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. NOTE

This document'is bound in two volumes: Vol. I contains -.

the main report and Appendixes A and C through F, and Vol. 2
contains Appendix B.
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. FOREWORD
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' The | Accident Sequence Precursor . ( ASP) Program has attempted to pro-
L - vide a data base of nuclear power plant potentially severe accident ex-
U : perience. This program is complementary fo' the probabilistic risk y

assessments (PRAs) currently being performed by the Nuclear Regulatory
Commission (NRC) and ? industry. . The information 'now available in the ASP

| ' data base can provide added assurance ' that the ~ models, data, and assump-
tions used in-PRAs are trustworthy. Nevertheless, the relative rarity
of, severe esents in this data base' requires the exercise of great cau- "

tion in its use and interpretation.
This second report on accident sequence. precursors evaluates 1980-41

operational data. Thus, lt represents plant experience for the period .
| immediately following the Three Mile Island (TMI) accident. -Although
L - many operational and plant configurational changes ensued from- the TMI-2

. accident on March 28, 1979, these changes have been mandated and imple-
mented in a gradual manner. -Consequently, we feel that the 1980-61

L period covered by this report is transitional . in representing post-TMI-2
plant configuration and operation.

m

The ASP Program has identified ~230 potentially significant precur-
|- sors from the operational . experience data for the years 1969 through
l. 1981. Some tentative conclusions are drawn in this report from the

1969-41. operational data. For example, there appears to be a -downward
trend in . estimated overall core damage frequency from the 1980-41 datas

compared with the 1969--79 data. Extensive reviews undertaken by both the
NRC and industry have identified the strengths and weaknesses associated
with the methods and data presented in this report. It is recognized
that a significant-amount of subjective judgment was used in the selec-
tion of accident sequence precursors. Also, the methods used herein will
undergo some modification at a result of the reviews. When the methods -

are finalized, the 1969-61 data will be reanalyzed and combined with an
j analysis of.the 1983-64 period. The result of this effort should be the

~

most trustworthy portrayal available from operational experience data for
accident sequence likelihood and trends over the.t interval. One might
then make stronger inferences concerning overall nuclear industry safety.

Robert M. Bernerc , Director
Division of Risk Analysis and Operations
Office of Nuclear Regulatory Research
Nuclear Regulatory Commission

P

..

*

|- .

t

<



_ _ _ _ __ _ _ .

.
.

ix

PREFACE

The Accident Sequence Precursor Program was established at the Nu-
clear Operations Analysis Center (NOAC) at Oak Ridge National Laboratory
in the summer of 1979. The first major report of that program, Precup-
sors to Potential Severe Core D1 mage Accidents: 1969-1979 A Status Re-
port (NUREG/CR-2497), was formally released in June 1982. The second ma-
jor report, Pressure Vessel Thermal Shock at U.S. Pressurized Water Re-*

actors: Events and Precursors, 1963--1981 (NUREG/CR-2789), was Eorma11y
released in April 1983. The present document is a continuation, for the
1980-61 period, of the assessment undertaken in NUREG/CR-2497 for those
events that occurred from 1969 through 1979.

The first document (NUREG/CR-2497) was widely reviewed both before
and after publication, including a 2-d industry workshop at the Electric
Power Research Institute (February 28-March 1, 1983), a critical review

~

by the Institute of Nuclear Power Operations (INPO 82-025), a Research
Information Letter (RIL 136) by the Nuclear Regulatory Commission (NRC)
Of fice of Nuclear Regulatory Research, and a review by the Advisory Com-
mittee on Reactor Safeguards (ACRS). The ACRS report, ACRS Report on the
Accident Sequence Precursor Study and the Use of Operational Experience
(May 18, 1983), commented favorably on the report and contained many sug-
gestions for additional work -- both endorsing and supplementing the many
proposals that evolved f rom the review of the report. In general, in-

dustry comments tended to be critical of the use of standardized. event
trees, which they contended overlooked plant-specific features that would
have made some events less significant. Other reviewers commented on the
lack of any uncertainty estimate, the mixing of actual statistics and con-
ditional probabilities, and the apparent lack of objectives for the study.

Although the objectives of the first report were necessarily rather
vague, that exploratory work has resulted in a better definition of the
objectives for subsequent studies. The project objectives were addressed
most recently in the NRC Interim Research Information Letter for the Acci-
dent Sequence Precursor Program (dated October 14, 1983), which lists
them as follows:

a. From operational events identify significant or important
sequences that, more likely than others, could have led
to severe core damage.

b. Search operational events for the elements or precursors
of severe core damage accident sequences which are not
predicted or poorly predicted in current probabilistic
risk analyses (PRA).

c. Analyze operational events to estimate the frequencies
and trends of system f ailures, function failures, and
overall frequency of severe core damage as an alternate
data source to compare to f requencies estimated in PRAs.

The present report accomplished for the 1980-41 period most of all
objectives except the last. Subsequent reports will focus on the remain-
ing objectives and will integrate the data from the 196}-79 and 1980-61 -

reports. In addition to the three objectives expressly stated in the
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Interim Research Information Letter, the data obtained from the evalua-
tion of accident sege nce precursors (e.g., function failures, initiating
events, human errors, unique sequences, and systems interactions) could
be extremely useful to many other safety assessments and safety-related
activities.

Initial selection of the 1980-61 precursor events was undertaken in
the fall of 1982, and a draft compilation of these events was selectively
distributed for comments early in 1983. Among those asked-to comment
were all of the affected nuclear utilities, the Institute of Nuclear
Power Operations (INPO), and many NRC offices. Over 80% of the nuclear
utilities responded; their comments, together with those from INPO and
the NRC, resulted in some event additions and deletions plus much plant-
specific information on the events themselves. Listings of the organiza-
tions and individuals who have reviewed all or a portion of the draf t o,f
this document are presented in Appendix F. Resolution of these comments,

,

required judgment, and it is possible that this judgment is not shared by
the NRC, INPO, and each utility.

Among the many reviewers of this document 'and its various draf ts aas
the ASP Review Team, which was established by the ASP Project to review
project wo rk. This team consists of the following three probabilistic
risk assessment experts:

Kenneth S. Canady, Duke Power Company;
Norman C. Rasmussen, Massachusetts Institute of Technology;
William E. Vesely, Jr. , Battelle Columbus Laboratories.

Although this report is the sole responsibility of the authors and not of
its many reviewers, including the Review Team, we are pleased to relate
that the members of the Review Team are in essential agreement with the
contents of this document.

as noted above, the Accident Sequence Precursor Program is a respon-
sibility of the Nuclear Operations Analysis Center at Oak Ridge National
Laboratory. In addition to the NOAC personnel (myself, E. W. Hagen, and
J. D. Harris), two subcontract personnel (J. W. Minarick and P. N. Austin)
played a major role. I particularly wish to express my appreciation to
J. W. Minarick for directing this effort. Both Minarick and Austin are
experienced engineers who work for Science Applications, Inc. , Oak Ridge.
The authors of this report also wish to acknowledge N. B. Gove of the
Computer Sciences Division for his valuable support in the development of
the computer codes used extensively in this study.

This report must again be viewed as part of a continuing ef fort.
Although the data are improved, the more meaningful results ' await the
identification of significant trends and the determination of the impli-
cation of the accident sequence precursor results. Both of these sub-
jects will be topics of future reports.

,

Wm. B. Cottrell, Director
Nuclear Operations Analysis Center
Oak Ridge National Laboratory
P.O. Box Y
Oak Ridge, TN 37831<

>
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EXECUTIVE SUpMARY

The Accident Sequence Precursor Study involves the review of Li-
censee Event Reports of operational events that have occurred at light-
water power reactors to identify and categorize precursors to potential
severe core damage accidents. Accident sequences considered in the study
are those associated with inadequate core cooling. -Accident sequence
precursors are events that are important elements in such sequences.
Such precursors could be infrequent initiating events or equipment fail-
ures that, when coupled with one or more postulated events, could result
in a plant condition in which core cooling was not adequate.

Originally proposed in the Risk Assessment Revieu Gnoup R port (Lewise
Committee report) in 1978, the study -- subsequently named the Accident Se-
quence Precursor Program -- was initiated at the Nuclear Operations Analy-
sis Center in 1979 under the sponsorship of the Nuclear Regulatory Commis-
sion Office of Nuclear Regulatory Research. The first major report by the
program (NUREG/CR-2497) involved the assessment of events that occurred
from 1969 through 1979. The present report involves the assessment of
events that occurred during 1980 and 1981.

A nuclear plant has safety systems for mitigating accidents or off-
normal initiating events that may occur during the course of plant opera-
tion. These safety systems are built to high quality standards and are
redundant; nonetheless, they have a nonzero probability of failing or be-
ing in a failed state when required to operate. This report uses LERs and
other plant data to calculate the unavailability of plant safety functions
(grouped systems that perform the same task). It then uses these calcu-
lated unavailabilities, the expected average frenuency of initiating
events (loss of feedwater, loss of offsite power, loss-of-coolant acci-'

dents, and steam line breaks, also determined when possible from the pre-
cursors), and event details to evaluate the potential impact of the fol-
lowing two situations:

.

Safety function unavailability. Given an LER-reported failure of a
safety function or partial failures in several functions, the report uses
expected initiating event occurrence rates to determine the number of ini-
tiating events that will challenge the failed and backup functions during
the period associated with the failure. It multiplies the expected chal-
1enges by function failure probabilities, using event trees to evaluate
the likelihood of the overall event sequence occurring.

Initiating event occurrences. Although standby safety functions are
ideally always available, there is a probability that they will fail when
called on to mitigate expected accidents or transient-initiating events.
The report calculates the likelihood of potential severe core damage for
precursors that included initiating events based on expected response of
the safety functions. Failed or degraded functions existing at the time
of the initiating event are accounted for in the calculations.

For this study, events were selected as precursors if they met one of
the following requirements:

|
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-- ^ < if the event . involved the failure of at least one function - required
to mitigate a : loss of. main feedwater, loss of of fsite power, small-

' break 1LOCA,.or' steam'line-break;
if. the ' event- involved the degradation of more than one function re---

" quired to mitigate' one of 'the above initiating events;
if-the event involved an actual initiating event that required--

safety function response.

. ApproXimately 8400 LERs concerning events that occurred during
1980-41 were -screened for accident sequence precursors.- Of these, over
390 LERs (4.6%) were selected for detailed review. All LERs selected for

~

~ detailed review were subjected to an in-depth evaluation, including:

-- ' a review of the accident sequence (if there'was.one) as described
in the LER,

. .

'
.

a _ review of the design of systems in the reactor plant reporting--

the LER' to determine the impact of the failure on the operation
of these systems, and
a review of the plant accident analyses to determine the extent to--

-

which affected systems would be required- to function for different
off-normal and accident conditions.

"As' a result of this detailed. review, 58 events were selected as accident
sequence precursors.

The failure information contained in the precursors was used to esti-
mate average frequencies and failure probabilities for initiating events
and functions observed in the study. These estimates are provided in the
table shown on the following page.

Initiating event frequency and function -failure probability estimates-
were used, in conjunction with precursor event trees, to estimate a condi-
tional probability of potential severe core damage associated with each
precursor. This probability is an estimate of the chance of potential
severe core damage (unavailability of core cooling), given that the pre-
cursor event occurred in the manner it did, and can be considered a mea-
sure of the residual protection against potential severe core damage
available during . the event.

The conditional probabilities associated with each precursor were
used to rank precursors as to significance, to' identify dominant sequences
among all postulated sequences to potential severe' core damage, to rank
- functions as to their importance in ' maintaining the current level of. pro-
tection against potential severe core damage and providing additional pro-
tection, and last to estimate an industry-average potential severe core
damage frequency.

The following limited and tentative conclusions have been drawn from
the findings detailed in this report (dif ferences in industry performance
between the 1969-79 and 1980-41 periods will be the subject of future
work).

-- Approximately the same total number of precursors per reactor year
were seen in 1980-41 as in 1969--79, but their significance is less. The
reduced significance appears to be the result of some improvement in sys-
tem reliability, the availability of alternate features that can provide
additional protection against potential severe core damage, and a decrease
in -the degree of coupling observed in the precursors.
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Initiating event frequencies and function failure
probabilities determined from precursor data"

Point

estimate

BWR functions

HPCI/RCIC failure 2.2E-3
Emergency power f ailure 2.2E-3
Automatic depressurization system 6.7E-3
failure

Reactor scram failure 1.9E-4
Reactor isolation failure (large SLB) 2.3E-3
Long-term core cooling failure 1.0E-4

PWR functions

AFW failure given reactor trip success 2.7E-4
HPI failure given AFW success 6.0E-4
Long-term core cooling f ailure 2.6E-4

,

i Emergency power failure 3.7E-4
i Steam generator isolation failure 6.4E-4
! (large SLB)

Concentrated boric acid addition failure 8.3E-4
given HPI success (large SLB)

Initiators (value per reactor year)

BWR LOOP 1.9E-2

PRL0 2.8E-2
PWR LOCA 8.9E-3

t

GThese estimates are based on amalgamated
1969-61 failure data and are average estimates

F
,

! across the reactor population. Plant-specific es-
| timates can vary substantially from these values.

( -- Precursors involving coupled failures were still observed, pri-
! marily caused by electrical faults. Furthermore, failures in continu-
'=

ously operating cooling water systems were also observed in 1980-81,

| whereas these f ailures were not observed to the same extent in the
1969-79 period.

| -- In 1980-61 the effective number of PWR initiating events and
function f ailures (with potential recovery considered) was less than the

L expected number (based on 1969-79 data) in almost all cases. For a par-
ticular function or initiator, this result is probably not significant

j because of the large variance of the estimates; however, the systematic
effect over all the items is believed to be a demonstration of improved
performance. Boiling-water-reactor initiating events and function fail-
ures do not show this same trend.

|
'
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-- The estimated industry-average potential severe core damage fre-
quency based on the 1980-81 precursors (1.6E-4/ reactor year) decreased
from the revised estimate (of 2.3E-3/ reactor year) for 1969--79 precursors
by an order of magnitude. This is a result of the decreased conditional
probabilities associated with the 1980-61 precursors, as discussed above.
The revised 1969-79 estimate is calculated on the same basis as the
1980-61 estimate in a separate report which is in preparation. This es-
timate could change slightly as the report is finalized. Significant un-
certainty is associated with this average estimate, and the observed de-
crease in the later time period should only be interpreted as indicative
of a downward trend.

-- The dominant potential severe core damage sequences identified in
the 1980-81 precursors are generally consistent with those identified to
date in PRAs, although some unique failure modes and system interactions
were observed. As a result, ~47% cf the PWR estimate was attributable to

| precursar sequences that were not easily modeled using the standardized
'

event trees (event trees for loss of main feedwater, loss of offsite
power, small-break LOCA, and steam line break) developed for use in this
program. Dominant sequences for PWRs were split between those associated
with small-break LOCAs and transients and for BWRs were associated pre-
dominantly with transients.

-- Importance analyses were performed to identify those functions
providing the greatest present protection against potential severe core
damage. These functions are BWR long-term core cooling, PWR auxiliary
feedwater, BWR scram, PWR high pressure injection, and PWR long-term core
cooling. From the standpoint of additional risk reduction, feed and
bleed for PWRs and long-term core cooling for BWRs were most significant.

The estimates developed in this report are subject to considerable
uncertainty due to the limited data available, the assumptions that had
to be made, and the analysis approach itself. (Specific sources of un-

derestimation and overestimation are discussed in Sect. 3.2.4. Chapter 6
presents the results of sensitivity and uncertainty analyses.)

Various aspects of the ASP methodology and the results obtained for
the 1980-81 period are discussed in this report both where the topics
first arise and subsequently in Chaps. 7 and 8. Finally, Chap. 9 pro-
vides an overview of report conclusions.

1
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PRECURSORS TO POTENTIAL SEVERE CORE DAMAGE
ACCIDENTS: 1980-1981 A STATUS REPORT

'

W. B. Cottrell J. W. Minarick* -

P. N. Austin * *

E. W. Hagen
J. D. Harris

ABSTRACT

Descriptions of 58 operational events, reported in Li-
censee Event Reports (Leks), that occurred at commercial
light-water reactors during 1980-61 and are considered to
be precursors to potential severe core damage are presented
along with associated event trees, categorization, and sub-
sequent analyses. This study is a continuation of the work
presented in NUREG/CR-2497, which somewhat similarly evalu-
ated the 1969--79 events. The current study incorporates
improvements that evolved from an assessment of the comments
on the earlier report and applies these in the assessment of
the LERs that occurred during 1980-41. The report sequen-
tially discusses (1) the general rationale for this study,
(2) the program methods for LER review and documentation,
(3) the calculation of function failure probabilities and
initiating event frequencies based on precursor data, (4) the
use of the conditional probability of subsequent severe core
damage estimates to rank precursor events and estimate an
average industrywide risk of severe core damage, (5) the con-
duct of sensitivity analyses on these results, and (6) the ap-
plication of program results to current concerns pertaining to
nuclear power plant risk assessment. There was some apparent

|
' decrease in most initiating event f requencies and function

failure probabilities in the 1980-61 period as compared with
those reported in NUREG/CR-2497. Although it was not possible
to conclude that all decreases were statistically significant,
in conjunction with other factors they indicate a reduction in
the average estimated severe core damage freq"ency for the
nuclear industry for 1980-81 as compared with the 1969--79
period. -

1. INTRODUCTION

The Accident Sequence Precursor Study involves the review of Licensee
Event Reports on operational events that have occurred at light-water
power reactors beginning in 1969 to identify and categorize precursors to

1

* Science Applications, Inc. , Oak Ridge, Tennessee . J

|

|
|
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potential severe core damage accident sequences. The pcesent report is a
continuation of the work pubitshed in 1982. Precursoro to Potential Severa
Core D1n1ga Accidents: 1969-1979 A Status Report.1 This report details
the work of the ASP Study in its review and evaluaticq of operational
events that occurred in 1980-81 and were reported by LERs. The require-
ments for LERs are described in Regulatory Guide 1.16 (Ref. 2). Work on
the present document began in 1982 and was essentially completed by mid- |1983, except for the incorporation of comments.

1.1 Background

The ASP Study owes its genesis to the conclusions of the Risk Assess-
3ment Review Group, which states in its report that " unidentified event

sequences significant to risk might contribute . . . a small increment ...

[to the overall risk]." The report continues, "It is important, in our
view, that potentially significant (accident) sequences, and precursors,
as they occur, be subjected to the kind of analysis contained in WAS!!-1400
[Ref. 4)." Such an evaluation was done for the 1969-79' period (NUREC/CR-
2497), which was the first effort in this type of analysis.

In many ways the present report - except for the time period cov-
ered - is similar to the first.

Accident sequences of interest in this study are those that if com-
| pleted, would have resulted in inadequate core cooling in the short term,

up to typically 20-30 min, and potentially resulted in severe core dam-
i age. Accident sequence precursors of interest are events that are impor-
' tant elements in such accident sequences. Such precursors could be in-
i frequent initiating events or equipment f ailures that when coupled with

one or more postulated events, could result in a plant condition Icading
to severe core damage. Precursors were selecte.1 and evaluated using the

; same screening processes and a similar quantification methodology as those
| used in NUREG/CR-2497 (Ref.1). Discussed in more detail in Chap. 3 this
| methodology permits a reasonable quantification of an event without the
| laborious detail associated with evaluation using event trees and fault
| trees down to the component icvel while including observed human and sys-
| tem interactions.
! At the same time, there are significant dif ferences between this re-

i port and the first report whir.h reflect the incorporation of some of the
more substantive comments from the review of the first repo rt . These dif-i

forences include but are not necessarily limited to the following:

elaboration of objectives,-

elaboration of ASP methodology,-

incorporation of more plant-specific data into the assessment of-

events,

a reassessment of recovery factors,-

inclusion of sensitivity analyses.-

more precise definitions and use of terms (including a glossary).-

| A study of this nature is subject to certain inherent deficiencies
and biases. The results are no better than the data from which they were
derived (and LERs have many problems), and the study may be biased by many

- ____ -_ . _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ _ - _ _ .
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of the decisions inherent to the process as well as to the methodology
itself. Ilowever, a determined ef fort has been made in this report to
identify and discuss (and to quantify where possible) these problems as
they come up. In any event it should be recognized by all concerned that
this study, based as it is on historical data, is an assessment of past
likelihood of potential severe core damage (during the period 1980 to
1981, inclusive) and does not attempt to predict what that likelihood is
at the present time or what it will be at some future time. Such extrapo-
lations can, of course, be made, but they involve an assessment of plant
differences in the time periods being compared.

1.2 Obj ectives

The objectives of the ASP Study have been a source of concern since
the publication of the first report. The objectives over the 4 years of
the project's existence have become progressively more specific. The
Interim Roccarch Infonsstion Letter 5 published by the NRC Of fice of
Nuctent Regulatory Research in October 1983 doncribes the objectiven as
follows:

a. From operational events identify significant or important
sequences that, more likely than others, could have led
to severe core damage.

b. Search operational events for the elements or precursors
of severe core damage accident sequences which are not
predicted or poorly predicted in current probabilistic
risk analysen (PRA).

c. Analyze operational events to estimate the frequencies
and trends of system failures, function failures, and
overall frequency of severe core damage as an alternate
data source to compare to f requencies estimated in
pRAs.

The program is expected to attain these objectivew by using the
light-water-reactor LER file to identify those events that are actual or
potential accident sequence precursors, to perform analysis and modeling
of the nelected events for trends, and to estimate an overall severe core
damage frequency for the population of operating U.S. commercial nuclear
power plants.

Although the objectives of this report are nomewhat more modest than
those of the entire program, the work in this report is of courne intended
to help fulfill the program objectives. With this in mind, the more lim-
ited objectives of this report are

1. to examine the 1980-81 LERs for potential nevere core damage accident
procurnors

2. to incorporate the major and/or utgnificant comments received from the
review of the previous report.1 particularly as regards the method-
ology and the incorporation of plant-specific informationt

__- _ _ _ _ _ _ .
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3. to estimate event frequencies and fatture probabilities for certain
classes of events;

4. to estimate the Conditional Core damage probabilities for the selected
events as well as the industrywide core damage frequency for the
1980-41 time periodi

5. to include sensitivity analyses and parametric studies to help assess
the relevancy of precursor information in light of the uncertainties
involved.

1.3 Organtaation of the Report

This study has been divided into several tasks, the results of which
may be found in the chapters indicated:

Chaps. 2 and 3 description of the ASP methodology;--

Chaps. 3 and 4 detailed review of LERs selected as significant--

precursors;
Appendix B identification, description, and categorization of--

events considered to be accident sequence precursors;
Chap. 5 quantification of precursors;--

Chap. 6 results of sensitivity analysis--

Chap. 7 discussion of program methods and limitations;--

Chap. 8 discussion of results;--

Chap. 9 conclusions.--

In addition, 1 List of Acronyms and initialisms, an Executive Summary, and
a Glossary are provided.
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2. PROGRAM OVERVIEW
'

.

.

2.1 Public Risk and Potential Severe Core Damage

. Nuclear ' plant risk assessments have concluded that public health
risk is' dominated by accidents involving severe damage to the reactor
core as well as prompt failure of containment systems. If both~of these
occur, 'then significant quantities of _ radioactive materials can be _re-
leased to the environment. However, such an event would require the
failure of a series of protective features designed _first to prevent ra-
diation release from the fuel, then from the . reactor primary system, and
finally from the reactor _ building to the environment. A brief consider-

~

ation of these events and the protective features designed to prevent or,
~

. mitigate them is helpful in placing the ASP Study effort in perspective.
Operational occurrences at nuclear power plants which;can initiate a

sequence of events potentially leading to radiation release are known as
" initiating events." Initiating events range from expected events such

. as reactor trips _ caused by out-of-tolerance instruments (reactor trips
occur _with a frequency of about six per reactor-ycar) to unexpected -

events _ such as a large loss-of-coolant accident (with an expected fre-
quency on the ordce of once . in ~10,000 reactor years). Different ini-
tiating events . require different functional response by various plant'

systems to shut down the reactor, provide inventory makeup, and remove
decay heat. If these systems or their backups do not perform adequately,
core damage could occur. If significant core damage occurs and contain-'

ment systems also fail, then large amounts of radioactive material could
be released to the environment. When such a release occurs, characteris-

~

tics'at the plant site, such as the weather and emergency response, will
_

further affect the' extent, if any, to which public safety will be im-
pacted. This sequence of events is shown in Fig. 2.1. To minimize the,

~

chance that core _ damage will occur following an initiating event, redun-
dant systems _ are provided to perform the required safety functions. In
such systems, component failures (to a certain extent) can be tolerated
and the fGhetion yill still be successful. Furthermore, depending on _
such things as -the plant power level, the combinations of systems that

| are operating, and the nature of the initiating event, reactor shutdown
and core cooling systems can operate below their design-basis levels and

-w still be effective. Howevert below some minimum level of performance
core ' damage-will begin to occur, and at some further reduced level of,.

performance (when; core cooling-is completely inadequate for a period of;,,

f' time) core melting will occur. ~
l'

'The'diIference - between the operation of a system at design-basis
[ggs level and at degraded levels where core damage begins or at further de-~

' graded levels where core melting results for a particular initiating
event isgvery difficult to determine; this determination is typically not
done Lin defining minimum operabilit'y for analysis purposes.- Instead,

* ~

minimus* system ope? ability (success criteria) is usually defined in terms
- of proper operation of a minimum set of components in the system (for ex-
ample, if a~ system is a"two-train redundant system, then minimum system
operability may requi're components in one'of the two trains to operate '

,

'

correctly). The'd,' if minimum system operability is not provided by each
t

a ~,,

-

# h

-

i

s

t
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ORNL-OWG 83-5932 ETD
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SHUTDOWN OCCURS

1f
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DOWN REACTOR AND REMOVE
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PERFORM THESE FUNCTIONS

1f

CORE DAMAGE OR CORE
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IN RADIATION RELEASE
TO REACTOR COOLANT SYSTEM

,

If

RADIATION IS RELEASED
FROM REACTOR COOLANT
SYSTEM TO CONTAINMENT

,

&

4

CONTAINMENT F AILS TO
PREVENT RADIATION

RELEASE TO ENVIRONMENT

l

! 1f
(

l SITE CHARACTERISTICS ARE SUCH
| THAT UNACCEPTABLE PUBLIC
t EXPOSURE OCCURS AS A RESULT
'

OF RADIATION RELEASE

Fig. 2.1. Combination of steps required for public exposure from
reactor plant initiating events.

.
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of the' systems required for reactor shutdown and core cooling. following'

an initiating event, 'an unacceptable core state is assumed to have oc-
~'

curred. This state is variously called " core melt," " core damage," or
" severe core damage," even though actual core damage, may not result un-'

- less further| system degradation occurs.
If actual core damage does occur, then progression to actual core

,

. melt is.possible. - However,.such a progression, if it occurs, could take
.

some time :during which the progression may cease because of the avail-'-

ability of some _ core cooling or_ because of recovery actions taken at the
plant. In any event, core melt is a less probable condition than core

-

damage, which is in turn less' probable - than failing to meet minimum sys-
tem operability requirements. The difference in probabilities between
these states is extremely difficult to quantify and estimates vary
widely.

In the Accident Sequence Precursor Study, failure .to meet an estab-
lished set of minimum system operability requirements following an initi-

~

ating event is defined as ",notential severe core damage."I

2.2- Estimating Potential Severe Core Damage-

If a very large number of reactor years (e.g., 50,000) of commercial'
nuclear power plant experience existed, it would be possible to better.

i estimate the frequency of the state previously defined as " potential se-
vere core damage" by counting the number of actual events that ,had oc-
curred and. dividing by the snumber of reactor-years. Experience with~ such

:- events would also provide 'information- concerning the -likelihood of pro-
ceeding to actual core damage and core melt. and possibly concerning the i

; extent of expected radiation release. - Because potential severe core dam- ,

! age events are rare and the number of reactor-years with respect to these
~

'

|. events is relatively small, frequency estimates must be made in other

: ways.
i As previously discussed, probabilistic risk assessment _ has been the
'

method used to estimate the probability of potential severe core damage. J

] PRA provides an integrated set of methodology areas to model and assess
plant reliability and to estimate the potential for severe core damage.,

| These areas can be grouped into five major categories as shown in Table

i- 2.1. The individual tasks within each category are explained in detail
in NUREG|CR-2300, PRA Procedure Guide.1

;~
Many of the models, data, and assumptions used in the PRA tasks

shown in Table 2.1 are' subjectively based and have large uncertainties
associated with them. The ASP Program can provide a better basis for i

some of the PRA methodology areas and tasks by validating the methods and+-

; ensuring that the data and assumptions are consistent with the relevent
experience.- For example, task 1.1, initiating event identification, re-'

quires that a comprehensive list of initiating events be developed based
on evaluation of past experience and on plant-specific evaluations. The

: ASP Program provides detailed analyses of events that could verify the
i lists of| initiating events used in PRAs. If significant events are oc-

curring that cannot be grouped into the more standard initiating event
categories, then this a.pect of the PRA methodology would need to be
modified . to better. reflect 'these important observations.

