the revised analysis were
conducted. Numerous changes were made to the event trees
and fault trees. (Slightly abbreviated)

. Initiating Event Identification -- Initiating event
information from plant-specific records and past studies
were used. A search for support system initiators was
conducted. During the revised analysis, these initiating

events were reviewed. Interfacing system LOCAs (Initiating
Event V) and reactor vessel rupture (Initiating Event R)

were re-evaluated. The frequency and recovery of loss of
offsite power were significantly improved. (State of the
art)
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vent Tree Development on Anticipated Transient Without
Scram TWS) -- Because the plant had been studied
extensively in the past, functional event trees were not
developed. Past studies and current NUREG-1150 containment
analyses were used to identify the non-ATWS system event
tree headings necessary to model all reactor functions. No
significant shortcuts were used to develop the initial non-
ATWS system event trees. Nevertheless, numerous
refinements were made in the revised analysis. (Improved
state of the art)

Event Tree Development (ATWS) -- Detailed examinations of
the plant, procedures, and updated thermal-hydraulic
calculations were performed to identify the ATWS event tree
headings and to develop the ATWS sequences. (Improved
state of the art)

System Modeling -- The level of modeling detail was at the
discretion of the analyst. If a system could be shown to
be relatively unimportant, or if a detailed model would
have taken an excessive amount of time, simplifications
were made. If the system was considered important, a
detailed modeling effort was undertaken. The models are
therefore a combination of detailed fault trees, simplified
fault trees, and black box models. Fault trees for several
systems were added in the revised analysis. The level of
detail in many existing fault trees was also increased.
Common cause failures were included in the fault trees
rather than applying such failures by hand to the cut sets.
Fault trees were expanded from pipe segment modeling to
individual components. This was done to a large extent for
the benefit of the external events analyses, which use the
internal events analysis models. (Ranges from abbreviated
to state of the art, depending on the system)

Analysis of Dependent Failures -- A significant effort was
made to identify, model, and quantify dependent failures.

Intersystem dependencies were identified and modeled in the
system analysis. Subtle interactions found in past PRAs
were reviewed for their applicability to Peach Bottom. A
review of licensee event reports (LERs) and other plant-
specific reports for Peach Bottom was made to identify any

unexpected interactions or common failures. (Slightly
abbreviated)
Human Reliability Analysis (HRA) -- Except for the ATWS

scenarios, a screening procedure was developed to calculate
human error probabilities. Although an HRA specialist was
present during the plant visit, there was not as much time
available to interview operators as desired. The screening
procedure was somewhat conservative and values that yielded
high results were flagged and reconsidered. During the
recovery analysis conducted in the revised analysis, each
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human error event, either pre or post-accident, was
carefully tabulated, described, and re-evaluated. Only
errors of omission were considered in this analysis. The
ATWS HRA was extremely detailed with three specialists
spending considerable time analyzing ATWS operator
responses. (Slightly abbreviated and state of the art)

Data Base Development -- A data specialist was present
during the initial plant visit. A week for data collection
did not permit an extensive effort; however, a reasonable
amount of plant-specific data was gathered. Where plant-
specific data were lacking, generic data were used.
(Slightly abbreviated)

Accident Sequence Quantification -- While there were no

shortcuts taken that should affect the results, a screening
technique was used to avoid running every possible core
damage accident sequence through the entire Boolean
computer code. All the accident sequences with the
potential for being greater than 1E-8 were completely
analyzed. (State of the art)

Plant Damage State Analysis -- The plant damage states
(PDS) are defined by the back-end analyst, with the
assistance of the front-end analyst to assure a clean
interface between analyses. This requires continuous
feedback while the accident progression event trees are
being developed. There were 20 distinct PDSs that were
grouped into nine larger PDSs for quantification. Finally,
four super PDSs were formed covering very broad categories
of accident types. (Improved state of the art)

Physical Process of Reactor Meltdown Accidents -- Past
thermal-hydraulic calculations and calculations performed
by the NUREG-1150 containment analysts were used as
required. New ATWS related calculations were run by the
team analysts. (Slightly abbreviated)

Radionuclide Release and_ Transport -- This was handled by
the NUREG-1150 back-end analysts.

Environmental Transport and Consequence Analysis -- This
was handled by the NUREG-1150 back-end analysts.

Seismic Risk Analysis -- This is considered in Part 3 of
Volume 4. (State of the art)

Fire Risk Analysis -- This is considered in Part 3 of
Volume 4. (Slightly abbreviated)

Flood Risk Analysis -- This is considered in Part 3 of
Volume 4. (Slightly abbreviated)
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In addition to this comparison with a state-of-the-art PRA,

Other External Hazards (e.g.., Tornadoes) -- This is

considered in Part 3 of Volume 4. (Slightly abbreviated)

Ireatment of Uncertajnties -- Statistical uncertainty in
the failure data, uncertainty associated with the
application of the failure data, and uncertainty caused by
modeling assumptions and success criteria were all treated
in the analysis. In the original analysis, modeling
uncertainty was handled to a large extent by sensitivity
studies. In the revised analysis, modeling uncertainty was
incorporated directly into the data. Expert judgment
elicitations were conducted on all issues that could
significantly affect uncertainty. Furthermore, several
model and informational issues from the original analysis
were resolved by additional study. (Improved State of the
art)

informative to identify factors that PRAs do not normally treat.
following list of items not usually included in PRAs is taken with some
modification from NUREG-1115 (1]:

Partial Failures

Design Adequacy

Adequacy of Test and Maintenance Practices

Effect of Aging on Component Reliability (also burn-in
phenomena)

Adequacy of Equipment Qualification
Environmentally-Related Common Cause

Similar Parts-Related Common Cause

Sabotage
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3. PROGRAM REVIEW

To assure quality, two groups were chartered with the responsibility of
reviewing the work and providing timely feedback. Because the time
available to complete the tasks in the original analysis was short, these
reviews had to be intense, and Probabilistic Risk Assessment (PRA) team
response time had to be almost instantaneous. In the revised analysis,
more time was available, but the review meetings were still intense and
informative. In addition to their review, public comments were received
by the NRC and three other groups reviewed the work for their specific
purposes.

3.1 Senior Consultant Group

The purpose of the Senior Consultant Group (SCG) was to provide a broad
scope review of the methods and results of the reference plant PRAs.
This high-level review was to further assure the wvalidity and
applicability of the products. However, the SCG was not expected to
provide detailed quality control or assurance of the products. This
group did not meet during the revised analysis.

The members of the SCG are listed below:

J Dennis C. Bley, PL&G

. Michael P. Bohn, SNL

. Gregory J. Kolb, SNL

. Joseph A. Murphy, NRG

. William E. Vesely, SAIC (formerly of BCL)
3.2 Quality Control Group

The goals of the Quality Control Group (QCG) were the following:

J to provide guidance regarding the methodologies to be
utilized in the PRAs,

. to ensure the consistent application of the methodologies
by all PRA teams, and

. to ensure the technical adequacy of the work
These goals were met via periodic review meetings with the PRA teams. At
these meetings, the QCG discussed the methodologies and reviewed, in

detail, all technical work performed.

The QCG was composed of the individuals listed below; also shown is each
individual’s technical specialty:

. Gregory J. Kolb, SNL (QCG team leader, systems analysis,
original analysis only)

. Gareth W. Parry, NUS (uncertainty analysis, systems
analysis, reliability data)
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] John Wreathal, SAIC (human reliability analysis, revised
analysis only)

. Barbara J. Bell, BCL (human reliability analysis)

. Arthur C. Payne, Jr., SNL (systems analysis, reliability
data, back-end interface)

U Eddie A. Krantz, INEL (systems analysis, original analysis
only)

. David M. Kunsman, SNL (systems analysis, back-end
interface)

. Gary Boyd, SAROS (systems analysis, back-end interface)

3.3 Utility Interface

A constant interface was maintained with the utility throughout the
duration of the original analysis. The Peach Bottom team leader was in
constant contact with Peach Bottom engineering and plant personnel to ask
questions and verify information. The Peach Bottom contacts also
reviewed the results presented in the first draft of the study and
provided comments that were considered in the revised analysis. The same
close interface was carried through the revised analysis. The utility
support was extremely helpful.

3.4 Uncertainty Review Panel

This panel was formed at the request of the NRC to consider the way in
which uncertainty had been analyzed in the draft NUREG-1150 and the
supporting documents. A three-day meeting was held on April 20-22, 1987,
where a number of contributors to NUREG-1150 were invited to make
presentations to the panel, as were others who were known to have views
that were important to the assessment. The panel addressed all areas of
the uncertainty methodology including the statistical methods used, the
way the results were presented, and especially the use of expert
judgment.

As a result of the panel's findings, significant changes were made to the
analysis {47]. The most important improvement was in the elicitation of
expert judgment, which became a major effort in the revised analysis for
both the front-end and back-end analyses.

3.5 Peer Review Panel

After the publication of the draft NUREG-1150 and the supporting front-
end and back-end documents, the NRC Commissioners recommended a peer
review because of the potential importance of these documents to the
NRC's regulatory process. Lawrence Livermore National Laboratory was
selected to coordinate this effort. Although this review panel was
initiated by the NRC, it functioned independently.
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Fourteen members were selected including national and international
experts in the fields of nuclear reactor safety, probabilistic risk
assessment, and severe accident phenomenology. The individuals
represented academics, research laboratories, electric utilities and
consulting companies. The first phase of their review was to address the
draft documentation. The second phase is to review the final NUREG-1150
and related documentation including this report. At least five formal
meetings were held during the first phase, and testimony was given by
numerous people including the Peach Bottom analysts. The findings are
given in Reference 46. 1In general, the panel had a number of comments on
NUREG-4550, and those comments relevant to the study have been addressed.

3.6 American Nuclear Society Committee

Many members of the American Nuclear Society (ANS) felt that the society
should express its view regarding a document such as NUREG-1150 that has
the potential to influence the perception of accident risks associated
with nuclear power plants and have an impact on the regulatory process.
Thus, the President of the ANS appointed a special committee to follow
and comment upon the documentation and progress of the NUREG-1150
program.

Their findings and recommendations on the draft NUREG-1150 are found in
Reference 48. These findings and recommendations were based on a review
of the February 1987 draft NUREG-1150, and the supporting documents, a
review of the public comments, briefings by the NRC staff and others, and
visits to Sandia National Laboratories by the Chairman and Vice Chairman
to observe the expert review panel process and to discuss the ongoing
analysis leading to the revised document.

3.7 Public Comments

During the several months when public comments were solicited, a number
(approximately 50) of individuals and organizations performed detailed

reviews of the NUREG-1150 related documentation. Their comments were
extensive. These comments were submitted to the NRC and sorted by
subject. Those comments applicable to the front-end analysis and, in

particular, the Peach Bottom analysis, were reviewed by the analysts and
considered to the extent possible during the revised analysis.
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4. TASK DESCRIPTIONS

This section contains information on the major tasks performed for this
study. Section 4.1 provides a brief overview of the tasks. The
remaining subsections within Section 4 address each individual task as
it applies to the Peach Bottom analysis. Sections 5, Results, and 6,
Summary and Conclusions, provide the information covered by the last
task entitled "Interpretation of Results.”

4.1 Task Flow Chart

The major tasks performed for this study are indicative of the general
tasks performed in any Level 1 PRA. Figure 4.1-1 displays the major
tasks carried out in this analysis and shows the primary information
flow paths between each task. The entire process has been performed
twice. The first time was during the initial analysis which began in
July 1985 and resulted in the first draft of this report printed in
October 1986. Following a comment and review period, the entire process
was performed again in order to update the analysis and respond to
comments received on the first draft. The following subsections reflect
the combined effort for both the first draft phase and the reanalysis

for each of the major tasks. Volume 1 of this document provides more
detailed descriptions of the methodology used in carrying out each task
[2]. The reader is referred to that volume and the subsections which

follow in order to obtain a comprehensive description of how the Peach
Bottom analysis was conducted.

4.1-1



1xeY) M0T4 ASL Vud

*I-1°% 2an814

LB LNV -
83T -

S3QOLE HIHLO -
vud LSvd -
e -

NOWVZRIYINVA
N

SISATYNY INFGIOOV 1S0d ONY SNOUOVHIINI I UENS -
INIQIOOV-aHd DHIDIGE LNYId VLVQ J03NE0 - IENVO NOWNOD DRINGD -
TVOTIIOU DNNZIUOE G638V - ¥4vQ DHIO34E LNV - SNV NOWNWOD JHIISAS LNV1d -
SANNIANE 40 KILSACHIALNI -
SISATYNY
3OVIHILN ANINJOT3A3q SIEATYNY
ki FSVE vivd SIUNNV
1NIGNEdAq
$1300N X0d %ove -
I SIZYL LINVA QLN -
$3341 1104 03IY13G -
|
SIBATWNY
SIBISAS
AINIVAMIONN DNNAQON - SISATNY SHOLVILIN PELSAS LHOddNG -
S1s3y ALNIVLHIONA 3NTVA UILINVEYd - SNOLLIY Au3AOaM ANGPNIVLNOD OC1 : DZUNN - SLNIISNVYL -
40 oway - 30036138 SVHd 1SVd - o0~
NOLLYOHILLNY SISATVNY ONIdNOUD
NOLLY.L3Hdu3 1Nt BORAN0TS T3UL LN3AR QNY NOLLYORILNGG
N3O0V 30NIN0AS LNGA3 ONLLYLLINI

i




4.2 Plant Familiarization

4.2.1 Plant-Specific Nature of the Analysis

In order to assure that the analysis indeed reflected the Peach Bottom
Unit 2 plant, a plant familiarization task was performed. During this
effort, the analysts became familiar with the specific design,
operational, and historical performance aspects of the unit. As a
result, the analysis reflects the actual design, procedures, and
operating experience at Peach Bottom during the analysis periods, to the
extent possible. Therefore, the initiating event experience, the
models, failure data, and human reliability analysis are based on Peach
Bottom specific inputs.

The performance of this task included three major subtasks: (1) an
initial plant visit, (2) a confirmatory plant visit near the end of the
first draft period, and (3) a subsequent plant visit to begin the
reanalysis effort. In addition, nearly continuous communication was
maintained with the plant and the engineering staff to answer questions
during both analysis phases. Prior to the initial plant visit, the Peach
Bottom team reviewed the original Accident Sequence Evaluation Program
(ASEP) analyses applicable to Peach Bottom [3], the fault tree and event
tree sections of WASH-1400 {4], and Probabilistic Risk Assessment type
studies related to Peach Bottom. Preliminary event trees, system fault
trees, and simplified system schematics were constructed; preliminary
success criteria and dependency matrices were developed to identify
specific areas where information was needed for accurate models. Based
on these initial activities, a package was prepared that identified the
required plant specific information and data and gave a sampling of
generic and specific questions the team would ask concerning system
design and plant operation. This package was sent to Philadelphia
Electric Company (PECO) so that their staff might better understand the
team’'s needs. The following sections provide brief descriptions of each
plant visit and the information obtained.

4.2.2 Initial Plant Visit

The purposes of the initial plant visit were to (1) gain specific
knowledge of those Peach Bottom aspects which had been identified as
important to safety/risk and (2) collect the necessary data. The visit
occurred in July 1985. Two days were spent at PECO’'s main headquarters
in Philadelphia, a third day at the Peach Bottom plant, and a fourth day
at the Limerick simulator (Peach Bottom’s operators are trained at this
simulator). The Peach Bottom analysis team consisted of the overall
program leader, the team leader, two system analysts, a data analyst, a
containment analyst, and four human reliability analysts (three of whom
concentrated on Anticipated Transient Without Scram (ATWS) scenarios).
The team visited with PECO mechanical engineering staff members and
various personnel in operations, training, and maintenance.
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The preparatory package for the initial plant visit consisted generally
of the following items:

o Request for Piping and Instrumentation Diagrams (P&IDs)
and Functional Control Diagrams (FCDs) for all front line
systems and their support systems,

o Request for Elementary Wiring Diagrams (one lines),

o Request for Layout Drawings (the reactor and control
buildings),

o Request for Emergency Operating and Test/Maintenance
Procedures,

(<) Request for Data Information (maintenance logs, LERs,
etc.),

o Request for Post-Three Mile Island (TMI) and PRA
modifications, and

o Lists of Questions (related to system design and plant
operation).

The initial plant visit included the following events:

[+ Discussions with PECO engineering staff concerning
- normal and emergency configurations and operation of
the various systems of interest,
- system interdependencies, and
- design changes implemented at the plant;

e} Discussions with PECO engineering and operational staff
concerning
- automatic and manual actions taken in response to
various emergency conditions,
- operational problem areas identified by plant
personnel which might impact the analysis, and
- detailed discussions regarding ATWS procedures;

o] Discussions with PECO engineering and maintenance staff
concerning
- data: maintenance logs, LERS, etc., and
- implementation regarding test/maintenance
procedures;

e] Discussions with PECO training staff concerning .
- training ©practices regarding various emergency
conditions, and
- detailed discussions regarding ATWS training.



4.2.3 Information Obtained

A considerable amount of information was obtained during and shortly
following the initial plant visit. This information allowed the
analysis to consider the specific features and operational aspects of
Peach Bottom Unit 2. The information obtained consisted generally of
the following:

o Information requested in the pre-visit package including:

- the requested drawings

- PECO's Emergency Operating Procedures [4l1] and
examples of test and maintenance procedures

- plant-specific failure data information on selected
components considered likely to contribute the most
to the overall results

- recent or soon-to-be included plant modifications as
a result of TMI action items, the recent ATWS rule,
and utility-originated plant improvements

- miscellaneous items regarding specific questions
from the analysts.

o Peach Bottom monthly "hi-spot" reports for the period
1975-1985 [10] which summarize plant performance each
month as well as provide information on every plant
shutdown, and

o The Updated Final Safety Analysis Report for Peach Bottom
* Units 2 and 3 [11].

4.2.4 Confirmatory Plant Visit

The purpose of the confirmatory plant visit was to present the
preliminary results of the first draft analysis and to confirm our
knowledge regarding Peach Bottom. The plant visit occurred in December
1985. One day was spent at PECO’s main headquarters and one day at the
Peach Bottom plant. The Peach Bottom analysis team consisted of the
overall program leader, the team leader, and three system analysts. The
team visited with members of the PECO mechanical engineering staff and
with various personnel in operations.

The final plant visit included the following activities:
o A presentation of the overall preliminary results,

o Discussions with engineering staff on major contributors
and assumptions, and

o Discussions with operational staff on ‘gray’ areas
concerning operator actions.

Additional information was supplied to the analysis team by PECO in
response to issues raised during the final plant visit.
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4.2.5. Subsequent Plant Visit for the Reanalysis Phase

In March 1988, a subsequent plant visit was made to the plant and PECO's
engineering offices to learn of any changes or other factors which
should be reflected in the reanalysis phase of the project. One day was
spent at the engineering offices and one day at the plant site. Team
members, including the team leader and two system analysts met with
members of the PECO mechanical engineering staff and with operators at
the plant. Updated drawings and new procedures were provided and
discussed during the plant visit, While numerous miscellaneous changes
or clarifications were identified, four primary changes in the plant and
procedures were presented to the analysts which had a considerable
impact on the reanalysis. These were:

o Modifications made to the Emergency Service Water (ESW)
system hardware and operation since the first draft
analysis,

o A revised station blackout procedure which accounted

explicitly for stripping battery loads as well as actions
to prevent HPCI/RCIC failure in the long term,

o A revised containment venting procedure which
de-emphasized the use of local operations for venting and
also required venting at 100 psig instead of 60 psig.

o Additional information on the containment's ability to
withstand pressures closer to the 175 psia range instead
of the earlier 130 psia.

Each of the above caused a significant impact in either the event tree
or fault tree constructions or in the possible recovery actions and
timing. This new information has been included in the reanalysis in
order to properly reflect Peach Bottom’s design and operational guidance
as of early 1988.
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4.3 Initiating Event Identification and Grouping

Following the initial plant familiarization stage of the analysis, the
initiating events relevant to Peach Bottom were identified. Initiating
events are those disruptions to the normal operation of the plant which
cause a rapid shutdown of the plant, or a need to trip the plant, so as
to challenge the safety systems in order to remove decay heat. The
initiators included in this study are summarized in Table 4.3-1 along
with their frequencies.

The selection of the initiators examined in this study is described in

the following subsections. Discussions are included regarding
information sources used, the initiating event selection process, the
resulting list of initiators, and the underlying assumptions. The

nomenclature used to identify each initiator is provided in Section
4.3.5. The final 1list of initiators forms the basis for the event tree
task which defines the possible accident sequences that could occur for
each initiator. It is these accident sequences that identify the
possible scenarios leading to core damage (from internal initiators) for
Peach Bottom Unit 2.

4.3.1 Scope of Events Considered

The scope of this work encompasses only the so-called internal
initiators, i.e., those which directly affect the systems within the
plant. External events such as fires, seismic events, and flooding are
considered in Part 3 of NUREG/CR-4550 Revision 1.

Since a number of Probabilistic Risk Assessments (PRAs) on Boiling Water
Reactor (BWR) plants have already been performed, this study made use of
the combined list of initiators in those studies to derive its initiating
event list. It should be noted that manual orderly shutdowns for
refueling or administrative reasons were not considered. Table 4.3-2
summarizes the primary information sources used to identify the
initiators examined in this study. The origi-nal WASH-1400 study, the
Grand Gulf RSSMAP study, the IREP Browns Ferry study, and the Limerick
and Shoreham PRAs were all reviewed for the lists of initiators in those
studies based on actual events as reported in EPRI NP801 [13] and NP2230
(14]. In addition, suc-cess criteria implications from GE-NEDO 24708A
and the initiators formerly covered by the Accident Sequence Evaluation
Program (ASEP) were also used to assist in the identification of
initiators for this analysis. This informa-tion was supplemented with
actual plant trip data for both Peach Bottom units covering March 1976 to
June 1985 as reported in PECO’s monthly "hi-spot" reports. These actual
plant shutdowns were reviewed to ensure that all initiating events that
had occurred while at power at Peach Bottom were represented by the
initiating event list. Finally, a review of the Peach Bottom design for
special initiators was also undertaken. Plant design information from
the Peach Bottom Updated Final Safety Analysis Report (UFSAR), coupled
with information gained during the initial plant visit and subsequent
telephone discussions, was used for the examination of special
initiators. Special initiators are those events not typically
included in general 1lists of initiating events. Such special
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Table 4.3-1

Peach Bottom Initiating Events and Frequencies

MEAN
INITIATOR DESCRIPTION FREQUENCY
NOMENCLATURE (per year)
T1 Loss of offsite power (LOSP) transient 0.079
T2 Transient with the Power Conversion 0.05
System (PCS) unavailable
T3A Transient with the PCS initially 2.5
available
T3B Transient involving loss of feedwater 0.06
(LOFW) but with the steam side of the
PCS initially available
T3C Transient due to an Inadvertent Open 0.19
Relief Valve (IORV) in the primary
system
TAC/x Transient caused by loss of safety 5.0E-3
AC Bus "x"
TDC/x Transient caused by loss of safety 5.0E-3
DC BUS "x"

A Large LOCA 1.0E-4
s1 Intermediate LOCA 3.0E-4
S2 Small LOCA 3.0E-3
S3 Small-small LOCA 3.0E-2
v Interfacing system LOCA <1lE-8

(failure of a high/low pressure (see Section
interface in the primary system) 4.4)
R Reactor Vessel Rupture (see Section
4.4)
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Table 4.3-2
Primary Information Sources Used to Identify Initiators

o ASEP prior work [3]

o WASH-1400 [4]

o Grand Gulf RSSMAP [5]

o IREP Browns Ferry [6]

o Limerick PRA [7]

o Shoreham PRA [8]

o GE-NEDO 24708A [9]

o) PECO monthly "hi-spot" reports [10]
o Peach Bottom UFSAR [11]

o Minarick [12]
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initiators which cause a plant trip and require decay heat removal are
unique to the plant being analyzed. Examples would be loss of a
particular DC bus or loss of service water. These are further discussed
in Section 4.3.2.