:

I

$
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Table 2.1. Probabilistic risk assessment
methodology areas and outline of tasks

1. Initiating events
1.1- Initiating event identification
1.2 Initiating event frequencies

2. ' Accident sequence delineation
2.1 Aggregation of initiating events
2.2 Event tree construction
2.3 Initiating event-event tree coupling
2.4 System dependencies
2.5 System interactions
2.6 Boolean reduction / sequence analysis

3. Plant systems modeling
3.1 System success criteria
3.2 Top event-fault tree coupling
3.3 Postaccident heat removal transitions
3.4- Treatment of human error
3.5 Electrical and logic systems impact
3.6 Treatment of recovery

4. Accident sequence analysis *

4.1 Data base development
4.2 Parameter estimation
4.3 Data manipulation
4.4 Estimation of human error probabilities
4.5 Treatment of recovery
4.6 Postaccident cutoff time
4.7 Common-cause analysis
4.8 Component environmental qualification

5. General considerations
5.1 Assumptions
5.2 Completeness

2.3 Accident Sequence Precursor Identification
,

The ASP Program is concerned with identifying and documenting parts
of potential severe core damage accident sequences that have been his-|

torically observed and with estimating probabilities associated with
them. Sequences possibly leading to potential severe core damage were
developed by first identifying types of initiating events that require
response by plant systems to provide continued core cooling and then
identifying the combinations of plant systems that can provide that cool-
ing. Once this was done, system failures that could prevent adequate

|- core cooling were identified. Because of the variety of detailed system
L designs among plants and the fact that support systems are frequently re-'

quired for operability, systems were functionally described. This per-
mitted grouping of like systems in a generic way.
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System failure combinations, together with the applicable initiating
events, were considered potential severe core damage accident sequences.
Historic operational events were reviewed, and those that impacted one or
more steps in such sequences were selected as accident sequence precur-
sors if (1) the operational event involved the failure of at least one of
the systems included in an accident sequence, (2) the operational event
involved degradation of more than one system included in the set of acci-
dent sequences associated with a particular initiating. event, or (3) the
operational event included an initiating event that required response by
plant systems to provide continued core cooling.

The identification of an operational event as an accident sequence
precursor does not of itself imply that a significant potential for se-
vere core damage existed. It does mean that one of a series of protec-
tive features designed to prevent core damage was compromised. The like-
lihood of' potential severe core damage while an accident sequence precur-
sor existed depends on the effectiveness of the remaining protective-fea-
tures and, in the case of precursors that did not include-initiating
events, the chance of such an initiator.

Reference

1. Nuclear Regulatory Commission, PRA Procedura Guids, NUREG/CR-2300,
Vol. 1, January .1983.

,

!
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g - 3. ACCIDENT SEQUENCE PRECURSOR IDENTIFICATION-
~

AND QUANTIFICATION

'3.1. Accident Sequence Precursor Identification-

1The Accident ~ Sequence . Precursor Program is concerned with identifica-.

tion and documentation' of those portions of potential severe core damage.

sequences that have :been . historically observed and with the estimation of,

; frequencies and probabilities associated .with them.
For core damage to occur, fuel temperature must increase. Such an'

increase requires the heat generation rate in the core to exceed the heat
removal rate. This can result from either a loss of core cooling or ex-

'

cessive core power. Most initiating events that can potentially result in
these' conditions can be associated with th'ree initiating event classes --
loss of normal feedwater (loss of heat removal from the primary coolant),
loss-of-coolant accidents' (loss of primary coolant inventory), and steam
line breaks (excessive heat removal from primary coolant). An additional-
initiating event, loss of offsite power, is frequently considered because .,

-

of the required emergency power system response, although -in. other re-
spects the initiator .is similar to a loss of normal feedwater. Antici-
pated transients withoutoscram or overpower events are modeled within the

| framework of these event classes if they involve such events. OtherwiseL
they are depicted usin' unique event sequences.,

*

Functionally base tigation sequences (standardized event trees)
were developed . for the aoove tour initiating event classes. Based on pre-4

'

vious experience with reactor plant operational events, it was felt that -
initiating events could be directly or indirectly associated withmost '

'

these initiators. Detailed descriptions of the four event trees for both
PWRs and BWRs are included in Appendix A. Initiating events'that could

not be associated with one of these initiators could be accommodated by1
f developing unique sequences for the event. (Approximately 20 unique event,

trees have been used to date in the program.)
. The sequences leading to potential severe core damage were func-

tionally described because of the limited amount of operational experi-
'

ence. -This permitted functions from somewhat different plant designs to
i be considered together and resulted in a greater number'of observed func-

tional events, albeit with less confidence that the events were- represen-,

tative of all the plant designs.* With the primary sequences to potential
severe core damage established in functional terms, operational events

; could be reviewed with respect to them.
Descriptions of operational events provided through the LER system

'

were used in the study. Although LERs were not required until mid-1975,
* ~ - event reports comparable to LERs existed before the inception of the LER

*In this | study compensation is made for the omission of plant-,

specific detail in the event trees through the assignment of the recovery
factors associated with function ' failures and through the use of plant-<

' specific data - tailoring.*

r

.
'

., , .- ,#. , ..,,-., , .yv...~, . - - , , . % ,,w-,, .,,_,,,,.,%--,v.,,,,__.w n- -- ---,w,_.#.,-



es -
- -

, ,

.

3-2''

,

.

! system and are . considered, to ,be LERs for the purpose of this study. [The
~

requirements of .LERs .are described in Regulatory Guide .1.16 (Ref. 1).]
1 Identification-of precursors involved a two-step. process.. First, an

abstract- of each LER was' reviewed to determine if the event should :le re-
viewed in . detail. - Events selected then were . subjected to an in-depth re-
view to identify those events considered to be precursors to potential

,

-severe ' core - damage accidents. - .
. . _ .

The initial review was a bounding: review, meant - to capture events

that in any way appeared to deserve detailed ~ review but to eliminate-
~

events that ,did not . appear important.
Specific LERs were chosen for detailed review if' any of the following

criteria were ' met: ,

any failure to function of a system .that should' have functioned as a--

consequence of an off-normal event or accident,~

-- any instance where two or more failures - occurred,
*

-- all events' that resulted in or required initiation of safety-related

equipment (except events that_ only required reactor trip and when
trip was-successful),

.

-- any event or operating condition that was not enveloped by or pro- i

.ceeded differently from the plant design basis, and
-- any other' event that, based on the reviewer's experience, could have

resulted in or significantly affected a. chain of events. leading to
potential severe core damage.

For two reasons, only events that occurred af ter initial criticality
'

were selected for detailed review: (1) a core was considered vulrerable
to severe core damage only af ter initial criticality and (2) in the pre-
critical period, distinguishing initial testing (system-checkout) failures
from operational failures is sometimes difficult. - Additionally, because
the study was concerned only with operational failures, design errors dis-
covered by; reanalysis were not considered. (Design errors that caused an -

operational event were considered in the study.) '

~ Four; potential sources of error in selecting events for detailed' re--
view from the LER data base must be recognized:

1. Inherent biases in the selection process. Although the criteria

for subsequent identification of an operational event as a precursor once,

the event is selected for detailed review, 1s fairly well defined, the se-
lection of an LER for review is somewhat judgmental.. Events selected in
the study were more serious than most, and it is expected that the ma-
jority of the LERs selected for detailed . review would have been selected
by other reviewers with experience in LWR systems and their operation.-
However, some differences would be expected to exist; thus, the selected
set' of precursors should not be considered unique.

2. Lack of appropriate information in the LER-abstracts. The LER
abstracts stored in the Nuclear Safety Information Center data file are -
frequently based on a written abstract of the event developed from the LER
rather than on a detailed review of each LER event. If the abstract of a

potentially important LER does not show that the LER deserves review, . then
it: will likely be missed.

3. Lack of appropriate information in the LER itself. : Licensee i

Event Reports are frequently written to fulfill a legal commitment rather - I

;- |

.

@
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than td provide engineering data. Because: of this, an LER may not provide~

a complete description of an event of interest.
14.- Specificity of the LER reporting system. _ Licensee Event Reports-

:are . required to be . filed when plant Technical Specifications are violated ;
,

, or limiting Jconditions of operation are entered. These requirements are
'

' described in ._ Regulatory. Guide l.16 and are dependent on the detailed word-^

:ing of each plant's Technical Specifications. Because of this, certain _.
events of ' interest may not' be'' reported. The scope of this study included'

only events reported via the LER system. (In particular, reporting ofg.

j LOIN events is.not required.). .
.

_

'

'
~ The operational events selected'in the initial screening and selec-

tion process were then subjected to ' an 'in-depth review to. identify those .
events considered to be precursors to potential severe _ core damage acci-

'

dent.s, either because of an initiating event or because of failures that
could have affected the course of postulated off-normal events or acci-
dents. ' These detailed reviews were not limited to the LERs but also used
Final Safety Analysis Reports,ntheir. amendments, and other information

i- available at the Nuclear Operations Analysis Center.
, The detailed review of each event considered (1) the immediate impact

of an initiating event or (2) the potential impact of the equipment fail-+

_

ures or -operator errors on readiness of systems in the plant for mitiga-
tion of- off-normal and accident conditions.

In the review of each selected event, three general. scenarios (in-
; volving both the actual event and postulated additional failures) were

considered:
! 1. . If the event or failure was immediately detectable and occurred

while the plant was at power, then it was evaluated according to the
| likelihood.that the event and the . ensuing plant- response could lead to_

;. severe core damage.
2. .If the event or failure was immediately detectable but-occurredt

'

while the plant was not at power,- then it was evaluated according to the -
likelihood that the event plus the plant response could have led to severe
core damage if it had occurred while at power or at hot shutdown immedi-

| ately following power operation.
3. If the event or failure had no immediate effect on plant opera-

| tion (e'.g., if no initiating event occurred), then it was evaluated based
on the likelihood of severe core damage from a postulated initiating event
(during the failure period) that would require the failed items for miti-t

[ gation..

For each actual occurrence or postulated initiating event associated-
with an LER event, the sequence of operation of various mitigating func-#

tions required to prevent potential severe core damage was considered.-
. Events 'were selected as precursors to potential severe core damage acci-
| dents (accident sequence precursors) if- they met one of the following

criteria:
1. The operational event included the total failure of at least one

function-included on an event tree modeling potential plant response to'a
- loss of feedwater, loss of offsite power, small-break LOCA, or. steam line
break -(applicable event - trees _ are described in Appendix A).

,
_ _

2.. The operational event included degradation of more than one of
I . the functions included on the event trees.
[ ~ 3. - The operational event included an initiator that required _ safety.
i system response. '

i.
,

I-
*
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' - Operational events that .could -not be accommodated on the . event trees
~ ' described in ' Appendix A were selected if they_ met equivalent requirements.

'

3.2 ' ' Accident Sequence Precursor Quantification -

A| conditional probability of subsequent potentia 1' severe core damage
~

was calculated for each _ precursor. This calculation assumed that the=

failure probabilities associated- with observed failures were equal to a
recovery factor-that measures the likelihood of failing to recover. from
the failure; the failure probabilities associated with observed successes

|- _and with functions unchallenged during a historic occurrence were equal to
+ . an industrywide average failure probability calculated from the totality-

of precursors. The precursor conditional probability calculated in the
study _ assumes that failures observed ,during an event were coupled, but ob-

,

' served successes were not. This calculation is useful in ranking because
it permits estimation of the measure of protection remaining once - the
failures have occurred. These calculations are described in the following
sections.

;

3.2.1 Determination of recovery factors, initiating event;-
frequencies, and function failure probabilities

As a consequence of the study selection criteria, certain initiating,

i - events (see Sect. 3.1) and all complete failures of mitigating -functions i
; included in the event trees developed for loss of feedwater, loss of off-

site power, small-break LOCA, and steam line break were selected as pre-
cursors. Initiating event frequencies were calculated based on the aggre-

I gate event occurrence experience during the number of reactor years of op-
eration in the observation period, assuming such frequencies can be used
to -describe f requencies at individual plants for the purposes -of this
study. Failure probabilities were calculated based on observed failure

occurrences and on an estimate of the total number of demands (includingt

tests and additional nontest demands) to which the function would be ex-,

' pected to respond. The failure information obtained from the precursors
was qualified in several ways to provide reasonable frequency and prob-
ability. estimates.

,

Determination of recovery factors. The chance of recovery was in-
'cluded by considering each failure to be composed of the observed failure

,
_

and: a subsequent recovery step. Four recovery classes were defined to de-:
1 scribe the different types of recovery that could be involved. Events
'

were assigned to a particular class based on an assessment of likelihood
-

that recovery would not- be effected, considering the event specifics. The
assignment of an event to a class and the numeric value assigned -to each
class were based _ on engineering judgment. The likelihood of recovery con-

'

' sidered whether such recovery would be required _in a moderate- to high-
stress situation following a postulated initiating event. The-four recov-
ery classes are described in Table 3.1. - The ' ef fective number of nonrecov-,

erable events associated with an initiating event or failed function wasg
! then determined by summing. the recovery class numeric value assigned 'to

each applicable event. Sensitivity and uncertainty analyses performed as

!-

, , -, _ . , - . - , _ . . - . . __ . _ . _ _ ; . _-,,_ _ , , _ . .. _
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Table;3.1. Description and quantification of recovery -classes,

i

Likelihood of.failing to
recover from event

- ~-Recovery
Descriptionclass .

. .

Numeric value Average numeric-
range value"

R1 LFailure did not appear.to 0.}-1.0- 0.58
be recoverable in required
period, either from control
room or_at failed equipment

i R2 Failure appeared recover- 0.1-0.8 0.34
i able in required period at

failed equipment, and
equipment was accessible; '

recovery from control room
did.not. appear possible

R3 Failure appeared recove,r- 0.0}-0.3 0.12
4 able ' in required period

f rom control room, but

recovery was not routine
.

| R4- Failure appeared recover- 0.01--0.1 0.04
- able in required period

1. f rom control room and was
considered routine

,|-

| "See Chap.- 6 for. development of average values from recovery value
ranges. _These average values are used for consistency of analysis. The I*

actual likelihood of- fatiing to recover from an event is difficult to assess

! and may vary substantially from the values listed above.
J

I-

5
n.

part of this study _ (described in Chap. 6) considered the impact of alter- -;
j- nate_ numeric values for the dif ferent recovery classes.
I Determination of initiating event frequencies and function failure

~

probabilities. Initiating event frequencies were determined . by dividing

i the effective number of nonrecoverable initiating events by the. number .of
. reactor years . under observation. Function failure probabilities were de-

[ termined by dividing the observed number of nonrecoverable failures by the
estimated number of aggregated demands for the function. The number of,

demands was estimated based on an . assumed test 1 frequency (typically once
; .per month per plant) plus consideration of' other situations (such asi a

normal shutdown or startup) that could ' require operation.
The nature Hof the operational data Jhase is such that the following q

. initiating event frequency 'and function failure probability information
.

4

h

r

e

*-
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has been estimated:

Initiating event frequencies

PWR loss.of offsite power (>30 min)
BWR loss of offsite power (>30 min)

|PWR small-break -iDCA 1

BWR small-break LOCA'

Function failure probabilities

PWR AFW failure
PWR HPI failure
PWR long-term core cooling (sump recirculation) failure
PWR emergency power failure
PWR steam generator isolation failure
PWR HPI for steam line break mitigation (concentrated
boric acid addition) failure

BWR scram failure
. BWR HPCI/RCIC failure4

BWR ADS failure
BWR emergency power failure
BWR reactor vessel isolation failure
BWR long-term core cooling failure

Note that the method employed in this study to estimate unavailabili-
ties- (number of failures per _ number of demands) is one of several that can
be used. Alternate methods (e.g., downtime divided by total time or num-
ber of failures divided by twice the number of tests) would provide other
estimates.

Because of the number of unique system designs in plants that went
critical before 1969, only failure and demand data associated with plants
that went critical af ter January 1, 1969,* were considered in the indus-
try-average initiating event frequency and demand failure probability cal-
culations. In addition, certain initiating event frequencies and demand
failure probabilities used in the severe core damage probability calcula-
tions could not be determined from information in the precursor data. In
such cases, plant design specifics, previous experience, and engineering
judgment were used in the estimation of these values.

Sample calculation. One example involving the estimation of the
failure-on-demand probability for PWR auxiliary feedwater illustrates this
calculational process. Eight events concerning auxiliary feedwater fail-
ures. were identified in a 288 reactor-year period (from 1969 through 1981)
and were assigned to recovery classes (Table 3.2), . based on reviews of
each event. Use of the previously identified numeric values (Table 3.1)
for -the recovery classes results in an effective number of nonrecoverable

*The following plants were critical prior to January 1, 1969:
( Big Rock Point, Dresden 1, Haddam Neck, Humboldt Bay, Indian Point 1,
| Lacrosse , San - Onof re 1, and Yankee Rowe.
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Table 3.2. Illustration of sample calculation showing
recovery classes for AW failures

** eco ry
Plant Failure description

,

06-18-73 Turkey Point 4 Failure of pumps to auto-start R4

due to failure to install
fuses

04-07-74 Point Beach 1 Failure to deliver flow due to R2

clogged suction strainers

05-08-74 Turkey Point 3 Failure of pumps to start due R1

to.overtightened packings and
controller malfunction

11-05-75~
~

Kewaunee Failure to deliver flow due to R2

clogged suction strainers

12-11-77 Davis-Besse 1 Loss of AW pump control due to R2

mechanical binding and blown
control power fuses

03-25-78 Farley Failure of turbine-driven pumps R2

to start plus open bypass
,

valves

03-28-79 TMI-2 Failure of AW to deliver flow R3
due to closed valves

i 12-11-81 Zion 2 Failure of two AW pumps to R4
start with third pump

'
unavailable

failures on demand of 0.04 + 0.34 + 0.58 + 0.34 + 0.34 + 0.34 + 0.12 +
0.04 = 2.14. For-the auxiliary feedwater function, the number of demands
was estimated to. be 27.3/ reactor-year, or 7862 for the 288 reactor-year
period. The probability of failure on demand is then estimated as 2.14
failures per 7862 demands, or 2.7E-4.

3.2.2 Calculation of conditional probability
associated with each precursor

A conditional probability of potential severe core damage associated
with each precursor was calculated using applicable sequences from the se-
quence of interest event trees developed for each precursor event by apply-
ing appropriate failure probabilities to each event tree branch. A typical
sequence of interest tree developed for an event is shown in Fig. 3.1.

-- - . -. - .
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.

- IBecause ' the frequenciesland function demand - failue* . probabilities-
.

used in these calculations are derived from data obtai..ed across the en-
tire LWR population and are applied to sequences that are _ generic ^ in na-
ture,' the conditional probabilities determined for each precursor' cannot
be directly associated with the probability of potential severe core dam-

- age resulting from the actual precursor event at the specific reactor
'

- plant at which it occurred. The probabilities. calculated in this study
are homogenized probabilities, averaged over the plants, and are consid-

- ered representative of potential severe core damage . probabilities result-
i

ing from the occurrence .of the selected events at plants representative of
the general reactor population.

The sequence of interest tree ' probabilities were calculated in the
following manner.

.

Event sequences requiring calculation

1. If an initiating event occurred as part of a precursor (i.e., the
precursor consisted of an initiating event plus possible additional fail-
ures), then |the conditional probability of potential severe core damage
was . calculated based on the sequence of interest event tree associated

,

with the initiator.
2. _If an initiating event did not occur as part of a precursor

(i.e., the precursor consisted of an unavailability), then the conditional
probability of potential severe core damage was calculated considering
potential or expected initiating events. Only sequences associated with 1

each potentia 1' initiator that sere impacted by the precursor were included
in the calculated probability.

Initiating event probability determination

1. If an initiating event occurred as part of a precursor, then the
initiator probability used in the calculation was the probability of fail-
ing to recover from the observed event (i.e., the numeric value of the re-
covery class for the event).

I
2. If an initiating event did not occur as part of a selected pre- -

cursor, then the probability used for the initiating event was developed
assuming a constant hazard rate. For the frequencies and times associated
with most precursors, this value is approximately equal to the product of
the estimated initiating event frequency and the time during which the
precursor existed. As described previously, th initiating event fre-
quency estimates included the potential for recovery. Event durations
(the period of time during which the failure existed) were based on infor-

- mation included in each LER, if provided. If the event was discovered
during testing, then one-half of the test period (15 d for a typical 30-d
test. interval) was assumed, unless specific failure durations were avail-
able.

3. If a precursor occurred when the plant was not at power, then the '

probability of the event occurring while at power or shortly af ter shut-
down (while decay heat was still significant) was multiplied by the ini-
tiating event probability determined in steps 1 or 2, in order to estimate

i

!
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the probabil'ity of a nonrecoverable initiator while the plant was most
vulnerable. The potential impact of the event at less-vulnerable times
was not considered in the analysis.

Sequence branch probability determination

1. For event tree branches for which no failed or degraded condition
existed, a probability equal to the function failure probability developed *

as in Sect. 3.2.1 was assigned.

2. For event tree branches associated with a failed function, a
probability equal to the numeric value associated with the recovery class
was assigned. This permitted consideration of potential recovery for ob-
served failures, in the same manner as was done in Sect. 3.2.1.

3. For event tree branches that included a degraded function (a
function with internal faults that still met minimum operability require-
ments but was reduced to no redundancy), the estimated failure probability
.was modified to reflect the loss of redundancy. To estimate a revised
' failure probability, the function was assumed to behave as a two-train
system that could be modeled using the S-factor method.* This method was
employed because it permitted estimates of the impact of degraded func-
tions without identification of single failures, which were beyond the
scope of this program. In the S-factor method, failures in redundant
functions are separated -into independent and dependent (coupled) contribu-
tors to total failure:

A=Ag+A ,

where i is independent and e is coupled. Beta is defined _as the fraction
of the total failure rate attributable to dependent failures, so

that A = SA for 0 < S < 1. Then, for a one-out-of-two function with
identiEa1 components A and B,

DD

* Development of the S-factor method is described in more detail in
Sect. 3.7 of the PRA Procedures Guide.2

r
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ithe failure t on / demand probIability U can be written as
.

U'= P(A) x P(B/A)

= P(A)P(8/A) + ( ( !Aindependent dependent-
failures failures

'
'

= (1 -- 8)P(A)P(B) + SP(A) x 1

= - (1 -- 8 ) A2"+ gx ,

because AA" B* . egraded lunctions were defined, for the ' purposes of
this study, as those in which operability, but no additional redundancy,
exists. - (This permitted consideration of multiple-redundant functions as
two-component- functions required by the S-factor model.), Because the de-
mand failure probability for each function has been previously determined,

assumption of, a: representative S permits the calculation of the single--
component (train) failure probability:

U = (1 - 6)A2 +1gx_, -

where

U = probability of overall system failure on demar',
S = fraction of failures on demand attributable to common cause,
A = failure-on-demand probability for a single component

(train).
'

Solving for A,

y , -8 i /8Z+ 4x (1 -g x U ,
2x (1 - 6) '

>

!' :for A to be positive, the sign before the square root symbol must be posi-
tive. With A estimated, the probability of the'second component (train)
failing, given that the first has been observed as failed, can be esti-'-

-

mated ~ based on the fact that the overall function failure probability U is~

4

related to the component failure probabilities by U = P(A) x P(B/A). The
probability of the second component failing, given that the first has

[. failed, is then P(B/A)' = U/P(A) or function failure probability divided j
t by A. Degraded functions nay in certain instances be returned -to complete '

| operability through some recovery action in the same raanner as discussed-
l-

i.

i

.

- .-. . . , . . - , _ _ _ . - . . . . . - . . , , _ . _ _ _ _ . , , , . . . . . _ , , , . , . , - , , , . , _ . _ , ,, , _ _ . . _ , . , , . - . . - _
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'in Sect.13.2.1 for function . failures. To account for this, degraded-func-

tions .wereM1so assigned to recovery classes.- The-probability of. function-
I .-failure for a degraded system can then. be estimated as 'the probability ' of

~

Tthe 'second i component .(train) . failing mitiplied - by the likelihood 1of the -
.

previously'. f ailed = component not being recovered > (the likelihood 1of .the re-
covered train failing a second time has been assumed to-be negligible):~

i

l

1P(degraded function)'= R '

degraded degraded degraded *
functf on'- function _ function

where R is the numeric value of the recovery class, U is the function-

failure probability, and A is the train failure probability.
4 .~ For . event tree branches consequently. degraded because of another

degraded function (for example, if an auxiliary .feedwater train was ren-
dered unavailable during a loss . of- of f aite power 1 because .of' a diesel gen-~

erator failure), the remaining train ~ would be available with a failure
..!

probability equal to the' train' failure probability,~ A, associated with the.~

~

consequently- degraded function,' because the unavailable train - had not
itself failed. ,The. approach to calculating the demand failure probability
in this: case is the same as-with a degraded function, except for the. sub-
stitution of A for U/A and the use .of the . recovery class associated with
the function causing the consequential degrading (once the degraded func--
tion is recovered, the consequentially degraded function is restored to
complete operability):

P(consequently degraded) = R, A

system degraded
function

~ support consequently '
system degraded

function

where R, . A, and U are as previously defined.
_

For event tree branches consequently failed as a result of an-5.
,

| ~ other degraded support function and an internal failure (for example, a
failed HPI system due to the-unavailability of one diesel generator and
the. opposite train pump), the potential exists to recover either the in-
ternal failure or the degraded support function. However, to simplify

modeling, the internal _ failure was assumed unrecoverable, and thus the
| consequently failed function was assumed failed for as long .as the support

function remained degraded. If the support function was recovered,. then
: the previous consequently failed function was assumed to be degraded as
| ' described in item 4 above. This results in a -failure probability estimate

I I

I

p
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for the consequently failed function- of

P(consequently failed) = 1 x R
support

function
h

consequently! consequently .+ ~ support
function failed failed

function function

6. Functions that were consequently failed as a result of support
system failures were madeled recognizing that, as long as the affected
support system remained failed, all consequently failed functions were
failed; but if the support system were recovered, all the affected func .
tions were - recovered.

7. Certain event tree branches were modified to reflect the design

of systems at the plant at which an event. occurred. Event tree branches
impacted by this modification include:

-- PWR turbine runback (which does not exist on many plants),
-- PWR auxiliary feedwater given emergency power failure (which is

very dependent on system design, particularly in the pre-1980 time
period),

-- PWR PORV demanded (certain plants do not use PORVs),
-- PWR high-pressure injection given auxiliary feedwater failure (bleed

and feed) (which is very dependent on system design and is assumed
not to exist prior to the TMI-2 accident.)

To permit tailoring for these design differences, five plant-specific tai-
loring classes were defined. These are shown in Table 3.3. Numeric val-
ues associated with these classes were assigned to applicable event tree
branches during individual event quantification.

For precursors occurring in plants that went critical before 1969,
the design of mitigating systems was considered before failures were as-
sessed using probability calculations. Function failure probabilities
were revised when necessary to reflect unusual system designs.

Event calculation. Once the branch probabilities that reflect the
conditions of the precursor event have been established, the sequences
leading to potential severe core damage are calculated and summed to pro-
duce an estimate of the conditional probability of poteatial severe core
damage for the precursor.

Sample calculations. TVo events are used to illustrate this calcula-
tional process. The first event involved a loss of offsite power caused
by a turbine-generator trip and an isolated startup transformer. The se-
quence of interest tree for this event is shown in Fig. 3.2. The prob-
abilities included on each branch have been obtained as previously de-
scribed. The precursor involved an initiating event that was assigned to
recovery class R2 (the numeric value associated with this recovery class
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~ Table 3.3. .. Description and quantification of plant-specific
tailoring classes

a

Plant-specific
Average numerictailoring Description Numeric range ay,gclass

Pl. Function does not .l.0. 1.0
exist et plant; '

event tree branch
is faulted .

P2 Function exists 0.1-0. 8 0.34

P3 Function exists 0.0 H .3 .0.12

P4 Function exists 0.01-0.1 0.04

P5 Function does not- 0.0 0.0
exist at plant;-
event tree branch
not faulted.

aSee Chap. 6 for development of average values from numeric ranges.
These average values are used for consistency of analysis.

' l

is 0.34). Plant-specific tailoring values were used to describe prob-
abilities for turbine-generator runback, auxiliary feedwater given emer-
gency power failure, PORV challenge rate, and high-pressure inje'etion fol-
lowing AW failure. Probabilities for the remaining functions, which were
assumed available. based on the report cf the event, were assigned indus-
trywide average failure probabilities developed as described in Sect. 3.1.
The estimated conditional probability of severe core damage, PSCD, associ- 4

ated with the event is then

SCD SCD [ seq. 4] + PSCD [ seq. 5] + P seq. 8]*

SCD

+P **9' + sea. 11] + P seq. 13]SCD SCD SCD

[( 2. 5E-4 )(~ 1 )( 2. 9E-3 )( 0.12 )(~ 1 )(~ 1 )( 1. 0)( 0. 34 ) ] [ seq. 4]-

+ [(5.9E-4)(2.9E-3)(0.12)(~l)(~1)(1.0)(0. 34)] [ seq. 5]

h + [( 2. 5E-4 )( 0 )( 2. 7E-4 )(~ 1 ) ( 1. 0)( 0. 34 ) ] [ seq. 8]

[ + ((1.0)(2.7E-4)(~1)(1.0)(0.34) [ seq. 9]

[(2.9E-3)(0.12)(0.88)(3.6E-4)(1.0)(0.34)| [ seq. 11]+i,!

!

[ + [(0.12)(3.6E-4)(1.0)(0.34)] [ seq. 13]
!

'* ~ *
SCD

|

!.

i
1

--

y- y - + , , ,u,. e - . . , 3- ,.e. - .e.- -.r ,,.m...,- 9mw . .,...e- ~ . , , , . , ,,._,--w,- p_..-y..,-. -
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ORNL-DWG82-5606A ETO

TUR BINE AUXILI ARY PORV OR LONG. POTENTI AL
LOSS OF GENERATOR EMER- H'OH -FEEDWATER AND PORV PORViSOLA- TERM SEVERE SEQUENCE .
OFFSITE RUNSBACK GENCY PR E SSUR ESECONDARY DEM AN DE O TlON VALVE CORE CORE NO,
POWER AND ASSUMES POWER INJECTIONHE AT REMOVAL -CLOSURE COOLING DAMAGE

HOUSE LOADS

NO 1

NO 2

P3 (0.12)

YES 4
2.5 E-4

R2 (0.34) 2.9 E-3
//////> ygg s

//////// 5.9 E-4
W

NO 6 h
Us

NO 7

YES 8
2.5 E-4

7

J[
PATH DICTATED BY LACK OF PROCEDURES II*

YES 9
PRIOR TO TMI-2 ACCIDENT CONCERNING jf pi (1.03P1 (1.0) USE OF HPl FOLLOWING AFW F AILURE

'PATH DICTATED BY P3 (0.12)
LACK OF RUNBACK
CAPABILITY AT 2.9 E-3
PLANT

NO 12
3.6 E-4a

i

P3 (0.121 YES 13

*USE OF HPI FOLLOWING AFW FAILURE NOT INCLUDED IN MITIGATION PROCEDURES.

Fig. 3.2. Example calculation Of initiating event conditional probability.

.
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The second example event involved an unavailability of the undervolt-
age trip circuitry for the engineered safety features actuation system,
which was discovered during troubleshooting. The sequence of interest
event tree for this precursor is shown in Fig. 3.3. The failure prob-
ability associated with the precursor event (the emergency power failure)
was assigned based on the recovery class associated with the event. No
initiating event occurred with the precursor; however, a failure duration
of 7.5 h was specified. The estimated nonrecoverable loss-of-of fsite-
power frequency, 2.75E-2/ reactor-year, combined with this failure inter-
val, results in an estimated initiating event probability of 2.4E-5. The
combined branch probability for branches leading to potential severe core
damage is 7.2E-7 (employing the same calculational method as above). So
that event tree branches not involved with the precursor were eliminated
and only the additional contribution associated with the precursor was
calculated, the sequence of interest event tree was calculated a second
time using the same initiating event probability but with all branches as-
signed demand failure probabilities (no failed or degraded states). This
value was subtracted from the value obtained in the first calculation to
obtain the condi~tional probability associated with the precursor. For
this example, this second value (2.4E-9) had no effect on the probability
calculated for the precursor.

3.2.3 Calculation of average potential severe core damage frequency

An estimate of the frequency of potential severe core damage over
the observation period is calculated based on an approach discussed by
Apostolakis and Mosleh. 3 In this approach, an estimate of the potential
severe core damage frequency < A> is given by

}[ P
<x>

i
,1

where P is the conditional probability for event i and T is the observa-i
tion period. (Reference 3 provides a development of the equation as well
as some problems involved in the use of the Poisson nodel in this applica-
tion.)

The precursors of interest in this estimate are those that included
initiating events, because these precursors define the expected number of
initiators and the response to initiators over the period of observation.
The sum of the applicable conditional probabilities was divided by the
observation period to obtain the frequency estimate for observed events.

Because certain initiating events are not reportable in the LER sys-
tem, the frequency estimate was increased to account for these events.
The primary contributors within this unreported set are losses of feed-
water. (The frequency of loss of feedwater is over one per year at some
plants.) The potential severe core damage f requency for losses of feed-
water was used as an estimate of the frequency associated with nonre-
ported, and thus, unobserved, events. A consistent approach for losses of
feedwater would require their identification, along with any degraded and
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ORNL-DWG82-5607B ETO

TURBINE AUXILLARY PORV OR LONG- POTE NTI AL
LOSS OF GENERATOR EMER- HIGH-FEEDWATER AND PORV PORV ISOLA- TERM SEVERE SEQUE NCEOFFSITE RUNS 0ACK GENCY PRESSURESECONDARY DEMANDED TION VALVE CORE CORE NO.
POWER AND ASSUMES POWER INJECTIONHE AT REMOVAL CLOSURE COOLING DAMAGEHOUSE LOADS

i

NO 1

NO 2

P3 (0.12)
NO 3

YES 4

2.9 E-3
'

,

YES 55 9 E-40 0275/R E ACTOR-
YE AR FOR 7.5 h
(2 4 E-5) NO 6 Y

r
N

i NO 7

YES 82.5 E-4i

2.7 E -4

YES 9
0.75 / P2 (0.34)

//
//

iNO 10

$f(c) P3 (012)
i/
//
' E5 11

2.9 E-3/,

//
/

NO 12
R2 (0.34)

P3 (0.12) YES 13

Fig. 3.3. Erample calculation of unavailability conditional probability.
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failed mitigating functions that occurred with them, in the same manner
used with such events as a loss of offsite power. Because losses of feed-
water are not usually reportable via the LER system, this could not be
accomplished in this study. In lieu of this, a typical event tree ap-
proach was used to predict the frequency of severe core damage for these
events.

This process can be represented in equation form as follows.

/ probability \
frequency ) Tof subsequent )

[ f precursor
.

Frequency of
o x severe coresevere core = ,

damageassoci-)
damage ( jevent

ated w/ eventprecursors
associated
w/initiat-
ing events

probability

[ estimated) of subsequent
+ 1 frequency x severe core

expectediniti-(ofevent) (damage associ-j
\ ated w/ event /

ating events
not included in

LER data base

[subsequentsevere\
Probability ofFrequency of

[! "I x i**##8~

severe core
\ Period J core damage asso-

damage ;

\ciated W/ Precursor /precursors

associated
w/initiat-
ing events

estimated ( probability of )
+ frequency x I severe core damage | .

of IDFW Qiven IDFW occurs /

The above approach includes considerable uncertainty and does not result
in an unbiased estimate of the frequency of severe core damage.

Specific sources of underestimation and overestimation are discussed
in the following sections.

3.2.4 Potential sources of error

As with any analytic procedure, the availability of information and
modeling assumptions can bias results. In this section, several of these

sources of potential underestimation and overestimation are addressed.

.

,- - - - -
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In addition to the introduction of known nonconservative or conser-
vative biases (which are discussed later in this section), certain program '

methods may introduce biases that. are either conservative or nonconserva-
tive:

-- The accuracy and completeness of the LERs in reflecting pertinent
operational information is questionable in some cases. As discussed pre-
viously, LERs are required to be filed when plant Technical Specifications
are violated or limiting conditions of operation are entered. These re-
quirements, plus the approach to event reporting practiced at particular
plants, result in wide variation in the extent of events reported and re-
port details among plants. In addition, only details of the sequence (or
partial sequence for f ailures discovered during testing) that actually oc-
curred are usually provided; details concerning potential alternate se-
quences of interest to the study must be inferred.

-- The event trees used for most precursors are functionally based and
generic in nature. Although the trees were tailored to individual plant
designs to the extent practical aad unique trees were used when the stan-
dardized trees appeared inappropriate, the final event tree associated
with the precursors may not adequately reflect differences between plants.
This is particularly so in the cases where alternate systems (frequently
not safety-related and therefore not described in FSARs) can be used for
mitigation. (However, information concerning the use of alternate systems
was solicited and reviewed during the event review process.)

-- Average or generic data are combined with plant-specific opera-
tional occurrences in calculating the conditional probability of potential
severe core damage. Because of this, modeled response for each event will
tend toward an average response. If the systems at the plant at which the
event occurred are better or worse than the average (this is difficult to
ascertain without extensive operational experience or reliance on fault
tree models), the actual conditional probability could be lower or higher
than that calculated in the analysis.

-- The recovery credit for system failure involves engineering judg-
ment. Assignment of different recovery credit for an event can have a
significant impact on the assessment of that event.* The impact of alter-
nate numeric values for recovery classes is addressed in the sensitivity
and uncertainty analyses described in Chap. 6.

-- A tes t interval of once per month was assumed in the study for cal-
culation of the probability of function failure on demand. If the test
interval is longer than this, on the average, for a particular function
and this is not compensated by overestimation in the number of nontest de-
mands, then the calculated probability will be lower than that calculated
using the actual test interval. Examples of longer test intervals would
be situations in which (1) system valves are operated monthly but a system
pump is only started quarterly or (2) valves are partially stroked monthly
but fully operated only during refueling. Conversely, testing more fre-
quently than assumed will result in a higher calculated failure prob-
ability than that calculated using the actual, shorter test interval. The
impact of variation in test intervals is addressed in the uncertainty
analysis described in Chap. 6.

*There was considerable disagreement among NUREG/CR-2497 (Ref. 4)
reviewers on the capability to recover certain operational f ailures.

_ ___ . _ _ _ _ _ _ _ ____ ______ - __ - __ -_ _ _ _ _ _ _ _ - - -
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-- Events that occurred while the plant was shut down were accepted

as precursors if it appeared that the events could have occurred while at
power (i.e., if it appeared that they were not specifically shutdown re-
lated). The number of demands assumed in the analysis was based on an en-
tire year of testing, whether the plant was at power or not. If the num-

ber of events occurring while the plant was at power is not consistent
with the number of events occurring while the plant was shut down, then
the probability estimates developed using at-power and shutdown data may
not correctly estimate the probability of a particular fci. lure while at
power. Using only at-power data would decrease the number of failure
events considered but would not necessarily decrease the probability
estimate because of the lower number of demands while at power.

Potential sources of underestimation. A major source of underesti-
mation in the program comes from the nonreporting or underreporting of op-
erational events. Many events are known to have occurred that have not
been reported through the LER system. Function failures and initiators
included in such events are not accounted for in the ASP Program. This
results in potential underestimation in the function failure probabilities
and initiating event frequencies calculated in the program.

A'second source of underestimation results from the lack of consid-
eration in the study of certain events that nevertheless can be associated
with potential severe core damage accident sequences. Programmatic con-
straints dictated that certain less important events, such as single fail-
ures found in redundant systems during testing, not be reviewed in detail.
In addition, events known to be risk contributors, but which have not been
operationally observed, such as large-break LOCAs, are not accounted for
in the program.

Table 3.4 provides a list of potential risk contributors not selected
in this study, along with reasons why they were not selected. This table
is not intended to be all inclusive, but it is provided to clarify tile
reasons why certain types of events were not selected. As can be seen in
Table 3.4, certain events were not selected because only the potential for
failure existed, rather than an actual function failure. Others were not
selected because they concerned failures associated with containment cool-
ing or occurred prior to initial criticality. This is not to say that
such events are not of concern. However, it is believed that those events
identified in the ASP Study are the dominant historic operational events
of importance from the standpoint of potential severe core damage. ,

A third potential source of underestimation comes from the manner in
which the probability of failure on demand for event tree functions is de-
termined in the study. These are determined by dividing an observed num-
ber of nonrecoverable failures by an estimated number of demands. Poten-
tial conditionality between functions is not considered in these calcula-
tions. (It is, of course, considered in the calculations of conditional
probability of potential severe core damage.)

In an event sequence in which two functions must fail to achieve an
undesired state,

bb

00
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Table 3.4. Potential risk contributors not selected in the ASP Study

" '#' *** " # **# "" "
n ab r des r ption

date ,

1 Arkansas I, Electrical short resulted in erro- The significant portion of this event involved
81-006, neous signal to ICS, resulting in the subsequent overcooling transient. The in-
4-8-81 an undercooling transient followed pact of overcooling transients is being addressed

by a re ctor trip and an over- as part of the pressurized thermal shock (PTS)
cooling transient program being performed separately at ORNL. The

ASP Program has specifically .not addressed the
impact of potential PTS sequences pending the
outeeme of that work. This program has identi-
fled potential PTS-related operational events,
which are documented in NUREG/CP-2789 (Ref. 5).

2 Rancho Seco, Air system degradation, sluggish This event did not result in actual system fail-
81-037, valve behavior caused by contami- ures, although the potential for such failure
7-7-81 nants in control air system existed. Historically observed failures are ,

used in the ASP Program to measure function fail- e

ure likelihood. [3

3 Indian Point 2 Leakage of service water from con- Although the potential for system f ailure ex-
80-016, tainment fan cooling units (LER isted, no actual failures occurred in systems
10-17-80 did not describe event adequately) sssociated with mitigation of potential severe

core damage sequences.

4 Failed valves and Survey of valve-operator-related Although the potential for common-mode failure
operators in many events occurring during 197&- 80 existed, no total function failures occurred.
different plants, per!nd revealed potential for Total failures of functions are identified in
multiple LERs common-mode failure of motor the ASP Study as precursors and are used to

operator valves due to improper develop estimates of the likelihood of failure
setting of torque switches, motor of a particular function.
burnout, and changes in valve
assembly characteristics

5 Westinghouse, B&W Steam generator overfill events See response to item 1, above.
and CE PWRs, four
LERs f rom dif fer-
ent plants and
numerous IE resi-
dent inspector
reports

d
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Table 3.4 (continued)

*** " # ** "' "*n ab r des ption
date

6 Loose parts found Internal appurtenances found to be If a loose part caused an initiating event or re-
at many plants, loose in IRRs sulted in failure of a function or degradation
multiple IERs of more than one function, it would in identified
1977-80 in this study. The potential for causing an ini-

tiating event or loss of function is typically
not identified, because historic occurrences are
considered better indicators of the likelihood of i

events of interest. I

7 Turkey Point 4 RCS was overpressurized during See response to item 1, above.
81-015, startup following a refueling
11-28-81 outage; overpressure mitigation

,

and 11-29-81 system failed to operate 1

8 Surry 2, A routine sample of an underground Because the diesels were still operable and only Y ,

81-033, fuel oil tank revealed water in the potential for common-mode failure existed, y |

5-10-81 and the tank; this oil is fed to the the event was not selected as a precursor. Other
5-28-81 emergency DCs actual multiple DC failures are used in the pro- |

gram to assess the likelihood of emergency power |
failing to respond when required. |

|

9 Sequoyah 2 Inadvertent loss of reactor cool- Sequoyah 2 was not critical at the time of this
|81-094, ant; opening of a single valve in event. Only events occurring after criticality

8-6-81 the RHR system allowed reactor are considered in the program for two reasons:
coolant to leak into containment; (1) a core was considered vulnerable to severe,

plant was in shutdown cooling mode core damage only af ter initial criticality and
and RHR system was in operation (2) in the precritical period, dis.inguishing

initial testing (system-checkout) failures from
operational failures was sometimes difficult.

10 Arkansas 2, Blockage of coolant flow to Based on the information available at NOAC, the
80-072, safety-related systems and containment building coolers were impacted by
9-3-80 components the blockages. Containment systems are not con-

sidered in this study.
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Table 3.4 (continued)

Plant,
#8 " # *** "" "

n ber desc ion
da

11 Pilgria 1, Reactor building component cooling Only the potential existed for loss of both
80-049, water - service water heat ex- trains of service water cooling. Events in

8-28-81 changer baffle plate damage caused which multiple trains of service water were .

by mussel fouling; potential for unavailable have been selected in the study.

loss of both trains of service
water resulting in the loss of
cooling to redundant trains of
safety equipment

12 Beaver Valley 1, Manual scram due to leaking di- No information was available in the LERs on file
12-25-81 verter valve in the air dryer at NOAC concerning these events.

u
! Haddam Neck, loss of control air caused a feed- e

12-22-81 water trip and lifting of PORV U
Source : prompt
notification
reports

| 13 Calvert Cliffs Unavailability of backflow pro- Although the potential for loss of multiple train

i 1 and 2, tection of floor drain systems / existed, no such operational event actually

81-079 and service water system occurred. Flooding events that impact multiple

81-047, equipment are identified in the study.

11-5-31

14 Fort Calhoun, Stud failure in RCS pressure Although this event concerned the degradation of
'

80-010, boundary (RCP), due to the corro- several RCP studs and the potential existed for|

5-15-80 sive action of primary system fluid sequential degradation to the point that a large-
on RCP carbon steel bsits break LOCA might have occurred, an LOCA in actu-

ality did not occur. In addition, it was not
possible in this study to estimate the prob-
ability of a large-break LOCA occurring, given
the observed degradation; thus, the event was
not selected.

I
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y - ( but neither Jare, observed' failed, : the prdI> ability .of the unacseptable - I

state, P(A)|P(B/A), is ' estimated as P(A) P(B). Any potential-coupling be-
. tween A and ,B is not; considered. ' This coupling can result from Laproper
maintenance: actions;rfor example, an improperly. trained maintenance team.

~

is madeF responsible for. functions A and B. . Train separation car also re-m

sult in P(A) P{B/A) - bhing higher ' than P(A) P(B). even if there is no com-
3

scaBn-mode coupling.' This can be seen by considering a situation where |
|1. Ny;either.of two functions can fail, resulting in an undesired state., Theg

-> s- two functions, . A and B, each consist of two separated trains, 1 and 2,
_

y >@ under the constraint that' train 1 of function A cannot be associated with
train -2 of. function B'and vice versa:

,

. M - -

e _
;| ''-

s. ,

^ ~ Q & ' '

x

' , s,

The probability oE an unacceptable. state in this case is, for small fail-
-' . :abe probabilities, approximately P(B1) P(B2/B1)' + P(A2) P(Bl/A2) + P(A1)

~ (B2/A1) + P(A1) P(A2/A1). In~this sum, P(A1) P(A2/A1) and P(B1) P(B2/B1)'.P
jare the ~ failure 'on, demand probabilities as determined in the study. The
other two terms are not' accounted for. -

Potential sources of overestimation. Besides the items listed at the
beginningt of this section, which may in certain = circumstances contribute
tio overestimation, two items directly result in some degree of overestima-

'

tion.- -

The first is the use of observed failures on demand (primarily from
testingY for estimating failure probability. Such a method can result in

. < o'verestimation by a factor of 2 for each function estimated. However,
since unavailabilities at .other times are not included in these estimates,
the overestimation is not expected to be as ' serious as a factor of 2.*

Numerous unavailabilities other than failures on demand were identified in,

this study.

A major source of overestimation results from the potential to over-
count the number . of . failures actually observed. This is a result of the

j way in which failurds are accounted for on each event tree. If a function
fails following an initiating event, it is possible that the failure was
unrelated' to the initiator and.just happened to have occurred at the same
t'ise . In this cas"e',' the probability of the function failing, given that
the' initiating event occurred, would be the probability of failure on de-

''
mand associated with the function. In such a case, the observed failure
is simply a manifestation of the existing function failure probability.
It is also possible that the failure of a function following some initiat-
ing event is strongly coupled to that initiating event This could occur.

if the ef fect was. causal, and it could also occur due to coupled mainte-
nance actions; for example, an improperly trained maintenance group could
have been responsible both for the equipment related to the initiating
event and for the function that failed. In such a case, the probability

*I mean failure-to-recover probability of 0.58 was also used for re-
covery class R1 (the class associated with failures that did not appear
' recoverable), which also minimizes this overestimation.

4
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of "the function failing, given that the initiating ' event' occurred, could
. be as high - as 1.0, depending on the degree of coupling involved. In actu-,

ality, the degree .of coupling is most likely somewhere between these two
Cases.

In the ASP Study, all failures observed at the same time are -repre-
sented as given . conditions on the event trees. It is possible to account
for the potential -impact of this . representation. Because failures are in-
cluded on applicable event' trees and are also used to calculate a prob-
ability of function ' failure on demand (used on event trees when no failed
or degraded function was observed),. the number of expected function fail-

_

ures included in the event trees will be greater than the observed number
of f ailures. This can be seen in the following example. Assume a single
- protective feature A provides protection for some initiating event. This
can be described in the following event tree:

INITI ATING FEATURE A UNACCEPTABLE
EVENT PROVIDES STATE?
OCCURS PROTECTION

NO

YES

Consider that N such initiating events occur. During these events, i
failures of A occur. Because A failed i times following the initiating
event, i unacceptable states would be observed. This can be represented
on N event trees as in Fig. 3.4.

.

ORNL-DWG 84-4046 ETD

INITI ATING FE ATURE A4

EVENT NO. EVENT PROVIDES
OCCURS PROTECTION

, , , , ,

3

I'
- YES

: *

. .

i ,

'

I' YES_

* '
I NO

i+1 , , , , ,

*

|
. .

I NO
N .;,'I -||i,',':,'))|) ' -

'

: Fig. 3.4. Example treatment of N initiating events.

,-
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.To recognize that an event tree function could have failed even
though successful operation was observed or. inferred, the ASP Program as-
signed a failure probability to functions that operated correctly. This-
was the average failure probability for the function developed by dividing

~

the total number of observed failures by the total number of demands.
Failed functions were assigned a failure probability representing the
' likelihood of failing to recover from the particular failure. In the
example in Fig. 3.4, if N events were used as the basis for estimating the
probability of A failing and the failure of A was considered nonrecov-
erable, the value (1/N) would have been assigned to each event tree where
success was actually observed.- A value of 1.0 would have been assigned
where a failure was observed. This would result in an effective number of
failures of protective feature A accounted for on the event trees equal to

[No. of trees with observed failures (1)] x [ probability of failure (1)]

+ [No. of trees with observed successes (N -- 1)]

[ probability of failure assigned in this case (1/N)]x

or

i + (N - i) x i/N a 21 for i/N << 1 .

In the ASP Study, the probability of failure on demand was actually
determined by counting the effective number of actual demand failures and
failures observed during testing (the majority of failures were observed
during testing). In this situation, the impact on each event tree branch
is dependent on the relationship of the test-related failures to the fail-
ures observed during actual demands and can be between one and two, de-
pending on the degree of coupling.*

The impact of this on the overall frequency estimate is dependent on
the structure of each tree and the degree of coupling that actually ex-
isted during each event. The range of impact can be estimated through the
application of actual probabilities of function failure to the event trees
utilized. This impact is addressed for the precursors selected in the
1980 81 period in Chap. 5.

It is recognized that the procedure used in the ASP Study results in
a biased estimate of the industrywide potential severe core damage fre-
quency. Effort is currently under way to develop a practical nonbiased
estimation procedure.

* Consider again a situation in which N initiating events occur and
i protective function failures are observed. If j failures had been ob-
served in T tests, the probability of failure on demand for the function

[ . would have been calculated as (1 + j)/(T + N) per demand. The expected
| number of failures in N demands is then N x (1 + j)/(T + N). The effective
'

(Continued on p. 3-27)

|

__. - - _ , , _ . - -



-- - ,

3-27

.

- number of failures accounted for on -the N event trees is i + (N - 1) x
[(i + j)/(T + N)] . If the number of failures during actual demands is
consistent with the number of failures during testing (i.e., 1/N = j/T),
if the number of tests is much greater than the number of actual de-
mands,- and if the number of failures is small compared with the number
of demands, then the expected number of failures in N demands is N x
(1 + 1 x T/N)/(T + N) = (Ni/T) + (nit /NT) = 1. The number of failures
accounted for on ASP event trees is

i + (N - 1)(i + 1 x .T/N)/(T + N) = 1 + +( ~ 2iT+N N '

the same as before. However,.if the number of failures during actual de-
mands is greater than expected based on testing (i.e. , if there is some
dependence between the initiating event and the function failure) such
that 1/N >> J/T, then the expected number of failures, obtained by combin-
ing test and demand data, is the same as before, but the number of fail-
ures accounted for on the ASP event trees is

i + (N -- 1) x 1/(T + N) + (N -- 1) x j/(T + N)

[1 + N - 1 ) + (N - i)j ,i ,.ix \ T + N/ T+N
.

In this case, the number of events accounted for on the study event trees
is more representative.6

|

!

!
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4. SELECTION OF 1980-81 OPERATIONAL EVENTS AS
ACCIDEbfr SEQUENCE PRECURSORS

The identification of precursors within the LER data base involved a
two-step process. First, the abstract of each 1980-61 LER was reviewed to
determine if the reported event should be reviewed in detail. This ini-
tial review was a bounding review, meant to capture events that in any way
appeared to deserve detailed review but to eliminate events that did not

,

appear important. Over 8400 LER abstracts were examined, and approxi-
mately 390 LERs (4.6%) from the 1980-61 period were selected for detailed
review, which considered (1) the immediate impact of each event and
(2) the potential impact of equipment failures or operator errors on the
readiness of systems in the plant for mitigation of off-normal or accident
conditions. This review and selection process is described in Sect. 3.1.
Fifty-eight 1980-61 operational events were selected as accident sequence
precursors.

Following identification of the 1980-61 precursors, the LER data base
was sampled to determine the completeness of the precursor selection pro-
cess. The sample consisted of a random selection of 10% of the 1981 LERs.
This sample was separately reviewed, using all information available in
the LERs, for events that should have been selected as precursors but
were missed. In this check, no additional precursors were identified.
Based on this and assuming that failure to select precursors can be de-
scribed using a Poisson process, it is estimated that at least 81% of the
events for the years of interest were identified. No increases were made -

in any numerical value subsequently calculated in the study because of
nonselected events. "

4.1 Documentation of Selected Events

For each of the precursors, four items were prepared: (1) a precur-

sor description and data sheet, (2) a categorization of accident sequence
precursors, (3) an event tree describing the actual occurrence, and (4) an
event tree for a postulated sequence of interest that incorporates the
significant aspects of the actual occurrence. A description of these
items follows.

1. Precursor description and data sheet (Fig. 4.1) briefly describes
the LER event, identifies what corrective action was taken after the
event, and describes the purpose of the failed system or component.

2. Categorization of accident sequence precursors (Fig. 4.2) in-
cludes selected characteristics of the event and of the plant where the
event occurred. These categorizations were used in subsequent analyses.

3. Event tree describing the actual occurrence is based on reported
event details. Failed equipment is identified by hatch marks, and the se-
quence of the event is indicated by arrows. These actual-occurrence event
trees do not usually identify all reactor plant functions available to
prevent severe core damage potentially stemming from the reported event,

|
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ORNL-DWG 83-5934 ETD

a

PRECURSOR DESCRIPTION AND DATA

NSIC Accession Number:

1Date: j

Title:

The failure sequence was:

.

Corrective action:

Design purpose of failed system or component:

Fig. 4.1. Precursor description and data sheet.

b
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ORNL-OWG83-5933 ETD

CATEGORIZATION OF ACCIDENT SEQUENCE PRECURSORS

NSIC ACCESSION NUMBER:

LER NO:

DATE OF LER:

DATE OF EVENT:

SYSTEM INVOLVED:

CGtPONENT INVOLVED:

CAUSE:

SEQUENCE OF INTEREST:

ACTUAL OCCURRENCE:

REACTOR NAME:

DOCKET NUMBER:

REACTOR TYPE:

DESIGN ELECTRICAL RATING: MWe

REACTOR AGE: years

VENDOR:

ARCHITECT-ENGINEERS:

OPERATORS:

LOCATION:

'
DURATION:

PLANT OPERATING CONDITION:

TYPE OF FAILURE: (a) Inadequate perforrnance;
(b) failed to start;
(c) made Inope ra ble ;
(d)

DISCOVERY METil0D:

COMMENT:

Fig. 4.2. Form for categorization of accident sequence precursors.

i
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but they do specify the nsjor functions associated with the reported event
which maintained the' plant in m . safe condition.

- .4.- Event tree describing the sequence of interest ' considers the im-
pact of the reportedLevent on the mitigation sequence for the actual ini-
tiating event (if there was one) lor for a ' postulated initiating event -(if '

.theireported event . concerned equipment unavailability only). Failed and-

' degraded functions ~ related to the operational event are identified. These
-failed and degraded functions are based on the ef fect of the event on the-
safety-related systems of the plant at which the failure occurred.

- . The description and data sheet, categorization sheet, and two event
'

;

trees developed for each precursor are included in Appendix B. '

4.2 Tabulation of Selected Events

The11980-61 events that were selected as precursors to potential
severe' core damage accidents are listed in Table 4.1. .The precursor |
events have been arranged in numerical order by NSIC accession number, and

,

the following information is included:
1

1. NSIC accession number associated with each precursor (ACCESS);-
2. ' date of the event (E DATE);
3. postulated sequence of interest associated with the event (an.initi-

ating event or transient only occurred if I, item 10, was identified
as Yes) (SEQ);

4. a brief description of the event (ACTUAL OCCURRENCE);
5. plant name and docket number where the event occurred (PLANT NAME,

DOC);
6. abbreviations for the system and component involved in the event (SY,

COMPXX);
7. plant operating status at the time of the event (0);
8. discovery method associated with the event (operational or testing)

(D);

9. involvement of human error (E);
10. association of a transient or accident with the actual event (I);
11. age of the plant from criticality (in days) at the time of the event

(AGEX);
12. conditional probability of potential severe core damage associated

with the event (PROB) (defined in Chap. 5);-

13. plant electrical rating, plant type, vendor, architect-engineer,-and
licensee (RATE, T, V, AE, OPR); and

14. plant criticality date (CRITXX).