PRAs typically divide initiating events into two major classes of
events: loss of coolant accidents (LOCAs) and transients. While LOCAs
of appreciable size have not occurred, as evidenced by operating
experience, LOCAs are still examined as possible initiators since they
would cause a plant trip, require emergency cooling if the Power
Conversion System (PCS) were lost, and represent a possible threat to
both the core and containment. During review of the above mentioned
information sources, it was found that the Shoreham and Limerick plant
analyses and General Electric’s study of typical BWR 4 designs in NEDO
24708A supported the use of three LOCA sizes. These sizes are based on
different mitigation success criteria as was done in the original
WASH-1400 study of Peach Bottom.

The large LOCA, labeled A, is a steam or a liquid break in which the
reactor vessel will rapidly depressurize. Low pressure system injection
will be automatic, restoring water level in the reactor vessel. High
pressure system injection flow rates are either inadequate to restore
level (low pressure systems have much higher flow rates) or the high
pressure turbine-driven systems cannot be run efficiently because of low
steam pressure. Break sizes of approximately 0.1 square feet or larger
are typical of this size LOCA.

The intermediate LOCA, labeled S1, is a steam or liquid break in which
high pressure injection with the High Pressure Coolant Injection (HPCI)
system is possible for a limited time period. This turbine-driven
system can supply sufficient flow to the reactor until vessel pressure
can no longer be maintained for successful HPCI operation. Low pressure
injection must then be used to maintain water inventory in the core.
Should HPCI fail initially, depressurization of the reactor vessel is
required to allow for timely low pressure injection. Break sizes of
approximately 0.004 to 0.1 square feet for liquid breaks and steam
breaks of approximately 0.05 to 0.1 square feet are typical of this size
LOCA.

The small LOCA, labeled S2, is small enough to allow for long-term
successful mitigation by either HPCI or the Reactor Core Isolation
Cooling (RCIC) system (a smaller capacity, turbine-driven system).
Should both systems fail, depressurization is required for successful
low pressure injection. This size LOCA can be approximated by a
stuck-open Safety Relief Valve (SRV) for Peach Bottom. The break is any
size smaller than that classified as an S1 LOCA above; e.g., less than
0.05 square feet for steam breaks and less than 0.004 square feet for
liquid breaks.

In addition, a fourth LOCA category was defined to include the special
recirculation pump seal leak. Such leaks have occurred in power plants,
primarily because of the wearing-out of the pump seals during normal
operation. Such leaks are well-instrumented and can be easily isolated.
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Leaks up to a maximum of ~50-100 gpm could occur on a per pump basis
although less than 5 gpm 1is more typical. Because the relative
frequency of these leaks is considerably larger than for other LOCAs,
and since these occurrences are easily detected and isolated, this type
of LOCA was categorized as a separate small-small LOCA category, labeled
S3.

A brief examination of possible LOCAs within mitigating systems was also
performed. One LOCA source, in particular, received more attention than
others since it could cause a plant trip and affect multiple safety
systems. This was a LOCA in the Normal Service Water (NSW) piping where
the piping interfaces with the Emergency Service Water (ESW) system
piping to feed a number of emergency core cooling loads and the diesels
(see the ESW system write-up in Section 4.6). A pipe break in this
location could disturb normal service water flow so as to cause a plant
trip along with possible loss of the NSW system. Subsequent ESW initia-
tion would feed the break instead of cooling certain safety system
loads. However, since (a) operation of the High Pressure Service Water
(HPSW) is wunaffected, as it has no dependency on ESW or NSW; (b)
HPCI/RCIC are only affected indirectly by room cooling, therefore the
systems can run 10 or more hours before failure of ESW or NSW would have
any impact; (c) such a break could potentially be isolated; and (d) the
probability of a LOCA having to occur in a specific location in a low
pressure system is considered relatively low (<1E-6), we concluded that
this initiator was not as important as other initiators of interest.
Even with a coincident loss of offsite power, core damage would require
the failure of HPCI and RCIC and the failure to recover AC power to
systems such as the CRD system. Using arguments such as this, it was
‘'decided that LOCAs in the mitigating systems were probabilistically
unimportant and, therefore, they were not included in this study. This
finding is consistent with the scope of LOCAs analyzed in other PRAs.

Possible interfacing system LOCAs were also examined for inclusion in
this study. Interfacing system LOCAs, or the so-called "V" sequence,
are a breach of a high pressure to low pressure interface with the
primary system. Such a breach could cause significant low pressure
system leaks or even a pipe rupture and result in a loss of inventory
from the primary system while at the same time failing a low pressure

mitigating system. Possible bypass of the containment through the
ruptured interface also represents a fission product escape path which
could result in serious consequences. Based on actual experience as

reported in References 12 and 49, focus for identifying sources for a
possible "V" sequence included review of the high to low pressure
interface in the Low Pressure Core Spray (LPCS) and Residual Heat

Removal (RHR) systems. Precursors to the "V" sequence have occurred in
BWRs during testing of both high and low pressure system valves which
provide isolation from the primary system. Focus on the above low

pressure systems is a result of the lower pressure design conditions of
these systems which increases the chance of a significant loss of
Primary system inventory through a pipe break, relief valve, or pump
seal rupture. Such a sequence has been examined as part of this study
and is discussed in Section 4.4.
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Transient initiators were selected primarily on the basis of the
considerable prior work in BWR PRAs. In this earlier work, actual
events have been grouped into major transient categories depending on
the plant response to each transient. Where "like" responses are
expected (i.e., the same systems are effectively failed or otherwise
degraded resulting in similar overall plant effects and the same
mitigating system success criteria apply), transients are grouped into
major categories with each category identified as a transient initiator
for analysis purposes. This categorization process significantly
decreases the amount of analysis effort without affecting the results.
Using the original WASH-1400 categories (Tl, T2, T3) as a guide, the
previously mentioned PRAs and the interim ASEP work were reviewed to
determine whether expansion of these categories was necessary. In
addition, actual operating history for Peach Bottom was reviewed as
reported in PECO’'s monthly "hi-spot" reports which summarize, among
other things, the causes for plant shutdowns. This information was
coalesced into the list of transient initiators.

In general, it was found that transient events could remain grouped into
the three main WASH-1400 transient categories. Tl events are those
which involve a loss of offsite power to the plant. T2 events are those
involving loss of the PCS and include, for example, Main Steam Isolation
Valve (MSIV) closure events and loss of condenser vacuum. T3 events are
those in which the PCS initially remains operational and allows for core
heat to be removed as steam to the main condenser shortly after plant
shutdown. Such events include turbine trips and IORV events. The T3
events were further subcategorized into three groups: IORV events, loss
of feedwater events, and all other events of the T3 type.

While it was not within the scope of this study to perform a detailed
analysis of a possible reactor vessel rupture as an initiating event,
the possibility of such an occurrence has been considered. 1Instead, a
review was conducted of previous work related to such a possibility to
provide some insight as to the potential for such an event. Since, as a
worst case, the initiator could preclude the ability to cool the core
and hence define an accident sequence by itself, it is discussed as part
of the Event Tree Section, 4.4, where accident sequences are defined in
this report.

4.3.2 Support System and Special Initiators

Besides the traditional transient categories discussed above, a review
was conducted to identify possible special initiators or support system
failures acting as initiators. Two special initiators were identified
and called TAC and TDC initiators. During the review of the Peach
Bottom electrical design, it was noted that safety and non-safety loads
are eventually shared off buses that ultimately derive their power from
the 4160 VAC and 125/250 VDC safety buses. Loss of these buses could
possibly cause a trip of the plant and simultaneous degradation of
safety systems depending on the specific loads off each bus. While
specific pathways to a plant trip were not explicitly identified for
either the loss of a 4160 VAC or a 125/250 VDC safety bus, it was noted
that an actual occurrence of the de-energization of a 4160 VAC safety
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bus on January 27, 1983 did indeed require a rapid shutdown of one of
the units based on subsequent condenser water level anomalies. This
fact and the sharing of safety and non-safety loads at Peach Bottom were
used as sufficient argument to conservatively treat the loss of any of
the above buses as a possible special initiator.

A search for other special initiators was also performed and included
three major categories: loss of any service water system, loss of
instrument air, and loss of heating and ventilation equipment. The NSW
system, Turbine Building Cooling Water (TBCW) system, Reactor Building
Cooling Water (RBCW) system, ESW system, and HPSW system were reviewed
as possible sources for special initiators. Possible pipe breaks, the
potential for causing a plant trip, and effects on safety systems such
as loss of cooling or flooding were considered during the review. While
detailed analyses were not possible because of the resources available
for the study, no special initiators worthy of examination involving
these systems were identified. This is based in part on the generally
sharp separation between safety and non-safety cooling water systems
(ESW, HPSW, and RBCW are standby safety systems; NSW and TBCW are
normally running non-safety systems) and, thus, the unlikely possibility
of both a plant trip and degrading safety systems at the same time (see
earlier discussion on a LOCA for the NSW system). Possibilities of
flooding seem small based on the low pressure operation of these systems
and their locations with respect to most other safety systems.

Loss of instrument air/nitrogen can cause a plant trip through the
dependency of the PCS, drywell coolers, and area ventilation systems on
air supplies. Air or nitrogen is also supplied to the following acci-
dent mitigating systems: (1) the Automatic Depressurization System
(ADS) valves, (2) the Emergency Ventilation System (EVS) dampers which
provide room cooling for the diesels, switchgear, and DC systems,
(3) the CRD full flow path, (4) some containment vent valves used for
containment venting, and (5) the MSIVs. However, the MSIVs and ADS
valves can remain open for significant periods of time since they are
backed by accumulators and other air/nitrogen supplies (these have been
tested to show they reliably hold air to the valves for ~one hour). The
critical EVS dampers fail open. The CRD system can achieve near full
flow conditions without air through an alternate passive path.
Containment vent valves each have a separate air bottle which could be
used to operate the valve locally. Furthermore, HPCI, RCIC, LPCS, LPCI,
and HPSW are available to operate given a loss of instrument air. These
points, along with the expected low probability of loss of air/nitrogen
as an initiator (from pipe break or the required failure of multiple

compressors - note: Peach Bottom has additional diesel compressors
besides the main compressors), were used to eliminate 1loss of
air/nitrogen as a special initiator on probabilistic grounds. This

finding is further supported by the conclusions in a report on the
effects of a loss of instrument air [15] and based on a discussion with
one of the principal authors of that report.

Finally, heating and ventilation systems were reviewed but discarded as
possible special initiators. This is again based on the degree of
separation in the design of these systems at Peach Bottom, the low heat
loads in critical equipment areas such as the AC bus rooms, and the
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generally slow effects of loss of heating and ventilation equipment
which allow time for corrective action before a plant trip would occur.
Also, PECO has performed analyses as part of the original FSAR questions
to show that equipment in the control room, as an example, would not
reach equipment qualification limits even with total loss of HVAC. In
addition, Peach Bottom does not have a history of significant HVAC
events.

4.3.3 Initiators Retained and Eliminated

Based on the above described process, the resulting list of initiators
identified in Table 4.3-3 represents the 1initiators retained for
analysis and hence the output of this task. These initiators form the
categories of events which were examined to determine the possible
accident sequences. Frequencies are also provided in the table for easy
reference (see Section 4.9). Note that each initiator affects the
plant differently or requires some change in the plant success criteria
as evidenced by Table 4.3-4. More information on the success criteria
associated with each initiator 1is contained in Section 4.4 and the
development of the criteria followed the guidelines provided in
NUREG/CR-4550, Volume 1.

Table 4.3-5 provides a summary of other possible initiators that were
considered but eliminated from further analysis in the Peach Bottom
study. Included are the primary reasons for each elimination during
this screening step in the analysis.

4.3.4 Initiating Event Assumptions

The following represent the primary assumptions wused in the
identification and categorization of initiating events for this
analysis:

o All initiators are assumed to originate while the plant
is at high power operation.

o Manual shutdown in an orderly manner is not included.

o The initiator list is reasonably complete. Disregarding
external events, the wide range of sources used and the
inclusion of actual operation history allows for a
"reasonably complete" argument to be used. Any additional
initiators would add further possibilities for core
damage but should be of very low probability.

o Losses of Divisions A, B, C, or D of the 4160 VAC or
125/250 VDC safety buses are conservatively assumed to
lead to a loss of the PCS (including condensate) and are
included as TAC/x and TDC/x initiators where "x"
represents the divisional bus which is failed. Since
explicit pathways for failing the PCS were not found for
these bus losses (see Section 4.3.2), this analysis has
taken a conservative stance by including these as
possible initiators.
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o The non-rigorous search for special initiators (due to
resource constraints) adequately justifies the exclusion
of such initiators except for TAC/x and TDC/x.

4.3.5 Initiating Event Nomenclature

This subsection addresses the nomenclature used to identify each type of

initiator. Table 4.3-1 supplied earlier presents the initiators
actually examined in the analysis. Other initiators were reviewed but
excluded from the analysis effort. The nomenclature in the table

defines the short-hand identification of each initiator that is used in
the remainder of the report.
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Table 4.3-5
Initiators Reviewed and Eliminated From Further Analysis

INITIATOR TYPE

PRIMARY REASONS FOR
ELIMINATION

LOCAs in Secondary Side of
Plant

LOCAs in Mitigating Systems

Reactor Vessel Rupture

Loss of Service Water
Systems

Loss of Instrument Air/
Nitrogen

Loss of HVAC

o

Isolation potential

Probability of occurrence
Isolation potential
Redundancy provided by
other systems to prevent
core damage

Qualitative discussion only

Redundancy of systems
Functional and spatial
separation of normally
operating vs. standby
systems

Probability of occurrence
Isolation potential

Ability of most key systems
to adequately perform with-
out air/nitrogen
Probability of occurrence

Redundancy in equipment
Relatively low heat loads
in critical areas

Slow effects allow recovery
before plant trip

Limited PECO analyses and
historical performance
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4.4 Event Tree Analysis

The next task involved the identification of the possible accident
sequences for each initiator. This was done using the event tree approach
which is commonly used in Probabilistic Risk Assessments (PRAs). The event
trees are logic diagrams at the system level of detail which represent the
combinations of system successes and failures forming possible sequences of
events following each initiator. The philosophy behind the event tree
analysis for Peach Bottom was to depict system successes and failures until
the status of the core and containment are safe, wvulnerable, or damaged and
to display the status of other systems sufficiently to describe the plant
damage states (see Section 4.11) applicable to each accident sequence.

The construction of the event trees was performed using the knowledge and
experience base already represented by other Boiling Water Reactor (BWR)
PRAs and with consideration of the generic event trees created as part of
earlier ASEP efforts. Two major expansions of previous BWR event tree work
were included, however, in this study.

(1) Formal analysis was conducted for more systems capable of core and
containment cooling than considered before. Specifically, credit
for the Control Rod Drive (CRD) system and the High Pressure
Service Water (HPSW) system as injection sources to the reactor
vessel was explicitly included in the success criteria and treated
in the event trees and accompanying analyses. In addition, the
Shutdown Cooling (SDC), Suppression Pool Cooling (SPC), and
Containment Spray (CS) modes of the Residual Heat Removal (RHR)
system, as well as the latest containment venting procedures
(called containment venting in the tree, Y), were explicitly
analyzed.

(2) The event tree analyses explicitly displayed and covered possible
system success and failure paths beyond successful containment
venting or containment failure. Therefore, the success or failure
probabilities associated with continued core cooling were explic-
itly and formally analyzed rather than assumed.

The above expansion features of the event tree analyses provide, in
general, more realistic analyses subject to less overall conservatism than
previous analyses. However, as will become evident in the following sub-
sections, conservative assumptions were still included in portions of the
analyses so that the core damage potential would not be inadvertently
underestimated. The above features of the analyses tend to provide lower
core damage frequencies for some sequences than the reader may be
accustomed to seeing in analyses for plants of similar design.

The following subsections address other aspects of the event tree analyses.
Section 4.11 introduces the subject of plant damage states into which the
dominant accident sequences were binned. Overall assumptions for the event
tree analyses and a discussion of system success criteria are contained in
Section 4.3.5. Each event tree used in the Peach Bottom-2 analysis is then
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displayed by each tree. The reader is referred to Section 4.4.16 for the
nomenclature used in the event tree headings and resulting sequence
identifiers.

4.4.1 General Event Tree Assumptions

There are a number of assumptions which generally apply to the event tree
analyses performed for Peach Bottom-2 regardless of the specific initiator
being examined. These assumptions are listed below with brief explanations
as required.

(1) Low Pressure Core Spray (LPCS), Low Pressure Coolant Injection
(LPCI), and RHR (all modes) pumps are assumed to fail following
successful containment venting or containment failure by
overpressure/temperature conditions.

The suppression pool is assumed to reach near atmospheric
saturated conditions shortly after either successful venting or
containment failure. Partial boiling of the pool water is assumed
to decrease the net positive suction head (NPSH) for the LPCS/
LPCI/RHR pumps such that these pumps cavitate, if running, causing
subsequent failure.

(2) LPCS/LPCI/RHR (all modes) pumps, which use the suppression pool
for suction, will successfully operate using pool water at a
temperature approaching 350°F (corresponding to saturation
conditions near point of containment failure by overpressure).

This assumption is based on (a) the corresponding pressure condi-
tions of the containment which will assure adequate NPSH, (b) the
pump seals and bearings being cooled by the Emergency Service
Water system, (c) the findings of General Electric as reported in
Section 5 of Reference 16, and (d) the fact that the RHR pumps
normally pump water approaching such temperatures during the early
phases of plant shutdown.

(3) Loss of the Vapor Suppression System (VSS) was considered but
eliminated from the event tree as relatively improbable.

Loss of the VSS function could affect the ability of the Mark I
containment to withstand steam release from the primary system
through either a break or the opening of Safety Relief Valves
(SRVs). The three most probable failure mechanisms appear to be
downcomer pipe failure, stuck open wetwell/drywell wvacuum
breakers, or a broken SRV tail pipe. Based on References 4 and
17, best estimates for downcomer pipe or SRV pipe failures are
<1E-5 and ~1E-7 respectively. Additionally, discussions with
containment analysis personnel suggest that wetwell/drywell vacuum
breaker demand is not expected in most scenarios of interest.
Considering these probabilities in the context of other system
failure probabilities led to the conclusion that VSS failure could
be excluded from further analysis.
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(4) High Pressure Coolant Injection (HPCI) and Reactor Core Isolation
Cooling (RCIC) will fail at pool temperatures of ~210-260°F.

In all the accidents of interest, the HPCI system will eventually
switch suction source from the condensate storage tank to the
suppression pool automatically on high pool water level. Follow-
ing procedures at Peach Bottom, the operator switches the RCIC

system when he sees HPCI switch [18]. Switching back requires
overriding certain circuits and therefore would not normally be
performed. I1f, while the systems are running, the pool water

should reach the 210-260°F range (nominally ~230°F), pump failure
for both systems is assumed since these pumps are not externally
cooled. This is supported, in part, by information supplied by
Philadelphia Electric Company (PECO) [19].

(5) CRD in the enhanced mode (two pumps) is assumed to fail following
reactor depressurization for SDC due to low NPSH.

The CRD system pumps water from the CST in the enhanced mode at
approximately 200 gpm, which increases to near 300 gpm following
reactor depressurization. The CST level is assumed to be too low
at the time of reactor depressurization for SDC to prevent CRD
pump cavitation due to insufficient NPSH.

In some event trees, the same event occurs more than once. A system may be
successfully utilized in a sequence and later in the same sequence,
following containment venting, may fail due to environmental conditions.
In this analysis, credit is given for three injection systems (CRD (U4),
Condensate (V1), High Pressure Service Water (V4)) to operate following the
containment venting event (Y) in many of the event trees. If, in a
particular event tree, the same injection system has been demanded before
and after the containment venting event, then these events have different
probabilities, although they have the same designation in the event tree.
In this situation, the event demanded after containment venting refers to
the survivability of the system, or its probability of successfully
surviving containment venting. If the event is demanded only before
containment venting, it refers to a hardware failure. If the event is
demanded only after containment venting, it refers to hardware failure and
survivability.

Core damage in many sequences is described as early or late. Early core
damage refers to sequences in which loss of all coolant injection occurs
soon after the initiating event and for which recovery is not performed. A
late core damage designation is found in the Tl tree for sequences in which
station blackout occurs and either HPCI or RCIC is functional. Injection
may continue in these sequences for a substantial amount of time before
injection fails and core damage occurs. A sequence designated as
containment wvulnerable indicates conditions (temperature and pressure) in
containment constitute a risk of containment failure unless containment
heat removal is effected.
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4.4.2 Discussiqn of Success Criteria

The success criteria for the initiators of interest were presented earlier
in Section 4.3.5. In the following subsections, the system success
criteria for each initiator are presented again. The identification of
initiators and the construction of the corresponding event trees is a very
interactive process. Hence, many of the same information sources listed in
Section 4.3 were used in the development of the success criteria and the
event trees for each initiator {3-12].

Additional thermal-hydraulic analyses were performed for Anticipated
Transients Without Scram (ATWS) scenarios as described in Section 4.4.15.
For the most part, the other success criteria follow closely those used in
the Limerick Probabilistic Safety Study [7] since Limerick and Peach Bottom
have similar plant thermal ratings and similar emergency core cooling
system designs and capacities. Any specific peculiarities in the criteria
are noted for each initiator in subsequent subsections.

4.4.3 Large Loss of Coolant Accident (LOCA) Event Tree

This section contains information on the large LOCA event tree. Success
criteria considerations are presented along with the event tree and its
description.

4.4.3.1 Success Criteria
A criterion specific to the large LOCA initiator is described below.

For scenarios where core cooling is successful up to the time of con-
tainment venting or containment failure: one Condensate, one HPSW, or
two CRD pump operation is assumed to be adequate to continue successful
core cooling. This is based on the low decay heat loads reached by
that time (many hours) and the fact that only small flow rates should
be required to maintain sufficient vessel inventory and adequate core
cooling.

4.4.3.2 Event Tree

Figure 4.4-1 displays the event tree for the large LOCA initiator. The
following discussions define the event tree headings and describe the
sequences presented. A bar over the event symbol or a slash preceding the

event symbol both indicate success of the event.

The following event tree headings appear on the tree in the approximate
chronological order that would be expected following a large LOCA.

A: Initiating event, large LOCA.

C: Success or failure of the Reactor Protection System (RPS).
Success implies automatic scram by the control rods.

1OSP: Success or failure to maintain offsite power.
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v2: Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines.

v3: Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

Wl: Success or failure of RHR in the SPC mode. Success implies
at least one RHR pump operating in the SPC mode with the
appropriate heat exchanger in the loop along with the HPSW
system in operation to the ultimate heat sink.

W3: Success or failure of RHR in the CS mode. Success implies at
least one RHR pump operating in the CS mode with the
appropriate heat exchanger in the loop along with the HPSW
system in operation to the ultimate heat sink.

s

Success or failure of containment venting. Success implies
that the six-inch integrated leak test line or larger size
line is open so as to prevent containment failure by over-
pressure. As necessary, water makeup is also eventually
supplied to the suppression pool.

Vi: Success or failure of the Condensate System. Success implies
at least one pump operating with sufficient makeup to the
condenser hotwell for a continuing water supply.

Va: Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

The following descriptions refer to the sequences found in Figure 4.4-1.