Abbreviations used within the table are defined at the end of the table.
The information in Table 4.1 has been sorted in several ways to pro-1

vide additional clarification. These sorts, included in Appendix C, are
'.

as follows:
,

i

t
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Table Sorted by

C.1 NSIC accession number-
C.2 Event date -

C.3 ' Plant name
C.4 System
C.5 Component
C.6 Plant operating status
C.7 Discovery method
C.8 ' Events involving human error
C.9 Events involving a transient or accident
C.10 Plant type and vendor
C ll- Architect engineer
C.12 Operating utility

Abbreviations used in each table are defined in Table C.13 and at the end
of Table 4.1.

i
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Table 4.1. Precursors listed by NSIC accession number

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX PROB RATE T V AE OPR CRITXX

154451 800204 LOCA PRESSURI2ER PRESSURE RELIEF VALVE OPEN HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
154674 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU G O Y N 1859 3.2E-8 845 P C BX BCE 761130
155475 800310 UNIO LOSS OF SERVICE WATER SYSTEM SANONOFREl 206 WA PCMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614

156204 800411 MSL8 THREE OF FOUR MSIVS Fall TO CLOSE
TROJAN 344 CD VALVEX G T N N 1579 6*IE-8 1130 P W BX PCC 75121

58228 80071$ LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 74121
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 149 RB VALVEX G T N N 3457 3.3E-5 794 B C SL CWE 71013
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 33721.3E-5 794 B C SL CWE 710131
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
158233 800611 UNIQ CCW LOST TO RCP SEALS ST.LUCIE 1 335 VB INSTRU E O N Y 1511 1.!E-3 802 P C EX FPL 760422
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
158650 600520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFSI 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
158860 800419 UNIO LOSS OF 2 ESSENTIAL BUSES DVS-BESSE1 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
159134 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
159136 800624 LOOP GROUND FAULT CN CRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-lO 822 P W SW VEP 730307
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSEl 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM i 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616
160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILCRIM ! 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B C BX BEC 720616
160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM 1 293 PA MECFUN E O N Y 3059 1.4E-4 655 B C BX BEC 720616
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B GX FPC 770114
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM i 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM I 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
161649 801016 LOOP TWO DIESEL GENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU C O Y N 103 6.7E-8 1148 P W UX TVA 800705
161906 801116 LOFW RCIC DISCHARGE IS01 ATION FAIL TO OPEN OUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 5 G SL CWE 720426
162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205 i'163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524 as163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808

163478 800626 LOFW H2CI AND RCIC FAIL TO START
HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 B G SS CPC 740912

o3499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKLNSAS I 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
164453 80!!22 LOOP LOOP AND DEGRADE LOAD SHED ABILITY SANONOFREI 206 EB CKTBRK G O Y N 4910 6.lE-5 436 P W BX SCE 670614
164617 810I02 UNIO LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 316 EC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017
164703 810201 LOOP OPR ERROR FAILS AC FOWER LACROSSE 469 EA CKTBRK O Y Y 4954 1.0E-5 50 B A SL DLP 670711
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH 1 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS GPC 740912
165438 810495 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH 1 321 EE RELAYX H T N N 2397 2.2E-7 777 B G SS GPC 740912
165900 810403 LOCA PORY AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y $002 3.4E-5 580 P W SW CYA 670724
166072 810419 LOCA RHR HEAT EXCHANCERS DAMAGED BRUNSWICK! 325 WA HTEXCH G T N N 1654 6.7E-3 821 B C UE CPL 761008

| 166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320
1 166384 810427 LOOP LOSS OF 4.16KV BUS hETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.6E-5 545 B C BX NSP 701210'

166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
166745 810626 LOOP IWO SHUTDWN SEQS 4 1 DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
167117 810619 LOOP LOW SWITCHYARD VOLTACES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SKU 740916
167611 810211 UNIQ LOSS OF RHRS 4 RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4 !!48 P W UX TVA 800705
167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G O N Y 2517 6.9E-6 918 P B BX SKU 740916
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANON0 FREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614

, 169042 600407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS I 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740e06
| 169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX FPL 730611
l 170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G O N Y 1791 1.5E-8 1090 P W UX PEG 761211

170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1. lE-8 535 P W FP WPS 740307
171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE! 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
171733 8tl211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
171842 811023 LOOP DEGRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B G SL CWE 710131
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
172198 811219 LOCA MSIV CLOSURE 4 9AFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B G BX IEL 740323

.
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Table 4.I (continued)
| ACCESS: 6 DICIT NSIC ACCESSION NUMBER
| E DATE: EVENT DATE

- SEQ: SEQUENCE OF INTEREST FOR THE EVENT
ECIT - EXCESSIVE COOLANT INVENTORY
EQUK - EARTHQUAKE

; INAA - INADVERTANT ADS ACTUATION
i LOFW - LOSS OF FEEDWATER
| LOOP - LOSS OF OFFSITE POWER

LOCA - LOSS OF COOLANT ACCIDENT
LRTR - LOCKED ROTOR ACCIDENT
MSLB - MAIN STEAM LINE BREAK
RCPT - REACTOR COOLANT PUMP TRIP
SCTR - STEAM CENERATOR TUBE RUPTURE
UNIO - A UNIQUE SEQUENCEr

l ACTUAL OCCURRENCE: DESCRIPTION OF EVENT
| PLANT NAME: NAME OF PLANT AND UNIT NLHBER.

DOC: PLANT DOCKET NUMBER
SY: SYSTEM ABBREVIATION:

STANDARD
CENERIC
CODE SYSTEM DESCRIPTION

REACTOR

RA REACTOR VESSEL INTERNALS
RB REACTIVITY CONTROL SYSTEMS
RC REACTOR CORE

REACTOR COOLANT SYSTEM AND CONNECTED SYSTEMS *
I

CA REACTOR VESSELS AND APPURTENANCES *
CB COOLANT RECIRCULATION SYSTEMS AND CONTROLS
CC MAIN STEAM SYSTEMS AND CONTROLS
CD MAIN STEAM ISOLATION SYSTEMS AND CONTROLS
CE REACTOR CORE ISOLATION COOLING SYSTEMS AND CONTROLS
CF RESIDUAL HEAT REMOVAL SYSTEh5 AND CONTROLS
CC -REACTOR COOLANT CLEANUP SYSTEMS AND CONTROLS
CH FEEDWATER SYSTEMS AND CONTROLS
CI REACTOR COOLANT PRESSURE BOUNDARY LEAKAGE

DETECTION SYSTEMS
CJ OTHER COOLANT SUBSYSTEMS AND THEIR C0hTROLS

-

.,

r ENGINEERED SAFETY FEATURES
I

I SA REACTOR CONTAINMENT SYSTEMS
SB CONTAINMENT HEAT REMOVAL SYSTEMS AND CONTROLS
SC CONTAINMENT AIR PURIFICATION AND CLEANUP STSTEMS AND CONTROLSSD CONTAINhENT ISOLATION SYSTEMS AND CONTROLS-
SE CONTAINMENT COMSUSTIBLE CAS CONTROL SYSTEMS AND CONTROLS
SF EMERGENCY CORE COOLING SYSTEMS AND CONTROLS
SG CONTROL ROOM HABITASIIITY SYSTEMS AND CONTROLS
SH OTHER ENGINEERED SAFETY FEATURE SYSTEMS AND THEIR CONTROLS

INSTRLHENTATION AND CONTROLS

IA REACTOR TRIP SYSTEMS
IB ENCINEERED SAFETY FEATURE INSTRUMENT SYSTEMS
IC SYSTEMS REQUIRED FOR SAFE SNUTDOWN
ID SAFETY RELATED DISPLAY INSTRUMENTATION
IE OTHER INSTRLHENT SYSTEMS REOUIRED FOR SAFETY
IF OTHER INSTRUMENT SYSTEMS NOT REQUIRED FOR SAFETY

I

i
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Table 4.1 (continued)

ELECTRIC POWER SYSTEMS I

EA OFFSITE POWER SYSTEMS AND CONTROLS
EB AC ONSITE POWER SYSTEMS AND CONTROLS
EC DC ONSITE POWER SYSTEMS AND CONTROLS
ED 'ONSITE POWER SYSTEMS AND CONTROLS (COMPOSITE AC AND DC)
EE EMERCENCY C D ERATOR SYSTEMS AND CONTROLS
EF EMERGENCY LIGHTING SYSTEMS AND CONTROLS
EC OTHER ELECTRIC POWER SYSTEMS AND CONTROLS

FUEL STORACE AND HANDLING SYSTEMS

FA NFW FUEL STORACE FACILITIES
FB SPENT FUEL STORACE FACILITIES
FC SPENT FUEL POOL COOLING AND CLEANUP SYSTEMS AND CONTROLS
FD FUEL HANDLING SYSTEMS

AUXILIARY WATER SYSTEMS

WA STATION SERVICE WATER SYSTEMS AND COhTROLS
WB COOLINC SYSTDtS FOR REACTOR AUXILIARIES AND CONTROLS
WC DEMINERALIZED WATER MAKE-UP SYSTEMS AND CONTROLS
WD POTABLE AND SANITARY WATER SYSTEMS AND CONTROLS i

bE ULTIMATE HEAT SINK FACILITIES j
WF CONDENSATE STORACE FACILITIES 1

WG OTHER AUXILIARY WATER SYSTEMS AND THEIR CONTROLS ''

AUXILIARY PROCESS SYSTEMS .p ,

PA COMPRESSED AIR SYSTEMS AND CONTROLS h
PS PROCESS SAMPLING SYSTEMS
PC CHEMICAL, VOLUME CONTROL AND LIQUID POISON SYSTEMS AND CONTROLS
PD FAILED FUEL DETECTION SYSTDtS
PE OTHER AUXILIARY PROCESS SYSTEMS AND THEIR COhTROLS i

l

OTHER AUXILIARY SYSTEMS '

AA AIR CONDTTIONING HEATINC, COOLING AO VENTILATION SYSTEMS AND CONTROLS
AB FIRE PROTFCTION $YSTEMS AND CONTROLS
AC COfG(UNICATION SYSTEMS
AD OTHER AUXILIARY SYSTEMS AND THEIR CONTROLS

STEAM AND POWER CONVERSION SYSTDtS

RA TERBINE-CENERATORS AND CONTROLS
HB MAIN STEAM SUPPLY SYSTEM AND CONTROLS (OTHER THAN CC)
HC MAIM CONDENSER SYSTEMS AND CONTROLS
HD TURBINE CLAND SEALING SYSTEMS AND CONTROLS
HE TURBINE BYPASS SYSTEMS AND CONTROLS
HF CIRCULATING WATER SYSTEMS AND CONTROLS
HC COND DSATE CLEAN-UP SYSTEMS AND CONTROLS
HH COh3D SATE AND FEEDWATER SYSTEMS AND CONTROLS (OTHER.THAN CH)
HI STEAM CDERATOR BLOWDOWN SYSTEMS AND COhTROLS
NJ OTHER FEATURES OF STEAM AND POWER CONVERSION SYSTEMS (NOT INCLUDED ELSEWHERE)

.]
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|' Table 4.1 (continued)

RADIOACTIVE WASTE MANAGEMENT SYSTEMS

M LIOUID RADIOACTIVE WASTE MANAGEMENT SYSTEMS
MB CASEOUS RADIOACTIVE WASTE MANAGEMENT SYSTEMS
MC PROCESS AND FFFLUENT RADIOLOGICAL MONITORING SYSTEMS
MD SOLID RADICACTIVE WASTE MANAGEMENT SYSTEMS

RADIATION PROTECTION SYSTEMS

BA AREA MONITORING SYSTEMS
BB AIRBORNE RADI0 ACTIVITY MONITORING SYSTEMS

XI OTHER SYSTEMS

ZZ SYSTEM CODE NOT APPLICABLE

COMPXX: SYSTEM COMPONENT CODE:

CONTROL ROD DRIVE MECHANISMS
COMPONENT TYPE
(COMPONENT CODE) COMPONENT TYPE INCLUDES (CRDRVE)

ACCLM'LATORS SCRAM ACCUMULATORS DEMINERALIZERS ION EXCHANCFRS

(ACCUMU) SAFETY INJECTION TANKS (DEMINX)
SURGE TANKS ELECTRICAL CONDUCTORS BUS
HOLDUP /STORACE TANKS

(ELECON) CABLE
WIRE ,

AIR DRTERS g

(AIRDRY) ENGINES, INTERNAL COMBUSTION BUTANE ENGINES .e
ANNt%CIATOR MCDULES ALARMS (ENGINE) DIESEL ENGINES

CASOLINE ENGINES
(ANNENC) BELLS

BU22ERS NATURAL CAS ENGINES
CLAXONS PROPANE ENGINES
HORNS
CONCS FILTERS STRAINERS

SIRENS (FILTER) SCREENS

BATTERIES AND CHARCERS CHARCERS FUEL ELEMENTS

(BATTRY) DRY CELLS (FUELXX)
WET CELLS
STORAGE CELLS CENFRATORS INVERTERS

(CENERA)
BLOWERS COMPRESSORS HEAT TRACERS

HEATERS} ELECTRIC(BLOWER) CAS CIRCULATORS
(HEATERFANS

VENTILATORS
HEAT EXCHANGERS CONDENSERS

CIRCUIT CLOSERS /INTERRIIPTERS CIRCUIT BREAKERS (HTEXCH) COOLERS
EVAPORATOR $

(CKTBRK) CONTACTORS RECENERATIVE HEAT EXCHANGERS
CONTROLLERS STEAM CENERATORSSTARTERS
SWITCHES (OTHER THAN SENSORS) FAN COIL UNITS
SWITCHGEAR

CONTROL RODS POISON CURTAINS
(CONROD)

.a
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Table 4.1 (continued)
INSTRtHENTATION AND CONTROLS CONTROLLERS RELAYS(INSTRU) SENSORS / DETECTORS / ELEMENTS (RELAYX)

SWITCHGEAR
INDICATORS
DIFTERENTIALS

SHOCK SUPPRESSORS AND SUPPORT HANGERSINTFCRATORS (TOTALIZERS) (SUPORT) SUPPORTSPOWER SUPPLIES
RECORDERS SWAY BRACES / STABILIZERS
SWITCHES SNUBBERS
TRANSMITTERS ANTI-VIBRATION DEVICES
COMPUTATION MODULES TRANSFORMERS

(TRANSF)MT.CHANICAL FUNCTION l' NITS MECHANICAL COhTROLLERS
(MECTUN) COVERNORS TURBINES STEAM TURBINESCEAR BOXES (TURBIN) CAS TURBINESVARIDRIVES

COUPLINGS HYDRO TURBINES
VALVES VALVESMOTORS ELECTRIC MOTORS (VALVEX) DAMPER 3(MOTORX) HYDRAUI.IC MOTORS

PNEUMATIC (AIR) MOTORS VALVE OPERATORS
SERVO MOTORS (VALV0P)

EXPLOSIVE, SQUIB

PENETRATIONS. PRIMART CONTAIN. AIR LOCKS VESSELS. PRESSURE CONTAINPENT VESSELS(PENETR) PERSONNEL ACCESS (VESSEL) DRYWELLSFUEL HANDLING
EQU!rMENT ACCESS PRESSURE SUPPRESSION
ELECTRICAL PRESSUR12ERS

REACTOR VESSELS b
P OTHER COMPONENTS b.PIPES, FITTINGS

(XXXXXX)(PIPEXX) O

PUMPS CODES NOT APPLICABLE
(PttPXX) (ZZZZZZ)

RECOMBINERS
(RECOFB)

0: PLANT OPERATING STATUS:

CODE STATUS

A (UNDER) CONSTRUCTION
B PREOPERATIONAL. STARTUP OR POWER ASCENSION TESTS (IN PROGRESS)C ROUTINE STARTUP OPERATIONS
D ROUTINE SHUTDOkN OPERATIONS
E STEADY STATE OPERATION
F LOAD CHANGES DURING ROUTINE POWER OPERATION
G SHUTDokH (HOT OR COLD) EXCEPT REFUELING
H REFUELING
U UNKNOkN
X OTHER (INCLUDING SPECIAL TESTS. EMERCENCY SHUTDOkN OPERATIONS ETC.)Z ITEM NOT APPLICABLE

D: DISCOVERT METHOD (0-OPERATIONAL EVENT. T-TESTING)
E: HUMAN ERROR INVOLVED (N-NO. Y-YES)
I: TRANSIENT / ACCIDENT INDUCED BY ACTUAL OCCURRENCE (N-NO T-YES)
ACEX: PLANT AGE AT THE TIME OF THE EVEhT IN DAYS

- _ _ _ _
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Table 4.1 (conta oed)
a

PROB: PROBABILITY
RATE: PLANT ELECTRICAL IULTING IN MECAWATTS ELECTRIC
T: PLANT TYPE (B=BWR P=PWR)
V: PLANT NSSS VENDOR

A-ALLIS CHALMERS
B-BABCOCK AND WILCOI

neb
W-WESTINCHOUSE

AE: PLANT ARCHITECT ENGINEER

AE-AMERICAN ELECTRIC POWER CH-CIBBS AND HILL SS-SOUTHERN SERVICES
BR-BURNS AND ROE CI-CILBERT SW-STONE AND WEBSTER

BX-BECHTEL PX-PIONEER UE-UNITED ENGINEERS
EX-EBASCO RT-BROWN AND ROOT UX-UTILITY
FP-TLOUR POWER SL-SARGENT AND LUNDY XX-0THER

OPR: PLANT LICENSEE ABBREVIATION:

LICENSEE A
ABBR. LICENSEE B

H
APC ALABAMA POWER COMPANY NMP NIACARA MOHAWK POWER CORPORATION H
AFL ARKANSAS POWER AND LICHT COMPANY NNE NORTHEAST NUCLEAR ENERGY COMPANY

APS ARIZONA PUBLIC SERVICE COMPANY NPP NEBRASKA PUBLIC POWER DISTRICT
BEC BOSTON ELECTRIC COMPANY NSP NORTHERN STATES POWER COMPAh1
BCE BALTIMORE CAS AND ELECTRIC COMPANY PFC PHILADELPHIA ELECTRIC COMPANY
CEC CONSOLIDATED EDISON COMPANY PEC PUBLIC SERVICE ELFCTRIC AND CAS COMPANY
CEI CLEVELAND ELECTRIC ILLUMINATING COMPANY PEP POTOMAC ELECTRIC POWER COMPANY

CCE CINCINNATI CAS AND ELECTRIC COMPANY PCC PORTLAND GENERAL ELECTRIC COMPANY

CPC CONSUMERS POWER COMPANY PGE PACIFIC CAS AND ELECTRIC COMPANY
CPL CAROLINA POWER AND LIGHT COMPANY PNY POWER AUTHORITY OF THE STATE OF NEW YORK
CWE COMMONVEALTH EDISON COMPANY PPL PENNSYLVANIA POWER AND LIGHT COMPANY

CYA CONNECTICUT YANKEE ATOMIC POWER COMPANY PSC PUBLIC SERVICE COMPANY OF COLORADO
DLP DAIRYLAND POWER COOPERATIVE PSI PUBLIC SERVICE OF INDIANA

PSN PUBLIC SERVICE OF NEW HAMPSHIREDLC DUQUESNE LIGHT COMPANY
DPC DUKE POWER COMPANY PSO PUBLIC SERVICE COMPANY OF OKLAHOMA

DPP OMAHA PUBLIC POWER DISTRICT PSP PUGET SOUND POWER AND LICHT COMPANY

FPC FLORIDA POWER CORPORATION RCE ROCHESTER CAS AND ELECTRIC CORPORATION

FPL FLORIDA POWER AND LIGHT COMPANY SCC SOUTH CAROLINA ELECTRIC AND GAS COMPAhT
CPC CEORCIA POWER COMPANY SCE SOUTHERN CALIFORNIA EDISON COMPANY

CSU CULF STATES UTILITIES SMU SACRAMENTO MUNICIPAL UTILITIES DISTRICT
HLP HOUSTON LIGHTING AND POWER COMPANY TEC TOLEDO EDISON COMPANY
IEL IOWA ELECTRIC LICHT AND POWER COMPANY TUC TEXAS UTILITIES CENERATING COMPANY
IME INDIANA AND MICHICAN ELECTRIC COMPANY TVA TENNESSEE VALLEY AUTHCRITY
IPC ILLINOIS POWER COMPANY UEC UNION ELECTRIC COMPANY
JCP JERSEY CENTRAL POWER Ah"J LICNT COMPANY VEP VIRGINIA ELECTRIC AND POWER COMPANY
ECE KANSAS CAS AND ELECTRIC COMPANY VYC VERMONT YANKEF NUCLEAR POWER CORPORATION

LIL LONC ISLAND LICHTING COMPANY WEP WISCONSIN ELECTRIC POWER COMPANY
'

LPL LOUISIANA POWER AND LIGHT COMPANY WMP WISCONSIN-MICHICAN POWER COMPANY
MEC METROPOLITAN EDISON COMPANY WPP WASHINGTON PUBLIC POWER SUPPLY SYSTEM
MPL MISSISSIPPI POWER AND LICHT COMPANY WPS WISCONSIN PUBLIC SERVICE CORPORATION
MYA MAINE YANKEE ATOMIC POWER COMPANY YAC YANKEE ATOMIC ELECTRIC COMPANY
NIC NORTHERN INDIANA PUBLIC SERVICE COM3ANY

.
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5. QUANTIFICATION OF PRECURSORS

The operational events selected as 1980-61 precursors were quantified
to accomplish three things: (1) development of a set of industry-average
initiating event frequencies and function failure probabilities, (2) cal-
culation of a conditional severe core damage probability for each precur-
sor for use in ranking of the precursors, and (3) estimation of an indus-
trywide frequency of potential severe core damage based on the 1980-41
events. The detailed procedure followed in the quantification of precur-
sors is given in Chap. 3.

For each precursor selected, the itkelihood of recovery associated
with the event failure (s) was described using one of four recovery classes
and was quantified according to the mean numeric value associated with the
assigned recovery class. These numeric values were determined by first
defining a minimum and a maximum value for each of the four recovery
classes and then assuming that between these extremes each could be de-
scribed using a truncated log-uniform distribution (this distribution is
flat on the log scale). The range of values assigned to each recovery
class was sufficiently large to ensure reasonable overlap between ranges.
The choice of this distribution is conservative in its uncertainty repre-
sentation, in that it gives no preference to any set of values within its
range on the icg scale. As a contrast, the log-normal distribution, if it
were used, would weight the values in the center of the region more than
those in the tails. A description of the derivation of the mean value
from the extremes using this distribution is provided in Chap. 6. The
range of values assigned and the corresponding mean values are shown in
Table 5.1.

5.1 Estimation of Initiating Event Frequencies and
Function Failure Probabilities

A set of industry-average initiating event frequencies and function
failure probabilities was developed to apply in the quantification of
eveut trees associated with the precursors. The set includes initiating
event frequencies and failure probabilities applicable to the branches of
the standardized event trees described in Appendix A, which were used to
classify and quantify the majority of possible precursors. Frequencies
and failure probabilities for unique initiators and other plant functions
were estimated, when required, based on plant design specifics, previous
experience, and engineering judgment.

When precursor data were available for a function or initiating
event, its probability or frequency was estimated by counting the effec-
tive number of nonrecoverable failures in a given observation period,
making appropriate demand assumptions, and then calculating the ef fective
number of failures per demand or initiating events per reactor-year as I

described in Sect. 3.2.
For demand failure probabilities, the number of demands was calcu-

lated based on the estimated number of tests per reactor-year plus any
additional demands to which the function would be expected to respond.

,

1
1
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Table 5.1. Numeric values for recovery classes

nge of Average value' Recovery
Description numeric value used inclass

assumed calculation

R1 Failure did not appear to 0.3-1.0 0.58
be recoverable . in required
period, either from control
room or at failed equipment

R2 Failure appeared recover- 0.1-0. 8 0.34
able in required period at -

failed equipmerit, and
equipment.was accessible;

''recovery from control room
did not appear possible

R3 Failure appeared recover- 0. 03-(). 3 0.12
able in required period
from control room, but
recovery was not routine

R4 Fatture appeared reco fer- 0.01-0.1 0.04
able in required period
f rom control room and was
considered routine

"See Chap. 6 for development of average values from recovery
value ranges. These average values are used for consistency of
analysis. The actual likelihood of failing to recover from an
event is difficult to assess and my vary substantially from the
values Itsted above.

This estimate was then mitiplied by the number of applicable reactor-
years in the observation period to determine the total number of demands.
[ Failure and demand data were included only for plants that went critical
af ter January 1,1969 (see Sect. 3.2)].

Because of the small number of failures observed in 1980-81 for many
of the reactor plant functions and initiators, it was felt that failure
estimates based on a larger data base would provide better industrywide
(homogenized) estimates if no clear chronological trend could be demon-
strated for each function or initiator. Preliminary regression analyses
indicated that the failure data were too sparse and scattered to demon-
strate trends on an individual function basis.

In lieu of regression analysis, the effective number of observed
failures or initiators in the 1980-81 period was compared with the number
that would be expected for the 1980-81 period based on the number of
events observed in 1969-79. The expected number was calculated by multi-
plying the number of events observed in 1969--79 by the ratio of the ef fec-
tive number of reactor years in each period. These comparisons are shown
in Figs. 5.1 and'5.2. In addition to t,he observed and expected number of
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CALCULATED PWR BRANCHES

Fig. 5.1. Observed vs expected PWR ef fective number of occurrences
with confidence bounds on the 1980--81 occurrences.

events, these figures include 90% confidence bounds * on the observed num-
ber of events.

As can be seen in Figs. 5.1 and 5.2, the observed number of nonrecov-
erable events in 1980-61 is consistent with the expected number based on
the 1969-79 data, with two exceptions: BWR scram failure and BWR long-
term core cooling, both high-reliability functions for which no failures
were observed in 1969-79 but for which failures were observed in 1980-81.
(It is interesting to note that Fig. 5.1 demonstrates a consistent de-
crease in the number of observed events in 1980-81 for PWRs compared with
those in 1969-79. This effect is not observed for BWRs. Potential impli-

cations of this are discussed in Chap. 8.)
Because of the relative consistency of 1969-79 and 1980-81 data, the

failures and initiating events in both periods were conbined to estimate

* Confidence bounds were estimated by assuming that the failures could
be described using a Poisson process and by interpolating between Poisson
90% bounds integer values.
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Fig. 5.2. Observed vs expected BWR effective number of occurrences
with confidence bounds on the 1980--81 occurrences.

the failure probabilities and initiating event frequencies subsequently
used in the analysis. For the case of BWR scram and long-term core cool-
ing, the observed failurcs in 1980--81 were not considered inconsistent
with the zero failures observed earlier, and data for these two functions

were also combined. It nust be noted, however, that if aging is involved
in these failures, this aoproach may underestimate the expected number of
failures in 1980-81.

If the observed number of failures in 1980-81 had been considered in-
consistent with that expected based on 1969--79 information such that amal-
gamation of the bases could not be reconciled, the values would have been
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determined solely from 1980-61 information. In general, the estimated
probabilities that were used in .the subsequent quantification of the pre-
cursor event trees were based on the entire 1969-61 precursor data base
and observation period.

Initiating event frequencies and function failure probabilities de-
veloped from the combined 1969-79 and 1980-81 periods are summarized in
Tables 5.2 and 5.3. These tables also list the estimated range associated
with each value. (These ranges are developed in Chap. 6.)

Table 5.4 details the individual 1980-81 contributing events, brief
event descriptions, recovery classes assigned, effective number of nonre-
coverable events from 1969-79, demand / test interval / reactor year assump-
tions, and the-subsequent initiating event f requencies and function fail-
ure probabilities calculated. Table 5.4 also includes the values and

Table 5.2. Initiating event frequencies and function failure
probabilities determined from precursor data

,

Point Estimated
estimate range"

BWR functions

HPCI/RCIC failure 2.2E-3 1.0E-4 to 1.0E-2
Emergency power failure 2.2E-3 9.4E-5 to 1.lE-2
Automatic depressurization 6.7E-3 1.9E-7 to 8.7E-2
system failure

Reactor scram failure 1.9E-4 4.5E-7 to 1.5E-3
Reactor isolation failure 2.3E-3 2.8E-7 to 2.7E-2
(large SLB)

; Long-term core cooling failure 1.0E-4 1.7E-6 to 6.0E-4
PWR functions

AW failure given reactor trip 2.7E-4 5.8E-5 to 7.6E-4
success

HPI failure given AW success 6.0E-4 2.0E-5 to 3.0E-3
Long-term core cooling failure 2.6E-4 1.2E-5 to 1.2E-3
Emergency power failure 3.7E-4 9.3E-6 to 2.0E-3
Steam generator isolation failure 6.4E-4 2.2E-5 to 3.2E-3
(large SLB)

Concentrated boric acid addition 8.3E-4 2.3E-5 to 4.4E-3
failure given HPI success
(large SLB)

Initiators (values per reactor-year)

? BWR LOOP 1.9E-2 5.2E-3 to 4.7E-2
BWR LOCA 2.1E-2 7.5E-3 to 4.6E-2
PWR lAOP 2.8E-2 9.0E-3 to 6.2E-2
PWR LOCA 8.9E-3 3.9E-3 to 1.7E-2

"See Chap. 6 for development of these ranges. These estimates
are based on amalgamated 1969-81 failure data and are average esti-
mates across the reactor population. Plant-specific estimates can
vary substantially from these values.

_ __ ,_. _ _ _. - , , - .- _ __ - . _ .
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I assumptions employed in the estimations that could not be determined from

the precursor data.

i

! 5.2 Conditional Probabilities Associated with Each Precursor
|-.
I
; As described in Sect. 3.2 and shown in Appendix B, the events associ-
| ated with each precursor were analyzed and then mapped onto the applicable
j sequence of interest event tree for the precursor. If the precursor did,

' not involve an initiator and was associated with an unavailability of a '

, function, mora than one event tree was typically applicable, and the dura-
! tion of the event was used to estiraate initiator probability.
!

$

Table 5.3. Initiating event frequencies and function failure
probabilities determined from other than precursor data

|
|

Point Estimated
estimate range"

BWR functions
i

| liigh pressure cooling failure 1.7E-2 3.0E-3 to 5.0E-2
SBLC failure given scram 1.2E-1 3.0E-2 to 3.0E-1
failure

LPCI/ core spray failure 1.5E-4 6.8E-8 to 1.5E-3
[ PWR functions
i Reactor trip failure 3.6E-5 ~0.0 to 1.5E-3
| AFW failure given reactor trip 2.7E-3 1.2E-6 to 2.7E-2
'

failure
b bPORV demanded 4.0E-2 I.0E-2 to 1.0E-l

PORV closure failure 2.9E-3 3.6E-4 to 1.0E-2
IIPI failure given AFW failure o o
Turbine generator runback o o
failure

AFW failure given emergency a o
power failure

b bPORV opened due to IIPl (large 8.0E-l 6.0E-1 to 1.0
SLB)
PORV closure failure (large 6.0E-3 8.0E-4 to 2.0E-2

SLB)

Initiatore (values per reactor year)

LOFW (BWR and PWR) 3.0E-1 4.0E-2 to 1.0
| Large SLB (BWR and PWR) 1.0E-3 4.5E-7 to 1.0E-2

# ee Chap. 6 for development of these ranges, which are! S

average estinates. Plant-specific estimates can vary substan-
tially from these values.

ktf t rate.
#Plant dependent, see Table 5.4 I

i
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Table S.4. taittating event frequency and fenetton failure probabattty estimates

Eveet description

Total Observationtaittattag eveet/ Value or *#,$gg
effective periodfenettaa under Event plant Event recovery probability, g g ,g ,, gagcaestderetten date name desc ript ten class ** ** *
events assumptions

BWR taittating events

Loss ed feedeater The fmeegey est teete la ERIC/CR-2497 uns 0.%/ reactor-year, based on 88 tNW 3.0 E 30~I/
events reported ta EL1EC-0626 that ocemered to a byear M-reacter-year persed reactor-year
ta sielto critical af ter 8964 and an estimated recovery probability of 0.i. Based
on commeets en inEC/CR-2497 and revistoa of the R2 recovery class watee f ree
0.5 to 0.34, a water of 0.30/ reactor-year to the eet tested LWW f regaeacy.

teos ed effstte 1 % 344 04-27-41 Nat tee t te loss of entire 4.16-kV essentist bus R1 3.64 198.79 post-1968 swr I.9 x 10*2/
peuer during ref eet tag outage due te (0.12) reactor-years reactor-year

operator racking ont breaker under
lead.

1969-79 Post-1968 Bbla With revistons based on MtJREC/CR- 3.52
eveats 2497 comments and resteed recovery

class numeric values, total ef fec-

ttee mueber of loops occurring
from 8969 to 1979 was 1.52.

Smatt less of 160497 s -07-80. p)lgrie ! At full power (96t) reactor vessel El 4.06 191.79 post-1964 BWE 2.1 s 10-27o
costaat reitef votre opened spuriously (0.54) reactor-years reac tor-yea r
accident ama could not be closed until the

rea,cter depressert red to 20 esta.

160159 10-18-80 pilgria I At felt power. react s vesset at
rettef valve opened sporteusly (0.58)
and could not be closed until
later la the event. = Ace reactor
pressere had reached 340 pets.

M dQ g160926 10-08-80 Filgrie I A reactor vessel ret tef valve uns RI
opened to reduce reactor press re (0.54) A
but remained stuck open unt ti the M 89 bAFE
plant depressurtsed to 20 pois.

174073 01-l!-80 Duane Arnold $teck-open rettef valve foltoutng RI
menuet !!ft. (0.54)

1969-79 Post-t%8 BWRs With revisions based on EREC/CR- 1.74
eveets 2497 conneets and revised recovery pg

class numeric values, the tote'
effective number of small LnCAs {ay
occurring free 1%9 to 1979 uns
1.74. ,

Large SLS Valee used une assumed to be an order of magnitude larger than the WASN-3400 1.0 a 10*3/vatee of 10"*/reacter-year for a large LnCA. This watee mas used in Itee of reactor-yearthe tarse 14CA vales to reflect the greater lengths of steam-stde piptag
and the fact that auch of it is not reactor grade.

___ ____ _ _ _ _ _ _ . _ _ __ _ _ _ b - --_
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Table 5.4 (continued) p: - m

>< y

Event description .

Initiating eveet/ *** * * " ' " 'Value er Frequency orfunction under Event Plant Event recovery probablitty b.
* ** **

*' ""
considerettem date name desc ript ion class """,,# ,[,',, estimate,, ,

BWR function fattures

Fat!=re of MPCI/ 161906 15-16-80 Quad Citles 2 During performance testing. RCIC R2 3.66 Twelve demands per 2.2 x 10-3BC1C and then MPCI were declared (0.34) reactor-year due to
taoperable. testing plus 0.30

LDFW demands per
163479 06-26-80 Match 7 MPCI failed to intect folloutng R3 reactor year x 132.73

scrae with RCic taoperable as (0.12) years for post-1963
* well. plants with HPC1/RCIC

systees results in
164995 06-28-81 Match ! MFCI became taoperable during R2 1633 demands.

test ette RCIC was removed f rom (0.34)
service.

t

!166082 04-10-81 Bruasutek 2 MPCI and RCIC found inoperable R!
during test. (0. 58) {

;
t

1969-79 Post-1968 BWRs With revisions based on TREC/CR- 2.28 fevents 2497 comments and revised recovery
class nuseric values, total ef fec- M1 b Om '

!
tive number of MPCI/RCIC f at tures Chtdgaccetring from 1%9 to 1979 was 2 28.

Fattere to The value estteated here is based on the 4tJREC/CR-2497 value for HPCI alone. 1.7 x 10-2provtse high- 5.7 a 10-4 times an estteated probab(11ty of 0.30 for fatture to provide and
pressure coettag control feeduster given the f atture or unavailability of MPCI.

Fattere of 165438 04-05-81 Match I Emergency dieset circuit breakers R3 5.10 Twelve demands per 2.2 x 10-3emergency fatted to auto-close est energtse (0.12) reactor-year due to
power emergency buses during a LOOP test. testing in 191.79

post-1968 SWR reactor-
171842 10-23-81 Dresden 1 Unit 2/3 and unit 3 diesel R2 years results in 2308

generators trtpped during testing. (0. 34) demands. (Demands due
to the small number of

1969-79 Post-1968 BWRs With revistons based on N1' REC /CR- 4.64 actual LOOPS are
eveats 2497 comments and revised recovery neglected here.) [class numerte values. total effec-

tive number of meergency power

fatteres from 1969 to 1979 was 4.64.

Fatture of AD$ IM231 04-25-80 Dresden 3 Several AD$ valves fatted to open R3 1.28 One demand per 6.7 x 10-3
en test during startup. (0.12) reactor-year due to

testing in 191.79
1969-79 Post-1968 SWRs With revistons based on NUREC/CR-2497 1.16 post-1968 BWR reactor-
events comments and revised recovery cla years results in

numeric values total ef fective - 191.79 demands.
ber of ADS fatture ens 3.16.

'I7
D i!TUng
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Table 5.4 (coattmucJ)

. _

Event desc ri pt ion
Total Observation "Isittating evest/ t ot ue a,3gg effecetve period

E Yfunction ender Event Flant Event renwe ry nunher of or demand
'

,, "g
consideretton date name description e l .s ms_ events assumptions

Fattere of 16 % 05 06-28-80 Browns Ferry 3 Sevent y-sis cont rol rods f at ta ny 0. % From NUREC/CR-2378 1.9 x 10-*
reacter scree insert tat tially on several i 1. % ) tRO auto and manual

ettempts to eenestly sc rae. scraes were initiated
and 87 normal shut-
downs took place in
1980 for the 22 post-

1968 BWRs. Assuming
one-third of the
normal shutdowns
uttttzed scran. the
total number of
Aeeands in 1980 was
29 + 180 = 209. or
209 e 22 = 9.5 scrans
per reactor year. For
the 191.79 post-1964
RWR reactor-years. the
total number of scram
demands is 1922.

!

Fattore to tot- D-mand of the SSLC system given a f attere of the reactor to scran is a % Idle 1.2 a 10-I
tt4te standby stressfet situat tan, to which the operator unset respond. The conditi mat
ligute centret probability assumed is 0.12.

*

gives scram
fattere A, ldo AvadeMe Om
fattere of trCII un simultaneous fattures of tfC1 and core spray were observed during the ist.'s Apg gg 1.5 s 10 "
core sprey post '964 gl.1t reacter-years. Assuming a simultaneous fattare on the nrst 4ra e, t

with a recovery watee of 0.M (the expected recovery value for systems dminated
by piane fatteres) and assuming 12 test demande per year results in a f at ture
probabit tey eetteate of 0.M/(191.79 s 12) = 1.5 u 10-*.

Fa!!are of t%9-79 Post-t%4 BWRs With revisions based on Ntafc/CR- 0.%4 0.58 Qw demand per 2.1 x 10-3
reacter vessel events 2497 connents and rewtsed recovery reactor-year for the

isolattan class numerte values. the total felt closure test plus

ef fecttee number of vesset (setattan one 0.30 IAFW event
fatteres from 1969-79 was 0.54. per reactor-year in

191.79 post-1%8 BWR
reactor-years results .

In 249 demands.
1

i
'TI

DEftTLTtE
CARD

.
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Table 5.4 (coactneed) b

Event desertptiae
[

In t s t ering eveet / Vates or Frequency er .

*** **" **
fonetten ender tweat Flaat Event recovery probabiltty

* ** "
I

- ;;- -r,,- ,::ee=er et r.tt ..te ne desert,tte. ci... .. t t.e
,

Fattere of long- 166072 04-89-80 Bresswich I Less of RHE conting wee espertenced 22 0.34 The fonetton is 1.0 s 10 *
tere core costing due to fauttag to both RNE heat (0.34) demanded on teet,

enchangers. during LOFW and on
shutdowns of tonger
duratton D48 h [
assumed). NUEEC/ ,

Ct-2378 showed 410
euch shutdowns for the ,

*22 post-1968 8Wte.
'yteldtag 5 shetdowne

per reacter year.
With 12 teste and
0.30 LOFWs assuesd per
reactor year. 17.30
demande per reacter-
year a 198.79 reacter-
years results in 3318
demands.

Pwit Initiattag eveers

Lees of The freteency eettmate fram the !*st-79 report was 0.%/reacter year. based on 3.0 a 10*' /feedwater a review of esta feedwater events reported te a:tEG-06tl (pp.11-15 through II- reacter year
27). where 80 LOFWs occurred ever a ', year perted (72 reactor years) and 50%
appeared rectiftaste. Resed en comments on the 1969-79 report med rewtetoe of
receesry class vetees, a valee of 0.30/reacter year to the eet tested LOFW
fregeency.

Less of eftstre 154228 07-15-83 Fratrie Island 2 LOOP ese to severe electrical E2 7.92 287.63 post-1964 FWR 2.8 x 10-2/
power etere ar.d subsequent Me. 10 (0.34) reactor years reacter year

tramefeteer 1ockeet.

154232 06-03-80 tadtaa Potat 2 1AP due to tightatag stetking R3
e transmissten tower and tower (0.12)
Itnes falltag ashi f ault tag

ieeder Itnes.

154279 07-14-80 Arkansa 2 Loor b to tornade activity and R3
protective relaying. Offstre (0.12> ,% 3 s Os
power avellable through eseeat M# gcomeectise f rom 161-tv treas- AP
atseten system.

159834 O& 24-83 Arkansas I IAOP due to ground fanit that 33
settlated a sequence of everleed (0.12)
t r1ps and weltage speets.

{
.

159t h 06-26 80 Arkansas 2 tacP e.e to greemd f emtt that 13 e, p g . *gir]
tatt tated a sequence of everleed (0.82) t =-* *

tripe and weltage upsets. {g'y

u .. s 'e s & 19 0 -Of.
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Table 5.4 (centtaw at

Eveet desc rirt tee .. . _ _

Istatattag eseet/
~~ '

%*lar a'f enet taa onder ,33; Total Ob**r**ts**Event Plaat Event ,gg. cts,e period g7g# *enestderettee date ease ,,..eerv p,

{'
ggF, dew r t at taa g, g er wede l e**

,,eet , asemepttees

poser (cent *d) Eacesste, electruet dresee
.- .

ILees of effette 167117 Ce-19-St teache hce *at
ro u ! red to eettetyard wett e es (-5. t !!
drop te roe !!stt.

,~ ,
taf e ?4 fae- 3 6-4 I Crystaa 91 er * W dee to feeder line se r. . u?be lit .tet M a*8 Lar*talM f *. bl

t
,

arreeter system fattere.
>

64 % 4 04-37-4I hache Sece Eaceaeise etec raceI dreast at .

resented to set tchwerd weltace 4 4. 4 !) Ikh AQ gfrop helw tiet t.
Ap169 h2 C6-1)-81 Arkae*a* 1 LOOP see to t ermeae act ivit e. El

(4.82)

test-?9 Put-t%e*e% timwe that acc orred te ene *.bneweete !***-79 observat tae pertad.
rest eed to esateat tee hosed
ao cameest e se Tts. Cu-?a9'.
E* f ee t t ee e.eber of fasteres
etch revised recover, classes
is 4.4%

Smart 13es of te h 49 w%1%$3 Artensae & Reac t or coe t aet pep eral faltere al 2. % 29 7.5 P>et-1964 PWit 8.9 m 80-8/costaat ete l -
dees (e.%a) reacter-wears re ac ter-year

172149 12-19-53 Sr. tarte i Safet , ents, f at t o to rect,< t l e el
regeer.

Pol!)
1%9 '9 P,et - t %4 hae L3CAs t%er accorred 11 the t h *- 1.96e'e*ts ?9 ese,ry,ggae perted, y,,1.e4 sea

evateat tw hased en TeiuCE '.4'

causeets and resteed recewerv
etase watees. rftects e ese wra

of fat!*ren eith rewteeJ recesere
e tassee to 1.96.

Laee RS
Sales seed for this fact tw eens assemet to be an order of eagettede tareer

s

n.e tse em maiw of @'gg TOE tY#lir fre m er ,e. ,. see w tar., s ..
re.n or -.-

rui c.arries fattere_. Qgae.eter trt,
se pre w t.tt, car vatter,to trt, es. es,eeed to he e,*at to tse oetoefattere catutated to hl.00 (p. !!-97). 1.4mIM

.

:

I
e

.

6 4 0 6 4' d 619 0 -Of,
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Table 1.4 (cesttened)
Y

Eueet descripttoe
.

Rettlet tag evew/ Walee er Fregeescy or
*** '" **

*" #fouettaa moder t oeg Plant Eseet receeery Probability" "canoideretten date ease descripttee clase estleate,

.AFW and set- 17873) (2-33-81 Zles ? Tise 4FW peeps fell to start en Ei 2.14 Teelee deseede per 2.7 e 1G *
h *y test deemed wtth the third peep (3.06) reacter year ese to
reuseet fattere saaeettable. teettag plus een per
stees reacter eheteeee of (44 h pies '

trts seccese see per ehetdeen of
>44 h. Based en 1979 *

19t# '9 Post -4 6ed PWte utth reetstmas bened en EWCB- 2.13 operettenal data free
eseet. 2ets ces.eet. _a reet.e4 rue ory m:ssc/Cs-496 en

4clame menerte eatees, total ef fec- seerage 7.9 estages of - - -

Stet eseher of fetteres accorgteg (44 h and 3.7 estagee
f ree 1969 se 1979 was 2.1% of >48 h occurred per

pleet. This resette
to 27.3/reacter year
e 287.63 poet-1964 FWR '

reacte.r years, yield-tag 1 s2 .ee.e... j
_. e m.- h..tlite fer ..t8.r. e, .~ _. e.co ry - rees... .t e f.t :or. t. 2., e ir, iery heat rueseat arty to assumed to he see Etere the f at tere probability calculated for 4FW

fettere glose end merendary heet reesset glove trip eetcess.
fattere to trip ;

i
FCET deemeded Prohahttity that the fosi essets he deemeded felleetsg a reacter trip esth esc- 4.0 e gy-2 {coeefel 4FW tettlettee see aseemed to be G.04 (This estee is a Etit fregerecs-) > AM h ;

Fattere of opse Prokebility that t%e Ptzt esse 1J ettch open once it use apse was essened egeel A 2.9 e 178Pts * ta clone to 0.08 Prohetality of time aperater fat ting to teelste the spee selee mes
based seeen eseges teosteleg a f atted-epen FCEW with ;and fattere of
t

e,as 59e9-M peecereerv 4
-eter n t.eee e e-o teostete. . fu tere to testue the es . Tue reesta. !detect fattere te a cuenteed f ettere prohobility ed 8.0C9.
and clase tes-
Easten selse

$Fallere ed EFI It954F A b21-83 Terkey Petet 6 Safety tejectica path f east 12 2.00 TW ise deemede per 6.0eIT* !glese 4Fif ekstructed earteg teet. M.34) reactor year ese to
escrees teettag ta 287.631909-79 Past-1904 ruas htra reetetees beoed en Eatc/C3- 1.74 post-1944 reacter- *

eeeete 2697 eeemente and teetoed rece ere years resette to 3452
clase esmerte watees, the total deeende,
ef fecttee W of fetteres
etterring free 1999 ta 1979 ens
1.74

77.

U UGTmE
CufD

..

i

g e a s ", - .- i 9 0 - O b y
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Table 5.4 (continued)

.

Event descriptian
Initiating event / Totat ObservationMic V8I *' "' * *function under Event Plant Event effective Period,gconsideretton date name description class .

t itrecovery

[ stimatenumber of or demand_
events assumptions yFailure of HPI Probability value used for fatture of HPI function to provide core cooling i

I'* PP'"4I"given AN f ailure
given f atture of AN and secondary heat removal was dependent on the type for individual

*

of HP1 function provided at the plant. 1his was accomplis 5ed with the
'''*I' 'plant-spect f tc ta!!oring f actors, PI-P5. A value of 0.12 (P3) was assumed

for plants with HP1 pumps capable of providing flow at the rettef valve set
point, and a value gf 0.34 (P2) was .sssumed for plants that required manual )+

I l'depressurtsation to achieve injection flow and as a general value for this
function and condition in lieu of plant specifice.

mFailure of long- 1969-79 Post-1969 NRs With revisions based on NUREC/CM- t.16 1.16 Twelve demands per 2.6 a 10** i
V

tere core events 2497 comments and revised recovery reactor year due to-cooling class numerte values, total effee- testing plus one per 5tive number of fattures occurring shutdown >48 h (3.7 *

tree 1969 to 1979 was 1.16. such outages per
reactor year, see
AN probability
eetteate). This
results in 4516
demands in 287.63
post-1968 PWR
reactor years.

Fatture of tur- Probability value used for f atture to rug back was based on availabittty of the See Appendia Dbtne generator function at a particular plant. Far plants without a runback feature, the
for individualto run back and value was assumed to be 1.0. For plants with a runback feature, the value was

assume house assumed to be 0.75. events
loads

Fatture of emer- 1969-79 Post-1968 PWRs With revisions based on NUREC/CR- I.28 1.28 Twelve demands per 3.7 m 10-*gency power avente 2497 comments and revised recovery reactor year due to
class numeric valaes. the total testing plus 0.1 LOOP
effective number of fattures demand per reactor-
occurring f rom 1969 to 1979 was year results in 3480
8.28 demands.

Failure of AN Probabiltty value assumed for this function was based on the design of the AN See Appendix Dand secondary systes in the plants in which the precursor events occurred. For units with only
heat removal electrically operated pumps or with requirements for service water for terbtne- fer individual
given fatture driven pump cooling, the fat ture probabtitty was assumed to he 1.0 (PI). events
of emergency

.
power ..

me ,

c%p}
.

M Rury im..u.new o-
Aperture Card M

,

b

h'
y

,

|

_ 8406280190-A7 d
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Table 5.4 (continued)

f
Event description

i

Initiating event / Total Obsenation
$Value or ,,,q,,,cy ,,function under Event Plant Event recovery probattlity

eMec M pen '*##''' "consideration date name description class ""[, ", esttaate,
, , ,

Failure of AFW For units with self-cooled turbine-driven pumps but with electrically operatedand secondary valves capable of manual operation. the f atture probability was assumed to be
heat remova! 0.17 (F3). This value was based on suf fletent time being available for manual
(cont'd) initiation of AFW f attowing t.OW or LOOP and operating procedures that are

assumed to be sufficiently spectfle to allow for manual taittation within the
swallable time period. pglate Os

Aperture CardFor units with self-cooled turbine-driven pumps and with valves without ac power
(except vital power) dependency, the f atture probability was assumed to be 0.04
(F4). This nueher was based on the feet that, with few exceptions, all AFW sys-
tems having turbine-driven pueps use only one such pump and that, based on a
restew of LERs related to pump fattures, 0.04 appears to be a representative
f at ture-on-demand number for turbine-driven pumps.

Fatture of stese 156204 04-II-80 Trojan Failure of three of four *ISIVs to Rt 2.20 Twelve demands per 6.4 x 10'*generator isota- close on demand (0.58) reactor year due totion
testing resulted in
3452 demands.

1969-19 Post-1968 PkRs With revisions based on NUREC/CR- 1.62
events 2497 comments and revised recovery

class numeric values, total effec-

tive number of fattures occurring
fre .969 to 1979 was 1.62.

Failure of cun- 170098 11-06-88 Salee I , boron injection tank talet RI I.75 Twelve demands per 8.3 u 10**centrated borte valves fait.d to open on demand. (0.58) reactor year for West-seid addition
given HPI Inghouse plants (176

post-1968 PWR reactor-success
years) resulted to

2112 demands.
1969-19 Post-1968 With revisions based on NUREG/CR- 1.17
event s Westinghouse 2497 comments and revised recovery

PWRs class numeric values, total effec-
tive number of failures occurring f* g w. y.!
from 1969 to 1979 was 3.17.

PORV opened due Value of this probability was assumed to ;m 0.8.
to continued NPI 8.0 x 10-1h@following a large
SLB

PORV or PORY Value for this probability was assumed to be equal to a combined f atture 6.0 m 10*3tsolation valve probability for the PORY isolation vetve (-10'3) and for an operator error in
fatture to close falling to close the valve (-5 x 10-3). This results in a fatture probability
following contin- estimate of 6 x 10-3
ved HP! following
a large SLB

|

t

g gp.20;9 0 - O _ ____________ _
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Appropriate failure probabilities were applied to each event tree-

branch to reflect plant conditions .and the precursor failures. The se-
quences leading to potential severe core damage were then calculated and
summed to produce an estimate of - the _ conditional probability of potential
severe core. damage for the precursor.- When' none of the standardized se-

'

quence of interest trees (in Appendix A) were applicable to a precursor, a
unique sequence of interest event tree was developed and applied. These
unique event trees are included in Appendix. B.~

Determination of probability values used on each branch of the event
trees depended on the plant conditions.during the precursor event.
Branches for. observed or expected successful function states were quanti-
fled using the probability values determined in Sect. 5.1. Branch prob-
ability modification to reflect partially or totally faulted states is de-
scribed in detail in Sect. 3.2 and included changes to account for (1) ob- i

served' function failures, (2)-consequent failures (function inoperability
as a consequence of other plant failures), (3) degraded functions (in
which redundancy was lost'but the function still met minimum operability
requirements), and -(4) consequently degraded functions.

If the conditional state was determined to be consequently failed,
degraded,.or consequently degraded, the impact of potential common-mode
coupling was taken into account by modeling the function as a two-train
reduadant system using the S-factor method as described in Sect. 3.2. In

this assessment, a value of 0.12.was used for 8 This value may be con- !

servative or nonconservative, depending on which components were associ-
ated with the failure.* Sensitivity and uncertainty analyses described in
Chap. 6 consider the impact of assuming alternate values for S.

In addition, certain event tree branches were tailored when necessary
to reflect conditions that existed at the plant. This tailoring primarily

involved PWR events in which (1) certain event tree branches were forced
in a particular direction to reflect the nonexistence of a function (such
as the lack of turbine runback at many planta) or-(2) certain plant-
specific probability estimates were used (e.g., for auxiliary feedwater
given emergency power failure and bleed and feed (strongly design depen-
dent)]. Five classes of plant-specific tailoring values were used. These
are described in detail in Sect. 3.2.

Numeric values- used in the conditional probability calculation asso-
ciated with each precursor are identified on event trees included in Ap-
pendix D. Event durations (or duration estimates) are also included where
applicable.

The conditional probability of potential severe core damage associ-
ated with each precursor is identified under the heading PROB in
Table 5.5. (Comments provided in Chap. 4 pertaining to the headings and
abbreviations associated with Table 4.1 are applicable to Table 5.5 as

~

well.) As discussed in Chap. 3, the conditional probabilities determined
for each precursor were based on industrywide data, not plant-specific

i data, and therefore should not be directly associated with the probability
of potential severe core damage resulting from the actual precursor event

*For example, NUREG/CR-2098 (Ref. 1) identifies a S-factor of 0.2 for
. motor-driven AFW pump failure to start, 0.03 for turbine-driven BWR HPCI/
RCIC pump failure to start, and 0.3 for PWR HPI and CVCS pump (pooled)
failure to start.

!'

<

)
'
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Table 5.5. [recursorsfor 1980-61 sorted by accession number

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I ACEX PROB RATE T V AE OPR CRITXX

4gj
b bOk bokh Of hkRhthk bAkNR S kkEM4 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN MAD NEgKCI NSTRU E O N Y 4 7 4E-

kAkONOFREf . bk bMPIX E b N $ . g g V SW {{g p{g{gg5 75
3 PW X SCE 670614156204 800411 MSL THREE OF FOUR MSIVS FAIL TO CLOSd TROJAN 344 CD VALVEX C T N N 15?9 6.lE-8 !!30 P W BX PGC 751215158228 800715 LOOP STORM SPURIOUS REACTOR TRIP

PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-\ 530 P W PX NSP 741217158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 5 G SL CWE 710131158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131158232 800603 LOOP LICHTNING STRIKE TRANSMISSION T0kER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522158233 800611 UNIO CCW LOST TO RC? SEALS
ST.LUCIE I 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422158279 900407 LOOP CAVITATION OF EFW PUMPS ARXANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFSI 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007158860 800419 UNIO LOSS OF 2 ESSENTIAL BUSES DVS-BESSE1 346 EB RELAYX G 0 N Y 981 1.4E-3 906 P B BX TEC 770812159134 800624 LOOP CROUND FAULT ON CRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806159136 800624 LOOP CROUND FAULT ON CRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE1 346 EE CKTBLK C 0 Y N 1810 9.4E-9 906 P B BX TEC 770812160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM i 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616160532 601010 LOFW COMPONENT CDOLING WATER INOPFRABIE PILCRIM i 293 EB CKTBRK E D N Y 3038 4.2E-9 655 B C BX BEC 720616160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM i 293 PA MECFUN E D N Y 3059 1.4E-4 655 B G BX BEC 720616160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALEV3 302 IF INSTRU E O N Y !!38 5.0E-3 825 P B CX FPC 770114160926 801001 LOCA RELIEF VALVE STUCK OPEN PILGRIM 1 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CFNS SALEM ! 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211161649 801016 LOOP TWO DIESEL CENLRATORS UNAVAILABLE
SEQUOYAH 1 327 EE INSTRU C 0 Y N 103 6.7E-8 1148 P W UX TVA 800705

161906801116 LOFW RCIC DISCHARGE ISOLATION Fall To OPET OUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5789 B C SL CVE 72042662083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205163356810106 LOOP STATION BATTERY BREAKERS OPENFDPALISADES 255 EC CETBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524 jf63405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT
BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECTUN O N Y 2114 3.3E-4 777 B C SS CPC 740912 cn

pa
163499 800510 LOCA REACTOR COOLANT PLMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E D N Y 2104 5.0E-4 850 P B BX APL 740806
164149810129 LOCA LETDOWN RELIEF VALVE LEAXS IN A LOFWROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 70092064453 80!!22 LOOP LOOP AND DECRADE LOAD SHED ABILITY SAKON0FRE! 206 FB CKTBRK C 0 Y N 4910 6.!E-5 436 P W BX SCE 670614164617 810102 UNIO LOSS OF DC POWER AND 1 DIESLL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.1E-3 870 P C BX NNE 751017164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A St DLP 670711164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B G SS CPC 7409I2165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH l 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS CPC 740912165900 810403 LOCA PORV AND BLOCK VALVE cPEN HAD. NECK 213 CA ELECON E D N Y 5002 3.4E-5 580 P W SW CYA 670724166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICK! 325 WA HTEXCH C T N N 1654 6.7E-3 821 B C UE CPL 761008166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320166384 810427 LOOP LOSS OF 4.16KV PUS NETWORK MONTICELLO 263 EB CKTBRK H 0 Y N 3791 1.8E-5 545 B C BX NSP 701210166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.aE-6 852 P W SW DLC 760510166745 810626 LOOP TWO SHUTDWN SEQS & 1 DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916167611 810211 UN!Q LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4 !!48 P W UX TVA 800705167624 810616 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E D N Y 1614 3.7E-4 825 P B CX FPC 770114168548 810807 LOOP SWITCHYARD VOLTACE IS TOO LOW RANCHOSECO 312 EA ELECON G 0 N Y 2517 6.9E-6 918 P B BX SMU 740916168829 810903 UNIO SIS VALVES FAIL IN LOFW SANONOFREl 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806169587 811021 LOCA BIT FLOW PATH TO RCS CBSTRUC1ED
170098 811106 MSLB 2 BIT INLET VALVES Fall TO OPEN TKY. POINT 4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX FPL 730611SALEM i 272 RB VALV0P C 0 N Y 1791 1.5E-8 1090 P W UX PEC 761211170199 811016 LOOP UNAVAILABILITY OF SOTH CCW TRAIN 3 KEWAUNEE 305 WB HTETCH E O N N 27801 lE-8 $35 P W FP WPS 740307171202 811112 LOOP BOTH DIESEL CENERATORS UN4VAILABLE IKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020171667 810624 LOOP LOSS OF VITAL 3US
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE DVS-BESSE1 346 EB CKTBRK E O Y Y I412 1.7E-3 906 P B BX TEC 770812

SANON0 FREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614171733 81121] LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224171842 811023 LOOP DECRADED COOLING OF DIESFL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.PE-6 794 B C SL CWE 710131171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G 0 N Y 478 8.4E-6 907 P W SW VEP 800612172198 811219 LOCA MSIV CLOSURE & SAFETt VALVE LIF7 ST.LUCIE 1 335 HB VALVEX E D N Y 1240 7.7E-5 802 P C EX FPL 760422174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 21201.4E-5 538 B C BX IEL 740323
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at the specific reactor plant at which it occurred. The conditional prob-
abilities represent an average over the industry. ,

The distribution of events selected as precursors as a. function of
conditional probability is shown in Fig. 5.3. As can be seen, the number
of events is maximum in the 10-4 to 10-5 probability range and decreases
both above and below these probability values. This is to be expected and
'is a result of two factors: (1) the number of more serious events is
known to be less than the number of less serious events and (2) the cri-
teria _used in the study emphasized the selection of more serious events.
The latter resulted in selection of comparatively fewer less significant
events.