SEQUENCE 1 -- A*C*¥LOSP*V2*W1

Following the large LOCA (A), the RPS successfully inserts the rods into
the core (/C). Offsite power remains available (/LOSP). High pressure
cooling cannot be utilized because insufficient steam is available to run
the turbines and LPCS is initiated to provide core coolant (/V2). The
suppression pool temperature is increasing since residual heat from the
reactor is being dumped to it. SPC is initiated to provide suppression
pool cooling (/W1l). With coolant makeup and containment overpressure
protection provided, the core and containment are safe.

SEQUENCE 2 -- AXC*LOSPHV2*W1*W3

Same as Sequence 1 except containment overpressure protection is provided
by the CSS mode of RHR (/W3) following the failure of SPC (Wl).
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SEQUENCE 3 -- AXC*LOSPAV2H+WL*W3*Y*V1

Same as Sequence 1 except both SPC (Wl) and CSS (W3) fail. The subsequent
pressure rise in containment is alleviated by containment venting (/Y).
LPCS failure is assumed following containment venting due to insufficient
NPSH for the LPCS pumps. The operator then initiates Condensate (/V1) to
continue to cool the core.

SEQUENCE 4 -- AXCXLOSP*V2*W1XW3*Y*V1¥V4

Same as Sequence 3 except HPSW provides core coolant (/V4) subsequent to
Condensate failure (V1).

SEQUENCE 5 -- A*C*LOSPHV2*W1*W3*Y#V1*V4
Same as Sequence 4 except HPSW fails (V4) to cool the core. At this point

all coolant makeup is lost, which leads to core damage in a vented
containment.

SEQUENCES 6 TO 8

Same as Sequences 3 to 5 except containment venting fails (Y) leading to
containment failure by overpressurization.

SEQUENCES 9 TO 16

Same as Sequences 1 to 8 except LPCS fails (V2) and LPCI provides initial
low pressure coolant injection (/V3).

SEQUENCE 17 -- A*C*LOSP*V2%V3

Following the large LOCA (A), the RPS successfully inserts the rods into
the core (/C). Offsite power remains available (/LOSP). LPCS and LPCI
fail to provide low pressure core cooling, resulting in early core damage.

SEQUENCES 18 TO 19

Same as Sequences 1 and 2 except offsite power is not maintained (LOSP).
Onsite power is established which enables LPCS to cool the core (/V2) and
SPC (/W1l) or CSS (/W3) to provide containment overpressure protection.

SEQUENCES 20 TO 21

Same as Sequences 4 and 5 except offsite power is lost (LOSP) and
Condensate is therefore not available following successful containment
venting.



SEQUENCES 22 TO 23

Same as Sequences 7 and 8 except offsite power is lost (LOSP) and
Condensate is therefore not available following failure of containment
venting.

SEQUENCES 24 TO 29

Same as Sequences 18 to 23 except LPCI provides initial low-pressure core
cooling (/V3) following LPCS failure (V2).

SEQUENCE 30 -- A*C*LOSP*V2%V3

Same as Sequence 17 except offsite power is also lost (LOSP).

SEQUENCE 31 -- A*C

Following the large LOCA (A), the RPS fails to properly insert the rods
into the core (C). The sequence is not developed further due to its low
probability.

4.4.4 Intermediate LOCA Event Tree

This section contains information on the intermediate LOCA event tree.
Success criteria considerations are presented along with the event tree and
its description.

4.4.4.1 Success Criteria
A criterion specific to the intermediate LOCA initiator is described below.

For scenarios where core cooling is successful up to the time of con-
tainment venting or containment failure: one Condensate, one HPSW, or
two CRD pump operations is assumed to be adequate to continue success-
ful core cooling. This is based on the low decay heat loads reached by
that time (many hours) and the fact that only small flow rates should
be required to maintain sufficient vessel inventory and adequate core
cooling.

4.4.4,.2 Event Tree

Figure 4.4-2 displays the event tree for the intermediate LOCA initiator.
The following discussions define the event tree headings and describe the
sequences presented.

The following event tree headings appear on the tree in the approximate
chronological order that would be expected following an intermediate LOCA.
For convenience, high and then low pressure injection systems are shown
first, followed by containment-related systems, and finally by systems
capable of long-term continued coolant injection.
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IU:
s

Initiating event, intermediate LOCA.

I

Success or failure of the RPS. Success implies automatic
scram by the control rods.

2

Success or failure to maintain offsite power.

=

Success or failure of the HPCI system. Success implies
operation of the HPCI system for ~1-2 hours until low primary
system pressure causes isolation of HPCI either automatically
or manually. Ul’ refers to the HPCI system without pump room
ventilation.

F

Success or failure of primary system depressurization.
Success implies automatic or manual operation of the Auto-
matic Depressurization System (ADS) or manual operation of
other SRVs such that three valves or more are opened allowing
low pressure injection. An intermediate LOCA may blow the
vessel down sufficiently fast to preclude X1 operation.

v2: Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines.

v3: Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

V4. Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

Wl,W3: Success or failure of the RHR in the SPC mode or CS mode,
respectively. Success implies at least one RHR pump operat-
ing in either the SPC or CS mode with the appropriate heat

exchanger in the loop along with the HPSW in operation to the
ultimate heat sink.

s

Success or failure of containment venting. Success implies
that the six-inch integrated leak test line or larger is open
so as to prevent containment failure by overpressure. As
necessary, water makeup 1is also eventually supplied to the
suppression pool.

Vi: Success or failure of the Condensate system. Success implies
at least one pump operating with sufficient makeup to the

condenser hotwell for a continuing water supply.

The following descriptions refer to the sequences found in Figure 4.4-2.
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SEQUENCE 1 -- S1*C*LOSP#UL'*V2%Wl

Following the intermediate LOCA (S1), the RPS successfully inserts the rods
into the core (/C). Offsite power remains available (/LOSP) and HPCI
(/Ul') initially provides core coolant. The primary pressure decreases and
steam is lost through the break, which eventually fails HPCI. LPCS is
initiated to continue core cooling (/V2). Residual heat from the reactor
is being transferred to the suppression pool. SPC 1is successfully
initiated (/W1). With LPCS and SPC providing adequate coolant makeup and
containment overpressure protection, the core and containment are safe.

SEQUENCE 2 -- S1*C*LOSP*UL’*V2*W1%W3

Same as Sequence 1 except CSS (/W3) provides containment overpressure
protection following the failure of SPC (W1l).

SEQUENCE 3 -- S1#C*LOSP*UL’*V2*W1*W3Y#V1

Same as Sequence 1 except SPC (W1l) and €SS (W3) fail to function, which
causes the pressure to increase in containment. Containment venting is
successful (/Y) which causes the LPCS pumps to fail due to low NPSH.
Condensate 1is initiated (/V1) for coolant makeup resulting in no core
damage in a vented containment.

SEQUENCE 4 -- S1*CXLOSP#UL’*V2*W1*W3*XY*V1%Vs4

Same as Sequence 3 except Condensate fails (V1) and HPSW is initiated to
supply coolant makeup (/V4).

SEQUENCE 5 -- S1*CXLOSP*UL'*V2*W1*W3*Y*V1%V4

Same as Sequence 4 except HPSW fails to provide coolant makeup (V4),
resulting in core damage in a vented containment.

SEQUENCE 6 -- S1*CXLOSP*UL'*V2#¥W1*W3*Y*V1

Same as Sequence 3 except containment venting fails (Y) following the loss
of containment cooling resulting in a pressure rise in containment which
leads to containment failure. This fails LPCS due to low NPSH. Condensate
is initiated to provide coolant makeup(/V1l). This results in no core
damage in a failed containment.

SEQUENCE 7 -- Sl*C*LOSP*Ul'*GE*WI*WB*Y*VI*GZ

Same as Sequence 6 except HPSW provides coolant makeup (/V4) subsequent to
Condensate failure (V1).
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SEQUENCE 8 -- SI*CH*LOSP¥UL'*V2XW1*W3*Y*V1*V4

Same as Sequence 6 except both Condensate (V1) and HPSW (V4) fail to pro-
vide coolant makeup resulting in core damage in a failed containment.
SEQUENCES 9 TO 16

Same as Sequences 1 to 8 except early low-pressure coolant makeup is
provided by LPCI (/V3) following failure of LPCS (V2).

SEQUENCES 17 TO 24

Same development as Sequences 9 to 16 except HPSW provides early low-

pressure coolant makeup (/V4) following LPCI (V3) failure. HPSW demanded
following containment venting refers to survivability.

SEQUENCE 25 -- S1*C*LOSP*UL'*V2%V3%V4

Same as Sequence 1 except all efforts to establish early low-pressure core
cooling with LPCS (V2), LPCI (V3) and HPSW (V4) fail, resulting in early
core damage in a vulnerable containment.

SEQUENCES 26 TO 50

Same development as Sequences 1 to 25 except HPCI fails to initiate (Ul')
which requires depressurization of the primary system (/X1) to allow the
low-pressure systems to provide coolant makeup.

SEQUENCE 51 -- S1*C*¥LOSP*U1' *X1

Same as Sequence 1 except HPCI fails to initiate (Ul‘) and depressurization
of the primary system is unsuccessful (X1), disabling the low-pressure core
coolant systems, leading to early core damage in a vulnerable containment.

SEQUENCES 52 to 57

Same development as Sequences 1 to 8 except offsite power is lost (LOSP)
early in the sequence and onsite emergency power 1s provided by the diesel
generators. Since offsite power is not available, Condensate cannot be
asked after the containment venting event, resulting in six sequences
instead of eight.

SEQUENCES 58 TO 63

Same development as Sequences 52 to 57 except LPCI provides early coolant
makeup (/V3) following LPCS failure (V2).
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SEQUENCES 64 TO 69

Same development as Sequences 58 to 63 except HPSW provides early coolant
makeup (/V4) following LPCI (V3) failure. HPSW demanded following
containment venting refers to survivability.

SEQUENCE 70 -- S1*CXLOSP#UL’*V2*V3%V4

Following the intermediate LOCA (S1), the RPS successfully inserts the rods
into the core (/C). Offsite power 1is lost (LOSP) and onsite power is
established. HPCI provides coolant makeup (/Ul’) until the pressure in the
primary reduces sufficiently to initiate the low-pressure coolant systems.
LPCS (V2), LPCI (V3) and HPSW (V4) fail to operate, resulting in early core
damage in a vulnerable containment.

SEQUENCES 71 TO 89

Same as Sequences 52 to 70 except HPCI fails to provide early coolant
makeup (Ul’), followed by successful depressurization (/X1) of the primary
system to enable low-pressure systems to initiate.

SEQUENCE 90 -- S1*C*LOSP*UL '’ *X1

Following the intermediate LOCA (S1), the RPS successfully inserts the rods
into the core (/C). Offsite power is lost (LOSP) and onsite power is
established. HPCI fails to provide coolant makeup (Ul’') followed by unsuc-
cessful primary system depressurization (X1). This disables all 1low-
pressure coolant systems, resulting in early core damage in a vulnerable
containment.

SEQUENCE 91 -- S1%*C

The RPS does not respond (C) to the intermediate LOCA and the sequence is
not developed further due to a low probability.

4.4.5 Small LOCA Event Tree
This section contains information on the small LOCA event tree. Success
criteria considerations are presented along with the event tree and its
description.
4.4.5.1 Success Criteria
Two criteria specific to the small LOCA initiator are described below.

(1) For scenarios in which core cooling has been provided for a period

of a few hours or more, two CRD pump operation is considered

adequate for continued success of core cooling should the other
cooling systems then fail. This is based on the low decay heat
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levels and relatively small flow rates required by that time to
make up for the small break.

(2) For scenarios in which core cooling is successful up to the time
of containment venting or containment failure, two CRD pumps or
depressurization with operation of either one Condensate or one
HPSW pump is considered to be adequate to continue successful core
cooling.

4.4.5,2 Event Tree

Figure 4.4-3 displays the event tree for the small LOCA initiators. The
following discussions define the event tree headings and describe the
sequences presented,

The following event tree headings appear on the tree in the approximate
chronological order that would be expected following a small LOCA. For
convenience, the Residual Heat Removal (RHR) containment cooling choices
are shown early in the tree to decrease the size of the event tree. Other-
wise, the tendency is to show high and then low pressure injection systems,
followed by containment venting, and finally long-term continued core cool-
ing possibilities.

S82: Initiating event, small LOCA

o)

Success or failure of the RPS. Success implies automatic
scram by the control rods.

LOSP: Success or failure to maintain offsite power.

Ql: Success or failure of the Power Conversion System (PCS).
Success implies operation of the balance of plant by removing
heat through at least one Main Steam Isolation Valve (MSIV)
with operation of the condenser and circulating water system
as well as one feedwater train.

Ul: Success or failure of the HPCI system. Success implies
operation of the HPCI pump train so as to maintain sufficient
coolant injection.

uz2: Success or failure of the RCIC system. Success implies
operation of the RCIC pump train so as to maintain sufficient
coolant injection.

X: Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS or
manual operation of other SRVs such that three valves or more
are opened allowing low pressure injection.

vi: Success or failure of the Condensate system. Success implies

at least one pump operating with sufficient makeup to the
condenser hotwell for a continuing water supply.
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v2: Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines. Conservative requirement since a
small LOCA requires less makeup than two pumps provide.

v3: Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

V4. Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

Wl.wW3: Success or failure of the RHR system in the SPC mode or CS
mode, respectively. Success implies at least one RHR pump
operating in either the SPC or CS mode with the appropriate
heat exchanger in the loop along with the HPSW system in
operation to the ultimate heat sink.

U4: Success or failure of the CRD system as an injection source.
Success implies one pump operation.

Y: Success or failure of containment venting. Success implies
that the six-inch integrated leak test line or larger size
line is open so as to prevent containment failure by over-
pressure, As necessary, water makeup is also eventually
supplied to the suppression pool.

R: Success or failure of the containment to withstand over-
pressurization. Success 1implies the containment ruptures
before core damage.

X3: Success or failure of primary system depressurization.

Success implies automatic or manual operation of ADS occurs
subsequent to an initial depressurization to allow low
pressure coolant injection.

The following descriptions refer to the sequences found in Figure 4.4-3.

SEQUENCE 1 -- S2*C*LOSP*QL

A small LOCA (S2) generates a reactor scram condition and the RPS success-
fully inserts the rods into the core (/C). Offsite power is maintained
(/LOSP) and the PCS functions to remove heat from the core (/Ql), resulting
in no core damage in a safe containment.

SEQUENCE 2 -- S2%C*LOSP*QL*U1*W1

Same as Sequence 1 except the PCS fails (Ql), HPCI is initiated to provide
core coolant (/Ul), and SPC provides containment overpressure protection

(/W1).
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SEQUENCE 3-1 -- S2%C*LOSP*Ql*UL*W1*W3*U4

Same as Sequence 2 except containment overpressure protection fails with
SPC (W1) and CSS (/W3) is initiated. HPCI fails due to high suppression
pool temperature reached before CSS is initiated and CRD is initiated to
provide coolant makeup (/U4).

SEQUENCES 3-2 TO 3-5

Same as Sequence 3-1 except CRD fails (U4) and the primary system is
depressurized (/X1) to allow the low-pressure coolant systems to cool the
core. Either Condensate (/V1), LPCS (/V2), LPCI (/V3) or HPSW (/V4) func-
tions to cool the core.

SEQUENCE 3-6 -- S2%¥C*LOSP*QL¥UL*W1XW3*UL*X1*V1*V2¥V3*V4

Same as Sequence 3-2 except all low-pressure core coolant systems fail
(Condensate, LPCS, LPCI, HPSW) resulting in core damage in a vulnerable
containment.

SEQUENCE 3-7 -- S2%CXLOSP*QL*UL*W1*W3*U4*X1

Same as Sequence 3-1 except CRD fails to provide coolant makeup (U4) and
subsequent primary system depressurization is unsuccessful (X1). Since all
low-pressure cooling systems are disabled, core damage results in a vulner-
able containment.

SEQUENCE 4-1 -- SZ*E*LOSP*Ql*ﬁI*Wl*W3*U4*Y*UA’

Same as Sequence 2 until both SPC (Wl) and CSS (W3) fail to provide con-

tainment overpressure protection. HPCI eventually trips on high
suppression pool temperatures (Ul) and CRD is initiated (/U4). High
containment pressure is reduced by containment venting (/Y). CRD survives

the venting event and continues to provide coolant makeup, resulting in no
core damage in a vented containment.

SEQUENCES 4-2 TO 4-3

Same as Sequence 4-1 except CRD does not survive containment venting (U4)
and the primary system is depressurized (/X1) to allow Condensate (/V1) or
HPSW (/V4) to continue core cooling.

SEQUENGE 4-4 -- S2%CXLOSP*QL¥UL*WL*W3INUL*YXUL ' *K3I*V1+V4

Same as Sequence 4-3 expect both Condensate (V1) and HPSW (V4) fail to
provide core cooling, resulting in core damage in a vented containment.

4.4-19



SEQUENCE 4-5 -- S2%C¥LOSP*Ql*UL*W1*W3%UL*Y*U4 ' *X3

Same as Sequence 4-2 except reactor depressurization is unsuccessful (X3),
precluding the use of any low-pressure coolant systems, resulting in core
damage in a vented containment.

SEQUENCES 4-6 TO 4-10

Same as Sequences 4-1 to 4-5 except containment venting is unsuccessful (Y)
and overpressurization soon causes containment failure. All sequence
outcomes are the same except the containment is not vented but failed.

SEQUENCE 4-11 -- S2%C*XLOSP*QL*UL*W1*W3*UL*Y*R*UL '

Same as Sequence 4-1 except containment venting is unsuccessful (Y) and
rupture of the containment does not occur (R), although a leak in the
containment has developed. CRD survives and continues to provide core
coolant resulting in no core damage in a leaking containment.

SEQUENCE 4-12 -- SZ*E*LOSP*Ql*ﬁI*Wl*WS*ﬁZ*Y*R*U&'

Same as Sequence 4-11 except CRD does not survive the containment over-
pressurization and leak, resulting in core damage in a leaking containment.
SEQUENCES 4-13 TO 4-16

Same as Sequences 4-2 to 4-5 except CRD injection fails (U4) following HPCI
failure, the primary system is depressurized (/X1), and Condensate
continues core cooling (/V1) prior to venting.

SEQUENCES 4-17 TO 4-20

Same as Sequences 4-13 to 4-16 except containment venting fails (Y) and the
containment ruptures (/R).

SEQUENCE 4-21 -- S2%C*LOSP*QL*UL*W1¥W3*U4*X1*V1*Y*R

Same as Sequences 4-17 to 4-20 except the containment does not rupture (R)
but only leaks following failure of containment venting. Increasing
containment pressure eventually causes closure of the SRVs and a pressure
rise in the vessel which precludes low pressure cooling, and core damage
results in a leaking containment.
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SEQUENCE 4-22 -- S2%C*LOSP*QLAUL*W1*W3*UL*X1AV1+V24Y+X3I*V4

A small LOCA (S2) occurs which generates a reactor scram condition and the
RPS successfully inserts the rods into the core (/C). Offsite power is
maintained (/LOSP) and the PCS fails to remove heat from the core (Ql).
HPCI is initiated for coolant makeup (/Ul). Containment overpressure
protection fails using SPC (W1l) and CSS (W3), which eventually fails HPCI
due to high suppression pool temperatures. CRD fails to supply sufficient
makeup (U4) and the primary system is depressurized (/X1). Condensate
fails (V1) followed by successful operation of LPCS (/V2) to cool the core.
High containment pressure is alleviated by containment venting (/Y), which
fails LPCS due to low NPSH. The reactor is again depressurized (/X3) and
HPSW continues core cooling (/V4), resulting in no core damage in a vented
containment.

SEQUENCE 4-23 -- S2%C*LOSP*QL¥UL*W1XW3XU4*X1*¥V1*V2XY*X3%V4
Same as Sequence 4-22 except HPSW fails to initiate (V4) following contain-

ment venting, at which point all coolant makeup is lost, resulting in core
damage in a vented containment.

SEQUENCE 4-24 -- S2%C*LOSP*Ql¥*UL*W1*W3*U4*X1*V1*V2*Y*X3

Same as Sequence 4-22 except reactor depressurization following containment
venting is unsuccessful (X3), precluding the use of HPSW, resulting in core
damage in a vented containment.

SEQUENCES 4-25 TO 4-27

Same as Sequences 4-22 to 4-24 except contaimment venting is unsuccessful
(Y) and the containment ruptures (/R).

SEQUENCE 4-28 -- S2%C*LOSP*QL*Ul*WL*W3*U4*XX1*VI*V2¥xY*R
Same as Sequences 4-25 to 4-27 except the containment does not rupture (R)
following containment venting which recloses the SRVs and precludes reactor

depressurization and HPSW initiation, resulting in core damage in a leaking
containment.

SEQUENCES 4-29 TO 4-35

Same as Sequences 4-22 to 4-28 except LPCS fails (V2) prior to containment
venting and LPCI provides coolant makeup (/V3).

SEQUENCES 4-36 TO 4-42

Same as Sequences 4-29 to 4-35 except LPCI also fails (V3) and HPSW
provides coolant makeup (/V4) prior to containment venting.
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SEQUENCE 4-43 -- S2%¥C*LOSP*QLAUL*W1*W3*U4*X1*V1*V2¥V3%V4

Same as Sequences 4-36 to 4-42 except HPSW fails (V4), which leaves no
system available for coolant makeup, resulting in core damage in a vulner-
able containment.

SEQUENCE 4-44 -- S2%C*LOSP*QL*UL*W1*W3*U4*X1

Same as Sequence 4-22 until reactor depressurization is unsuccessful (X1)
following CRD failure. All low-pressure coolant makeup is now lost, which
leads to core damage in a vulnerable containment.

SEQUENCES 5 TO 7

Same as Sequences 2 to 4 except RCIC provides early high-pressure coolant
makeup (/U2) following HPCI failure (Ul).

SEQUENCES 8 TO 9

A small LOCA (S2) occurs which generates a reactor scram condition and the
RPS successfully inserts the rods into the core (/C). Offsite power is
maintained (/LOSP) and the PCS fails to remove heat from the core (Ql).
HPCI (Ul) and RCIC (U2) fail to provide high-pressure coolant makeup. The
reactor is depressurized (/X1) and Condensate successfully provides coolant
makeup (/V1). Containment overpressure protection is provided by SPC (/Wl)
or CSS (/W3), resulting in no core damage in a safe containment.

SEQUENCE 10-1 -- S2%C*LOSP*QL*U1¥U24X1*VI1*W1*W3*UkxY*Us "

Same as Sequence 8 until SPC (W1l) and CSS (W3) fail to provide containment
overpressure protection, resulting in the eventual loss of Condensate due
to high primary system pressure, which occurs after SRVs shut on high
containment pressure. CRD is initiated (/U4) to cool the core. High
containment pressure is alleviated by venting (/Y). CRD continues to cool
the core (/U4') resulting in no core damage in a vented containment.

SEQUENCES 10-2 TO 10-3
Same as Sequence 10-1 except CRD does not survive containment venting

(U4'), the reactor is depressurized (/X3), and Condensate (/V1) or HPSW
(/V4) provides coolant makeup.

SEQUENCE 10-4- - S2%C*LOSP*QL*UL*U2%X 1%V 1% W1 *W3*UL*Y*U4 ' *¥X3*V1+V4
Same as Sequence 10-2 except Condensate (V1) and HPSW (V4) fail, at which

point all coolant makeup is lost, resulting in core damage in a vented
containment.
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SEQUENCE 10-5 -- S2%C*LOSP*QL*UL*U2%X1*VIAWIAW3*UL*Y*Uk ' *X3

Same as Sequence 10-1 except CRD does not survive containment venting (U4')
and reactor depressurization is unsuccessful (X3), leading to core damage
in a vented containment.