5.3 Quantification of Industry-Average Potential
Severe Core Damage Frequency

An estimate of the industry-average potential severe core damage fre-
quency was developed based on the method described in Sect. 3.2. This
method sums the conditional probabilities of subsequent potential severe
core damage associated with initiating events and divides this sum by the
number of reactor years in the observation period (87.6 for PWRs and 48.0
for BWRs) to obtain a frequency estimate.

Of the 1980-61 precursors, 30 involved initiating events. In addi-
tion to these observed and analyzed events, some events not reportable via
the LER system (and hence unanalyzed in this program) are known to have
occurred. The primary contributors in this set of unobserved events are

.
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believed to be . losses of feedwater, and a. frequency of potential severe -l
core / damage associated with typical losses of feedwater was developed
using .the IAFW event trees included in Appendix A and the failure prob-
ability estimates. developed jLn Sect. 5.1 to represent this set of events.

Table 5.6 lists the potential severe core damage frequency estimates'
i

-for' analyzed and unobserved PWR and BWR events in the 1980-61 time period,- |
not corrected for potential overestimation. The caution included at the

end _ of Sect. 5.2 must be . reiterated here: these estimates are based on
~ industrywide data homogenized over- most of the plants, not plant-specific

.

data; therefore, the estimates should not be directly associated with the
frequency of potential severe core damage (unavailability of required core
cooling) at any specific plant.

Table 5.6.- . Potential severe core damage frequency
8estimates by reactor type for 1980-61

Potential severe core damage
frequency estimate
(per reactor-year)

BWRs PWRs BWRs and PWRs

Frequency estimate based on . 1.7E-5 1.9E-4 1.3E-4
analyzed precursors

Frequency estimate for non- 4.2E-5 2.8E-5 3.3E-5
analyzed events (based on

estimate for LOFW initiators)

Combiaed estimate for analyzed 5.9E-5 2.2E-4 1.6E-4
and ronobserved events

1. -

-a Not corrected for overestimation and with 1969-61 amalgam-
I ated failure probabilitics. See Table 8.2 for alternate estimates
'

based solely on 1980-81 failure data.

,

The fact that the method employed in this program may overestimate
the potential severe core damage frequency has been discussed in general,

i terms in Sect. 3.2.4. TVo methods have been used to approximate the de .
gree.of potential overestimation associated with this approach for 1980-41
events. In the first method, standardized event trees were used to calcu-,

late an alternate frequency' estimate. The second method utilized revision-
of the conditional probabilities associated with failures observed. in con-
junction.with initiating events, based on event details.

.In the first method, an upper limit on the degree of overestimation,

p was approximated by . calculating . the ' average . potential severe core damage
i frequency using the initiating avent frequencies and function failure

probabilities developed -in Sect. 5.1 and applying these to the standard-
ized event-trees described in Appendix A without using event tree models

|
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of individual precursors. ' Use of this method results in a frequency esti-
mate of- 4.3E-5, a factor of 3.7 less 'than the value estimated using the
method employed in-this study.

This calculation assumes that all observed events were independent, '

that the number of failures observed in -conjunction with initiating events
was consistent with the number observed in testing, and that unique events
(those observed in the ASP Program that could not be modeled using stan--

dardized event trees) did not impact risk.
. Precursors modeled using unique sequences contributed 6.3E-5/ reactor-

year to the overall estimate; precursors modeled using standardized event
trees contributed 1.0E-4/ reactor-year. Considering only precursors mod-
. eled using the standardized trees, the overestimation is a factor of 2.4.
The extent of this overestimation would be decreased by a greater number |
of function failures following initiating events than those expected based
on testing and any coupling between event . tree functions.

The second method used to estimate the degree of overcounting as-
sessed the likelihood that the multiple failures observed during initiat-
ing events were actually related, either because of incorrect maintenance
actions, plant status during the event, or other causes. This estimate of,

the degree of overcounting is considered a reasonable estimate for 1980-41
1 precursors. Table . 5.7 lists those 1980-61 precursors that involved ini-

tiating events and, in addition, other faulted functions. These failures
have been classified, based on a review of each event, as being most
likely unrelated, possibly related, or strongly related. Based on this

! assessment, the conditional probabilities for events not considered
!- strongly related were reassessed.

For events considered most likely unrelated, subsequent failures were
considered to be manifestations of the already determined industry- average
failure probability, and the probabilities developed in Sect. 5.1 were t

used in the calculation. For events considered possibly related, the
probability assigned to a faulted branch was estimated using a logarithmic
average of the faulted and unfaulted probabilities. This permitted a mod-
erate degree of coupling to be represented en the event tree.

The revised conditional probabilities for events with subsequent
failures were then summed with those conditional probabilities associated
with initiators that did not involve subsequent failures to correct the

1
'

estimate of potential severe cora damage frequency for possible overesti-
mation. The revised frequency estimate is 1.1E-4/ reactor-year, a factor,

of 1.5 lower than that determined previously.
Beyond the potential for overestimation discussed above, the indus-

try-average frequency estimate is influenced by other uncertainties in "

both the approach and the numeric values used. Specific sources of un-
derestimation and overestimation related to the approach are discussed in
Sect. 3.2.4. Chapter 6 presents preliminary results of uncertainty and
sensitivity analyses concerning factors and variables of interest.

5.4 Precursor Rankings

Two schemes have been used to rank the 1980-61 events by signifi-
cance.- The first ranking is simply by conditional probability of poten-
tial severe core damage. This ranking, which is related to the impact' of

. ._ -. _ -_ ,- _
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Table 5.7. - Precursors for 1980-61 involving initiating
events and additional faulted functions

NSIC a mated
Description Conditional Revised

accession degree of coupling a bof event probability probability
number between failures

158279 Loss of offsite power and Unrelated. 6.0E-4 1.6E-5
cavitation of emergency
feedwater pumps at
Arkansas 2'

160846 1.oss of 24-V de to Possibly related 5.0E-3 4.7E-4
nonnuclear instrumentation
at Crystal River 3

163478 HPCI turbine isolated Possibly related. 3.3E-4 2.3E-4
and loss of feedwater at
Hatch 1

164453 Loss of offsite power and Possibly related 6. lE-5 2.2E-5
degraded load shed at
San Onofre 1

164617 Loss of de bus and diesel Possibly related 5.lE-3 5.lE-3
generator trip at
Millstone 2

167611 Inadvertent spray initiation Possibly related 8.7E-4 8.7E-4
and draining of reactor

- coolant at Sequoyah 1

167624 Loss of offsite power and Unrelated 3.7E-4 2.lE-5
failure of one diesel to
start at Crystal River 3

171667 Loss of vital bus a* P>ssibly relat e 1.'F-3 1. 4T.-4
Davia-Besee 1

# s calculated in Sect. 5.2.L A

basedonassessmentofextent of coupling during evert.

the observed event at some indust.ry-sverage plant , is shown in Tab 1'c 5.8,
with events ranked in order f rom highest conditional probability to
lowest. (Cotraents pr)vided in Chap. 4 pertaining to the headings and ab-
bleviations associated with Table 4.1 are applicable to Tables 5.8 and 5.9

as well.)
The ranking in Table 5.8 includes all precursors but tends to mask

the implications of certain events particularly those that involved sig-
nificant function failures at times when the function was not required.
An alternate ranking method was used to identify these events.

In the alternate ranking method, the entire 1969--81 data base was
used to provide comprehensive failure data. The 1980-81 events were
ranked on the basis of their impact on the potential severe core damage
frequency estimates when each event was individually excluded. Because
initiating events and function failures on demand are used to estimate
initiating event frequencies and demand failure probabilities, which are
subsequently used in assessing individual event conditional probabilities,
events involving such failures can impact the conditional probabilities
associated with many events.
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Table 5.8. Precursors for 1980-81 sorted by conditional probability

ACCESS E DATE SEQ ACTUAL orCURRENCE PLANT DOC SY COMPXX O D E I ACEX PROB RATE T V AE OPR CRITXX

166072 810419 LOCA RHR HEAT EXCHANCERS DAMACL9
BRUNSWICK 1 325 WA HTEXCH C T N N 1654 61904 5'7E-3 870 P C BX NNE 751017821 B C UE CPL 761008164617 810102 UNIO LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y IE-3

160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B CX FPC 770114

158860800419 UNI
71667 810624 LOOP LOSS OF VITAL RUS DVS-BESSEl 346 EB CRTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812

LOSS OF 2 ESSLNTI AL BUSES DVS-BESSE1 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
158233 800611 UN CCW LOST TO RCP SFALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.IE-3 802 P C EX FPL 760422
163405 800628 LO 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 R8 CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808
167611 810211 UNIO LOSS OF RHRS & RCC BLOWDOWN DCLURS SEOUOYAH I 327 CF VALVEX C O Y Y 221 8.7E-4 !!48 P W UX TVA 800705
158279 800407 LOOP CAVITATION OF EFW PUMPS AR M SAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
163499 800510 LOCA REACTOR COOLANT PUMP SEAL F41LS ARKANSAS I 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
167624 810616 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114:
363478 800626 LOFW HPCI AND RCIC FAIL Te GTART HATCH I 32. SF MECFUN O N Y 2114 3.3E-4 777 B C SS CPC 740912

. 160497 80 007 LOCA REACTOR VESSEL RELIEF VALVF OP ENS PILCRIM i 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616
160559 80LO31 LOCA REACTOR VESSEL RFLIFF VALVE CPENS 71LGRIM i 293 PA MECFUN E O N Y 3059 1.4E-4 655 B C BX BEC 720616
160926 80L001 LOCA RELIEF VALVE STUCK OPEN PILGRIM 1 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANONOFREl 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTE9 TKY. POINT 4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611
172198 811219 LOCA MSIV CLOSURE & 1AeETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
158650 800520 LOOP AIR LINE LEAK f .ILS SERVICE WATER CALCL1FFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
171733 811211 LOFW AUX FEED PUMPS FAIL TO ADTU START Z:0N 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
164453 80!!22 LOOP LOOP AND DECRADE LOAD SLED ABILITY SANON0FREl 206 EB CKTBRK C 0 Y N 4910 6.lE-5 436 P W BX SCE 670614
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5. 821 B C UE CPL 750320
158228 800715 LOOP STORM SP"RIOUS REACTOR 1 RIP PRAIRIE!S2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. N ECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW VYA 670724 Ln158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B G SL CWE 710131 |
161906 801116 LOFW RCIC DISCHARGE IS6LAT 0N FAIL 10 OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CVE 720426 bJ
166384 810427 LOOP LOSS OF 4.16KV BUS !!ETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 B C BX NSP 701210 ed
155475 800310 UNIO LOSS OF SERVICE WAIFR SYbfEM SANONOFREl 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
159136 800624 LOOP CROUND FAULT OM GRI9 CAUSES TPIP AdKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205
174073 800111 LOCA STUCK OPEN RELILF VALVE D. ARNOLD 331 SF VALVEX C O N Y 2120 1.4E-5 538 B G BX IEL 740323
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DR ESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131
158232 800603 LOOP LIGNTNihG STRIKE TRANSHISSION TOWEK IND. POINT 2 247 EA 2ZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 7}0}22
164703 810201 LOOP OPR ERROR FAILS AC POWEP LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5- 50 B A SL DLP 610/11
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G O N Y 2517 6.9E-6 918 P B EX SMU 740916
159134 800624 LOOP CROUND FAULT Ot! GRID CAUSFS TkIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSFCO 312 EA ZZZZZZ C 3 N Y 2468 5.2E-6 918 P B BX SMU 740916
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
171842 811023 LOOP DECRADED COOLING OF DIFSEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131
162083 801220 LOCA ALL ESFAS RVI INSTPU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
164955 810228 LOFW HPCI AND RCIC INOFERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS CPC 740912
166745 810626 LOOP TWO SHUIDWN SEQS & 1 DG "NAVAIL PALISADES 255 EE RFLAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SAh0NOFREI 206 EE ENCINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TG CLOSE HATCM 1 321 FE RELAYX H T N N 2397 2.2E-7 777 8 C SS GPC 740912
161601 801008 LOOP LOSS OF SERV!CE WATER TO DIESEL GENS SALEM i 272 kA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761711'
163356 810106 LOOP STATION BATTERY BRFAXERS OPENED PALIS ADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
161649 901016 LOOP TWO DIESEL GENEROORS UNAVAII ABLE SEQUOYAH I 327 EE INSTRU C O Y N 103 6.7E-8 !!48 P W UX TVA 800705
171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILA*LE TKY.P0lNT3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
156204 8004I1 MSLB THREE OF FOUR M31Vt FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P k BX PGC 751215
154674 800202 LOOP LOSS OF SITE EMERCLNCY POWER CALCLIFFS2 318 EE INSTRU G O Y N !!59 3.2E-8 845 P C BX BGE 761130
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G O N Y 1791 1.5E-8 1090 P W UX PEG 761211
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1. lE-d 535 P W FP WPS 740307
160453 800826 LOOP LOSS OF POWER TO DIFSEL BRFAKERS DVS-BESSE1 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
160532 801010 LOFW COMPONENT COOLISC WATER INOPERABLF PILGRIM 1 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B C BX BEC 720616
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C O Y N 2722 1.E-10 822 P W SW VEP 730307

_
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Table 5.9. Precursors fot 1980-41 sorted by tapact on industry-average
potential severe core damage f requency

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX PROBi RATE T V AE OPR CRITXX

163405 800628 LOFW 76 CONTROL RODS FATL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 14201.6E-51065 B C UX TVA 760808
166072 810419 LOCA RHR HEAT EXCHANGER $ DAMACED BRUNSWICKl 325 WA HTEXCH C T N N 1654 1.5E-5 821 B C UE CPL 761008
164617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 9.0E-6 870 P C BX NNE 751017
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 8.9E-6 825 P B CX FPC 770114
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 3.0E-6 906 P B BX TEC 770812
158860 800419 UNIC: LOSS OF 2 ESSENTI AL BUSES DVS-BESSE1 346 EB RELAYX C O N Y 981 2.4E-6 906 P B BM TEC 770812
158233 800611 UNIC CCW LOST TO RCP S'ALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 2.OE-6 802 P C EX FPL 760422
167611810211 UNIC LOSS OF RHRS 4 RCS BLOWDOWN OCCURS SEQUOYAH 1 327 CF VALVEX G O Y Y 221 1.5E-6 1848 P W UK TVA 800705
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALVOP C T Y N 33 72 1. 2 E-6 794 B C SL CWE 710131
158279 800407 LOOP CAVITATIDN OF EFW PUMPS ARKAESAS 2 368 EA CKTBRK E O N Y 580 1.!E-6 912 P C BX APL 781205
163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS ! 313 CA PUMPXX E O N Y 2104 8.3E-7 850 P B BX APL 740806

LOFW HPCI AND RCIC FAIL Ts START HATCH ! 321 SF MECFUN O N Y 2114 6.5E-7 777 B C SS CPC 740912
163478800626 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 6.3E-7 825 P B CX FFC 77011467624 810616

LOCA BIT FLOW PATH T6 RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX C T N N 3054 4.7E-7 693 P W BX FPL 730611
169587811021 LOFW AUX FEED PUMPS FAIL TO AUTO STARTZION 2 304 SH PCMPXX E O N N 2909 4.2E-7 1040 P W SL CWE 73122471733 811211

166082810410 LOFW LOSS OF RCIC AND HPC! SYSTEMS
BPUNSWICK2 324 SF MECFUN F T N N 2213 3.9E-7 821 B C UE CPL 750320

61906 801116 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 2.4E-7 789 B G SL CWE 720426
164955 810228 LOFW HPCI AND RCIC 150PERABLE HATCH I 321 SF PIPEXX C T Y N 2361 2.4E-7 777 8 G SS CPC 740912
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM 1 293 PA VALV0P E O N Y 3035 2.3E-7 655 5 G BX BEC 720616
160559 801031 LOCA REACTOR VESSEL RELIEF VALVE CPENS PILCRIM 1 293 PA MECFUN E O N Y 3059 2.3E-7 655 B C BX BEC 720616
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILGRIM 1 293 SF VALV0P E O N Y 3029 2.3E-7 655 B C BX BEC 720616
172198 al t219 LOCA MSIV CLOSURE 6 S/JETY VALVE LIFT ST.LUCIE I 335 HB VALVEX E O N Y 1240 1.3E-7 802 P C EX FPL 760422
164453 801122 LOOP LOOP AND DECPADE LOAD SHED ABILITY SANONOFRE1 206 EB CKTBRK C 0 Y N 4910 1.1E-7 436 P W BX SCE 670614
58228 800715 LOOP STORM SPORIC"S REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 8.lE-8 530 P W PX NSP 741217
71842 811023 LOOP DFCRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 6.6E-8 . 794 B C SL CWE 710131.

.54451 800204 LOCA PRESSURIZER PRESSURF RELIEF VALVE OPEN HAD. NECK 213 CI INSTRU E O N Y 4578 5.9E-8 580 P W SW CYA 670724
165900 810403 LOCA PORV AhD BLOCK SALVE OPEN H AD. N ECK 213 CA ELECON E O N Y 5002 5.9E-8 580 P W SW CYA 670724
166384 810427 LOOP LOSS OF 4.16K7 bub NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 3.2E-8 545 B G BX NSP 701210 Ln
159136 800624 LOOP CROUFD FAULT ON GRT9 CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 2.8E-8 912 P C BX APL 781205 1

155475 800310 UNIO LOSS OF SERVICE WATER SYSTEM SANONOFRE! 206 WA PUMPXX E O N N 4653 2.7E-8 436 P W BX SCE 670614 bJ
165438 810405 LOOP DG CIRCUlf BPFAKERS PA?L TO CLOSE NATCH I 321 EE RELAYX H T N N 2397 2.3E-8 777 B C SS CPC 740912 bJ
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C O N Y 2120 2.3E-8 538 B G BX IEL 740323
158232 800603 LOOP LICHTNING STRIKE TPANSMISSION T0hEk IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 2.2E-8 873 P W UE CEC 730522
164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.8E-8 50 B A SL DLP 670711
164149 810129 LOCA LFTDOWN RELIEF VALVF LEAKS IF A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 1.5E-8 700 P W EX CPL 700920

918 P B BX SMU 740916168548 810807 LOOP SWITCHYARD VOLTAGE In TOO LOW RANCHOSECO 312 EA ELECON C 0 N Y 2517 1
2149 9 2E-8159134 800624 LOOP CROUND FALLT ON Cd10 CAUSES TRIP ARKANSAS I 313 EA ELECON E O N Y .0E-9 850 P B BX AFL 740806

167117 810619 LOOP LOW SWITCH 1ARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 9.0E-9 918 P B BX SMU 740916
169042 800407 LOOP LOOP AND HPI % ALVE FAILS TO OPF4 ARKANSAS 1 313 SF VALV0P E O N Y 2071 9.0E-9 850 P B BX APL 740806
171939 811003 MSLB STEAM DUMP VALVES OFFN NORTHANNA2 339 HE INSTRU C 0 N Y 478 7.2E-9 907 P W SW VEP 800612

LOOP LOSS OF SITE EMFkCENCY POWER CALCLIFFS2 318 EE INSTRU C O Y N 1 * 845 P C BX BCE 761130
154674800202 MSLB THREE OF FuCR M31VS FAIL TO C'OSETROJAN 344 CD VALVEX C T N N 1 * !!30 P W BX PCC 75121556204 800411
158229 800719 LOFW FAILURE OF CD% VENI CHFCK VALVE DRESDEN 3 249 RB VALVEX G T N N 3 * 794 8 C SL CWE 710131
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS1 317 PA HTETCH E O N Y 2052 * 845 P C BX BCE 741007
159347 800819 MSLB STEAM FLOW TRANSNITTERS ARE ISOL4TED SURRY 2 281 IB INSTRU C O Y N 2722 * 822 P W SW VEP 730307
160453 800826 LOOP LOSS OF P0hER 10 DIESEL BREAKER 3 DVS-BESSE1 346 EE CKTBRK G O Y N 1110 * 9C6 P B BX TEC 770812
160532 801010 LOFW COMPONENT LOOLING WATEk INOPERABLE PILCRIM 1 293 EB CKTBRK E O N Y 3038 * 655 B C BX BEC 720616
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GINS SALEM i 272 WA VALV0P G T N N 1397 * 1090 P W UX PEG 761211
161649 801016 LOOP TWO DIFSEL CEhrRATORS UNAVAYLABLE SEOUOYAH I 327 EE INSTRU G O Y N 103 * 1148 P W UX TVA 800705
162083 801220 LOCA ALL ESFAS Phi INSTRU TNOPFRABLE LR ANSAS 2 368 IB INSTRU E O Y N 746 * 91? P C BX APL 781205
163356 810106 LOOP STATION BA;TERY BREAKERS OPENED PALIS ADES 255 EC CKTBRK E O Y N 3515 * 805 P C BX CPC 710524
166650 810606 LOCA SIS SUPPLY VfLVE P0CND CLCSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 * 852 P W SW DLC 760510
166745 810626 LOOP TWO SHU1DWN SFQS & I DC UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 * 805 P C BX CPC 710524

UNIO SIS VALVES FAIL IN LOFW SANON0FRE1 206 SF VALVEX 0 N Y 5195 * 436 P W BX SCE 670614
16882981090370098 811106 MSLB 2 BIT INLET VALVES PAIL 10 0'ENSALEM 1 272 RB VALV0P G 0 N Y 1791 * 1090 P W UX PEG 761211
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TkAINS KEWAUNEE 305 WB HTETCH E O N N 2780 * 535 P W FP WPS 740307
171202 811112 LOOP BOTH DIESEL CENEkATORS UNAVAILALLE TKY. POINT 3 250 EE VALV0P G T N N 3310 * 693 P W BX FPL 721020
171700 811119 LOOP EMERCENCY POWER UNAVAILABLE SANON0FRE1 206 EE ENGINE E T Y N 5272 * 436 P W BX SCE 670614

I Industry-average frequenef differential.
* Event cannot be ranked by this methol.

.

-__-
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The 1980-81 precursors, ranked in order. of significance by 'this-

: method from highest to lowest, are shown in Table 5.9. . The numeric value
associated with each event is the potential severe core damage frequency
dif ferential' when the particular event is removed from the data base. Be-
cause the potential severe core damage frequency estimate developed in
' this program is based on conditional probabilities associated with ini--

tiating events', precursors that only -involve unavailabilities (no initiat-
ing events 'or failures on demand) cannot be; ranked by this method.

5.5 Dominant Sequences and Function Importance

The dominant sequences among those leading to potential severe core-

damage in the 1980-81 precursors were identified. Seque_nces to potential
severe core damage a_re ' described in detail in Appendix A for LOFW, LOOP,

- small-break IACA, and SLB initiating events. Sequences applicable to-
unique events are shown on the - event trees developed for those events in
Appendix B.

In the development of the relative contributions of the sequences,
the contribution of each sequence to the overall potential severe core
damage frequency estimate was compared with the total estimate. Dominant
sequences and their percentage contributions are shown' in Table 5.10. It

must be noted that a large percentage of the contribution due to loss -of
feedwater sequences is a result of unobserved events (the details of which
were not available). The relative contribution of the sequences iuenti-
. fled in Table 5.10 are compared in Chap. 8 with contributions estimated in
other studies.

The importance of various functions identified on the standardized
event trees to prevent potential severe core- damage was investigated using
methods described by Vesely et al.1 Risk importance measures are defined

,

to evaluate a function's importance in further reducing the risk and its
importance in maintaining the present risk level. One defined importance
measure, called the risk reduction worth of a function, is useful for pri-
oritizing feature improvements that can most reduce the risk. The other
defined importance, called the risk achieve nent worth of a function, is
useful for prioritizing fectures that mintata the existing risk level and
are most important in reliability assurance and maintenance activities. ;

The risk' achievement worth is defined as the increase in risk if the j

function was assumed not to exist (or was assumed to be failed). IfRf
- equals the increased risk of potential severe core damage without function
i and R e9uals the present risk level, then, on an' interval scale, the

O
risk achievement' worth A is defined as:

t

= Rf - RA 0*g

[ Risk reduction worth 'is similarly defined to be the decrease in risk'
if the function were assumed to be optimized or were assumed to be made
perfectly reliable. If R~ equals the decreased risk level with the func-
tion optimized (or . assumed to be perfectly reliable) then, on an interval

-
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Table 5.10. Dominant potential severe core damage accident sequences
observed in 1980-41 precursors

Contribution
Sequence description (g)

PWR sequences

Small-break LOCA with subsequent recirculation failure 27

Failure of de bus at Millstone 2 (NSIC 164617) with 25
postulated nonrestoration of the de bus and AFW failurea

LOFW with subsequent AFW and feed and bleed failure (8.7% 21
from reported events; 12.6% from nonreported events)

Vital bus failure at Davis-Besse 1 (NSIC 158860), which 7

resulted in loss of decay heat removal with postulated
nonrestoration of either DH loop and failure of other
means of DH removal 8

Loss of RCP cooling at St. Lucie 1 (NSIC 158233) with 6
postulated termination of natural circulation due to
top-head bubble growth and failure of bleed and feeda

LOOP with emergency power system success, AFW and biced 4
and feed failure

Small LOCA due to opened containment spray valve at 3
Sequoyah I (NSIC 167611) with failure to close open

Gspray valve and inadequate makeup to the RCS

Small-break LOCA with subsequent HPI failure 3

LOOP w1*.b subsequent emergency power and AFW failure 2

Remaining sequences (25 sequences) 2

BWR sequences-

LOFV wita rubsequent long-term core cooling failure (1.0% 53
from reporte-1 events; 52.0% from nonreported events)

LOFk with bubsequent HPCI/RCIC and ADS failure (9.7% from 17
reportec events; 7.7% from nonreported events)

LOFW with subsequent failure of scram and SBLC system 12
(0.3% f rom reported events; 11.5% from nonreported events)

Small-break LOCA with subsequent failure of high pressure 7
cooling and ADS

Small-break LOCA with subsequent long-term core cooling 6
failure

Small-break LOCA with subsequent failure of scram and 1

SBLC system

Remaining sequences (29 sequences) 4

aThese events were modeled using unique event trees.
|
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is defined as:scale, the risk reduction worth Dp

D =R O- i*

Risk achievement and reduction worths were calculated for each func-
tion represented on the event trees described in Appendix A. These values
for functions ranked by risk achievement are shown in Table 5.11 and those
for risk reduction worth are shown in Table 5.12.

Table 5.11. Functions ranked by risk achievement worth

Risk achieve- Risk reduc-
p g ment worth tion worth

PWRs

AFW given reactor trip success 1.1E-1 5.6E-5
HPI given AFW success 1.0E-2 5.8E-6
Long-term core cooling 1.0E-2 5.9E-5
Reactor trip 4.4E-3 7.8E-8
Emergency power 1.5E-3 4.9E-6
AFW given emergency power failure 4.5E-4 6.1E-5
HP1 given AFW failure 2.4E-4 6.8E-5
PORV closure 1.2E-5 3.5E-8
AFW given reactor trip failure 1.1E-5 2.9E-8
Turbine generator runback 3.3E-6 4.3E-6
PORV demanded 8.4E-7 3.5E-8
PORV closure given SLB 2.7E-7 1.6E-9
PORV opened due to HPI (large SLB) 4.1E-10 1.6E-9 -

SG isolation (large SLB) a a
Concentrated boric acid adJitton c n
given HPI success (large SLB)

!

BWRs

Long-term core cooling 3.5E-1 3.5E-5
Scram only 3.7E-2 6.9E-6
Automatic depressurization 2.1E-3 1.4E-5
HPCI/RCIC 2.1E-3 1.0E-5
LPCI/ core spray 2.1E-3 3.2E-7
High pressure cooling provided 2.4E-4 4.2E-6

following LOCA
SBLC given scram failure 5.8E-5 6.5E-6
Emergency power 9.8E-6 4.9E-8
Reactor isolation (large SLB) a a

aBecause no initiating events requiring operation of these
functions have occurred, the importance values associated with
these functions could not be determined by the methods used in

this study.

. _ - _ _ _ - _ _ _ _ _ _ _ _ - - _ - - _ - _ _ _ _ _ _ - _ _ _ _ - _ . _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _
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Table 5.12. Functions ranked by risk reduction worth

isk achieve- Risk reduc -Function ment worth tion worth

PWRs

HPI given AFW failure 2.4E-4 .6.8E-5
AFW given emergency power failuee 4.5E-4 6.lE-5
Long-term core cooling 1.0E-2 5.9E-5
AFW given reactor trip success 1.lE-1 5.6E-5
HPI given AFW success 1.0E-2 5.8E-6

' Emergency power 1.5E-3. 4.9E-6
Turbine generator runback 3.3E-6 4.3E-6
Reactor trip 4.3E-3 7.8E-8
PORV demanded 8.4E-7 3.5K-8
PORV closure given SLB 1.2E-5 3.5E-8
AFW given reactor trip failure 1.lE-5 2.9E-8
PORV opened due to HPI (large SLB) 4.lE-10 1.6E-9-
PORV closure given SLB 2.7E-7 1.6E-9
SG isolation (large SLB) a a
Concentrated boric acid addition a' a
given HPI success (large SLB)

BWRa
'

Long-term core cooling 3.5E-1 3.5E-5
Automatic depressurizatien 2.lE-3 1.4E-5
HPCI/RCIC 2.lE-3 1.CE-5
Scram only 3.7E-2 6.9E-6
SBLC given scram f ailure 5.8E-5 6.5E-6
High pressure cooling provided 2.4E-4 4.2E-6
following LOCA

LPCT./ core spray 2.15-3 3.2E-7
Emergency power 9.8E-6 4.9E-8

! Reactor isolation (large SLB) a a
*

aBecause no initiating events requiring operation of these
functions have occurred, the importance values associated with

: these functions could not be determined by the methods used in +

this study.

F
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6. SENSITIVITY AND UNCERTAINTY' ANALYSES

The initiating event frequencies, function- failure probabilities,
- conditional core damage probabilities,-and event rankings developed in
the previous -sections were based in part on observed events, recovery-

i values assigned int engineering fjudgment to failures,.and test frequency
assumptions. . In actuality, factors used in the analyses are not fixed
and could i vary over a 'significant range. For example,' for-some failure-
assigned to recovery class R3 (see Table 3.1), the likelihood of failing
.to recover could be 0.25 or 0.07 instead of the - 0.12 v.due- used in the
analysis. Even the number of. events of a particular type . observed is not
absolute; .the data -are a sample of actual reactor population operation.

In an attempt to bound this variability, sensitivity and uncertainty
analyses were performed '(1) to determine the impact of different recovery
class numeric values, initiating event frequencies, and function failure,

probabilities on event ranking and the distribution of : event .probabili-'

ties and (2) to determine uncertainty bounds on initiating event frequen-
cies, function failure probabilities, and the estimated severe core dam-

- age frequency. In these calculations, the following -distribution assump-
F tions were - made:
k,

. . .

- -Variables ~ for which failures on demand or initiating events were ob-1

served were described using binomial or Poisson distributions, re-
,

spectively.

! -- Variables estimated using engineering judgment and for which distri-. .
.

'

bution characteristics were unknown .(for example, the recovery fac-
tors and plant specific tailoring factora) were described using a
truncated log uniform distribution. The end points for these vari-,.

ables were determined using engineering judgment. Such a distribu-:

tion assumes that any set of values between the extremes, on a loga->

rithmic scale, is equally likely.
f

'

In both' cases, the distribution characteristics were used to esti-
; mate the seen and sariance for each variable. These values, plus calcu-

lated cr estimated extreme values, were then used to determine the poten-
*

tial impact of- analysis assumptions and data variability on event rank-
3 ing, the distribution of events, and the estimated potential severe core
'' damage frequency.

.

6.1 Development of Mean and Variance Estimates*

: For variables for which point estimates were developed from failures
or initiating events, the variance was estimated based on a binomial fail-

1 ure model for demand failure occurrences and a Poisson model for initiat-
I ing event occurrences.1 For f failures in D demands, the failure per de-

mand estimate, $, ir[
i>

p = f/D..

i

. . _ ,,m, . , m._,,~_ - , - ._m,--o.~..m,m,,_~m,- ---cm,., ,.,.4 ,,m.c_,., .- , , , , . . . , , -
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The variance c2 associated with p can be estimated as

2
0 = p(1 - p)/D .

P

mate is
.

frequency esti-For f initiating events in time T, the initiating event

$ = f/T ,

and the associated variance estimate . is

2 = 1/T = f/T2,o
A

For variables for which observational data were not obtained in the
ASP Program (such as the numeric values associated with recovery classes),
the values the variable could assume were based on other estimates and on
engineering ~ judgment. Between extreme. values, the variable was assumed
to be' capable of being modeled using a truncated log-uniform distribution
for the purpose of developing estimates of mean and variance.

With a truncated log uniform distribution between end points x,19 and
*max'

In x - In x,g9
F(x)=P([Cx)= 3 , _g ,

max min

and

dF 1(* " E " x(In x - In x )
*

Themeanorexpectedvalueof[,E([),isthen

x
_

i max1

_x = E(X,) = x f(x) dx

i max
~ ** *

x(in x - In xg),

min

~ * in*
max m

" *
in x - In xg9

i
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The variance o~2 is

22 = E(X ) - [E(X)]20
x - -

~*
\ max

~

2 f(x) dx - [E(X_)]2-= x
.xmin

- * in- * in **
, _

max mmax m
,

g )22(in x - In xg) (in x - In x

In the study, both the failure-on-demand probabilities and. the re-
sulting potential severe core damage frequency were obtained through
mathematical operations on observed and estimated variables. For such
operations, the mean value for each variable can be used to approximately
calculate the mean value of the resulting operation. The variance asso-
ciated with such a result can be approximated as follows.

For a general function

y = F(x1, x2s ***. XN} '

the first-order Taylor approximation for the vsriance of y, 32, is

N N N
*

x . 8 a # *i' *j '

i=1 i i i=4 j=1 i j -

itj

where c2 is the varfance of x and cov(x , x ) is the covariance of
t g

and x)i In terms of the expectation E,x .g

cov(x , x ) = E[(x - x ) (x - x )] ,

, where x is the mean of x and x
, treated as independent random va)riables,is the mean of x).If x and x) areg g 1

then

cov(x , x ) = 0 .

i
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This results in an approximation for the variance of y of

N-
BFg{ 220 a ,3x- xy-

i.1 g g

l
l

where the. partial derivatives 3F/3x are evaluated at the means.

6.1.1 Application to initiating event frequency and function-
failure probability estimates

.

The ASP Program considered the potential for failure recovery. For-
such partial failure estimates, one approach is to explicitly separate
occurrences from recovery estimates and associate variances with each
factor. In this study, four recovery classes were used (see Table 3.1).
In the case of initiating events, the initiating event frequency wrs cal-
culated by summing the product of the number of observed events 1<. each
recovery class and the numeric value for the recovery class (i.e., sum-
ming the " fractional" events) and dividing by the time interval as follows:

.

4 NR
Eg1A- ,1i=1

where T is the time interval, N is the number of avents observed in
recovery class 1, and R is the numeric value of recosery c' ass 1.g

Splitting A into terms that address recovery tactors and Poisson occur-
rence rates (N /T) ~ separately,i

g

N1 N N N2 3 go

A=Rg7+R27+R37+R ~* <4 T
!

Letting Z = N /T,g g

A = R Zg + R Z22+RZ33+RZgg g .

Using the Taylor Series approximation for the variance and assuming inde-

pendence results in an estimate for of of

2 22 22 22 22o =Zo +i R 20 + ..+Ro +R0 +
R i g 2 Z ''

g 2 l 2

2 2
N N

| 1 2 N N2 2 2 1 2 2
= O + # + ... + R +R + ***

T2
R R g2 22 *

1 2T- 2 T T

i

z w - w-y 4 < - - p,,, , - - g , --
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For failures on demand, the variability in the number of demands must
also be. considered. In this case, the function failure probability esti-
mate, p, was calculated as follows:

4

P= }] N Rg.
i=1

Recognizing that p is small for functions considered in the ASP Study .and
22 = p/D = N/D , the variance of p can be approximated bythus 0

P

2 2
2 N1 2 N2 2 2 N1 2 N2 /3p\2 2

2 g + ... + cD >+ ... + R1 +R+ g "ROog = R1 2

where the last term provides a variance contribution due to errors in es-
timating demands. Continuing,

2 2
2 N1-2 N2 2 2 N1 2 N2

1p+R2 g + ...+ ... + Rog = RI +gOO
R2

+ 1-- ( N R1+NR2g+NR3 + N R )2 og,g 3 g g
D4

Note that the developments for both initiating events and function f ail-
ures include terms associated with recovery value variation and terms as-
rociated with variation of other paraceters.

6.1.2 Application to industrywide average potential
severe core damage frequency estimate

The industrywide potential severe core damage frequency estimate was
developed by summing the conditional probabilities of subsequent poten-
tial severe core damage associated with precursors that involved initi-
ating events, adding a contribution from unobserved but expected initi-
ators (i.e. , unreported losses of feedwater), and dividing by the number
of reactor years in the observation period. This calculation involved
application of recovery factors in the calculation of failure probabili-
ties, in the event trees, and in application of f ailure probabilities for
event tree branches for which failures were not observed.

The mean value for the core damage frequency estimate was approxi-
mated using estimated mean values for each variable employed in the cal-
culation. A variance estimate was generated again through the use of the
Taylor Series expansion. Accordingly, the variances estimated for each
variable used in the overall calculation were combined with the square of
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the partial derivative of the frequency estimate associated with the
variable. - The _ partial derivatives were calculated by finite differences
using 'the computer code and data base employed in the _ program to model
the ' failure sequences. The following variables were considered in this,

. estimation:
!

- recovery class values,
- function failure probabilities,.
- loss-of-main-feedwater frequency [used in calculation of contri-

bution from unanalyzed (unobserved) but expected initiators],
- 8 factor (used in modeling of degraded functions),
- plant-specific tailoring values.

In addition, the variability in the number of observed initiating events
<

was considered. The contribution of each-initiating event j was
considered as a product of its conditional probability P and its

3occurrence rate 1/T. The mean potential severe core damage frequency
estimate is then:

1 1 N,
L9g

APSCD =yPt+yP2 + *** + P
T LON

=ZPit+ZP2 2 + *** + ZLOW LOW

jj+ LON LOW '"

j

INIT

where Z is the Poisson estimate of the occurrence rate for initiator3
j, (1/T); PSCD is potential severe core damage; and N s the wmberLOFWcf loss-of-feedvater events. "he overall variance Is then estimted as

. 2
* jj+ LOFW LOW "xa

A i l' j i
VARI (INIT /,

_

. -2
~

#
itZ, N 8' d x'j LOFW LOFWT2

LOFW
VARI .

(INIT ),

+b {Pj+bP #
j T2 LOFW NLopg 'T2

INIT

| where VARI stands for variables and INIT stands for initiators.

L
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The' uncertainty associated; with potential overcounting (see Sects.
3.2.4 and 5.3) would add to this estimate but has not been included in
this analysis.

. . .

Once a mean and variance have been estimated for a particular func-
-tion F, distribution assumptions can again be used to then approximate
the ' range .of ' F. , The , truncated log-uniform distribution was used to esti-
mate a range- for each initiator and function included on the standardized:

event trees- (the range ;was _ used in subsequent sensitivity analyses) as
well'.as to estimate a range for the industrywide average potential severe
core damage frequency.

In the use of the above formulas, it must be emphasized that (1) the
formulas are approximate and should only be interpreted as indicating
gross values, and (2) the Taylor Series expansion gives approximate vari-

~ ances for the associated estimator. These can .be used as indications of
the uncertainty associated with the estimates but are not in the strict
sense related to classical confidence intervals.

6.2 Calculation of Specific Extremes, Means, and
Variances for ASP Variables

Estimates of the mean, variance, and maximum and minimum values for
- each variable used in the initiating event frequency, function failure
probability, and potential severe core damage frequency calculations were

..
developed based on the formulas included in Sect. 6.1.-

-

Table 6.1 summarizes these results and indicates the type of . informa-
i' tion used in developing the estimates. Table 6.2 provides supporting data

used in the development of Table 6.1.'

.

; 6.3 Sensitivity Analyses

: Sensitivity analyses were undertaken to determinc the potential im-
pact on event rankings and on the distribution of event conditional prob-
abilities because of variation in individual variables used in the calcu-,

lations. The impact on the potential severe core damage frequency estimate
of variables that caused large variation in event ranking or event distri-

~

bution was also addressed. [The impact of variation of each variable on4

this frequency estimate can also be inferred from the value of its partial
' derivative (see Sect. 6.4)]. The potential impact of variation in multi-

!

pie variables has not been addressed to date except in the uncertainty
analysis.'

The estimated maximum and minimum values for each variable developed1

' in Sect. 6.2 were used to estimate alternate conditional probabilities of
potential severe core damage associated with each precursor. These re-
vised values were then compared with the point . estimates developed in -
- Chap. 5 by comparing changes in event probability distribution and event
ranking. An example of such a comparison for recovery class R1 is shown

; in Tig. 6.1. Equivalent figures for applicable variables are included in

! ' Appendix - E.

I

f~

f
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Table 6.1. Estimated mean,' variance, and extreme

values for ASP variables

Note
x in ' * max -_*mean 8ASP variables m x . number

|

Recovery classes

R1 0.3 1.0 0.58 4.0E-2 1

R2 0.1 0.8 0.34 3.8E-2 1

R3 0.03 0.3 0.12 5.6E-3 1

R4 0.01 0.1 0.04 6.2E-4 1

Plant specific tailoring factors
P1 1.0 1.0 1.0 0.0 2

?2 0.1 0.8 0.34 3.8E-2 1

P3 0.03 0.3 0.12 5.6E-3 1

P4 0.01 '0.1 0.04 6.2E-4 1

PS 0.0 0.0 0.0 0.0 2

8 factor 0.03 0.3 0.12 5.6E-3 1

BWR functions
HPCI/RCIC 1.04E-4 1.04E-2 2.24E-3 6.78E-6 4,6
High pressure cooling provided 3.0E-3 5.0E-2 1.70E-2 1.63E-4 3

following LOCA
Emergency power 9.38E-5 1.06E-2 2.22E-3 6.91E-6 4,6
Automatic depressurization 1.94E-7 8.68E-2 6.67E-3 2.4E-4 4,6
SBLC only 3.0E-2 3.0E-1 1.2E-1 5.6E-3 1

Scram only 4.45E-7 1.52E-3 1.87E-4 -1.07E-7 4,6

LPCI/ core spray 6.79E-8 1.50E-3 1.50E-4 S.90E-8 3

Reactor isolation (large SLB) 2.78E-7 2.67E-2 2.33E-3 2.57E-5 4,6
Lor.g-term core cooling 1.71E-6 5.98E-4 1.02E-4 2.02E-8 4,6

BWR initiators
LOFW 4.lE-2 1.0 3.0E-1 6.61L-2 3

LOOP 5.16E-3 4.72E-2 1.9E-2 1.36E-4 5,6
LOCA 7.46E-3 4.60E-2 2.12E-2 1.17E-4 5,6'

Large SLB 4.53E-7 1.0E-2 1.0E-3 4.00E-6 3

: PVR functions
i Reactor trip ~0.0 1.50E-3 3.605-5 2.57E-8 3

AFW given reactor trip success 5.84E-5 7.57E-4 2.73E-4 3.68E-8 4,6
j AW given reactor trip failure 1.24E-6 2.73E-2 2.73E-3 2.98E-5 3
t PORV demanded 1.0E-2 1.0E-1 4.00E-2 6.22E-4 3

PORV closure given SLB 3.59E-4 1.0E-2 2.90E-3 6.61E-6 3
HPI given AFW success 2.0lE-5 3.04E-3 6.03E-4 5.61E-7 4,6
HPI given AW f ailure 1.0E-1 8.0E-1 3.4E-1 3.8E-2 3
Long-term core cooling 1.20E-5 1.20E-3 2.57E-4 8.87E-8 4,6
Turbine generator runback 1.0 1.0 1.0 0.0 2

1 Emergency power 9.34E-6 1.98E-3 3.68E-4 2.30E-7 4,6
AW given emergency power 3.0E-2 3.0E-1 1.2E-1 5.6E-3 i
failure

SG isolation (large SLB) 2.23E-5 3.18E-3 6.37E-4 6.13E-7 4,6
Concentrated boric acid addi- 2.30E-5 4.35E-3 8.27E-4 1.13E-6 4,6
tion given HPI success
(large SLB)

PORV opened due to HPI 6.4E-1 1.0 8.00E-1 1.lE-2 3

(large SLB)
PORV closure given SLB 8.0E-4 2.0E-2 6.00E-3 2.65E-5 3
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Table 6.1 (continued)

ASP variables. x in . Km nax mean x n ber

PWR initiators
LOFW 4.lE-2' !.0 3.0E-1 6.61E-2 3
LOOP 9.02E-3 6.19E-2 2.75E-2 2.19E-4 5,6
LOCA. 3.90E-3 1.70E-2 8.90E-3 1.37E-5 5,6

!Notes:
1. Means and variances were developed from estimated extreme values assuming

the variable could be modeled using a truncated log uniform distribution.
2. Variances and ranges are not appropriate for these plant-specific factors.
3. Minimum values and variances were developed from an estimated maximum

value- and mean, assuming the variable could be modeled using a truncated log-
uniform distribution.

4 Means and variances were developed from failures observed in the ASP
Program using a binomial f ailure model.' The variance developed reflects the num-
ber of occurrences in each recovery class, the value and variance associated with
each recovery class, and the variance associated with the number of demands esti-
mated.

5. Means -and variances were developed from initiating events observed in the
. ASP Program using a Poisson failure model. . Variances for initiating event fre-
quencies calculated from precursor data reflect recovery factors and the number of
occurrences in each recovery class.

6. See Table 6.2 for demand variances, mean number of demands, maximum nunt-
ber of demands assumed, and number of occurrences in each recovery class (N ) cal-g| culated from precursor data.

i

!

'

Based on a review of the distributions included in Appendix E, it is
conclu: led that the largest impacts resulted from changes in the values.of*

! variables associated with recovery classes R1, R2, and R3 and plant tail-'

oring class P3. Changes in these variables produced changes in a large
! number of precursor conditional probabilities and across the entire range
] of probabilities with respect to the mean-value (reference) ranking.'
! Changes in the 8 factor, the numeric value associated with plant tailor-

ing class P2, the failure probabilities for BWR ADS, PWR emergency power
and HPI (given AFW success), and the frequencies for BWR LOFW and PWR -

LOOP impacted a number of precursors; but the impact occurred typically
only in a limited part of the overall range. Impacts of changes on the
remaining variables were either negligible or nonexistent.,

'

The following observations are noted regarding the impact of changes
in the numeric values for recovery classes R1, R2, and R3 and plant tail-

! oring class P3:-

Recovery class R1 - Change in ranking for a substantial number of
events; noticeable increase in the number of events in the 10-2 to 10-3

I probability range and a decrease in the 10-5 to 10-8 range when the value
f. of R1 is maximum; changes in event probabilities widespread although not

.'

substantial.

,

.i.'
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Table 6.2. Supporting data for Table 6.1

fi' """ *# Function demands
9 ,,

ASP variables recovery class Rg
Mean per Max. per Number of Variance,g, g, ,

N- N reactor year reactor year reactor years oNg N2 3 g

BWR functions
HPCI/RCIC 4.0 3.0 2.0 2.0 12.3 52 132.7 1,632 6,900 .3.05E+6
Emergency power 8.0 1.0 1.0 0.0 12.0 52 191.8 2,301 9,974 6.34E+6
Automatic depres- 2.0 0.0 1.0 0.0 1.0 12 191.8 192 2,301 1.84E+5
surization

Scram 0.0 1.0 0.0 0.0 9.5 52 191.8 1,822 9,974 5.80E+6.
f Reactor isolation 1.0 0.0 0.0 0.0 1.3 12 191.8 249 2,301 2.24E+5

(large SLB)
.

Long-term core cooling 0.0 1.0 0.0 0.0 17.3 52 191.8 3,318 9,974 6.52E+6 f
PWR functions c$
AFW given reactor trip 1.0 4.0 1.0 2.0 27.3 52 287.6 7,852 14,956 1.07E+7,

success
HPI given AFW success 3.0 1.0 0.0 0.0 12.0 52 287.6 3,452 14,956 1.42E+7
Long-term core cooling 2.0 0.0 0.0 0.0 15.7 52 287.6 4,516 14,956 1.48E+7
Eme'rgency power 2.0 0.0 1.0 0.0 12.1 52 287.6 3,480 14,956 1.43E+7
SG isolation (large 3.0 1.0 1.0 0.0 12.0 52 287.6 3,452 14,956- 1.42E+7

SLB)
Concentrated boric acid 3.0 0.0 0.0 0.0 12.0 52 175.5 2,106 - 9,126 5.31E+6
addition given HPI,

success (large SLB)
Initiators

BWR
LOOP 0.0 10.0 2.0 0.0
LOCA 7.0 0.0 0.0 0.0

PWR
LOOP 0.0 20.0 9.0 1.0 $

LOCA 2.0 1.0 4.0 0.0

?

4
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Reco'very class' R2 -- Change in ranking for a substantial number of
events; movement of three events into the 10-1 to 10-2 probability range.

. when the .value of R2 is maximum, _although the general shape of the dis-
tribution remains unchanged; minimum value of R2 results in a flattening
of the distribution.

Recovery class R3 - Change in ranking for a substantial number of
|events; movement of two events into, the 10-1 to 10-2 probability range

when value of R3 is maximum; changes in event probabilities not substan-
tial.

. Plant tailoring class P3 -- Change in ranking for a substantial num-
ber of events, but with small changes in event probabilities and with
many event probabilities not changing at all; movement of one event into
the 10-1 to 10-2 probability range.

The following observations are noted for those variables for which
changes moderately impact event distribution and ranking:

8 factor -- Change in probabilities for some high probability events,
but minimal changes elsewhere in the range; movement of one event into
the 10-1 to 10-2 range for maximum value of 8

Plant tailoring class P2 -- Change in ranking of a few events af-
fected in the middle and higher probability ranges; a flattening of the
distribution over the 10-2 to 10-4 range for maximum values of P2.

BWR ADS failure probability -- Change in ranking for several events
in the middle probability range; changes in a few probabilities appear
substantial.

BWR loss of main-feedwater frequency -- Change in ranking of a few
events affected in the middle probability range; movement of one evant
into the 10-1 to 10-2 range.

PWR emergency power failure probability -- Change in ranking for a
few events in low and middle probability ranges; distribution unchanged
by minimum value, distribution more peaked for maximum value.

HPI (given AFW success) failure probability -- Change in ranking of a
few events in upper and middle probability ranges but with none moving
into the 10-1 to 10-2 range.

PKd LOOP frequency -- Change in event probabilities of many events in
lower probability range; shape of distribution for lower probability
events changed for minimum frequency value.

In general, the overall ranking for the set of precursors did not
change substantially with variation of any of the parameters; that is, no
event changed from a high probability to a low probability event or vice
versa. Furthermore, the general shape of the distribution remained
fairly constant with the mode in the 10-4 to 10-5 range, and the extremes
moved only one order of magnitude beyond the reference distribution ex-
tremes.

As a further illustration of the effect of changes in the variables
appearing to impact the sensitivity results the most, estimates of the
average potential severe core damage frequency were calculated over the
ranges of five variables: recovery classes R1, R2, R3, plant tailoring
class P3, and the 8 factor. The 8 factor was chosen in addition to the
others because changes in some high probability events were observed with
its variation. The results of these calculations, ranked in order of
greatest impact, are shown in Table 6.3.

,
_ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ . ___- -_-____- __-_--- _ - -_-- _. - _ _ _ _ ___ _ _ _ _
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Table 6.3. Estimates of average potential severe core damage
f requency calculated over the ranges of five variables

Average potential severe
core damage frequency
(per reactor year)

Variable, range
Using minimum Using maximum
variable value variable value

Numeric value for recovery 6.7E-5 3.9E-4
class R2, 0.1-0.8

Numeric value for recovery 9.8E-5 3.lE-4
class R3, 0.03-0.3

8 factor, 0.03-0.3 1.3E-4 2.5E-4

Numeric value for plant tailoring 1.3E-4 2.4E-4
class P3, 0.03-0.3

Numeric value for recovery 1.5E-4 2.0E-4
class R1, 0.3--1.0

Note that variation in R2 produces the greatest change in the
average frequency, but the results dif f er from the mean frequency
estimate of 1.6E-4/ reactor year by less than a factor of 2.5.

In summary, the sensitivity analysis shows that relatively few
of the variables individually impact the ranking, distribution, and
conditional probability of potential severe core damage associated
with the precursors. Although some impact on ranking and distribu-
tion can be seen from a few variables, no variables substantially im-

pact the industry-average f requency estimate.

6.4 Calculation of Variance and Range Values for
Industrywide Average Potential Severe Core

Damage Frequency Estimate

The estimated variance on the average potential severe core damage
frequency was calculated according to the approach described in Sect.
6.1. Partial derivatives for each variable used in the potential ser're
core damage frequency estimate were approximated by finite dif ferences
and calculated using the computer code employed in the program to model
potential failure sequences. This computer program permits variation of
all variables employed in the calculations. ,

The partial derivatives so determined are listed in Table 6.4, I
'

together with the variance contribution associated with each variable.
These contributions, together with those associated with the occurrence
rate for each event, were summed to estimate the overall variance. The

e
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Table 6.4. Partial derivatives, variance esttmates and overall
vartance contrthutton for ASP variables

entrth tton of
Partial derivativesa Vartance' ASP variables xg to overall

ggpj3, ) on xi variancea

u |(3P/3x )2 x a2 ]g g
i

Recovery classes
RI 1.04E-2 4.0E-2 4.33E-6
R2 5.90E-2 3.8E-2 1.32E-4
R3 1.03E-1 5.6E-3 5.94E-5
R4 6.07E-3 6.2E-4 2.28E-8

Plant-specific tattoring factors
P1 0.0 0.0 0.C
P2 5.34E-3 3.8E-2 1.08E-6
P3 5.90E-2 5.6E-3 1.95E-5
P4 9.41E-3 6.2E-4 5.49E-8
PS 0.0 0.0 0.0

8 factor 6.2E-2 5.6E-3 2.15E-5
BWR functions

bHPCI/RCIC 1.02E-l 6.41E-6 6.67E-8
High pressure cooling provided 1.26E-2 1.63E-4 2. 59E-8
following LOCA

bEmergency power 1.06E-3 6.41E-6 7.20E-12
bAutomatic depressurization 1.04E-l 2.40E-4 2.60E-6

SBt;C only 3.12E-3 5.6E-3 5.45E-8
6Scram only 2.10 9.6E-8 4.23E-7

LPC1/ core spray 1.03E-I 8.90E-8 9.44E-10
bReactor isolation (large SL8) 0.0 2.50E-5 0.0
bLong-term core cooling 1.67E+1 1.68E-8 4.69E-6

BWR initiators
# dLOFW 6.72E-3 NA NA

LOOP 0.0 NA NA
tACA 0.0 NA NA
Large SLB 0.0 NA NA

PWR functions
Reactor trip 1.9E-l 2.57E-8 9.18E-10

bA N given reactor trip success 9.17 2.6tE-8 2.49E-6
AFW given reactor trip fatture 9.5E-4 2.98E-5 2.69E-Il
PORV demanded 7.9E-5 6.2E-4 3.87E-12
PORV closure given SLB 1.09E-3 6.6tE-6 7.85E-12

bHPl given AW success 8.95E-1 5.27E-7 4.22E-7
HPt given AFW failure 7.17E-3 3.8E-2 1.9)E-6

bLong-term core cooling 1.07 8.08E-8 9.25E-8
Turbine generator runback 0.0 0.0 0.0

bEmergency power 1.33E-l 2.16E-7 3.82E-9
AFW given emergency power f atture 0.0 5.6E-3 0.0

bSC isolation (large SLB) 0.0 5.80E-7 0.0
bConcentrated horte acid addition 0.0 1.04E-6 0.0

given HPl success (large SLB)
PORY opened due to HPI 2.0E-7 1.lE-2 4.4E-16
PORV closure given SLB 3.0E-5 2.65E-5 2.39E-14

PWR initiators
dLOFV 8.15E-3 NA NA

LOOP 0.0 NA NA
LOCA 0.0 NA NA

"P = [Pg+Ngfyy Pgf py; 1.e. . P is not a frequency estimate.
.1

IMIT

b
These vartances have the recovery class vartances removed. .because variance

cont ribut ton associated with each recovery class has been developed independently in
this table.

# ot applicable.N

The variance contribution for the number of IAFW events in developed as a part
of the vartance on the number of events. This cont ribut ton is 7.41E-6 and 5.90E-5 for
the nmnher of IAFW events and the number of initiators, respectively. I
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- contribution of these variables "to the overall variance estimate follows:

. Contribution

Description. (%)

I Recovery class numeric values .~61

Event occurrences 19 .
Plant tailoring values 7

~

8 factor 7

BWR functions 2
PWR functions 2

-Number of LOFW occurrences 2
~

The resulting variance estimate is 1.7E-8 (standard deviation.of 1.3E-4).

By assuming that the industrywide potential severe core damage fre-

| quency can be ' represented by a known distribution, one can develop an es-
.

:imate of ' the range on the frequency. This has been done for the two
frequency estimates developed in Sect. 5.3 (without removal of potential
overcounting, 1.6E-4/ reactor year, and with potential overcounting re-
moved, -1.lE-4/ reactor year) using two distributions , the truncated log-
uniform distribution discussed previously and the lognormal distribution:

i Range based on distribution
(per reactor year)Frequency

f8orma(per reacto year) Log uniform

.

1.6E-4 2.5E-5 to 5. lE-4 8.3E-6 to'5.8E-4
1.lE-4- 4.7E-6 to 5.2E-4 1.5E-5 to 3.3E-4

; These values are estimates of the range on the industrywide average
'

frequency and do not bound plant-to plant variations. Individual plant
potential severe core damage frequency estimates would be expected to.
vary widely from the industry average calculated in this study.

An alternate estimate of a maximum value can be developed through
the use of Chebyshev's Inequality.2 This inequality can be used to de-
scribe the percentage of all values of a variable that are within a speci-

,

i fled number of standard deviations from the mean. The bounds defined by
Chebyshev's Inequality are valid for any distribution and are typically

!- wider than those associated with specific distributions. The 95% upper
bound . estimated using this inequality is 5.8E-4/ reactor year for the fre-'

quency estimate without consideration of potential'overcounting (mean of
1.6E-4/ reactor year) and 5.2E-4/ reactor year when overcounting is ad-
dressed.(mean of 1.lE-4/ reactor year).

As stated previously, the variance calculation is approximate and*

requires independence assumptions, which are most likely not completely
' correct. As such, the variance estimate should be considered as an

:- . indication of uncertainty associated with the frequency estimate. .In.
! addition, the ranges computed based on the use of assumed distributions

should.not be associated directly with classical confidence bounds.