SEQUENCES 10-6 TO 10-10

Same as Sequences 10-1 to 10-5 except the containment is not vented (Y) and
eventually ruptures (/R).

SEQUENCE 10-11 -- S2#C*LOSP*QL¥UL¥U2¥X1#V1*WL*W3*UL*Y*R*Us "

Same as Sequence 10-6 until the containment does not rupture but forms a
leak, which does not affect CRD operation, resulting in no core damage in a
leaking containment.

SEQUENCE 10-12 -- S2%C*LOSP*QL¥ULXU2*X1*V1*W1*W3*U4*Y*R¥UL’

Same as Sequence 10-11 except CRD does not operate following the leak in
containment (U4), resulting in core damage in a vulnerable containment.

SEQUENCES 10-13 TO 10-14

Same as Sequence 10-1 until CRD fails to initiate (U4) following the loss
of Condensate. The containment is vented (/Y) to relieve the pressure and
following reactor depressurization (X3), Condensate (/V1) or HPSW (/V4)
provides core coolant, resulting in no core damage in a vented containment.

SEQUENCE 10-15 -- S2%C*LOSP*QL¥ULXU2*X1#V1*W1*W3XUs*Y*X3*V1*V4
Same as Sequence 10-13 except both Condensate (V1) and HPSW (V4) fail,

leaving no system available for coolant makeup, resulting in core damage in
a vented containment.

SEQUENCE 10-16 -- S2%C*LOSP*QL¥UL¥U2*X1*V1*W1*W3*Ub*Y*X3
Same as Sequence 10-13 except reactor depressurization is unsuccessful (X3)

following containment venting, which leaves Condensate and HPSW unavailable
for coolant makeup, resulting in core damage in a vented containment.

SEQUENCES 10-17 TO 10-20

Same as Sequences 10-13 to 10-16 except containment venting is unsuccessful
(Y), leaving the containment overpressurized, resulting in eventual rupture
of the containment (/R).
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SEQUENCE 10-21 -- S2%¥C*LOSP*QL¥UL¥*U2*X1*V1*W1*W3*UL*Y*R

Same as Sequence 10-17 until the containment does not rupture (R), and core
damage results in a vulnerable containment.

SEQUENCES 11 TO 12

Same as Sequences 8 to 9 except LPCS provides coolant makeup (/V2) follow-
ing Condensate failure (V1).

SEQUENCES 13-1 -- S2%C*LOSP*QL¥ULXU2¥X1*V1*V2*W1*W3*UL*Y*Us "

Same as Sequence 11 until containment cooling with SPC (W1l) and CSS (W3)
fails. High containment pressure eventually closes the SRVs, which allows
the primary system pressure to increase, resulting in the loss of LPCS
(V2). CRD is successfully initiated in the one pump mode (/U4) to continue
coolant makeup. Containment overpressure protection is accomplished by
containment venting (/Y). CRD continues to provide coolant makeup (/U4'),
resulting in no core damage in a vented containment.

SEQUENCE 13-2 -- S2%C¥LOSP*Ql*UL*U2¥X1*V1*V2*W1*W3*ULXY*UsL' $X3%Vh

Same as Sequence 13-1 except CRD does not survive containment venting
(U4'), the reactor is depressurized (/X3) to allow HPSW to continue coolant
makeup (/V4).

SEQUENCES 13-3 TO 13-4

Same as Sequence 13-2 except either HPSW fails (V4) or reactor depressuri-
zation fails (X3), leaving no systems available for coolant makeup, result-
ing in core damage in a vented containment.

SEQUENCES 13-5 TO 13-8

Same as Sequences 13-1 to 13-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 13-9 -- S2*CH*LOSP*QLAUL*U2%X1*V1*V2*W1*W3UL*Y+R¥UL '
Same as Sequence 13-5 until the containment does not rupture (R) but

develops a leak. CRD continues to provide coolant makeup (/U4'), resulting
in no core damage in a leaking containment.
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SEQUENCE 13-10 -- S2*C*LOSP#*Ql*UL¥U2*X1#V1*V2*W1*W3*UL*Y*R*U4 '
Same as Sequence 13-9 except CRD does not continue to operate following the

leak in containment (U4), resulting in core damage in a wvulnerable
containment.

SEQUENCE 13-11 -- S2*C*LOSP*QL*UL*U2+X1*V1*V2*W1AW3*UL*Y*X3*V4

Same as Sequence 13-1 except CRD fails to initiate (U4) following the loss
of LPCS. The containment is vented (/Y) and the primary system is depres-
surized (X3) to allow HPSW to provide coolant makeup (V4), resulting in no
core damage in a vented containment.

SEQUENCES 13-12 TO 13-13

Same as Sequence 13-11 except either HPSW fails (V4) or reactor depressuri-
zation is unsuccessful (X3), leaving no core coolant system available,
resulting in core damage in a vented containment.

SEQUENCES 13-14 TO 13-16

Same as Sequences 13-11 to 13-13 except containment venting fails (Y) and
the containment ruptures (/R).

SEQUENCES 13-17 -- S2%C*LOSP*QL¥UL*U2%X1¥V1*V2*W1*W3*U4*Y*R

Same as Sequence 13-14 until the containment does not rupture (R), causing

closure of the SRVs and hence no low pressure cooling, resulting in core
damage in a vulnerable containment.

SEQUENCES 14 TO 16

Same as Sequences 11 to 13 except LPCI provides early low-pressure coolant
makeup (/V3) following LPCS failure (V2).

SEQUENCES 17 TO 19

Same as Sequences 14 to 16 except HPSW provides early low-pressure coolant
makeup (/V4) following LPCI failure (V3).

SEQUENCE 20 -- S2%C*LOSP*QL*U1%U2+X1*V1*V2*V3%V4

Same as Sequence 17 except HPSW fails to operate (V4). At this point all
core coolant systems are lost, resulting in early core damage in a vulner-
able containment,
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SEQUENCE 21 -- SZ*E*LOSP*QI*UI*UZ*Xl

Following the small LOCA (S2) and successful reactor scram (/C), offsite

power is maintained (/LOSP). The PCS fails to remove heat from the core
(Ql). Both high-pressure injection systems, HPCI (Ul) and RCIC (U2), fail
to operate. Depressurization of the reactor 1is unsuccessful (X1), which

leaves no system available for coolant makeup, resulting in early core
damage in a vulnerable containment.

SEQUENCES 22 TO 38

Same as Sequences 2 to 21 except offsite power is not maintained (LOSP)
early in the sequence. Onsite emergency power is utilized for core cooling
systems, with the exception of the Condensate system, which requires off-
site power to operate. All sequence outcomes are the same, except the
success paths for Condensate events in the tree are eliminated.

SEQUENCE 39 -- S2%C

The RPS fails to scram the reactor (C) following the small LOCA (S2). This
sequence has a low probability and is not developed further.

4.4.6 Small-Small (Recirculation Pump Seal) LOCA Event Tree

This section contains information on the small-small LOCA event tree.
Success criteria considerations are presented along with the event tree and
its description.

4.4.6.1 Introduction

The recirculation pump seal LOCA (S3) was treated as either a small (S2)
liquid LOCA or a tramnsient with PCS initially available (T3A) depending on
early actions of the operator (see Table 4.3-4 for corresponding success
criteria). Experience suggests that the small-small LOCA category is
dominated by recirculation pump seal failures. Such a leak would be easily
identifiable for two reasons. First, the sources of such leaks are well-
instrumented on recirculation pumps. Secondly, the Peach Bottom Emergency
Procedure Guidelines (EPGs) call for the operator to first suspect a pump
seal leak if drywell pressure begins to rise or unidentified leakage is
detected. Procedures call for slowdown of the problem pump and then isola-
tion of the pump. PCS operation would probably not be interrupted and
power operation could possibly continue for a period of time.

4.4.6.2 Event Tree

The Small-Small LOCA event tree is depicted by Figure 4.4-4. The S3 LOCA
analysis and the corresponding event tree assume that conditions proceed to
the need for a reactor scram. Otherwise, if the operator should detect and
isolate the leak before a reactor trip, the plant simply "rides"™ through
the event resulting in no real challenge to the plant.
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The events in the tree include the following:

S§3: Initiating event, small-small LOCA (~50-to-100 gpm maximum).

I

Success or failure of the Reactor Protection System (RPS).
Success implies scram by the control rods.

Success or failure of leak detection and isolation. Success
implies the operator detects and isolates the leaky pump thus
stopping the LOCA. With the reactor scrammed, the event
becomes a transient with PCS most likely available.

I

The course of events then follows the S2 LOCA or T3A
transient tree as shown. See those tree descriptions for
more information.

The following descriptions refer to the sequences found in Figure 4.4-4.

SEQUENCE 1 -- S3%C*L
A small-small LOCA occurs (S3) which generates a reactor scram condition

and the RPS successfully inserts the rods into the core (/C). The
operators isolate the leak (/L) and the sequence transfers to the T3A tree.

SEQUENCE 2 -- S3%C*L

Same as Sequence 1 except the operator fails to detect the leak and the
sequence transfers to the S2 tree.

SEQUENCE 3 -- S3%*C

Following the small-small LOCA (S3), the RPS fails to scram the reactor and
the sequence is not developed further since the probability of such a
sequence (including additional failures which must occur to result in core
damage) is sufficiently low.

4.4.7 Loss of Offsite Power Event Tree

This section contains information on the loss of offsite power event tree,
Success criteria considerations are presented along with the event tree and
its description.

4.4.7.1 Success Criteria

Two criteria specific to the loss of offsite power initiator are described
below.

(1) For scenarios in which core cooling has been provided for a period

of approximately 6-8 hours or more, one CRD pump operation is
considered adequate for continued success of core cooling. This
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is based on the low decay heat levels reached by that time with no
significant breach of the primary system. While the CRD failure
model explicitly treats only the two pump criteria for success,
single pump operation was treated as success during these long-
term scenarios by eliminating (by hand) failures of the CRD system
which would fail only one pump.

(2) For scenarios in which core cooling is successful up to the time
of containment venting or contaimment failure, one CRD pump or
depressurization with one HPSW pump operation is considered to be
adequate to continue successful core cooling.

4.4.7.2 Event Tree

Figure 4.4-5 displays the event tree for the loss of offsite power
initiator. The entire PCS, Feedwater, and Condensate systems are not shown
in the tree since loss of offsite power also prevents operation of these
systems. Should offsite power be restored, these systems could be used to
mitigate the event. The following discussions define the event tree head-
ings and describe the sequences presented.

The following event tree headings appear on the tree in the approximate
chronological order that would be expected following a loss of offsite
power. For convenience, the RHR containment cooling choices are shown
early in the tree to decrease the size of the event tree. Otherwise, the
tendency is to show high and then low pressure injection systems, followed
by containment venting, and finally long-term continued core cooling possi-
bilities. 1In addition, onsite AC power restoration is shown as a specific
event so that station blackout sequences can be explicitly depicted.

T1: Initiating event, loss of offsite power.

C: Success or failure of the RPS. Success implies automatic
scram by the control rods.

=

Success or failure of Reactor Coolant System (RCS) over-
pressure protection (if required) by automatic operation of
the SRVs. Success implies prevention of RCS overpressure so
as to avoid damage to the primary system.

I~

Success or failure associated with reclosing of any SRVs
which should open in response to reactor vessel pressure
rises throughout the sequence. Success implies reclosure of
all valves when vessel pressure drops below the closure set-
points. Pl, P2 and P32 refer to the failure to reclose one,
two and three SRVs, respectively.

I

Success or failure of the onsite AC power system (diesel
generators and associated equipment and emergency buses) in
response to the loss of offsite power. Success implies
operation of at least one emergency AC power division so that
AC-powered mitigating systems can be utilized. Failure
implies loss of all AC, or station blackout.
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W1.W2 W3:

s

oy

Success or failure of the HPCI system. Success implies
operation of the HPCI pump train so as to maintain sufficient
coolant injection. Ul’ refers to the HPCI system without

pump room ventilation.

Success or failure of the RCIC system. Success implies
operation of the RCIC pump train so as to maintain sufficient
coolant injection. U2’ refers to the RCIC system without
pump room ventilation.

Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS or
manual operation of other SRVs such that three valves or more
are opened allowing low pressure injection.

Success or failure of the CRD system as an injection source.
Success implies two pump operation.

Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines.

Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

Success or failure of the RHR system in the SPC, SDC, or CS
mode, respectively. Success implies at least one RHR pump
operating in any one of the three modes with the appropriate
heat exchanger in the loop along with the HPSW system in
operation to the ultimate heat sink.

Success or failure of primary system depressurization.
Success implies automatic or manual operation of any three of
eleven ADS valves to allow the SDC mode of RHR to be
initiated.

Success or failure of the CRD system as an injection source.
Success implies operation in the one pump mode.

Success or failure of containment venting. Success implies
that the six inch integrated leak test line or larger size
line is open so as to prevent containment by overpressure.
As necessary, water makeup is also eventually supplied to the
suppression pool.

Success or failure of the containment to withstand over-

pressurization. Success implies the containment ruptures
before core damage.
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X3: Success or failure of primary system depressurization.
Success implies automatic or manual operation of ADS occurs
subsequent to initial depressurization to allow low pressure
coolant injection.

The following descriptions refer to the sequences found in Figure 4.4-5.

A loss-of-offsite power occurs (T1l) which generates a reactor scram condi-
tion and the RPS successfully inserts the rods into the core (/C). The
SRVs properly cycle to control reactor pressure (/M, /P) and onsite
emergency AC power is established (/B). HPCI is initiated (/Ul) for core
cooling and SPC is initiated (/W1l) for containment overpressure protection,
resulting in a safe core and containment.

Same as Sequence 1 but SPC fails to provide containment overpressure
protection (W1l) and SDC is initiated (/W2) following reactor
depressurization (/X2).

SEQUENCES 3-1 TO 3-4

Same as Sequence 2 except SDC fails (W2) and CSS continues to provide
containment overpressure protection (/W3). HPCI has failed due to high
suppression pool temperatures and either CRD (/U4), LPCS (/V2), LPCI (/V3)
or HPSW (/V4) continues core cooling.

Same as Sequences 3-1 to 3-4 except CRD (U4), LPCS (V2), LPCI (V3) and
HPSW (V4) fail, leaving no system available to cool the core, resulting in
core damage in a vulnerable containment.

Same as Sequence 2 except SDC fails (W2), followed by CSS failure (W3),
leaving the containment without overpressure protection. HPCI eventually
fails due to high suppression pool temperatures and CRD is initiated (/U4).
The containment is successfully vented (/Y) and CRD continues to provide
core coolant (/U4'), resulting in no core damage in a vented containment.
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Same as Sequence 4-1 except CRD fails during containment venting (U4').
Prior to containment venting, due to the loss of containment overpressure
protection, high containment pressure forces the SRVs closed and the
primary system pressure increases before injection is restored with CRD.
The reactor is depressurized (/X3) and HPSW provides core coolant (/V4).

SEQUENCES 4-3 TO &4-4

Same as Sequence 4-2 except HPSW fails (V4), or reactor depressurization
prior to HPSW operation is unsuccessful (X3), resulting in core damage in a
vented containment.

SEQUENCES 4-5 TO 4-8

Same as Sequences 4-1 to 4-4 except containment venting fails (Y) and the
containment ruptures before core damage (/R).

Same as Sequence 4-8 except the containment does not rupture (R) but
develops a leak. CRD continues to operate (/U4'), resulting in no core
damage in a leaking containment.

Same as Sequence 4-9 except CRD does not continue to operate (U4')
following the containment leak and because high containment pressure, ADS
cannot relieve primary pressure to allow HPSW to operate, resulting in core
damage in a leaking containment.

Same as Sequence 4-1 except CRD does not operate (U4) following HPCI
failure. LPCS is initiated (/V2) to continue core cooling and the contain-
ment is eventually vented (/Y). The LPCS pumps then fail due to low NPSH
and the reactor is depressurized to allow HPSW to cool the core (/V4),
resulting in a safe core in a vented containment.

SEQUENCES 4-12 TO 4-13

Same as Sequence 4-11 except HPSW fails (V4), or depressurization prior to
HPSW operation fails (X3), resulting in core damage in a vented
containment.
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SEQUENCES 4-14 TO 4-16

Same as Sequences 4-11 to 4-13 except containment venting is unsuccessful
(Y) and the containment ruptures before core damage (/R).

Same as Sequence 4-11 except containment venting fails (Y) and the contain-
ment does not rupture (R), thereby closing the SRVs due to high containment
pressure and preventing low pressure cooling. This results in core damage
in a leaking containment.

SEQUENCES 4-18 TO 4-24
Same as Sequences 4-11 to 4-17 except, following LPCS failure (V2), LPCI
provides core coolant (/V3) prior to containment venting.

SEQUENCES 4-25 TO 4-31

Same as Sequences 4-18 to 4-24 except, following LPCI failure (V3), HPSW
provides core coolant (/V4) prior to containment venting.

Same as Sequence 4-11 except LPCS (V2), LPCI (V3), and HPSW (V4) fail and
all core cooling is lost, resulting in core damage in a vulnerable
containment.

SEQUENGE 5-1 -- TL&C*M*P*B*U1*W1*X2%W3*Uk

Same as Sequence 2 except reactor depressurization for SDC is unsuccessful
(X2) and CSS is initiated to provide containment overpressure protection
(/W3). HPCI has failed due to high suppression pool temperatures before
CSS is established and CRD is initiated to cool the core (/U4), resulting
in a safe core and containment.

SEQUENCES 5-2 TO 5-4
Same as Sequence 5-1 except CRD fails to provide coolant injection (U4),

the reactor is depressurized (/X1), and LPCS (/V2), LPCI (/V3) or HPSW
(/V4) provide core cooling.
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SEQUENCES 5-5 TO 5-6

Same as Sequence 5-2 except either reactor depressurization fails (X1) or
LPCS (V2), LPCI (V3) and HPSW (V4) fail following depressurization, result-
ing in core damage in a vulnerable containment.

Same as Sequence 5 except CSS fails (W3), resulting in the loss of all
containment overpressure protection. High suppression pool temperatures
fail HPCI and CRD is initiated for core coolant (/U4). Increasing
containment pressure is relieved by containment venting (/Y). CRD survives
venting (/U4') and the core is safe in a vented containment.

Same as Sequence 6-2 except CRD does not survive containment venting (U4'),
the reactor is depressurized (/X1), and HPSW continues core cooling (/V4).

SEQUENCES 6-3 TO 6-4

Same as Sequence 6-2 except either reactor depressurization fails (X1), or
HPSW fails (V4) following reactor depressurization, leading to core damage
in a vented containment.

SEQUENCES 6-5 TO 6-8

Same as Sequences 6-1 to 6-4 except containment venting is unsuccessful (Y)
and the containment ruptures (/R).

Same as Sequence 6-5 except the containment does not rupture (R), but
develops a leak. This causes closure of the SRVs and the inability to use
low pressure cooling. CRD continues coolant injection (/U4'), resulting in
no core damage in a leaking containment.

Same as Sequence 6-9 except CRD fails (U4') following the containment leak,
at which point all coolant makeup is lost, resulting in core damage in a
vulnerable containment.
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Same development as Sequence 6-1 until CRD fails to initiate (U4) following
HPCI failure. The reactor is depressurized (/X1) to initiate LPCS for
coolant injection (/V2). The reactor 1is sufficiently depressurized to
initiate late SDC for containment overpressure protection (/W2), resulting
in a safe core and containment.

Same as Sequence 6-11 except SDC fails to provide containment overpressure
protection (W2), followed by successful venting of the containment (/Y).
Coolant injection is restored using HPSW (/V4) following reactor
depressurization (/X3), resulting in a safe core in a vented containment.
SEQUENCES 6-13 TO 6-14

Same as Sequence 6-12 except either reactor depressurization fails (X3) or
HPSW fails (V4) following reactor depressurization, resulting in core
damage in a vented containment.

SEQUENCES 6-15 TO 6-17

Same as Sequences 6-12 to 6-14 except containment venting fails (Y) and the
containment ruptures (/R).

Same as Sequence 6-11 until containment overpressure protection with SDC

fails (W2), followed by failure of containment venting (Y). The
containment does not rupture (R), disallowing use of low pressure systems
because of closure of the SRVs. Core damage results in a vulnerable
containment.

SEQUENCES 6-19 TO 6-26

Same as Sequences 6-11 to 6-18 except LPCI provides coolant makeup (/V3)
following failure of LPCS (V2).

SEQUENCES 6-27 TO 6-34

Same as Sequences 6-19 to 6-26 except HPSW provides coolant makeup (/V4)
following failure of LPCI (V3).
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Same as Sequence 6-11 until LPCS fails (V2) following reactor depressuriza-
tion, followed by failure of both LPCI (V3) and HPSW (V4), at which point
all coolant makeup is lost, resulting in core damage in a vulnerable
containment.

Same as Sequence 6-11 until CRD fails to continue coolant makeup (U4)
following HPCI failure. Reactor depressurization fails (X1), which
disables all low-pressure core cooling systems, resulting in core damage in
a vulnerable containment.

SEQUENCES 7 TO 12

Same as Sequences 1 to 6 except RCIC provides high pressure coolant makeup
(/U2) following failure to initiate HPCI (Ul).

SEQUENCES 13 TO 15

Same as Sequence 1 until failure to initiate HPCI (Ul), followed by failure
of RCIC (U2). The reactor is depressurized (/X1) and LPCS is initiated for
coolant makeup (/V2). Containment overpressure protection is provided by
SPC (/W1l), SDC (/W2), or CSS (/W3), resulting in a safe core and
containment.

SEQUENCES 16-1 TO 16-2

Same as Sequence 13 until SPC fails (W1l), followed by failure of SDC (W2)
and CSS (W3). Without containment overpressure protection, the pressure in
containment rises until the SRVs close, Primary system pressure then
rises, eventually failing LPCS (V2). CRD is initiated (/U4) for coolant
makeup. High containment pressure is relieved by containment venting (/Y).
CRD continues to cool the core, or the reactor is depressurized (/X1) and
HPSW cools the core (/V4) if CRD does not survive the venting.

SEQUENCES 16-3 TO 16-4

Same as Sequence 16-1 except CRD does not survive containment venting and
either reactor depressurization is unsuccessful (X1), or HPSW fails (V4)

following reactor depressurization, resulting in core damage in a vented
containment.
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SEQUENCES 16-5 TO 16-8

Same as Sequences 16-1 to 16-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 16-9 -- T1*CAM*P*B*U1*U2*X1*V2*W1*W2*W3*U4*Y*XRAU4 '

Same as Sequence 16-5 except the containment does not rupture (R) but
develops a leak. CRD survives (/U4') resulting in a safe core in a leaking
containment.

SEQUENCE 16-10 -- T1*C*M*P*B*Ul*U2*X1*V2*W1*W2*W3*UL*Y*R*US '

Same as Sequence 16-9 except CRD does not survive the development of a
leak in containment (U4'), all coolant systems are lost, and core damage
results in a vulnerable containment.

SEQUENCE 16-11 -- T1*C*M*P*BAUL*U2#X1*V2*W1*W2*WIAUL*Y*X3*V4

Same as Sequence 16-1 until CRD fails to initiate (U4) following loss of
containment overpressure protection. Increasing containment pressure is
relieved by containment venting (/Y) and HPSW is initiated to cool the core
(/V4) following primary system depressurization (/X1). The core is safe in
a vented containment.

SEQUENCES 16-12 TO 16-13

Same as Sequence 16-11 except either HPSW fails to cool the core (V4) or
primary system depressurization fails (X1) prior to HPSW operation, result-
ing in core damage in a vented containment.

SEQUENCES 16-14 TO 16-16

Same as Sequences 16-11 to 16-13 except containment venting fails (Y) and
the containment eventually ruptures (/R).

SEQUENCE 16-17 -- T1*C*M*P*B*Ul*U2*X1*V2*W1*W2*W3*UL*Y+R

Same as Sequence 16-11 until containment venting fails (Y). The contain-
ment does not rupture (R) and continues to pressurize, resulting in core

damage in a vulnerable containment since the SRVs are forced closed,
preventing low pressure cooling.
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SEQUENCES 17 TO 20

Same as Sequences 13 to 15 except LPCI provides early core coolant (/V3)
following LPCS failure (V2).

SEQUENCES 21 TO 24

Same as Sequences 17 to 20 except HPSW provides early core coolant (/V4)
following LPCI failure (V3).

SEQUENCE 25 -- T1*C*M*P*B*Ul*U2*X1*V2*V3*V4

Same as Sequences 21 to 24 until HPSW fails (V4), at which point all
coolant makeup is lost, resulting in early core damage in a vulnerable
containment.

SEQUENCE 26 -- T1*C*M*P*BAUL*U2%X1#U3*W1

Same as Sequence 13 until reactor depressurization fails (X1) following
failure to initiate high-pressure coolant systems. CRD is initiated in the
two-pump mode to provide sufficient injection capacity (/U3). Containment
overpressure protection is provided by SPC (/W1l), resulting in a safe core
and containment.

SEQUENCES 27-1 TO 27-3

Same as Sequence 26 until SPC fails to initiate (Wl), the reactor is
depressurized (/X2), and SDC provides containment overpressure protection
(/W2). Reactor depressurization for SDC increases CRD flow rate which,
when considering CST inventory is depleting, is assumed to fail the CRD
pumps due to low NPSH. LPCS (/V2), LPCI (/V3) or HPSW (/V4) is initiated
for core coolant, resulting in a safe core and containment.

SEQUENCE 27-4 -- T1#C*M*P*B*UL*U2%X1*U3*W1*X2*W2*V2+V3*V4

Same as Sequence 27-1 until LPCS fails (V2) to initiate after CRD fails,
followed by unsuccessful operation of LPCI (V3) and HPSW (V4), resulting in
core damage in a vulnerable containment.

SEQUENCES 28-1 TO 28-4

Same as Sequences 27-1 to 27-4 except CSS provides containment overpressure
protection (/W3) following SDC failure (W2).
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SEQUENCE 29-1 -- T1*CHM*P*B*UL*U2*X1*U3*W1*X2#*W2*W3*V2*¥Y*X3%VE

Same as Sequence 28-1 until CSS fails to initiate (W3), at which point all
containment cooling is lost. CRD failed due to reactor depressurization
for SDC, so LPCS is initiated (/V2) to continue core cooling. Without
containment overpressure protection, the pressure in containment is
increasing and eventually closes the SRVs. Containment venting (/Y) is
successful to relieve containment overpressurization, which fails LPCS due
to low NPSH. Since the SRVs are closed, a pressure increase in the primary
system begins until the reactor is again depressurized (/X3) and HPSW cools
the core, resulting in a safe core in a vented containment.

SEQUENCES 29-2 TO 29-3

Same as Sequence 29-1 except either HPSW fails (V4) or reactor depressuri-
zation fails (X3) prior to HPSW operation, leaving no system available for
coolant makeup, resulting in core damage in a vented containment.

SEQUENCES 29-4 TO 29-6

Same as Sequences 29-1 to 29-3 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 29-7 -- TL1*C*M*P*B*Ul*U2*X1*U3*W1*X2*W2*W3*V2*Y+R

Same as Sequence 29-4 until the containment fails to rupture (R), which
precludes HPSW operation because of forced closure of the SRVs. This
results in core damage in a vulnerable containment.

SEQUENCES 29-8 TO 29-14

Same as Sequences 29-1 to 29-7 except LPCS fails to initiate (V2) following
containment cooling failure and LPCI provides coolant makeup (/V3).
SEQUENCES 29-15 TO 29-21

Same as Sequences 29-8 to 29-14 except LPCI fails to initiate (V3) follow-
ing containment cooling failure and HPSW provides coolant makeup (/V4).
SEQUENCE 29-22 -- T1*CAM#P*B*ULXU2*X1#*U3*W1*X2#¥W2*W3*V2*V3*V4

Same as Sequence 29-11 until LPCS fails (V2) following containment cooling

failure. LPCI (V3) and HPSW (V4) also fail to initiate, resulting in core
damage in a vulnerable containment.
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SEQUENCE 30 -- T1*CAMAP*B*UL*U2+X1*U3*W1*X2+W3

Same as Sequence 26 until SPC fails (W1l), followed by failure of reactor
depressurization for SDC (X2). CSS is initiated to provide containment
overpressure protection (/W3). Since reactor depressurization was
unsuccessful, CRD does not fail, resulting in a safe core and containment.

SEQUENCES 31-1 TO 31-2

Same as Sequence 30 until CSS fails (W3), at which point all containment
overpressure protection is lost. Eventually containment venting is
performed to relieve containment overpressure (/Y). CRD continues to cool
the core in the one-pump mode (/U4), or CRD fails on containment venting
and HPSW cools the core (/V4), resulting in a safe core in a vented
containment.

SEQUENCES 31-3 TO 31-4
Same as Sequence 31-2 except HPSW fails (V4) or reactor depressurization

fails prior to HPSW operation (X3), resulting in core damage in a vented
containment.

SEQUENCES 31-5 TO 31-8

Same as Sequences 31-1 to 31-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 31-9 -- T1#C*M*P*B*UL*U2¥X1*U3*W1*X2*W3*Y*R*Us4

Same as Sequence 31-5 except the containment does not rupture (R) but
develops a leak. CRD continues to cool the core, resulting in a safe core
in a leaked containment.

SEQUENCE 31-10 -- T1*C*MAP*B#*U1l*U2*X1*U3*W1*X2%W3*Y*R*U4

Same as Sequence 31-9 except CRD does not survive the containment leak
(U4), resulting in core damage in a vulnerable containment.

SEQUENCE 32 -- T1*C*M*P*B*U1l*U2+X1*U3

Same as Sequence 26 until CRD fails to initiate (U3) in the two-pump mode
following failure to depressurize the reactor, which leaves no system

available for coolant makeup. Early core damage results, with a vulnerable
containment.
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SEQUENCES 33 TO 34

A loss-of-offsite-power occurs (Tl) which generates a reactor scram condi-
tion and the RPS successfully inserts the rods into the core (/C). The
SRVs properly cycle to control reactor pressure (/M, /P) and onsite
emergency power fails to be established (B). HPCI or RCIC is initiated
(/Ul', fU2') for coolant injection until it fails in the harsh environment
or due to battery depletion, and core damage occurs late in a wvulnerable
containment.

SEQUENCE 35 -- T1*C*M*P*B*U1’*U2'’

Same as Sequence 34 except RCIC fails to operate (U2’) and early core
damage results with a vulnerable containment since no other coolant
injection is possible without AC power.

SEQUENCE 36 -- T1#C*M*P1*B

A loss-of-offsite-power occurs (Tl) which generates a reactor scram condi-
tion and the RPS successfully inserts the rods into the core (/C). The
SRVs open to relieve reactor pressure (/M) but one SRV fails to close (Pl),
creating a loss-of-coolant accident. Onsite emergency power is established
(/B) and the sequence is transferred to the S2 LOCA tree.

SEQUENCES 37 TO 38

Same as Sequence 36 except onsite emergency power is not established (B)
and HPCI (/Ul’) or RCIC (/U2’') provides coolant injection until it fails in

the harsh environment or due to battery depletion. This results in late
core damage in a vulnerable containment.

SEQUENCE 39 -- T1*C*M*P1*B*Ul’*U2’
Same as Sequence 37 except both HPCI (Ul’) and RCIC (U2') fail to provide

coolant injection, resulting in early core damage in a vulnerable
containment.

SEQUENCE 40 -- T1*C*M*P2*B

Same as Sequence 36 except two SRVs fail to close (P2) and the sequence is
transferred to the S1 LOCA tree.

SEQUENCES 41 TO 42

Same as Sequence 40 except onsite emergency power is not established (B)
and late core damage in a vulnerable containment results if HPCI (/Ul)
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provides temporary coolant injection. If HPCI fails to operate, early core
damage results with a vulnerable containment. RCIC does not have enough
capacity to provide sufficient coolant in an S1 LOCA situation.

SEQUENCE 43 -- T1*C*M*P3*B

Same as Sequence 40 except three or more SRVs fail to close (P3) and the
sequence is transferred to the A LOCA tree.

SEQUENCE 44 -- TL1*CHM*P3*B
Same as Sequence 43 except onsite emergency power is not maintained (B) and

high pressure coolant systems cannot operate in a large LOCA situation,
resulting in early core damage in a vulnerable containment.

SEQUENCE 45 -- T1*C*M
A loss-of-offsite-power occurs (Tl) which generates a scram condition and
the RPS successfully inserts the rods into the core (/C). The SRVs do not

open to reduce reactor pressure (M). The sequence is not developed further
because of its low probability.

SEQUENCE 46 -- T1*C

A loss-of-offsite power occurs (Tl) which generates a scram condition and
the RPS fails to insert the rods into the core (C). The sequence is trans-
ferred to the ATWS tree.

4.4.8 Transient Without PCS Initially Available Event Tree

This section contains information on the transient without PCS initially
available event tree. Success criteria considerations are presented along
with the event tree and its description.

4.4.8.1 Event Tree

The T2 transient event tree 1is shown in Figure 4.4-6. The following
discussions define the event tree headings and the sequences.

The events in the tree include:

T2: Initiating event, transient without the PCS initially
available.
C: Success or failure of the RPS. Success implies automatic

scram by the control rods.

LOSP: Success or failure to maintain offsite power.
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Wl.W2.W3:

Success or failure of Reactor Coolant System (RCS) over-
pressure protection (if required) by automatic operation of
the SRVs. Success implies prevention of RCS overpressure so
as to avoid damage to the primary system.

Success or failure associated with reclosing of any SRVs
which should open in response to reactor vessel pressure
rises throughout the sequence. Success implies reclosure of
all valves when vessel pressure drops below the closure set-
points. Pl, P2 and P3 refer to the failure to reclose one,
two, three or more SRVs, respectively.

Success or failure of the HPCI system. Success 1implies
operation of the HPCI pump train so as to maintain sufficient
coolant injection.

Success or failure of the RCIC system. Success 1implies
operation of the RCIC pump train so as to provide coolant
injection.

Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS or
manual operation of other SRVs such that three valves or more
are opened allowing low pressure injection.

Success or failure of the Condensate system. Success implies
at least one pump operating with sufficient makeup to the
condenser hotwell for a continuing water supply.

Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines.

Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

Success or failure of the CRD system as an injection source.
Success implies two pump operation.

Success or failure of the RHR system in the SPC, SDC, or CS
mode, respectively. Success implies at least one RHR pump
operating in any one of the three modes with the appropriate
heat exchanger in the loop along with the HPSW system in
operation to the ultimate heat sink.
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X2: Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS to
allow the SDC mode of RHR to be initiated.

U4: Success or failure of the CRD system as an injection source.
Success implies operation in the one pump mode.

e

Success or failure of containment venting. Success implies
that the six-inch integrated leak test line or larger size
line is open so as to prevent containment by overpressure.
As necessary, water makeup is also eventually supplied to the
suppression pool.

4

Success or failure of the containment to withstand over-
pressurization. Success implies the containment ruptures
before core damage. Failure implies the containment does not
rupture.

X3: Success or failure of primary system depressurization.
Success implies automatic or manual operation of ADS occurs
subsequent to initial depressurization to allow low pressure
injection.

The following descriptions refer to the sequences found in Figure 4.4-6.

A transient occurs without the PCS available (T2) which generates a reactor
scram condition and the RPS successfully inserts the rods into the core
(/C). Offsite power is maintained (/LOSP) and the SRVs properly cycle to
control reactor pressure (/M, /P). HPCI is initiated for core coolant
(/Ul). Increasing suppression pool temperatures cause SPC to be initiated
(/W1l), and the core and containment are safe.

Same as Sequence 1 except SPC fails to provide containment overpressure
protection (W1l), the reactor is depressurized (/X2), and SDC continues to
cool the containment (/W2).

SEQUENCES 3-1 TO 3-5

Same as Sequence 2 until SDC fails (W2) and CSS is initiated to provide
containment overpressure protection (/W3). By the time CSS is initiated,
the environment within the containment has failed HPCI. Core coolant is

provided by Condensate (/V1), CRD (/U4), LPCS (/V2), LPCI (/V3) or HPSW
(/V4), resulting in a safe core and containment.
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Same as Sequence 3-1 except all low-pressure cooling systems fail (Con-
densate, CRD (1 pump), LPCS, LPCI, HPSW) which results in core damage in a
vulnerable containment.

Same as Sequence 2 until SDC fails to cool the containment (W2), followed
by failure of €SS (W3), resulting iIn the loss of all containment
overpressure protection. HPCI has failed due to the adverse containment
environment, and Condensate is initiated for core coolant (/V1). Pressure
buildup in containment eventually closes the ADS valves, resulting in a
pressure rise in the primary. This higher primary pressure fails the
Condensate system, and CRD is initiated to continue core cooling (/U4).
Containment venting is performed to relieve high containment pressure (/Y).
CRD survives containment venting (/U4’) and the core is safe in a vented
containment.

SEQUENCES 4-2 TO 4-3

Same as Sequence 4-1 except CRD does not survive containment venting. The
reactor is depressurized again (/X3) and condensate (/V1) or HPSW (/V4)
provide core coolant.

SEQUENCES 4-4 TO 4-5

Same as Sequence 4-3 except either reactor depressurization fails (X3), or
HPSW fails (V4), which leaves no system available for core coolant, result-
ing in core damage in a vented containment.

SEQUENCES 4-6 TO 4-10

Same as Sequences 4-1 to 4-5 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 4-11 -- T2%C*LOSP*M*PAULXW1*X2*W2*W3IAV1XUL*¥Y*R¥U4 ’

Same as Sequence 4-6 except the containment does not rupture (R) but
develops a leak. CRD continues to provide core cooling (/U4').
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Same as Sequence 4-11 except CRD fails (U4') following the leak in
containment, leading to core damage in a vulnerable containment.

SEQUENCE 4-13 TO 4-16

Same as Sequences 4-2 to 4-5 except CRD fails to initiate (U4) following
Condensate failure.

SEQUENCES 4-17 TO 4-20

Same as Sequences 4-13 to 4-16 except containment venting fails (Y) and the
containment eventually ruptures (/R).

Same as Sequence 17 until the containment fails to rupture, which inhibits
other low-pressure systems from operating, resulting in core damage in a
vulnerable containment.

SEQUENCES 4-22 TO 4-23

Same as Sequence 4-1 until Condensate fails to initiate (V1) following

containment overpressure protection failure. CRD provides core cooling
(/U4) and eventually containment venting is necessary to relieve high
containment pressure (/Y). CRD survives the venting event, or CRD fails

and HPSW continues core cooling, resulting in a safe core in a vented
containment.

SEQUENCES 4-24 TO 4-25

Same as Sequence 4-23 except the reactor fails to depressurize (X3) for
HPSW, or HPSW fails to initiate (V4), resulting in core damage in a vented
containment.

SEQUENCES 4-26 TO 4-29

Same as Sequences 4-22 to 4-25 except containment venting is unsuccessful
(Y) and the containment eventually ruptures (/R).

Same as Sequence 4-26 except the containment does not rupture (R) but
develops a leak and CRD continues to provide core coolant (/U4').
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Same as Sequence 4-30 except CRD does not survive the containment leak
(U4'), which leaves no system available for core coolant, resulting in core
damage in a wvulnerable containment.

Same as Sequence 4-22 until CRD does not initiate (U4) after Condensate
failure and LPCS is initiated for core coolant (/V2). Containment venting
is performed to relieve overpressure (/Y), which fails LPCS due to low
NPSH. The reactor is depressurized again (/X3) and HPSW is initiated (/V4)
to continue core cooling, resulting in a safe core in a vented containment.

SEQUENCES 4-33 TO 4-34

Same as Sequence 4-32 except HPSW fails (V4) or reactor depressurization
prior to HPSW initiation fails (X3), resulting in core damage in a vented
containment.

SEQUENCES 4-35 TO 4-37

Same as Sequences 4-32 to 4-34 except containment venting fails (Y) and the
containment eventually ruptures (/R).

Same as Sequence 4-37 until the containment fails to rupture (R), which
forces the SRVs to close thus precluding the use of available core coolant
systems, resulting in core damage in a vulnerable containment.

SEQUENCES 4-39 TO 4-45

Same as Sequences 4-32 to 4-38 except prior to containment venting, LPCI
provides core coolant (/V3) following LPCS failure (V2).

SEQUENCES 4-46 TO 4-52

Same as Sequences 4-39 to 4-45 except prior to containment venting, HPSW
provides core coolant (/V4) following LPCI failure (V3).

Same as Sequence 4-46 until HPSW fails (V4), which leaves no core coolant
system available, resulting in core damage in a vulnerable containment.
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SEQUENCES 5-1 TO 5-5

Same as Sequence 2 until depressurization for SDC fails (X2), followed by
CSS initiation (/W3) for containment overpressure protection. HPCI fails
prior to CSS initiation due to the adverse containment environment. CRD is
initiated for core cooling (/U4), or, subsequent to CRD failure, the
reactor is depressurized (/X1) and Condensate (/V1), LPCS (/V2), LPCI (/V3)
or HPSW (/V4) continues core cooling, resulting in a safe core and
containment.

SEQUENCES 5-6 TO 5-7

Same as Sequence 5-2 until reactor depressurization fails (X1) or all low
pressure core coolant systems (Condensate, LPCS, LPCI, HPSW) fail to
initiate, resulting in core damage in a vulnerable containment.

SEQUENCES 6-1 TO 6-3

Same as Sequence 1 until all containment overpressure protection is lost
(SPC, reactor depressurization for SDC, and CSS). High suppression pool
temperature fails HPCI (Ul) and CRD is initiated for core coolant (/U4).
High containment pressure is relieved by contaimment venting (/Y), and CRD
(/U4), Condensate (/V1) or HPSW (/V4) continues core cooling, resulting in
a safe core in a vented containment.

SEQUENCES 6-4 TO 6-5

Same as Sequence 6-2 except either reactor depressurization fails (X1) or
Condensate (V1) and HPSW (V4) fail, which leaves no system available for
core cooling, resulting in core damage in a vented containment.

SEQUENCES 6-6 TO 6-10

Same as Sequences 6-1 to 6-5 except containment venting fails (Y) and the
containment eventually ruptures (/R).

Same as Sequence 6-6 except the containment fails to rupture (R) but
develops a leak. CRD survives venting (/U4'), resulting in a safe core in
a leaking containment.

Same as Sequence 6-11 except CRD does not survive the containment leak
(U4'), resulting in core damage in a vulnerable containment.
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Same as Sequence 6-1 until CRD fails to initiate (U4) following loss of
containment cooling. The reactor is depressurized (/X1) and Condensate is
initiated for core coolant (/V1). Containment overpressure protection is
established with SDC (W2), resulting in a safe core and containment.

SEQUENCES 6-14 TO 6-17

Same as Sequences 6-2 to 6-5 except CRD has failed (U4), the reactor is
depressurized (/X1) and Condensate continues core cooling (/V1).

SEQUENCES 6-18 TO 6-21

Same as Sequences 6-14 to 6-17 except containment venting fails (Y) and the
containment eventually ruptures (/R).

Same as Sequence 6-13 until SDC fails (W2), followed by failure of contain-
ment venting (Y) and containment rupture (R), resulting in core damage in a
vulnerable containment.

Same as Sequence 6-13 except LPCS provides core cooling (/V2) following
Condensate failure (/V1).

Same as Sequence 6-23 except SDC fails to provide containment overpressure
protection (W2) and containment venting is performed (/Y), followed by
reactor depressurization (/X3) and HPSW initiation (/V4), resulting in a
safe core in a vented containment.

SEQUENCES 6-25 to 6-26

Same as Sequence 6-24 except reactor depressurization prior to HPSW opera-
tion is unsuccessful (X3) or HPSW fails to initiate (V4), resulting in core
damage in a vented containment.

SEQUENCES 6-27 TO 6-29

Same as Sequences 6-24 to 6-26 except containment venting fails (Y) and the
containment eventually ruptures (/R).
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Same as Sequence 6-27 until the containment fails to rupture (R), which
leaves no system available for core cooling because of forced closure of
the SRVs. This results in core damage in a wvulnerable containment.

SEQUENCES 6-31 TO 6-38
Same as Sequences 6-23 to 6-30 except LPCI provides core coolant (/V3)
following failure of LPCS to initiate (V2).

SEQUENCES 6-39 TO 6-46

Same as Sequences 6-31 to 6-38 except HPSW provides core coolant (/V4)
following failure of LPCI to initiate (V3).

Same as Sequence 6-39 until HPSW fails (V4) and all core cooling is lost,
resulting in core damage in a vulnerable containment.

Same as Sequence 6-13 until depressurization following CRD failure is
unsuccessful (X1), precluding the use of low pressure core coolant systems,
resulting in core damage in a vulnerable containment.

SEQUENCES 7 TO 12

Same as Sequences 1 to 6 except RCIC provides early high pressure injection
to the core (/U2) following failure of HPCI to initiate (Ul).

SEQUENCES 13 TO 15

A transient occurs without the PCS available (T2) which generates a reactor
scram condition and the RPS successfully inserts the rods into the core
(/C). Offsite power is maintained (/LOSP) and the SRVs properly cycle to
control reactor pressure (/M, /P). HPCI (Ul) and RCIC (U2) fail to provide
high pressure injection, the reactor is depressurized (/X1), and Condensate
is initiated for core coolant (/V1). SPC (/Wl), SDC (/W2) or CSS (/W3)
provide containment overpressure protection, resulting in a safe core and
containment.
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SEQUENCES 16-1 TO 16-21

Same as Sequences 4-1 to 4-21 except, following failure of HPCI (Ul) and
RCIC (U2), Condensate provides early core coolant (/V1) prior to failure of
containment overpressure protection.

SEQUENCES 17 TO 19

Same as Sequences 13 to 15 except LPCS provides early core coolant (/V2)
following failure of Condensate (V1).

SEQUENCES 20-1 TO 20-2

Same as Sequence 17 until all containment overpressure protection fails
(SPC, SDC, CSS), which causes increasing containment pressure, eventually
closing the SRVs. The primary pressure subsequently increases which fails
LPCS, and CRD is initiated to continue core cooling (/U4). Containment
venting is performed to relieve high containment pressure (/Y), and CRD or
HPSW continues to cool the core, resulting in a safe core in a vented
containment.

SEQUENCES 20-3 TO 20-4

Same as Sequence 20-2 except HPSW fails to initiate (V4) or reactor
depressurization prior to HPSW initiation fails (X3), resulting in core
damage in a vented containment.

SEQUENCES 20-5 TO 20-8

Same as Sequences 20-1 to 20-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 20-9 -- T2*C*LOSPAM¥P*UL¥U2#X1#V1#V2*W1*W2*W3*UL*Y*R*U4 "’

Same as Sequence 20-5 except the containment fails to rupture and CRD
survives (/U4'), resulting in a safe core in a leaking containment.
SEQUENCE 20-10 -- T2*C*LOSP*MAP*UL*U2*X1*V1*V2*W1*W2*W3I*UL*Y*R*UL’

Same as Sequence 20-9 except CRD does not continue core cooling (U4’)
following the development of a containment leak, resulting in core damage
in a leaking containment.

SEQUENCES 20-11 TO 20-13

Same as Sequences 20-2 to 20-4 except CRD fails to initiate (U4) prior to
the containment venting event.
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SEQUENCES 20-14 TO 20-16

Same as Sequences 20-11 to 20-13 except containment venting fails (Y) and
the containment eventually ruptures (/R).

SEQUENCE 20-17

Same as Sequence 20-16 except the containment fails to rupture (R), result-
ing in core damage in a vulnerable containment.

SEQUENCES 21 TO 24

Same as Sequences 17 to 20 except LPCI provides early core coolant (/V3)
following LPCS failure (V2).

SEQUENCES 25 TO 28

Same as Sequences 21 to 24 except HPSW provides early core coolant (/V4)
following LPCI failure (V3).

SEQUENCE 29 -- T2%CXLOSP*M*PXUL*U24X1*V1¥V2¥V3*V4

Same as Sequence 13 until all low pressure core coolant systems fail
(Condensate, LPCS, LPCI, HPSW), which leaves no core coolant system
available, resulting in early core damage in a vulnerable containment.
SEQUENCE 30 -- T2%C*LOSP*M*P*UL*U2%X1%U3*W1

Same as Sequence 13 until reactor depressurization fails (X1) and CRD is
initiated in the enhanced mode (/U3) to provide sufficient cooling
capacity. SPC is initiated for containment overpressure protection (/Wl),
resulting in a safe core and containment.

SEQUENCES 31-1 TO 31-4

Same as Sequence 30 until SPC fails (W1l) and the reactor is depressurized
(/X2) to initiate SDC (/W2). The decreased reactor pressure causes the CRD
pump flow to increase, and, considering the CST level is decreasing, the
CRD pumps are assumed to fail due to low NPSH. Condensate (/V1), LPCS

(/V2), LPCI (/V3) or HPSW (/V4) provides core coolant, resulting in a safe
core and containment.
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SEQUENCE 31-5 -- T2*C¥LOSP*ULl*U2*X1#*U3*W1*X2*W2*V1*V2*V3+*V4

Same as Sequence 31-1 except all low pressure core coolant systems fail
(Condensate, LPCS, LPCI, HPSW), resulting in core damage in a vulnerable
containment.

SEQUENCES 32-1 TO 32-5

Same as Sequences 31-1 to 31-5 except SDC fails (W2) and CSS is initiated
for containment overpressure protection (/W3).

SEQUENCES 33-1 TO 33-2

Same as Sequence 30 until all containment overpressure protection fails
(SPC, SDC, CSS), although depressurization for SDC 1is successful. This
depressurization increases the pump flow of CRD which, considering the CST
level is continuously decreasing, 1s assumed to fail the CRD pumps due to
low NPSH. Condensate is initiated to continue core cooling (/V1). High
containment pressure is relieved by containment venting (/Y). The reactor
is again depressurized (/X3) and Condensate (/V1) or HPSW (/V4) provides
core coolant, resulting in a safe core in a vented containment.

SEQUENCES 33-3 TO 33-4

Same as Sequences 33-1 to 33-2 except HPSW fails (V4), or reactor depres-
surization prior to HPSW initiation fails (X3), resulting in core damage in
a vented containment.

SEQUENCES 33-5 TO 33-8

Same as Sequences 33-1 to 33-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 33-9 -- T2*C*LOSP*M#P+U1*U2+X1¥U3*W1*X2*¥W2*W3*V1*Y*R

Same as Sequence 33-5 until the containment fails to rupture (R), which
leaves no coolant system operable, resulting in core damage in a vulnerable
containment.

SEQUENCES 33-10 TO 33-16

Same as Sequences 33-1 to 33-9 except Condensate fails (V1) and LPCS
provides core coolant (/V2) prior to the containment venting event, which
results in two fewer sequences since no success path for Condensate exists
subsequent to reactor depressurization (/X3).
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SEQUENCES 33-17 TO 33-23

Same as Sequences 33-10 to 33-16 except following LPCS failure (V2), LPCI
provides core coolant (/V3) prior to containment venting.

SEQUENCES 33-24 TO 33-30

Same as Sequences 33-17 to 33-23 except following LPCI failure (V3), HPSW
provides core coolant (/V4) prior to containment venting.

SEQUENCES 33-31 -- T2%C*LOSP*M*P*U1*U2¥%X1*U3*W1*X2*W2*W3*V1*V2*V3*V4

Same as Sequence 33-1 until Condensate fails (V1), followed by failure of
LPCS (V2), LPCI( V3), and HPSW (V4), resulting in core damage in a vulner-
able containment.

SEQUENCE 34 -- T2*C*LOSP*MAP¥UL*U2*X1*U3*W1*X2%W3

Same as Sequence 30 until SPC fails (Wl) to provide containment
overpressure protection, followed by failure to depressurize the reactor
(X2) for SDC. CSS is initiated (/W3) and CRD contin®mes to function in the
enhanced mode, resulting in a safe core and containment.

SEQUENCES 35-1 TO 35-3

Same as Sequence 34 until CSS fails (W3), after which all containment
overpressure protection 1is lost, although CRD continues to provide core
coolant. High containment pressure is relieved by containment venting

(/Y), and CRD (/U4), Condensate (/V1), or HPSW (/V4) continues core
cooling, resulting in a safe core in a vented containment.

SEQUENCES 35-4 TO 35-5

Same as Sequences 35-3 except HPSW fails (V4) or reactor depressurization
prior to HPSW initiation fails (X3), which leaves all core coolant systems
unavailable, resulting in core damage in a vented containment.

SEQUENCES 35-6 TO 35-10

Same as Sequences 35-1 to 35-5 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 35-11 -- T2*C*LOSP*M*P*U1*U2#X1*U3*W1#*X2*W3*Y*R*Us '
Same as Sequence 35-6 except the containment does not rupture (R) and CRD

continues in the 1 pump mode (/U4'), resulting in a safe core in a
vulnerable containment.
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SEQUENCE 35-12 -- T2*C*LOSP*M#P*U1*U2%X1*U3*W1*X2*W3*Y*R*U4 *

Same as Sequence 35-11 except CRD does not operate (U4’') following the
development of a containment leak, resulting in core damage in a vulnerable
containment.

SEQUENCE 36 -- T2%C*LOSP*M*P*Ul*U2*X1+U3

Same as Sequence 30 except CRD (2 pump mode) fails to initiate to provide
core coolant (U3) following failure to depressurize the reactor (X1), which
precludes the use of the low pressure core coolant systems, resulting in
early core damage in a vulnerable containment.

SEQUENCE 37 -- T2*C*LOSP#*M*P1

A transient without the PCS available occurs (T2), which generates a
reactor scram condition and the RPS successfully inserts the rods into the
core (/C). Offsite power is maintained (/LOSP) and the SRVs properly open
to relieve the pressure (/M), but one SRV fails to close (Pl) and the
sequence is transferred to the S2 LOCA tree.

SEQUENCE 38 -- T2%C*LOSP*M*P2

Same as Sequence 37 except two SRVs fail to close and the sequence is
transferred to the S1 LOCA tree.

SEQUENCE 39 -- T2*C*LOSP*M*P3

Same as Sequence 38 except three or more SRVs fail to close and the
sequence is transferred to the A LOCA tree.

SEQUENCE 40 -- T2*C*LOSP*M

A transient occurs without PCS available (T2) which generates a reactor
scram condition and the RPS successfully inserts the rods (/C). Offsite
power is maintained (/LOSP). The SRVs fail to open to control reactor
pressure (M) and the sequence is not developed further due to low
probability.

SEQUENCE 41 -- T2*C*LOSP

Same as Sequence 40 except offsite power is not maintained (LOSP) and the
sequence is transferred to the Tl tree.
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SEQUENCE 42 -- T2*C

Same as Sequence 40 except the RPS fails to scram the reactor, and the
sequence is transferred to the ATWS tree.

4.4.9 Transient With PCS Initially Available Event Tree

This section contains information on the transient without the PCS
initially available event tree. Success criteria considerations are
presented along with the event tree and its description.

4.4,9.1 Introduction

Transients in which the PCS remains initially available do not represent
significant concerns for the plant unless the PCS is subsequently lost
while the plant is being shut down. Should the PCS be lost, the sequence
of events then proceeds similar to a transient in which the PCS was
unavailable from the start. T3A represents all the transients of this type
except Inadvertent Open Relief Valve (IORV) events and a loss of feedwater
which can have somewhat different effects on plant conditions.

4.4.9.2 Event Tree

The T3A transient event tree is depicted by Figure 4.4-7. The following
discussions define the event tree headings and the sequences.

The events in the tree include:

T3A: Initiating event, transient with PCS initially available.

o)

Success or failure of Reactor Protection System (RPS).
Success implies automatic scram by the control rods.

LOSP1: Success or failure to maintain offsite power. The designa-
tion LOSP1l is used instead of LOSP for purposes of computa-
tional efficiency within the SETS code.

Q: Continued success or subsequent failure of the PCS. Success
implies continued operation of the PCS such that a safe cool-
down of the plant is achieved using the PCS.

Success or failure of Reactor Coolant System (RCS) overpres-
sure protection (if required) by automatic operation of the
SRVs. Success implies prevention of RCS overpressure so as
to avoid damage to the primary system.

=

o

Success or failure associated with reclosing of any SRVs
which should open in response to reactor vessel pressure
rises throughout the sequence. Success implies reclosure of
all valves when vessel pressure drops below the closure set-
points. Pl, P2 and P3 refer to the failure of one, two or
three or more SRVs to reclose, respectively.
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The following descriptions refer to the sequences found in Figure 4.4-7.

SEQUENCES 1 TO 36 -- T3A*C*LOSP*Q*M*F

A transient occurs with the PCS initially available (T3A) which generates a
reactor scram condition and the RPS successfully inserts the rods into the
core (/C). Offsite power is maintained (/LOSPl). The PCS fails (Q) and
the SRVs properly cycle to control reactor pressure (/M, /P). All
sequences then transfer to the T2 tree at the T2-1 branch.

SEQUENCE 37 -- T3A*C*LOSP*Q

Same as initial development of Sequences 1 to 36 except the PCS remains
available (/Q), resulting in a safe core and containment.

SEQUENCE 38 -- T3A*C*LOSP*Q*M*P1

Same as initial development of sequences 1 to 36 except one SRV fails to
close (Pl) and the sequence is transferred to the S2 LOCA tree.

SEQUENCE 39 -- T3A*C*LOSP*Q*M*P2

Same as Sequence 38 except two SRVs fail to close (P2) and the sequence is
transferred to the S1 LOCA tree.

SEQUENCE 40 -- T2*C*LOSP*Q*M*P3

Same as Sequence 39 except three or more SRVs fail to close (P3) and the
sequence is transferred to the A LOCA tree.

SEQUENCE 41 -- T2*C*LOSP*Q*M

Same as initial development of sequences 1 to 36 except the SRVs do not
properly open to control reactor pressure (M) and the sequence is not
developed further due to low probability.

SEQUENCE 42 -- T2*C*LOSP

A transient occurs with the PCS initially available (T3A) and the RPS

successfully scrams the reactor (/C). Offsite power is not maintained
(LOSP) and the sequence is transferred to the Tl tree.
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SEQUENCE 43 -- T2*C

A transient occurs with the PCS initially available (T3A), the RPS fails to
successfully scram the reactor (C), and the sequence is transferred to the
ATWS tree.

4.4.,10 Loss of Feedwater Event Tree

This section contains information on the loss of feedwater event tree.
Success criteria considerations are presented along with the event tree and
its description.

4.4,10.1 1Introduction

A loss of feedwater event (T3B) is, in part, similar to a loss of PCS event
except that only the feeder is definitely lost from the balance-of-plant.
It is possible that the steam side of the PCS to the condenser may still be
operable as well as the Condensate system. Coolant injection could be
performed with systems such as HPCI, RCIC, or Condensate (as well as
others) and heat removal might still be possible with the steam portion of
the plant if condenser level and vacuum can be controlled. The success
criteria would be as indicated for all T3-type transients already
discussed.

To facilitate the analysis under the resource constraints of the study, the
T3B event was conservatively analyzed as if the loss of feedwater event
also included loss of the entire PCS as well as the Condensate system.
Therefore, the T3B event was actually analyzed as a T2 transient which is
described in Section 4.4.8.

While this "short-cut" is conservative, it was found at the conclusion of
this study that this treatment of the T3B transient did not have a signif-
icant impact on the results.

4.4.10.2 Event Tree

The transfer tree for T3B is shown in Figure 4.4-8, since the event tree
for T2 transients was conservatively used for the loss of feedwater
initiator.

The following description refers to the sequence found in Figure 4.4-8.

SEQUENCE 1 -- T3B

A transient occurs in which feedwater is not available (T3B) and it is
conservatively assumed that the entire PCS is lost and the sequence is
transferred to the T2 tree.

4.4.11 Inadvertent Open Relief Valve Event Tree
This section contains information on the inadvertent open relief wvalve

event tree. Success criteria considerations are presented along with the
event tree and its description.
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4.4.11.1 Introduction

Should a primary system SRV inadvertently open during power operation,
steam will be discharged to the suppression pool through the SRV tail pipe
line. An open SRV will be easily detected by acoustical and temperature
monitors on these lines. Procedures call for attempts to close the valve
and, if unsuccessful, manually trip the plant and start shutdown pro-
cedures. Since the PCS is likely to be initially available, this event is
categorized as another T3-type of transient (T3C).

It is separately analyzed since the open SRV will allow containment condi-
tions to be at a somewhat higher stress level than other T3-type transients
because of the initial steam release to the pool. It is, therefore,
treated as a S2 steam LOCA and so is ultimately analyzed using the S2
success criteria (already described).

4.4.11.2 Event Tree

The T3C event tree is depicted by Figure 4.4-9. The following discussions
define the event tree headings and the sequences.

The events in the tree include:

T3C: Initiating event, inadvertent open relief valve transient.

Cl: Success or failure of reactor scram. Success implies manual
trip of the reactor or automatic scram by the RPS.

LOSP: Success or failure to maintain offsite power.

Ql: Continued success or subsequent failure of the PCS. Success
implies continued operation of the PCS such that cooldown of
the plant is successfully achieved before containment condi-
tions reach challenging levels from steam discharge from the

stuck-open SRV.

The following descriptions refer to the sequences found in Figure 4.4-9.

SEQUENCE 1 -- T3C*C1*LOSP*Ql
A relief valve inadvertently opens (T3C) which generates the need for a
reactor scram which is performed manually or by the RPS (/Cl). Offsite

power is maintained (/LOSP) and the PCS functions properly to remove decay
heat (/Ql) and the core and containment are safe.

SEQUENCE 2 -- T3C*C1+LOSP+Ql

Same as Sequence 1 except the PCS fails to remove decay heat (/Ql) and the
sequence is transferred to the S2 LOCA tree.
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SEQUENCE 3 -- T3C*C1*LOSP

Same as Sequence 2 except offsite power is not maintained and the sequence
is transferred to the Tl tree.

SEQUENCE 4 -- T3C*Cl

A relief valve inadvertently opens (T3C) and a manual or automatic scram is
unsuccessful (Cl) and the sequence is transferred to the ATWS tree.

4.4 .12 Loss of an AC or DC Bus Event Tree

This section contains information on the loss of an AC or DC bus event
tree. Success criteria considerations are presented along with the event
tree and its description.

4.4.12.1 1Introduction

A loss of an emergency AC or DC bus as an initiator was assumed to lead to
a total loss of the PCS including the Condensate system.

4.4.12.2 Event Tree

The TAC/DC transient event tree is shown in Figure 4.4-10. The following
discussions define the event tree headings and the sequences.

The events in the tree include:
TAC/DC: Initiating event, loss of an AC or DC bus.

C: Success or failure of the RPS. Success implies automatic
scram by the control rods.

LOSP: Success or failure to maintain offsite power.

=

Success or failure of Reactor Coolant System (RCS) over-
pressure protection (if required) by automatic operation of
the SRVs. Success implies prevention of RCS overpressure so
as to avoid damage to the primary system.

g

Success or failure associated with reclosing of any SRVs
which should open in response to reactor vessel pressure
rises throughout the sequence. Success implies reclosure of
all valves when vessel pressure drops below the closure set-
points. Pl, P2 and P3 refer to the failure to reclose one,
two or three or more SRVs, respectively.

Ul: Success or failure of the HPCI system. Success implies

operation of the HPCI pump train so as to maintain sufficient
coolant injection.
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Success or failure of the RCIC system. Success implies
operation of the RCIC pump train so as to maintain sufficient
coolant injection.

Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS or
manual operation of other SRVs such that three valves or more
are opened allowing low pressure injection.

Success or failure of the Condensate system. Success implies
at least one pump operating with sufficient makeup to the
condenser hotwell for a continuing water supply.

Success or failure of the LPCS system. Success implies
operation of any two of the four LPCS pumps through either or
both LPCS injection lines.

Success or failure of the LPCI mode of the RHR system.
Success implies operation of one of four LPCI pumps through
either LPCI injection line to the reactor vessel.

Success or failure of the HPSW system in the inject mode to
the reactor vessel through a LPCI injection line. Success
implies manual operation of this injection source such that
one HPSW pump successfully provides coolant to the reactor.

Success or failure of the CRD system as an injection source.
Success implies two pump operation.

Success or failure of the RHR system in the SPC, SDC, or CS
mode, respectively. Success implies at least one RHR pump
operating in any one of the three modes with the appropriate
heat exchanger in the loop along with the HPSW system in
operation to the ultimate heat sink.

Success or failure of primary system depressurization.
Success implies automatic or manual operation of the ADS to
allow the SDC mode of RHR to be initiated.

Success or failure of the CRD system as an injection source.
Success implies operation in the one pump mode.

Success or failure of containment venting. Success implies
that the six-inch integrated leak test line or larger size
line is open so as to prevent containment by overpressure.
As necessary, water makeup is also eventually supplied to the
suppression pool.

Success or failure of the containment to withstand over-

pressurization. Success implies the containment ruptures
before core damage.
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X3: Success or failure of primary system depressurization.
Success implies automatic or manual operation of ADS occurs
subsequent to initial operation to allow low pressure
injection.

The following descriptions refer to the sequences found in Figure 4.4-10.

SEQUENCE 1 -- TAC/DC*E*LOSP*M*P*UI*Wl

A loss of an AC or DC bus occurs (TAC/DC) which generates a reactor scram
condition and the RPS successfully inserts the rods into the core (/C).
The SRVs properly cycle to control reactor pressure (/M, /P) and onsite
emergency power 1is established (/B). HPCI is initiated (/Ul) for core
cooling and SPC is initiated (/W1l) for containment overpressure protection,
resulting in a safe core and containment.

Same as Sequence 1 but SPC fails to provide containment overpressure
protection (W1l) and SDC is initiated (/W2) following reactor
depressurization (/X2).

SEQUENCES 3-1 TO 3-4

Same as Sequence 2 except SDC fails (W2) and CSS continues to protect the
containment from overpressurization (/W3). HPCI fails due to the adverse
containment environment and either CRD (/U4), LPCS (/V2), LPCI (/V3) or
HPSW (/V4) continues core cooling.

Same as Sequences 3-1 to 3-4 except CRD (U4), LPCS (V2), LPCI (V3) and
HPSW (V4) fail, leaving no system available to cool the core, resulting in
core damage in a vulnerable containment.

Same as Sequence 2 except SDC fails (W2), followed by CSS failure (W3),
leaving the containment with no overpressure protection. HPCI eventually
fails due to high suppression pool temperatures (Ul) and CRD is initiated
in the one pump mode (/U4). The containment is successfully vented (/Y)
and CRD continues to provide core coolant (/U4’'), resulting in no core
damage in a vented containment.

Same as Sequence 4-1 except CRD fails during containment venting (U4').
The reactor is depressurized (/X3) and HPSW provides core coolant (/V4).
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SEQUENCES 4-3 TO 4-4

Same as Sequence 4-2 except HPSW fails (V4), or reactor depressurization
prior to HPSW operation is unsuccessful (X3), resulting in core damage in a
vented containment.

SEQUENCES 4-5 TO 4-8

Same as Sequences 4-1 to 4-4 except containment venting fails (Y) and the
containment ruptures before core damage (/R).

Same as Sequence 4-8 except the containment does not rupture (R) but
develops a leak. CRD continues to operate (/U4'), resulting in no core
damage in a leaking containment.

Same as Sequence 4-9 except CRD does not continue to operate (U4')
following the containment leak which forces the SRVs closed and precludes
low pressure cooling. This results in core damage in a vulnerable
containment.

Same as Sequence 4-1 except CRD does not operate (U4) following HPCI
failure. LPCS is initiated (/V2) to continue core cooling and the contain-
ment is eventually vented (/Y). The LPCS pumps then fail due to low NPSH
and the reactor is depressurized to allow HPSW to cool the core (/V4),
resulting in a safe core in a vented containment,

SEQUENCES 4-12 TO 4-13

Same as Sequence 4-11 except HPSW fails (V4), or depressurization prior to

HPSW operation fails (X3), resulting in core damage in a vented
containment.

SEQUENCES 4-14 TO 4-16

Same as Sequences 4-11 to 4-13 except containment venting is unsuccessful
(Y) and the containment ruptures (/R) before core damage.
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Same as Sequence 4-11 except containment venting fails (Y) and the contain-
ment does not rupture (R), resulting in core damage in a vulnerable
containment.

SEQUENCES 4-18 TO 4-24
Same as Sequences 4-11 to 4-17 except, following LPCS failure (V2), LPCI
provides core coolant (/V3) prior to containment venting.

SEQUENCES 4-25 TO 4-31

Same as Sequences 4-18 to 4-24 except, following LPCI failure (V3), HPSW
provides core coolant (/V4) prior to containment venting.

Same as Sequence 4-11 except LPCS (V2), LPCI (V3), and HPSW (V4) fail and
all core cooling is lost, resulting in core damage in a vulnerable
containment.

SEQUENCE 5-1 -- TAC/DC*C*LOSP*M#*P*Ul*W1*X2*W3*U4

Same as Sequence 2 except reactor depressurization for SDC is unsuccessful
(X2) and CSS 1is initiated to provide containment overpressure protection
(/W3). HPCI has failed due to high suppression pool temperatures and CRD
(1 pump mode) is initiated to cool the core (/U4), resulting in a safe core
and containment.

SEQUENCES 5-2 TO 5-4
Same as Sequence 5-1 except CRD fails to provide coolant injection (U4),

the reactor is depressurized (/X1), and LPCS (/V2), LPCI (/V3) or HPSW
(/V4) provide core cooling.

SEQUENCES 5-5 TO 5-6
Same as Sequence 5-2 except either reactor depressurization fails (X1) or

LPCS (V2), LPCI (V3) and HPSW (V4) fail following depressurization, result-
ing in core damage in a vulnerable containment.
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Same as Sequence 5 except CSS fails (W3), resulting in the loss of all
containment overpressure protection. High suppression pool temperatures
fail HPCI and CRD (1 pump mode) is initiated for core coolant (/U4).
Increasing containment pressure is relieved by containment venting (/Y).
CRD survives venting (/U4’') and the core is safe in a vented containment.

Same as Sequence 6-2 except CRD does not survive containment venting (U4'),
the reactor is depressurized (/X1), and HPSW continues core cooling (/V4).
SEQUENCES 6-3 TO 6-4

Same as Sequence 6-2 except either reactor depressurization fails (X1), or
HPSW fails (V4) following reactor depressurization, leading to core damage
in a vented containment.

SEQUENCES 6-5 TO 6-8

Same as Sequences 6-1 to 6-4 except containment venting is unsuccessful (Y)
and the containment ruptures (/R).

Same as Sequence 6-5 except the containment does not rupture (R), but
develops a leak. CRD continues coolant injection (/U4'), resulting in no
core damage in a leaking containment.

Same as Sequence 6-9 except CRD fails (U4’) following the containment leak,
at which point all coolant makeup is lost, resulting in core damage in a
vulnerable containment.

Same development as Sequence 6-1 until CRD fails to initiate (U4) following
HPCI failure. The reactor is depressurized (/X1) to initiate LPCS for
coolant injection (/V2). The reactor is sufficiently depressurized to
initiate SDC for containment overpressure protection (/W2), resulting in a
safe core and containment.
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Same as Sequence 6-11 except SDC fails to provide containment overpressure
protection (W2), followed by successful venting of the containment (/Y).
Coolant injection is restored using HPSW (/V4) following reactor
depressurization (/X3), resulting in a safe core in a vented containment.

SEQUENCES 6-13 TO 6-14

Same as Sequence 6-12 except either reactor depressurization fails (X3) or
HPSW fails (V4) following reactor depressurization, resulting in core
damage in a vented containment.

SEQUENCES 6-15 TO 6-17

Same as Sequences 6-12 to 6-14 except containment venting fails (Y) and the
containment ruptures (/R).

Same as Sequence 6-11 until containment overpressure protection with SDC
fails (W2), followed by failure of containment venting (Y). The
containment does not rupture (R), and core damage results in a wvulnerable
containment.

SEQUENCES 6-19 TO 6-26

Same as Sequences 6-11 to 6-18 except LPCI provides coolant makeup (/V3)
following failure of LPCS (V2).

SEQUENCES 6-27 TO 6-34

Same as Sequences 6-19 to 6-26 except HPSW provides coolant makeup (/V4)
following failure of LPCI (V2).

Same as Sequence 6-11 until LPCS fails (V2) following reactor depressuriza-
tion, followed by failure of both LPCI (V3) and HPSW (V4), at which point
all coolant makeup is lost, resulting in core damage in a wvulnerable
containment.

Same as Sequence 6-11 until CRD fails to continue coolant makeup (U4)
following HPGCI failure. Reactor depressurization fails (X1), which
disables all low-pressure core cooling systems, resulting in core damage in
a vulnerable containment.
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SEQUENCES 7 TO 12

Same as Sequences 1 to 6 except RCIC provides high pressure coolant makeup
(/U2) following failure to initiate HPCI (Ul).

SEQUENCE 13-15

Same as Sequence 1 until failure to initiate HPCI (Ul), followed by failure
of RCIC (U2). The reactor is depressurized (/X1) and LPCS is initiated for
coolant makeup (/V2). Containment overpressure protection is provided by
SPC (/W1l), SDC (/W2), or CSS (/W3), resulting in a safe core and
containment.

SEQUENCES 16-1 TO 16-2

Same as Sequence 13 until SPC fails (W1l), followed by failure of SDC (W2)
and CSS (W3). Without containment overpressure protection, the pressure in
containment rises until the SRVs close. Primary system pressure then
rises, eventually failing LPCS (V2). CRD is initiated (/U4) for coolant
makeup. High containment pressure is relieved by containment venting (/Y).
CRD continues to cool the core, or the reactor is depressurized (/X1) and
HPSW cools the core (/V4) if CRD does not survive the venting.

SEQUENCES 16-3 TO 16-4
Same as Sequence 16-1 except CRD does not survive containment venting and
either reactor depressurization is unsuccessful (X1), or HPSW fails (V4)

following reactor depressurization, resulting in core damage in a vented
containment.

SEQUENCES 16-5 TO 16-8

Same as Sequences 16-1 to 16-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 16-9 -- TAC/DC*C*LOSP*M*P*UL*U2%X14V2#W1*W2*W3*UL*Y*R*UL *

Same as Sequence 16-5 except the containment does not rupture (R) but

develops a leak. CRD survives (/U4’') resulting in a safe core in a leaking
containment.

SEQUENCE 16-10 -- TAC/DC*C¥LOSP*M*P*U1*U2*X1*V2¥W1*W2*WI*XUL*Y*R¥US ’

Same as Sequence 16-9 except CRD does not survive the development of a leak

in containment (U4'), all coolant systems are lost, and core damage results
in a vulnerable containment.
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SEQUENCE 16-11 -- TAC/DC*C*LOSP*M#P*Ul*U2*X1*V2#+W1*W2*W3XULXY*X3*V4

Same as Sequence 16-1 until CRD fails to initiate (U4) following loss of
containment overpressure protection. Increasing containment pressure is
relieved by containment venting (/Y) and HPSW is initiated to ccol the core

(/V4) following primary system depressurization (/X1). The core is safe in
a vented containment.

SEQUENCES 16-12 TO 16-13

Same as Sequence 16-11 except either HPSW fails to cool the core (V4) or
primary system depressurization fails (X1) prior to HPSW operation, result-
ing in core damage in a vented containment.

SEQUENCES 16-14 TO 16-16

Same as Sequences 16-11 to 16-13 except containment venting fails (Y) and
the containment eventually ruptures (/R).

SEQUENCE 16-17 -- TAC/DC*C*LOSPAM#*P*UL*U2#X1*V2*W1*W2*W3*UL*Y*R

Same as Sequence 16-11 until containment venting fails (Y). The contain-
ment does not rupture (R) and continues to pressurize, resulting in core
damage in a vulnerable containment since the SRVs are forced closed
preventing low pressure cooling.

SEQUENCES 17 TO 20

Same as Sequences 13 to 15 except LPCI provides early core coolant (/V3)
following LPCS failure (V2).

SEQUENCES 21 TO 24

Same as Sequences 17 to 20 except HPSW provides early core coolant (/V4)
following LPCI failure (V3).

SEQUENCE 25 -- TAC/DC*C*LOSP*M*P*Ul*U2%X1*V2*V3*V4

Same as Sequence 21 until HPSW fails (V4), at which point all coolant
makeup is lost, resulting in early core damage in a vulnerable containment.

)
SEQUENCE 26 -- TAC/DC*C*LOSP*M*P*U1*U2*X1*U3*W1

Same as Sequence 13 until reactor depressurization fails (X1) following
failure to initiate high-pressure coolant systems. CRD is initiated in the
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two-pump mode to provide sufficient injection capacity (/U3). Containment
overpressure protection is provided by SPC (/Wl), resulting in a safe core
and containment.

SEQUENCES 27-1 TO 27-3

Same as Sequence 26 until SPC fails to provide containment overpressure
protection (W1l), the reactor is depressurized (/X2), and SDC is initiated
(/W2). Reactor depressurization for SDC increases CRD flow rate which,
when considering CST inventory 1is depleting, is assumed to fail the CRD
pumps due to low NPSH. LPCS (/V2), LPCI (/V3) or HPSW (/V4) is initiated
for core coolant, resulting in a safe core and containment.

SEQUENCE 27-4 -- TAC/DC*C*LOSP*M*P*U1l*U24X1#*U3AW1*X2*W2*V2*V3*V4

Same as Sequence 27-1 until LPCS fails (V2) to initiate after CRD fails,
followed by unsuccessful operation of LPCI (V3) and HPSW (V4), resulting in
core damage in a vulnerable containment.

SEQUENCES 28-1 TO 28-4

Same as Sequences 27-1 to 27-4 except CSS provides containment overpressure
protection (/W3) following SDC failure (W2).

SEQUENCE 29-1 -- TAG/DC*G*LOSP*M*P*UL*U2%X1*U3*W1¥X2*W2*WIXV2¥Y*X 3%V

Same as Sequence 28-1 until CSS fails to initiate (W3), at which point all
containment overpressure protection is lost. CRD failed due to reactor
depressurization for SDC, so LPCS is initiated (/V2) to continue core
cooling. Containment venting (/Y) is successful to relieve containment
overpressurization, which fails LPCS due to low NPSH. The reactor is again
depressurized (/X3) and HPSW cools the core, resulting in a safe core in a
vented containment.

SEQUENCES 29-2 TO 29-3
Same as Sequence 29-1 except either HPSW fails (V4) or reactor depressuri-

zation fails (X3) prior to HPSW operation, leaving no system available for
coolant makeup, resulting in core damage in a vented containment.

SEQUENCES 29-4 TO 29-6

Same as Sequences 29-1 to 29-3 except containment venting fails (Y) and the
containment eventually ruptures (/R).
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SEQUENCE 29-7 -- TAG/DC*C*LOSP*M*P*Ul*U2*X1*U3*W1*X2*W2*W3I*V2*Y+R

Same as Sequence 29-4 until the containment fails to rupture (R), which
precludes HPSW operation because of forced closure of the SRVs. This
results in core damage in a vulnerable containment.

SEQUENCES 29-8 TO 29-14

Same as Sequences 29-1 to 29-7 except LPCS fails to initiate (V2) following
containment cooling failure and LPCI provides coolant makeup (/V3).

SEQUENCES 29-15 TO 29-21

Same as Sequences 29-8 to 29-14 except LPCI fails to initiate (V3) follow-
ing containment cooling failure and HPSW provides coolant makeup (/V4).

SEQUENCE 29-22 -- TAC/DC*C*LOSP*M*P*U1*U2*X1*U3+W1*X2*W2+W3*V2*V3+V4

Same as Sequence 29-11 until LPCS fails (V2) following containment cooling
failure. LPCI (V3) and HPSW (V4) also fail to initiate, resulting in core
damage in a vulnerable containment.

SEQUENCE 30 -- TAC/DC*C*LOSP*MAP*U1*U2*X1*U3*W1*X2*W3

Same as Sequence 26 until SPC fails (W1l), followed by failure of reactor
depressurization for SDC (X2). CSS is 1initiated to provide containment
overpressure protection (/W3). Since reactor depressurization was
unsuccessful, CRD does not fail, resulting in a safe core and containment.

SEQUENCES 31-1 TO 31-2

Same as Sequence 30 until CSS fails (W3), at which point all containment
overpressure protection 1is lost, Eventually containment venting is
performed to relieve containment overpressure (/Y). CRD continues to cool
the core in the one-pump mode (/U4), or CRD fails on containment venting
and HPSW cools the core (/V4), resulting in a safe core in a vented
containment.

SEQUENCES 31-3 TO 31-4
Same as Sequence 31-2 except HPSW fails (V4) or reactor depressurization

fails prior to HPSW operation (X3), resulting in core damage in a vented
containment.
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SEQUENCES 31-5 TO 31-8

Same as Sequences 31-1 to 31-4 except containment venting fails (Y) and the
containment eventually ruptures (/R).

SEQUENCE 31-9 -- TAC/DC*C*LOSP*M*P*U1*U2%X1*U3*W1*X2*W3*Y*R*Uk

Same as Sequence 31-5 except the containment does not rupture (R) but
develops a leak. CRD continues to cool the core, resulting in a safe core
in a leaked containment.

SEQUENCE 31-10 -- TAC/DC*C*LOSP*M#P*UL*U2*X1*U3*W1*X2*W3*Y*R*U4

Same as Sequence 31-9 except CRD does not survive the containment leak
(U4), resulting in core damage in a vulnerable containment.

SEQUENCE 32 -- TAC/DC*C*LOSPAMAP*UL*U2%X1%U3

Same as Sequence 26 until CRD fails to initiate (U3) in the two-pump mode
following failure to depressurize the reactor, which leaves no system

available for coolant makeup. Early core damage results in a vulnerable
containment.

SEQUENCE 33 -- TAC/DC*C*LOSP*M*P1

A loss of an AC or DC bus occurs (TAC/DC) which generates a reactor scram
condition and the RPS successfully inserts the rods into the core (/C).
Offsite power is maintained (/LOSP) and the SRVs open to control the

pressure (/M), but one SRV fails to close (Pl) and the sequence is trans-
ferred to the 52 LOCA tree.

SEQUENCE 34 -- TAC/DC*C*LOSP*M*P2

Same as Sequence 33 except two SRVs fail to close (P2) and the sequence is
transferred to the S1 LOCA tree.

SEQUENCE 35 -- TAC/DC*C*LOSP*M*P3

Same as Sequence 33 except three or more SRVs fail to close (P3) and the
sequence is transferred to the A LOCA tree.

SEQUENCE 36 -- TAC/DC*E*LOSP*M

Same as Sequence 33 except the SRVs fail to open to control reactor
pressure (M) and the sequence 1is not developed further due to low
probability.
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SEQUENCE 37 -- TAC/DC*C*LOSP

A loss of an AC or DC bus occurs (TAC/DC) and the RPS successfully scrams
the reactor (/C). Offsite power is not maintained (LOSP) and the sequence
is transferred to the Tl tree.

SEQUENCE 38 -- TAG/DC*C

A loss of an AC or DC bus occurs (TAC/DC) and the RPS fails to scram the
reactor (C) and the sequence is transferred to the ATWS tree.

4.4.13 "V" (Interfacing LOCA) Sequence

This type of a scenario typically involves the failure of a high-to-low
pressure interface such that reactor pressure causes failure within a low-
pressure system. This could possibly create an unmitigatable LOCA (worst
case) with a fission product release path through the low-pressure system,
thereby bypassing the suppression pool and containment.

References 12 and 49 suggest that, on the basis of precursor events, such a
failure is most likely to occur while performing stroke valve testing of
isolation valves during power operation. In Reference 49, the U.S. Nuclear
Regulatory Commission performed an analysis in which it was estimated,
based on precursor events, that the frequency of inadvertent pressurization
of a low-pressure line 1is approximately 1E-2/year. Additional years
experience since that analysis suggest this estimate should now be
approximately 5E-3/year. In that analysis, it is judged that, given an
inadvertent pressurization the probability of a significant open pathway,
such as a pipe break, occurring so as to potentially cause core damage is
1E-2 to 1lE-3. 1In Reference 50, the BWR Owner’s Group provides a detailed
analysis of a pipe rupture probability and estimates it at 3E-5. These
results yield frequencies of a significant open pathway from the reactor
vessel through a low-pressure system of ~E-5 to E-7. While such a pathway
would fail the low-pressure system involved, four other factors must be
considered in order to arrive at a core damage frequency from such an
occurrence. First, Peach Bottom’s emergency core cooling systems (ECCS)
designs are highly compartmentalized in flood-proof rooms. This means that
other ECCS would likely be available to makeup cooling to the core.
Secondly, Condensate would likely still be available in such a sequence
since the majority of the equipment is outside the reactor building and
hence not subject to any adverse environment caused by the scenario.
Third, High-Pressure Service Water (HPSW) may still be available to use for
coolant makeup. Last, operation of the Safety Relief Valves (SRVs) to
depressurize the reactor (thus slowing the leak rate) and reclosing of the
necessary valves to stop the leak (the valves are typically located in
their own rooms high above the pump rooms) are likely to occur since the
operator would receive numerous alarms when the leak occurs. With all
these mitigative features, the core damage frequency resulting from a "V"
scenario is estimated to be at or below E-8.

4.4-90



Since it is not apparent that the precursor events reported in Reference 49
are applicable for Peach Bottom, depending on design and operational
differences among plants, a separate analysis was performed for this study
as reported below. Review of the piping interfaces with the primary system
showed that the two LPCS injection lines and two LPCI injection lines were
possible areas where the "V" sequence, as described, might occur. Testing
procedures were reviewed. In each case, because of the equipment
configuration and testing procedures, it was found that two hardware
failures and two human errors would have to occur to initiate the "V"
sequence during testing (refer to Figure 4.4-11 later for typical
arrangements).

First, the testable check wvalve must leak or rupture and go undetected.
Since the MOVs are stroke tested at least quarterly, and using 8E-7/hr
(mean) and 2.7E-8/hr (mean) based on WASH-1400 data for leak and rupture
failure rates [4] of the testable check valve, the probability that there
has been a failure of the check valve between tests is ~9E-4 (mean value
using 1/2At where ) are the rates above and t is equal to 3 months). Note
that if the valve were to fail, detection is likely since Peach Bottom has
disc position indication for such valves. The operator must then have
failed to reclose the normally open MOV used to maintain the high-low
pressure interface during the test.

Using ASEP’'s nominal Human Reliability Analysis (HRA) value of 0.02 for
failure of a step-by-step task performed under moderate stress [25], and
further reducing it by a factor of at least five (i.e., using the suggested
lower bound value) to account for the clarity in the procedure and the
nonstress situation, yields an operator failure probability to close the
MOV of 4E-3 (mean). Following procedures, the operator is to open the
bypass valve and then pressurize the line segment using the air test
connection to near reactor pressure before opening the MOV being stroke-
tested. Such a process would be virtually impossible if the previously
mentioned MOV had not been closed to hold the pressure. Otherwise,
pressure could not be maintained and the relief valve would lift before the
pressure in the line could reach high pressure. Therefore, a nonrecovery
probability is applied to failure to close the normally open MOV. This
probability must be very small; estimated at 1E-4 to account for a possible
plug in the line such that the operator could still pressurize the line
segment. Then, an interlock exists between the normally open MOV and the
MOV to be stroked such that both wvalves cannot be open at the same time.
Failure of this interlock would have to occur and is estimated at 2.5E-2
based on possible limit switch failure (2.4E-2 per Indian Point study data
[20]) or failure of the circultry (1lE-3 per ASEP generic data). Combining
all these failures leads to a very small probability for the "V" sequence's
occurring in this way (<<1lE-8 per year).

Other lines were examined, such as the RHR shutdown cooling path and HPCI
and RCIC lines. In such cases, these paths also appeared to offer low
chances for the "V" scenario, considering similar interlock failure
requirements or, in the case of HPCI and RCIC, the fact that an additional
feedwater check valve would have to fail and that high-pressure piping
exists for much of the system. In addition, these rooms are normally
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secured closed and leak tight so that only one room (and system) should be
affected.

Also reviewed was the chance that two valves in series (typically a check
valve and one MOV) leaked or ruptured between tests and went unnoticed
(again refer to Figure 4.4-11). Allowing leak or rupture of the check
valve and the MOV within a quarter year time period results in a
probability of such an occurrence as approximately 8E-7 (mean) during any
one quarter, or about 3E-6 per year. However, with pressure switches
located in each line so as to detect such a dual failure, the probability
of going undetected appears small. 1In addition, a catastrophic failure to
create the LOCA would have to occur, and more than one room would have to
be affected in order to prevent successful mitigation. These last two
considerations would appear to suggest that at least another factor of 1E-2
should be applied before the "V" sequence actually leads to core damage.

On the basis of this review and the quantitative and qualitative arguments
supplied above, it appears reasonable that the "V" scenario can be
estimated at or below 1lE-8 per year. This is the threshold value used in
the Peach Bottom analysis for defining dominant accident sequences, and so
the "V" sequence is not examined any further.

4.4.14 Discussion of Reactor Vessel Rupture (R) Event

The frequency of a rupture of the reactor vessel large enough to be beyond
the capacity of the ECCS was estimated in the Reactor Safety Study (RSS)
(4] to have a median value of 1.0E-7/yr. with an error spread of a factor
of 10. This value is based on an Advisory Committee on Reactor Safeguards
report which examined actual data on many types of non-nuclear pressure
vessel failures and data from the United States Navy and commercial reactor
experience. The important conclusions reached from this analysis are that
the disruptive failure probability of reactor vessels designed to nuclear
standards is less than 1.0E-6/yr., and the disrupture failure probability
of such vessels beyond the capability of engineered safety feature is even
lower. The RSS value of 1.0E-7/yr. represents the only estimate of a
reactor vessel rupture beyond the capability of the ECCS used in previous
PRAs.

Recent analyses of Pressurized Thermal Shock (PTS) in Pressurized Water
Reactors (PWRs) are useful in determining the adequacy of the RSS estimate.
The PTS analysis was conducted for three plants believed to be particularly
susceptible to PTS and evaluated the frequency of flaw propagation through
the vessel wall (i.e., vessel rupture) during overcooling transients.
Overcooling transients are of particular concern for PTS because thermal
stresses are superimposed upon hoop stresses present while the vessel is at
or near operating pressure. The frequency of such overcooling transients
was calculated using PRA techniques. The thermal-hydraulic conditions in
the vessel downcomer region for the overcooling transients were calculated
using thermal-hydraulic computer codes. The results from these
calculations were used as boundary conditions for a probabilistic fracture-
mechanics analysis of the reactor vessels.
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The results of these PTS analysis indicate that the frequency of vessel
rupture due to PTS is highly uncertain. For the H. B. Robinson plant [51],
which is a PWR, the frequency of vessel rupture due to PTS was calculated
to have a point estimate of 1.5E-8 and the following distribution:

95% Upper Bound 1.5E-5
Mean 8.4E-6
Median 2.3E-8
5% Lower Bound 1.9E-11

These values were calculated for a hypothetical reactor vessel as the
results for the actual H. B. Robinson vessel were too low to permit an
illustration of the probabilistic fracture-mechanics analysis method. The
large uncertainty analysis 1is a result of the large uncertainty on the
density of the flaws in the vessel.

Three general observations can be drawn from the PTS work concerning the
potential for vessel rupture in a BWR, First, the potential of vessel
rupture due to PTS in a BWR is generally expected as being substantially
less than for a PWR. The fact that BWRs operate at a lower pressure
reduces the hoop stress and the design of the vessel allows natural
circulation, which reduces thermal stresses during overcooling transients.
Second, the PTS calculations for scenarios involving small thermal
transients provide some indication of the probability of vessel rupture due
to random failure (i.e., flaw propagation occurring with hoop stresses
only). A reactor trip situation at H. B. Robinson analyzed in
Reference [51] provides such a minimal thermal transient. The frequency of
vessel rupture for this situation was calculated as less than 1.0E-10/yr.
Third, the frequency of vessel rupture due to PTS is highly uncertain, and
the published results for H. B. Robinson are overly conservative since they
were calculated for a hypothetical reactor vessel which would be more
susceptible to PTS.

Based on these observations, the frequency of vessel rupture in a BWR used
in the RSS is believed to be overly conservative. A frequency of less than
1.0E-8/yr. would appear to be more realistic. Therefore, vessel rupture
was not considered further in this study.

4.4.15 Anticipated Transient Without Scram Event Tree

4.4,15.1 Event Tree

The ATWS event tree is shown in Figure 4.4-12. The following discussions
define the event tree headings and the sequences.

Events in the tree include:

T: An initiating event occurs which requires the reactor to be
tripped.
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RPSM: Success or failure of the Reactor Protection System-
Mechanical (RPSM). Success implies the mechanical portion of
the RPS functions properly and reactor scram is imminent upon
receipt of the RPS electrical signal. Failure assumes that
all rods are inoperable or otherwise left in the position
that they occupied before the transient occurred and the
operator cannot manually scram the reactor or manually insert
the rods.

RPSE: Success or failure of the Reactor Protection System-
Electrical (RPSE). Success implies the reactor scram signal
operates and reactor subcriticality will be achieved if the
rods insert. Failure implies the scram valves did not
receive the RPS signal to scram and the control rods are not
inserted into the reactor.

E

Success or failure of the Alternate Rod Insertion (ARI)
system. Success implies the scram valves receive the actua-
tion signal from the system separate from the previously
failed RPSE system. Failure implies the actuation signal was
not received by the scram valves and the rods are not
inserted into the reactor.

:

Success or failure of an attempt to manually scram the
reactor. Success 1implies the operator has activated the
reactor scram hydraulic system, the control rods are inserted
into the reactor, and subcriticality 1is achieved. Failure
implies the control rods are not inserted into the core.

o)
]
L}

Success or failure of a trip of the recirculation pumps.
Success implies the recirculation pumps are automatically or
manually tripped. RPT success reduces moderator
effectiveness, thereby reducing both the power and pressure
increase. If manual or automatic pump trip fails, the pumps
will cavitate and fail when the operator drops the level to
near the top of the active fuel.

b

ROD: Success or failure of manual rod insertion. Success implies
the operator inserts the rods individually into the core and
subcriticality is achieved. Failure implies operator cannot
manually insert the control rods into the core.

=

Success or failure of overpressure protection by the SRVs.
Success implies the SRVs open and the reactor vessel pressure
drops or is otherwise stabilized. Failure implies that an
insufficient number of SRVs operate to control pressure.

197]
(@]

SIC: Success or fajilure of the Standby Liquid Control System.
Success implies the operator initiates the SLC system and one
or both pumps function to decrease the reactivity of the
core. Failure implies insufficient boration of the core to
achieve subcriticality in a timely manner (4 minutes used in
this analysis).
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(]

Success or failure to inhibit the ADS system. Success
implies the reactor remains at high pressure to allow HPCI to
operate by preventing the ADS from activating to depressurize
the reactor. Failure implies ADS is not inhibited and the
reactor is subsequently depressurized because of low water
level and high drywell pressure conditions.

Ul: Success or failure of the High Pressure Coolant Injection
(HPCI) system. Success implies HPCI automatically actuates
or is manually actuated to provide coolant makeup. Failure
implies HPCI does not initiate to provide coolant makeup or
operates an insufficient amount of time.

X1: Success or failure of reactor depressurization. Success
implies the operator lowers reactor pressure with SRVs to use
low pressure cooling following high pressure cooling failure.
Failure implies the reactor remains at high pressure.

]

Success or failure of low pressure systems to cool the core.
Success implies the reactor water level is maintained so as
to provide sufficient core cooling (defined as a reactor
water level of two feet above the bottom of the active fuel)
using the Condensate, LPCI, LPCS or other low pressure
systems when the reactor pressure drops to approximately 400
psig. Failure implies low pressure cooling systems do not
provide sufficient injection capacity to the reactor.

=

Success or failure of the RHR system in the SPC or CSS mode.
Success implies that the RHR system is operated to provide
sufficient containment overpressure protection so that
containment integrity is not jeopardized. Failure implies
that containment venting must be performed or containment
failure occurs because of insufficient heat removal.

The following descriptions refer to the sequences found in Figure 4.4-12.

SEQUENCE 1 -- T*RPSM*RPSE

A transient occurs that requires the reactor to scram (T). The mechanical
RPS functions successfully (/RPSM). The RPS electrical system sends the
scram signal to the scram valves (/RPSE). All of the rods are assumed to
go into the core and reactor shutdown is achieved. The event then becomes
a normal transient and is transferred to the appropriate transient event
tree depending on the initiating event.

SEQUENCE 2 -- T*RPSM*RPSE*ARI
A transient occurs that requires the reactor to scram (T). The mechanical

RPS functions successfully (/RPSM) but the RPS electrical system fails
(RPSE). A diverse scram signal is successfully sent to the alternate scram
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valves by the ARI and the reactor is scrammed (/ARI). The sequence is then
the same as Sequence 1.

SEQUENCE 3 -- T*RPSM*RPSE*ARI*SCRM

Same as Sequence 2 except ARI fails to signal the scram valves to function.
The operator then succeeds in scramming the reactor manually (/SCRM).

SEQUENCE 4 -- T*RPSM*RPSE*ARI*SCRM*ROD

Same as Sequence 3 except manual scram of the reactor fails (SCRM) and the
operator successfully inserts the rods into the core by manually driving in
the rods (/ROD).

SEQUENCE 5 -- T*RPSM*RPSE*ARI*SCRM*ROD

Same as Sequence 4 except the operator fails to manually insert the control
rods (ROD). This sequence is not developed further since the probability
of this sequence is currently estimated to be below 1.0E-8.

A transient occurs that requires the reactor to scram (T). The mechanical
RPS fails (RPSM) which eliminates any possibility to scram the reactor or
manually insert the control rods. The recirculation pumps are tripped
(/RPT) and the SRVs properly cycle to control reactor pressure (/M). SLC
is initiated to inject borated water into the reactor to reduce reactivity
(/SLC). The ADS valves are inhibited (/I) to maintain sufficient reactor
pressure to initiate HPCI for coolant makeup (/Ul). The RHR system is
initiated in the SPC or CSS mode (/W) to provide containment overpressure
protection, resulting in a safe core and containment.

Same as Sequence 6 except the RHR system fails to provide containment
overpressure protection (W). This results in a core wvulnerable state.
(Note: Since this sequence probability was estimated at or below 1.0E-8 at
this point (see Section 4.10), resolution of the vulnerable state was not
necessary).

SEQUENCE 8 -- T*RPSM*RPT*M*SLC*I*UL*X1*V*W

Same as Sequence 6 until HPCI fails (Ul). The reactor is depressurized
(/X1) and a low pressure core cooling system is initiated for coolant
makeup (/V). The RHR system in the SPC or CSS mode provides containment
overpressure protection (/W), resulting in a safe core and containment.
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SEQUENCE 9 -- T*RPSM*RPT*M*SLC*I*UL*X1*V*W

Same as Sequence 8 except the RHR system fails to provide containment
overpressure protection (W), resulting in a core vulnerable state. (Note:
Since this sequence probability was estimated at or below 1.0E-8 at this
point (see Section 4.10), resolution of the wvulnerable state was not
necessary).

SEQUENCE 10 -- T*RPSMARPT*M*SLC*I*U1*X1*V

Same as Sequence 8 except low pressure core cooling fails (V), resulting in
core damage in a vulnerable containment.

SEQUENCE 11 -- T*RPSM#RPT*M*SLC*I*U1#X1

Same as Sequence 10 except reactor depressurization fails (X1) and core
cooling capability is lost, resulting in core damage in a vulnerable
containment.

SEQUENCE 12 -- T*RPSM*RPTAM*SLC*I#V*W

A transient occurs that requires the reactor to scram (T). The mechanical
RPS fails (RPSM) which eliminates any possibility to scram the reactor or
manually insert the control rods. The recirculation pumps are tripped
(/RPT) and the SRVs properly cycle to control reactor pressure (/M). SLC
is initiated to inject borated water into the reactor to reduce reactivity
(/SLC). The ADS valves are not inhibited (I) and the reactor depressurizes
which allows low pressure core cooling systems to operate (/V). The RHR
system in the SPC or CSS mode is initiated for containment overpressure
protection (/W), resulting in a safe core and containment.

SEQUENCE 13 -- THRPSM*RPTHM*SLC*T*V*W

Same as Sequence 12 except the RHR system fails to provide containment
overpressure protection (W), resulting in a core vulnerable state. (Note:
Since this sequence probability was estimated at or below 1.0E-8 at this
point (see Section 4.10), resolution of the vulnerable state was not
necessary).

SEQUENCE 14 -- T*RPSM*RPT*M*SLC*I*V

Same as Sequence 12 except low pressure core cooling is unsuccessful (V),
resulting in core damage in a vulnerable containment.

4.4-100



SEQUENCE 15 -- T*RPSMARPT*M*SLC

A transient occurs that requires the reactor to scram (T). The mechanical
RPS fails (RPSM) which eliminates any possibility to scram the reactor or
manually insert the control rods. The recirculation pumps are tripped
(/RPT) and the SRVs properly cycle to control reactor pressure (/M). SLC
fails to initiate (SLC) which initiates a series of events that lead to
core damage. Steam from the reactor vessel is continuously dumped into the
suppression pool, which increases the pool temperature and pressure. HPCI
might be used for core cooling until it fails on high suppression pool

temperature, which is likely to occur in approximately 15 minutes. The
reactor must then be depressurized to allow low pressure systems to cool
the core. The containment is becoming overpressurized and venting is

likely to be performed to prevent rupture of the containment. Low pressure
core cooling systems (LPCS, LPCI) are assumed to fail during containment
venting or subsequent containment failure due to insufficient NPSH for the
pumps. Containment venting or containment failure will begin to fill the
reactor building with steam and could potentially enter the turbine
building by failing the blowout panels that lead to the turbine building.
Core cooling must be initiated at this point with a large capacity system.
Condensate could be initiated but is likely to fail because of limited
capacity in the condenser or because of steam effects. HPSW is the final
system with the capacity to provide sufficient cooling. However, the
expert elicitation process 1indicates that the presence of steam in the
reactor building will very likely fail HPSW wvalves with a probability of
20.7. Since all core cooling systems are very likely to be lost in this
sequence, the development of the event tree was constructed to simply show
that failure to scram and loss of SLC will lead to core damage. However,
this assumption does not seem too conservative in light of the very high
probabilities associated with the loss of both high and low pressure
cooling systems of sufficient capacity to mitigate this accident sequence.

SEQUENCE 16 -- T*RPSM*RPT*M

Same as Sequence 15 except the SRVs fail to control reactor pressure (M)
and the sequence is not developed further due to an estimated probability
below 1.0E-8.

SEQUENCE 17 -- T*RPSM*RPT

A transient occurs that requires the reactor to scram (T). The recircula-
tion pumps fail to trip and the sequence is not developed further due to an
estimated probability below 1.0E-8.

4.4.16 Event Tree Nomenclature

Table 4.4-1 contains a summary of the nomenclature used to identify the
systems on the event trees.
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Table 4.4-1
Event Tree Nomenclature

ARI

B

C

Ccl

I

L
LOSP,LOSP1

M
P
P1,P2,P3
Q,Q1,Q2

ROD
RPSM
RPSE
RPT
SCRM
SLC
Ul

ul’
U2
u2'
U3
U4
U4’
A28
V1’
V2
V3
A

v4!
R
w1l
w2
w3
X1l
X2
X3

Y

Fajilure of the Alternate Rod Insertion System

Failure of all AC power (station blackout)

Failure of the Reactor Protection System (RPS)

Failure of RPS and manual scram

Failure to inhibit the ADS system

Failure of operator to isolate S3 "leak"

Failure to maintain offsite power; Different Designations
for this Event are for Different Frequencies

Failure of Safety Relief Valves (SRVs) to open

Failure of SRVs to close

Failure of one, two or three SRVs to reclose

Failure of the Power Conversion System (PCS); different
designations for this event are for different frequencies
Failure to manually insert the control rods

Failure of the mechanical RPS

Failure of the electrical RPS

Failure to trip the recirculation pumps

Failure to manually scram the reactor

Failure of the Standby Liquid Control System

Failure of the High Pressure Coolant Injection (HPCI)
system

Failure of HPCI without ventilation

Failure of the Reactor Core Isolation Cooling (RCIC) system
Failure of RCIC without ventilation

Failure of the Control Rod Drive (CRD) system (2 pump mode)
Failure of the Control Rod Drive (CRD) system (1 pump mode)
Failure of CRD to survive containment venting

Failure of the Condensate system

Failure of Condensate to survive containment venting
Failure of the Low Pressure Core Spray (LPCS) system
Failure of the Low Pressure Coolant Injection (LPCI) system
Failure of the High Pressure Service Water (HPSW) system as
an injection source to the reactor

Failure of HPSW (injection source) to survive containment
venting

Rupture of the containment

Failure of the Suppression Pool Cooling (SPC) mode of RHR
Failure of the Shutdown Cooling (SDC) mode of the RHR
Failure of the Containment Spray (CS) mode of the RHR
Failure to depressurize the primary system via SRVs or the
Automatic Depressurization System (ADS)

Failure to depressurize the primary system to allow SDC to
operate

Failure to depressurize the primary system subsequent to an
initial primary system depressurization

Failure of Primary Containment Venting system (including
makeup to the pool as required)
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4.5 Plant Damage State Analysis

The plant damage states are the interface between the front-end analysis,
or system analysis leading to core damage accident sequences, and the
back-end analysis. In order to provide for this interface, the cut sets
for the accident sequences contributing to core damage must be sorted
into groups with common attributes relative to the back-end accident
progression event trees. This could be accomplished by constructing a
bridge tree between the sequence event tree and the containment event
tree or by answering selected questions for each cut set that specify the
state of the systems or phenomena when core damage occurs. The latter
approach was chosen for Peach Bottom.

4.5.1 Plant Damage State Definitions

Sixteen questions were determined by the back-end analyst to properly
describe the state of the systems as the plant accident progresses into a
core damage situation. Each unique set of answers to the sixteen
questions is defined as a plant damage state (PDS). Each unique plant
damage state potentially results in a different challenge to the
containment and ultimately a different source term release to the
environment. Table 4.5-1 1lists the sixteen questions posed for Peach
Bottom. The total possible combination of answers, and hence plant
damage states, is the product of the number of answers for each question.
This is a very large and clearly unmanageable number. However, a number
of combinations are not logical and many combinations are not significant
for any given analysis. Thus, the expectation was that a reasonable
number of plant damage states would evolve, which was the actual outcome
of the analysis.

During the process of examining each cut set, certain information was
useful in determining the answers and providing guidelines to simplifying
the task. Questions 1 (initiating event) and 5 (stuck-open relief wvalve)
can be answered by inspection of the accident sequence itself. Question
6 concerning success or failure of HPCI and RCIC may or may not be

obvious from the accident sequence. If the initiator is a large or
medium LOCA, steam to HPCI and RCIC will be lost early so that,
effectively, both fail. The word "initially" used in these questions

means during the period prior to the time of core damage.

Answers to several questions include a case where the system has not
failed due to hardware, but due to loss of power. Thus, if power were
restored, the system potentially could operate. The purpose of these
questions, as well as some others, is to determine if water could be
injected later during the accident progression. Injection could mitigate
the core melt or it could cause detrimental effects. That is a back-end
concern, but the answers to these front-end system questions establish
the input state to the back-end analysis.

Similarly, several questions have answers indicating that the system is

available. That is, the system may be operating, but the pressure is too
high for injection, or perhaps the number of pumps is insufficient for
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Table 4.5-1. Peach Bottom APET Questions for Plant
Damage States

In order to define the plant damage states for Peach Bottom, the
following information is needed for each cut set of each accident
sequence such that each question is uniquely answered.

1. What is the Initiating Event (IE)?

1) A-Large LOCA

2) S1-Medium LOCA

3) S2/3-Small/small-small LOCA

4) T-Transient (all other transients)
5) TC-Transient without scram (ATWS)
6) 1IORV-Inadvertent open relief valve

2. Is there a Loss of Offsite Power (LOSP)?
1) Seismic induced LOSP
2) LOSP IE or random LOSP
3) No LOSP
3. Is there a station blackout (Event B)?
1) Yes - LOSP IE or random LOSP and loss of all Diesel Generators
(DGs)
2) No - At least one DG working

4. Is DC power available given a station blackout?

1) No - All DC is failed
2) Yes - At least one train of DC is working

5. Does a safety relief valve (SRV) stick open early?

1) Yes - At least one SRV sticks open (P1,P2, or P3)
2) No - No stuck open SRV

6. Are the High Pressure Injection system (HPI) and Reactor Core
Isolation Cooling system (RCIC) initially working (Events Ul and
U2)?

1) No - Both HPCI and RCIC have initially failed.
2) Yes - Either HPCI or RCIC is initially working.

If these systems work initially, there is no core damage. There
is no recovery after core damage since no steam will be
available. Both systems work after LOSP and at high pressure so
there are no recoverable or available questions.

7. Is the Control Rod Drive system (CRD) initially working (Events U3
and U4)?
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10.

11.

Table 4.5-1. Peach Bottom APET Questions for Plant
Damage States (Cont.)

1) £CRD - CRD is definitely failed.

2) rCRD - CRD is not on but has not failed either (i.e., depends on
LOSP or Tl restored).

3) Yes - CRD is working.

(This assumes that if it can work then it's normally on;
therefore, no availability question is asked).

What is the initial vessel pressure (Events X1 and X2)?

1) fADS - ADS has failed; therefore, the vessel can not go to low
pressure.
2) High - Auto ADS has failed and the vessel can go to low pressure
but the operator has not depressurized.
3) Low - Auto ADS or Manual depressurization has worked or any LOCA
or transient and stuck open SRV has occurred except for
ATWS.

What is the initial status of low pressure ECCS (Events V2 and V3)?

1) fLPC - Both LPCI and LPCS have failed and can not be recovered.
2) Recoverable - Both are not currently available but can be
recovered (i.e., if LOSP and B or Tl and B
restored).
3) Available - One pump is running but no injection due to high
vessel pressure.
4) Yes - Either LPCS or LPCI is working

What is the initial status of Residual Heat Removal systems, RHR
(sCs, SpC, CSS) i.e., Wl, W2, and W3?

1) fRHR - All RHR modes are failed.

2) Recoverable - All RHR modes are currently unavailable but can be
recovered after LOSP and B or Tl and B
restored.

3) Yes - One RHR mode is available and working.

(no available question, since if on, it will work).
What is the initial status of Condensate (Event V1)?
1) fCOND - condensate is failed.
2) rCOND - condensate is recoverable (after LOSP or Tl restored).

3) aCOND - condensate is available but not injecting.
4) Yes - condensate is working (not possible given core damage).



12.

13.

14.

15.

16.

Table 4.5-1. Peach Bottom APET Questions for Plant

Damage States (Cont.)

What is the initial status of High Pressure Service Water system,
HPSW (Event V4)?

iy
2)

3)

4)

fHPSW - HPSW is failed.
rHPSW - HPSW is recoverable. (after LOSP and B or Tl and B
restored).

aHPSW - HPSW is available. Manual lineup and actuation
required.
Yes - HPSW is working (not possible given core damage).

What is the initial status of the Containment Spray System (CCS)
(Event W3)?

1)
2)

3)
4)

Is

fCSS - CSS is failed.

rCSS - CSS is recoverable (after LOSP and B or Tl and B
restored).

aCSS - CSS is available, but manual actuation is required.

Yes - CSS is working.

the containment vented before core damage (Event Y)?

No - Containment is not vented.

DW - Drywell vent (not likely at Peach Bottom).

uDW - Drywell is vented in ATWS, but pressure still high.
uWW - Wetwell is vented in ATWS, but pressure is still high.
WW - Wetwell vent

What is the level of containment leakage?

1)

No leakage in excess of tech spec.

Level 2 leakage occurs after accident (leak).

Level 3 leakage occurs after accident (rupture).

Level 2 leakage occurs before accident or isolation failure
(leak).

Level 3 leakage occurs before accident or isolation failure
(rupture).

(A leak vs. rupture depends on the sequence. In non-ATWS
sequences, a leak would be about an 8 inch line or less. For
ATWS sequences, a leak would be less than two 18 inch lines.)

What is the location of leakage?

1)
2)
3)
4)

Containment intact
Drywell

Drywell Head
Wetwell



success in preventing core damage, but could affect the back-end
situation. Also, the system could be available if the operator should
choose to use it.

The answer to Question 14 is 1 if anything fails that would prevent
venting and X where venting is possible, but not asked in the system
event trees.

Containment leakage is derived from the containment isolation system
fault tree. Initially, if isolation failure occurs with probability one,
it is in the drywell and designated as 22 for the answers to Questions 15
and 16. This is the case for loss of the 4160 volt AC bus B. If random
failures of valves cause the leakage, the description is Y2 given LOSP
and X2 otherwise. Subsequently, it was determined that containment
isolation failure does not result in a significant leak at Peach Bottom.
An isolation fault tree was constructed and two paths had the potential
to be unisolated with a significant probability; the RBCW RCP seal
cooling lines and, the drywell (DW) drain lines. From the back-end
perspective, neither of these was important. The RBSW lines are not
connected to the primary and leakage into the RBCW system is unlikely.
The DW sump lines require a double random valve failure which has a
probability low enough to be neglected.

A complete discussion of the plant damage states is given in the accident
progression event trees section of NUREG/CR-4551, Volume 3.

4.5.2 Descriptions of the PDS Vector
The sixteen character vector describing the plant damage state (i.e., the
answers to the 16 questions) can be subdivided into seven groups of
questions that fit together logically.

Question 1 - What is the Initiating Event?

Questions 2, 3, and 4 - What Electric Power is available?

Question 5 - Do any Safety Relief Valves stick open?

Questions 6 and 7 - What is the status of the High Pressure Systems?

Question 8 - What is the status of RCS Depressurization?

Questions 9 to 13 - What is the status of the Low Pressure and decay
heat removal Systems?

Questions 14 to 16 - Is the containment Vented or does Isolation
fail?

As will be seen in Section 4.11, there are a limited number of answers to
each of these groups of questions, and only a few combinations of these
groups out of the large number possible actually show up as dominant in
the analysis. This is explained further in Section 4.11 in the process
of delineating and quantifying the plant damage states.
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4.6 System Analysis

Section 4.6.1 provides an introduction to the system modeling performed
in the Peach Bottom analysis. Sections 4.6.2 through 4.6.23 describe the
modeling effort for each system. These subsections contain a system
description, identification of interfaces and dependencies, discussion of
operational constraints, a description of the models developed, specific
assumptions used in modeling, and a discussion of any unique operational
experience for each of the systems. Justification for those systems not
modeled are presented in Section 4.6.24. The systems which were modeled
in the Peach Bottom study are shown in Table 4.6-1. The nomenclature
used to identify system failures is described in Section 4.6.25.

4.6.1 System Modeling Approach and Scope

System models were developed for each of the front line systems
identified in the event tree headings and for all support systems

required to operate the front line systems. Fault tree models were
constructed for most of the systems using either detailed fault trees or
simplified trees focusing on major failures. For those systems where

fault tree models were not constructed, actual data could be used to
represent the dominant failures of the systems (including interactions).
For example, sufficient data exists to estimate the probability of loss
of the power conversion system following a reactor trip without having to

perform a fault tree analysis. These failure models were developed with
top events corresponding to the success criteria used in the event tree
analysis. Some systems have different success criteria in different

circumstances and hence different top events. A few events in the event
trees, such as the probability of a stuck-open valve, are single data
values presented in the data section and hence are not discussed in this
section.

Modeling of the systems was performed at the component level but with
pipe segments, when deemed appropriate, indicated on the schematics. A
pipe segment is a series collection of components within the system which
could be modeled as one super-component or module independent from the
rest of the system. The independent failure probability associated with
a pipe segment could then be estimated as the sum of the individual
failure probabilities of the components within the segment. Operator
actions in response to plant conditions were included in the models where
specific procedures for these actions were available. Operator errors of
commission were mnot included in the fault tree analysis. Recovery
actions for each accident sequence are handled at the cut set level of
analysis and are covered in Section 4.8.

Details of the modeling process and assumptions were made throughout the
system analysis process. The assumptions about the specific systems are
provided in the system write-ups.

System schematics are provided for most of the systems analyzed. Figure

4.6.1-1 provides symbols and related abbreviations used in the
schematics.
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Table 4.6-1.
Systems Included in the Peach Bottom Study

SYSTEM TYPE OF MODEL
Actuation and Control (ESF) Fault Tree
Automatic and Manual Depressurization (ADS) Fault Tree
Condensate (CDS) Fault Tree
Containment Spray (CSS) Fault Tree
Control Rod Drive (CRD) Fault Tree
Electric Power (ACP,DCP) Fault Tree
Emergency Service Water (ESW) Fault Tree
Emergency Ventilation (EHV) Fault Tree
High Pressure Coolant Injection (HCI) Fault Tree
High Pressure Service Water (HSW) Fault Tree
Instrument Air (IAS) Fault Tree
Low Pressure Coolant Injection (LCI) Fault Tree
Low Pressure Core Spray (LCS) Fault Tree
Primary Containment Venting (PCV) Fault Tree
Reactor Building Cooling Water (RBC) Fault Tree
Reactor Core Isolation Cooling (RCI) Fault Tree
Shutdown Cooling (SDC) Fault Tree
Standby Liquid Control (SLC) Fault Tree
Suppression Pool Cooling (RHR/SPC) Fault Tree
Turbine Building Cooling (TBC) Fault Tree
Reactor Prot