I
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7.. DISCUSSION OF PROGRAM METHODS AND LIMITATIONS
'

This chapter.provides further ' discussion and amplification of ASP
Program methods and limitations. The calculations and conclusions.in

a thiscreport were' derived from operational data. However, application of
'

the data in arriving at the results involved interpretation of' the writ-~

ten record, determination of probable operator . response, and application -.

of this information in mathematical models. This~ inherently involves
subjective or engineering judgment and other modeling limitations. These

. limitations as well as other important steps in this process -are ad-.

dressed.in this chapter.

? 7.1 Potential Severe Core Damage vs Core Melt
7-

This report involves the assessment of the impact of selected events
with regard to potential severe core damage. It is therefore most impor-
tant that the reader understand what- is meant by potential severe core
damage. For the ' purposes of this study, potential severe core damage is
defined as a situation in which, given certain initiating events, the

'

performance of one or more functions required to shut down the reactor or
cool the core falls below that level of performance known to be effective-

to - prevent ' core damage. Criteria for equipment performance levels are--

generally consistent with plant Technical Specifications and with analy-;

! ses reported in Safety Analysis Reports.
'

Some further reduction in performance (below that described above)
is generally required to actually achieve core damage. If actual core

- damage does occur, then progression to actual core melt is possible.
However, such a progression, if it occurs, would be expected to take some

, time, during which the progression might cease because of recovery ac-
! tions taken at the plant. In any event, core melt is a. less probable

condition than core damage, which is in turn less probable than potential
severe core damage as used in this study. The difference in probabili-
ties between these states is extremely difficult to quantify, and esti-,

*

mates vary widely.

4

j 7.2 Event Screening and Selection

e

The ASP Study uses a two phase LER screeniag and selection process'

to review a large 1ccensee event data base to identify a relatively small-

set of precursors to potential severe core damage. The basic steps in
' ' the ASP screening process are described in Chap. 3, where it is noted,

that the selection process udght lead to some significant events being
missed and conversely to the selection of some inappropriate or margin-
ally significant events. Inappropriate events are eliminated in the de-
tailed review. Marginally significant events are identified in the sub-
sequent ranking process.

f, . It probably is not possible to define an " absolute" system for se-
^

'

lection and ranking of LERs, but alternate screening criteria have been

|

|
i-
|
i-
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proposed.* The ~ selection criteria are not derived mathematically, and .
therefore, subjective judgments are made in establishing a set of selec-

tion criteria. ,An-individual criterion'may'also. require additional sub-
jective ' judgments during actual ' screening of LERs, although the intent of -
the ' criterion -is to minimize ' this . phenomenon. This subjectivity makes it .

difficult 7to obtain absolute agreement' even on the application of a-sin- |
'

gle set of selection, criteria.-
.

The primary importance of any selection criterion is its ability to
extract 1from a very large data base a manageable . set of .potentially sig-
nificant' items to be analyzed = in more detail. With any screening cri-
teria, some potentially. significant events may be overlooked. This, how- ,

ever,-is not considered a fatal flaw in a screening and selection process
'that is.being applied to an incomplete data base.

The impact of missed events is dependent. on the type of event
missed. -A-missed event of a type already included in the data base
(e.g., a failure on demand'during testing of a function'for which a num-
ber of failures on demand have already been observed) would not be ex-
pected to -impact analysis results to the degree that a missed event of a

. previously unobserved type might. An example of the latter would be a
BWR LPCI/ core spray failure (none' were observed through 1981).

Certain events that impact risk are currently not addressed in the
ASP Program. Some of these involve only a potential for causing failures
in functions or initiating events. These events.are excluded, for the
most part, because the actual historic . failures and initiating events are
considered better indicators of the number of such events. Other events
(such as those associated with pressurized-thermal-shock sequences) have
not been addressed pending resolution of their risk significance. The
exclusion of these events is described in greater detail in Sect. 3.2.4.

Other historic events that have not been selected are failures in
single trains of support systems that do not induce a transient. If not
repaired quickly, such a failure of ten requires a plant shutdown -- an ac-
tion that can further tax the degraded support system and potentially
initiate a transient. Such events would not af fect the initiating event
frequency, the function failure probability, and (because there was no
actual initiator) the potential severe core damage frequency estimates
developed in this study; but they could be significant from the stand-
point of conditional probability of potential severe core damage.

*
For example, an alternate method might involve the use of a selec-

tion and ranking process whereby the number of remaining operable miti-
gating systems (or " barriers") was considered as the ' primary selection
criterion. The highest ranked LERs would be those in which no additional
systems were available to prevent severe core damage in an event sequence
of interest. Other LERs would be ranked lower based on the availability
of one, two, or more additional mitigating systems or functions. This
selection method would likely define a set of significant LERs that is

-

somewhat dif ferent than the set identified in the ASP Study.

._
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. 7.3 Methodology and Data Refinement

_

' No substantial methodological differences exist between the 1969-79
| study effort reported in NUREG/CR-2497 (Ref. 1) and the current ef fort. |

Both efforts (1). used the same selection criteria; (2). estimated initiat-
ing event frequencies'and demand failure probabilities from observed-

: events; and (3)' applied these estimates, in conjunction with recovery
probabilities for observed failures, to event trees to develop a condi-
tional probability of potential severe core. damage associated with each
event. The' estimated industrywide frequency of potential severe core
' damage was' calculated in the same way in both efforts.

However,.the 1980-81 results are not directly comparable with the
1969-79 results as reported in NUREG/CR-2497. The results of the current .
study reflect the following refinements to the ASP methodology and models
over those described in NUREG/CR-2497:

-- Changes were made in the point estimates for recovery classes (in
-part to accommodate sensitivity and uncertainty analyses).

-- An addi.tional recovery class was introduced to model procedural ac-
tions in the control room during moderately stressed situations.

-- The degraded function model was improved.
-- The PWR steam line break event tree was revised to more correctly

model the requirements for steam generator isolation and concen-
trated boric acid addition.

-- The - BWR event trees were revised to more correctly model expected
response to ADS actuation following scram failure and HPCI/RCIC
failure.

-- Certain functions (particularly PWR bleed and feed and AFW following
emergency power failure) were tailored to better reflect plant con-
titions.

-- Uncertainty and sensitivity analyses were introduced.

In addition, the results herein are dependent in part on 1969-79
data, which were first revised to reflec~ resolution of comments received
on NUREC/CR-2497 and then were used together with 1980-61 data in certain
calculations.

7.4 Recovery Factors

In the course of studying operating experience, it becomes apparent
that the control room and plant operating staff play a major role in
mitigating events through performance of recovery actions when systems or
components malfunction. ' Such actions can range from the' manual actuation
of ' systems at the appropriate time or the manual compensation for an
auto-start failure 'according to routine procedures to the rapid in-plant
repait of essentia1' components. An operator must also make decisions
pertaining - to the use of manually actuated alternate systems if ' primary
systems are discovered to be unavailable.

Each precursor was assessed to account for the possibility that ob-
served failures 'could have been corrected in suf ficient time following an

i

.a.
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actual or postulated initiating event. When failures were accounted for,
the chance of recovery was included by considering each event to' be com-
.pesed of the observed failure and. a subsequent potential recovery step.
. Four recovery classes were defined to describe the potential for non-
recovery in an event-(see Table 3.1). The likelihood of recovery consid-
ered whether such recovery would be . required in a moderate- to high-

'
= stress situation following a postulated initiating event.

. . Although - recovery classes were assigned based on the specifics 'of
each event as reported, they are. admittedly subjective. The likelihood
of . ef fecting recovery (following, in many: cases, postulated initiating -
events) is dif ficult to assess.- Interviews with plant maintenance and
operations personnel could have provided additional information but were
not within the scope of the study.- Even with detailed information con-
cerning a specific failure, estimates of repairability can vary widely.2

Very little data currently exist concerning effective recovery from
failures in nuclear power plants, particularly during conditions of mod-
erate or high stress; yet assumptions concerning such recovery are impor-
cant ~ to results in this program.

As an example of the impact cf alternate recovery assumptions, con-
cider Table 7.1. Although the frequency estimates for the two cases as-
sociated with recovery values at their estimated lower and upper limits
lie close to the estimated bounds for the calculated 1980-81 industry-
average ' potential severe core damage frequency, they do differ by a fac-
tor of 26. This impact is also supported by the uncertainty analysis de-
scribed in Chap. 6, in which the recovery factors contributed 62% of the
overall variance estimate.

The impact of variation of numeric values for recovery classes R1,
R2, and R3 on event ranking and probability distribution is generally
greater than for all other ASP variables. Variation in the numeric value

Table 7.1. Potential severe core damage frequency
8estimates for 1980-61

Recovery class Average potential

Description numeric values severe core
damage frequency

R1 R2 R3 R4 (per reactor year)

Est bate based on lower end of assumed 0.30 0.10 0.03 0.01 2.9E-5
range for each recovery class

Estimate based on upper end of assumed 1.0 0.80 0.30 0.10 7.AE-4
ranges for each recovery class

Estimate based on program point 0.56 0.34 0.12 0.04 1.6E-4
estimates for each recovery class

Estimate based on assumption that no 1.0 1.0 1.0 1.0 2.8E-3
recovery is attempted

"The above calculations use failure probability estimates for plant functions
, based on amalgamated 196F81 data (see Sect. 5.1). These are average estimates
across the reactor population. Potential severe core damage frequency estimates for
individual plants may vary substantially from these estimates.

.
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of ~ recovery class R4,' however, produces negligible impact. Changes in
the event ranking, distribution, and the potential severe core damage fre-
quency estimate resulting from individual variation in the numeric values
'for R1, R2, .and R3 are - discussed further in Sect. 8.7 and in Chap. 6.

7.5 Standardized vs Plant-Specific Event Trees

Event trees are used in the program to model each precursor. An

event tree is a-logic model that represents existing dependencies and
combinations of actions required to achieve defined end states following
an initiating event.

In contrast to typical PRA studies, here the event trees are devel-
oped only ' to the function level. This process-was racilitated for a'

large number of events by the development of standardized event trees for
four commonly considered initiating events: loss of main feedwater, loss
of. offsite power, loss-of-coolant accident, and steam line break. Spe-
cific plant systems were associated with the functions included on the
event trees. These standardized trees were used with the majority of
events selected as precursors. The trees were tailored, to a certain ex-
tent, to more accurately represent existing-systems at specific plants'

(see Sect. 3.2 and Table 3.3). This tailoring, using plant-specific
tailoring factors,_ permitted assignment of a unique failure probability

'

to certain functions. However, certain events could not be described
using the generic trees. . In such cases event-specific (unique) trees'

- were developed.
The use of standardized event trees in the ASP Study is frequently.

identified as a major source of error. The extent to which it is reason-
able to employ standardized event trees as surrogates is highly dependent
on the goal desired and the amount -of failure data available. The use of
such trees provides a versatile means of data evaluation in which fail-
ures indicative of an overall failure probability may be observed, al-
though with a corresponding loss of resolution for specific plants. More'

generalized forms of event trees, not specialized to particular plant
hardware, may more effectively model unusual failures, including coupled
events associated with human error.

Development of functionally based event trees for dif ferent classes
~

of plants offers possible improvement, although this may be accompanied
by a potential loss of failure data for some class-specific functions.
Functions for which no failures were observed in the ASP Program are as-
signed failure probabilities based on other estimates, such as PRA mod-
els. If the number of cases of plant class-specific functions in which
no failures are observed (because of the reduced number of reactor-years
in each plant class) is large, then gain in event tree specificity may
not compensate for the reduced availability of necessary failure informa-

,

tion.-

i

i

7.6 Modeling of Degraded Functions

The failure probability for event tree branches that included a de-
,

i graded function '(a function that met minimum operability requirements but
.

u
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included no redundancy) was modified to reflect the observed loss of re-
dundancy. The S-factor method for common-cause failures was used to es-
timate the probability that the remaining portion of a degraded system
would_ fail. In the S-factor method, failures in redundant functions are
separated into independent and dependent contributors to total failure,
and 8 is defined as the fraction of total failures attributable to depen-
dent failures.

Alternate methods that some analysts consider more accurately model
system performance have been suggested to account for failures in re-
dundant systems (for example, the binomial failure rate model). The
S-factor method was used in this study for the following reasons.

-- It was considered a reasonable method for estimating the condi-
tional probability of function failure given on observed degraded state,
considering the types of failures observed in the study. (Single fail-
ures were typically not selected for review.)

-- I t permitted a degraded function to be clearly defined as one in
which no redundancy existed. Functions in which a failure had occurred

but which still included some redundancy were not considered as degraded
in this analysis.

The impact of variation in the value of S was considered in the un-

certainty and sensitivity analyses described in Chap. 6. The range of
values assumed for S in this study encompassed values estimated in unre-
lated studies concerning common-cause fault rates for various equipment
(see Sect. 5.2). Based on the results of these analyses, it is concluded
that the overall study results for 1980-81 were sensitive to the value
of S to a certain degree. This sensitivity is addressed in Chap. 6 and
summarized in Sect. 8.7.

7.7 Conservatisms and Nonconservatisms

As with any analytic procedure, the availability of information and
modeling assumptions can bias results. Potential sources of error in
this study are addressed in detail in Sect. 3.2.4. In that section, the
following potential error sources are identified, along with their impact:

-- Nonreporting or underreporting of operational events: underestima-
tion.

Exclusion of certain risk-related events: underestimation.-

- Lack of consideration of potential coupling between postulated fail-
ures on event trees: underestimation.

i -- Use of observed failures on demand, primarily due to testing, in es-
timating the probability of failure on demand: overestimation.

- Lack of accuracy and completeness of the LERs in reflecting perti-
nent operational information in all cases: impact not known.

-- Use of standardized event trees: either overestimation or under-
estimation.

-- Use of average or homogenized data with plant-specific operational
occurrences in calculating conditional probabilities of potential

; severe core damage: impact not known.

|

t
-.
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'' Use of- recovery classes to model potential failure recovery: impact--

not ' known.
.

Assumption 3f monthly' test' interval for many functions: impact not
'

--

known', but 'some overestimation likely.
L Accounting for observed. combined failures as coupled failures and--

. assigning estimated failure probabilities-to branches for which suc-
cess was observed (overcounting): overestimation.

~

The potential to overestimate ("overcount"-) the ' potential severe
core damage frequency ' calculated in the study has been recognized since.
NUREG/CR-2497.- This overestimation results from the potential to over-
count the number of failures . actually observed and , from differences be-
tween a statistic associated with an observed failure 'and the probability

4 of the failure. This problem is discussed in Sects. 3.2.4 and 5.3.
Section 5.3 describes two methods for . estimating the degree of over-

~

counting.- One was based on the use of standardized event trees and the
' initiating event frequencies and function failure probabilities developed,

in tte study to calculate an ' average potentia 1 ' severe core ' damage fre-
,

_

quency. This method yielded an overestimation factor of 3.7. This fac-
tor is' considered conservative because it ' assumes independence between
functions and ignores unique initiators (i.e., those observed in the ASP
Program that - could not be modeled using standardized event trees). The
second method to estimate overcounting was based on an assessment of the7
likelihood that multiple failures observed during initiating events were.

' actually related. 1his nethod yielded an estimated overcounting factor4

i of 1.5, which is considered more realistic.

'_
Alternate methods of = eliminating overcounting have been proposed and_

are . being investigated. The resolution of the overcounting problem'is
complicated by the small amount of failure and initiating event data ac-
tually available and the number of unusual sequences seen. The result ofj

'

' the small amount of data is the lack of observation of portions of many-
postulated sequences, making the application of the proposed techniques

; difficult. As stated in the ACRS review letter,3
I, -
' Concerning the possible factor of three overcounting acknowl-
; edged in the report [NUREG/CR-2497], other methods of analyzing
; the data have been suggested but none appears to be unequivocally
; "the right one" and the actual degree of "overcounting" remains

difficult to quantify.

; In addition to the above items, this analysis, as all others, poten-
tially suf fers from biases on the part of the analysts. While the pro->

! gram staf f has benefited from the extensive review of NUREG/CR-2497, the
utility reviews of the events selected for 1980-81, the reviews of draf ts

| of this document, plus the staff 's many years of experience in reactor
design, reactor operations, and systems evaluations, the process is still!

;. subjective; not all specialists will necessarily agree with every event
; selected and/or omitted or with subsequent treatment of those events.
>

'

!
!
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8. DISCUSSION OF- RESULTS

-8.1 -Important Precursors

The following 1980-81 precursors were _ ranked high by the ranking
methods described _ in Chap. 5. These events involve (1)'significant fail-
:ures in important functions for which no failures had been observed in
1969-79 and!(2) system interactions, primarily in electrical systems.

At Browns Ferty 3 (NSIC 163405), 76 control rods failed to insert
(75 of 88 from the east bank) during a shutdown. Subsequent drataing of
the scram discharge volume and initiation of ' additional scrams resulted
in insertion of all control rods 14 min af ter the first scram attempt.
Core power could have been excessively high following a design-basis
transient such as a loss -of feedwater.

At Brunswick 1 (NSIC 166072), oyster shells accumulated in both RHR
heat exchangers .because the service water chlorination system was out of
service for an extended period of time. During repair of heat exchanger
IB, a second service water pump was started in loop A; this resulted in
displacement of the 1A heat exchanger baffle plate due to high pressure
drop caused by the shells and unavailability of both heat exchangers.

At Millstone 2 (NSIC 164617), because of an operator error a 125-V
de bus was deenergized, resulting in a plant transient. Loss of the de
bus, which supplied control power to a number of systems, resulted in
loss of the control room annunciators, f ailure to trip the turbine, fail-
ure to transfer to the reserve station transformer, loss of power to
emergency bus B, and f ailure of the main generator switchyard breakers to
open. Diesel generator A would have failed to close onto its bus if it
had been needed. Diesel generator B tripped because of a service water
leak 10 min into .the event. Had de bus A not been restored prior to com-
pletion of the main generator reverse power time-delay relay operation
(de power was restored at 50 s, and the relay operated at 60 s), a sta-
tion blackout would have occurred when diesel generator B tripped. Power
could have been made available to affected buses by manual operation of
breakers.

Crystal River 3 (NSIC 160846) experienced a loss of the nonnuclear
instrumentation power supply X, which resulted in a reactor power in-
crease, feedwater runback, and opening of the PORV. The reactor scrammed
on high pressure, HPI was initiated, and the PORV block valve was manu-
ally shut within 5 min. Power was restored to the NNI about 21 min into
the transient, but HPI was continued for 84 min.

At Davis-Besse 1 (NSIC 171667), personnel error caused a loss of
several buses (including one supplied by its alternate source), a reactor
trip, and loss of feedwater. Numerous systems were deenergized. One
APW pump failed to start, and a main steam safety valve lif ted and
failed to resent properly.

Also at Davis-Besse 1 (NSIC 158860), the reactor was in cold shut-
down in preparation ' for refueling with the head detensioned, both steam
generator manways opened, and one DH loop drained for maintenance. A
breaker actuation in a maintenance-revised electrical lineup resulted in
loss of two distribution panels, which resulted in full SFAS actuation,
isolation of DH letdown, stroking of BWST and sump isolation valves, and
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air being drawn into the operating pump suction. The pump was stopped
to prevent damage. Decay heat . removal was unavailable for 2.5 h. ,

At'St. Incie 1 (NSIC 158233), the failure 'of a valve in the common |
component cooling water return line from .the reactor coolant pumps re-
suited in the . loss of . component cooling to all RCPs. The plant and RCPs

'

were < tripped, _ and a- natural circulation cooldown initiated. . During the
cooldown, it was discovered that a steam bubble had formed in the re-
actor vessel head due to slower cooldown of -the top head compared with
the rest of the system. : The steam bubble, if it had grown larger, could
have impacted ' natural circulation cooling.

In addition to the above events, other events occurred that in-
volved unexpected failures and interactions. Many of these were ranked
less important because of the conditions at the plant where they oc-
curred; they could have been more serious at another plant. Examples of
such eveats follow.

At Crystal River 3 (NSIC.167624), a diesel generator failed to
start following a loss of offsite power. The failed emergency bus was
powered from an adjacent fossil plant startup. transformer via a manual
connection.

At Calvert Cliffs 1 (NSIC 158650), an instrument air cooler, cooled
by a nonsafety portion of the service water system, leaked air and
caused a loss of both safety-related service water trains. The reactor

; was tripped. An operator error, after cooldown, resulted in isolation
of the AFW supply.

At Palisades (NSIC 163356), ' personnel error resulted in both sta-,

! tion batteries being disconnected for 1 h.
Three depressurizations occurred at Pilgrim 1 (NSIC 160497,160559,

160926) because of stuck-open ' relief valves. Two of these occurred be-
.

'

|
cause of nitrogen system problems.

8.2 Initiating Event Frequencies and Function
,

{ Failure Probabiitties
t
.

I Initiating event frequencies were estimated by dividing the ef fec-

) tive number of nonrecoverable initiating events by the number of reactor- ,

j years under observation. Function failure probabilities were estimated
by dividing the observed number of nonrecoverable failures by an esti-

i mated number of demands for the function.
| Frequencies and failure probabilities estimated in this study using

j this method are listed in Table 8.1. .These are homogenized values across
|

the light-water-reactor population, reflecting events in the entire
1969-81 period..

A comparison of the number of initiators and function failures ex- |
'

| pected in ' 1980-81, based on the number observed in 1969-79, -is provided
in Sect. 5.1. This comparison indicated fewer PWR events in 1980-61 forr

all but one of the initiating event and function failure categories. A !

corresponding effect was not seen in BWRs.
'

Although the confidence bounds associated with the small number of
events in each category are large [in fact in almost every instance any 4,

reasonable confidence bound on the observed number of events in 1980-81 '

overlaps the expected number of events (see Figs. 5.1 and 5.2)], the fact

I

r
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' Table 8.1. Initiating event frequencies and

function failure probabilities determined
from 1969-81 precursor data

Point
aestimate

BWR functions

HPCI/RCIC failure 2.?E-3
Emergency power failure 2.2E-3
Automatic depressurization system failure 6.7E-3
Reactor scram failure 1.9E-4
Reactor isolation failure (large SLB) 2.3E-3
Long-term core cooling failure 1.0E-4

PWR functions

AFW failure given reactor trip success 2.7E-4
HPI failure given AFW success 6.0E-4
Long-term core cooling failure 2.6E-4
Emergency power failure 3.7E-4
Steam generator isolation failure (large SLB) 6.4E-4
Concentrated boric acid addition failure 8.3E-4
given HPI success (large SLB)

Initiators (value per reactor year)

BWR LOOP t 1.9E-2
BWR LOCA 2.1E-2
PWR LOOP 2.8E-2
PWR LOCA 8.9E-3

aThese estimates are based on amalgamated 1969-81
failure data and are average estimates across the reactor
population. Plant-specific estimates can vary substan-
tially from these values.

that the observed number of events in eight of the nine PWR categories is
less than expected can be used to demonstrate with 95% confidence (using
a x-square test)- a general reduction in PWR initiating event frequencies
and demand f ailure probabilities observed in this study compared with
those in the 1969-79 study.

A number of observations can be made concerning the frequency and
probability estim.1tes and the precursors contributing to them:

-- The LOOP frequencies estimated in this study consider potential
recovery within a period up to ~30 min. Because of this, the estimated
frequencies are lower than LOOP frequencies estimated in other studies
that do not include this consideration. The number of LOOPS observed in
1980-81 was less than that expected based on 1969-79 data for both PWRs
and BWRs.

-- The number of PWR small-break LOCA initiating events was consis-
tent with that expected based on 1969-79 observations. The number of

_ ___ -_--___-_______-___- _ _-____ ______- ___ __ _ _ _ _-_ _ _ _ _ _ ____ _ _ - -
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BWR small-break LOCA events increased; however, three of these events
occurred at one plant (Pilgrim 1). This experience may be atypical and
may bias the frequency estimate high. BWR small-break LOCAs are domi-
nated by stuck-open relief valves. PWR small-break LOCAs are dominated
by seal failures (45%) and open relief valves (55%).

;

-- Probability estimates for failure of BWR scram, long-term core
cooling, and reactor isolation are based on one observation over the en-
tire 1969-61 time period. The uncertainty in these estimates is there-
fore high. No failures were observed in 1969-81 for PWR scram, and un-
certainty in the failure probability assumed [which was based on WASH-
1400 (Ref. 1)] is also high.

- Common mode or common cause failures were involved in the majority
of function failures observed in 1980-81. All 1980-61 failures on demand
for BWR emergency power and long-term core cooling and for PWR auxiliary
feedwater, high pressure injection, steam generator isolation, and con-
centrated boric acid addition involved common-mode or common cause ele-
ments. The single automatic depressurization system failure involved
multiple causes, but all were valve related. Four failures were observed
for HPCI/RCIC, but none appeared to be related to common mode elements.
The specific cause of the Browns Ferry failure to scram was not deter-
mined.

8.3 Human Error Associated with Precursors

During the survey of LERs as a part of this study, it was not un-
common to find LERs in which the event cause was presented as a component /
equipment failure when, in reality, the event more accurately reflected
human error. If human error either caused or substantively contributed
to a precursor, based on this program's review of the event, this is
identified under column "E" in Table 4.1 and associated . tables. A review
of precursors associated with human error for trends over the two study
periods, and for different types of human error, is the subject of con-
tinuing work. One general observation, however, is that human error re-
mains a substantial contributor (greater than 25% of precursors) to pre-
cursors to potential severe core damage.

8.4 Industry-Average Potential Severe
Core Damage Frequency

The estimated industry-average frequency of potential severe core
damage was developed in this study by summing the conditional probabil-
ities associated with initiating events, dividing by the number of
reactor years in the observation period (87.6 for PWRs and 48.0 for
BWRs), and adding an estimated contribution to account for unreported
transients (primarily losses of feedwater). The method is described in
Sect. 3.2. This frequency estimate should not be directly associated
with the frequency of potential severe core damage at a particular plant
because the frequencies and failure probabilities used in the calcula-
tions were based on data obtained across the entire light-water-reactor

- _ _ - _ _ _ _ _ _ _ .
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population and were applied to sequences that are generic in nature.
Even though event trees were plant-tailored, failure probabilitica may be
higher or lower at a particular plant than the averages developed here.
However, the frequency calculated is considered to be an average fre-
quency across the population of light-water reactors.

The industry-average frequency estimate based on 1980-81 events is
1.6E-4/ reactor-year without consideration of potential overcounting and
1.1E-4/ reactor-year with potential overcounting removed. A revised es-
timate for the 1969-79 period, developed on the same basis as the
1980-81 estimate (i.e., revised recovery class numeric values, degraded
function model, etc.) and with revisions to the 1969-79 data base to re-
flect comments on NUREG/CR-2497 (Ref. 2), is 2.3E-3/ reactor-year (not
corrected for potential overcounting). The 1980-81 frequency estimate is
lower than the 1969-79 estimate because the conditional probabilities as-
sociated with the 1980-81 precursors are generally lower -- a result of
lower failure probabilities, fewer coupled-failure events of consequence,
the availability of alternate mitigation paths (such as bleed and feed),
and removal of dependencies (such as removal of ac dependency from at
least one auxiliary feedwater train). However, considerable uncertainty,
as well as the potential for overestimation and underestimation (as de-
scribed in this report), is associated with both period estimates.

The frequency estimates developed in the ASP Program are mean esti-
mates and are not directly comparable with median estimates developed in
many PRAs. Also note that the uncertainty estimate developed in the
study is associated with the mean frequency estimate, and thus the range
indicated in the analysis does not necessarily bound the potential severe
core damage f requencies for individual plants.

Because of the paucity of the ASP data base, it is difficult to draw
definitive conclusions concerning the dif ference between the 1969-79 and
1980-81 estimates at this time. However, the following points should be
recognized in an attempt to put the 1980-81 estimate in perspective:

-- Branch failure probabilities used on the event trees were based on
an amalgamated 1969-81 data set.
When no failures were observed in the data for some functions, the--

failure probabilities used were based on other estimates.
-- Except for their contribution to branch failure probabilities,

events observed in the 1969-79 period were not considered in the
1980-81 period estimate.

-- The number of reactor-years associated with the 1980-81 period is
approximately one-third of that associated with the 1969-79 period
(21% of the total 1969-81 period).

The impact of the first two points can be assessed by developing addi-
tional frequency estimates based only on 1980-81 events: (1) using assumed
probabilities for functions with no observed failures and (2) using a fail-
ure probability of zero when no failures were identified (Table 8.2).*

*In the ASP Program some function probabilities are developed inde-
pendently of observed failures because of program methodology (such as
the probability of feed and biced failure). These probabilities were not
changed in the above calculations.

. _ _ _ _ _
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Table 8.2. Alternate 1980-81 potential severe
core damage frequency estimates"

Estimates (per reactor year)
Calculation description

CombinedBWR PWR
BWR and PWR

Estimate based on 1980-61 precursors, 2.0E-4 1.9E-4 1.9E-4
1980-81 failure data, and assumed
probability estimates when no fail-
ures were observed

Estimate based on 1980-81 precursors, 2.0E-4 1.3E-4 1.5E-4
1980-81 failure data, and a failure
probability of 0.0 when no failures
were observed

Estimate developed in this study 5.9E-5 2.2E-4 1.6E-4
based on 1980-61 precursors, amal-
gamated 196}-81 failure data, and
assumed probability estimates when
no failures were observed

aSee Table 5.6 for additional information.

As can be seen, the BWR and PWR combined estimates for 1980-81 do
not vary substantially, although the separate frequency estimates for
BWRs and PWRs do vary. Use of an amalgamated f ailure data base results
in a highcr frequency estimate for PWRs and a lower estimate for BWRs in
1980-61 than would be the case if only a 1980-41 failure data base were
employed.

The impact of the relatively small number of reactor years in
1980-81 and the exclusion of major 1969-79 events in developing the f re-
quency estimate for 1980-81 is more dif ficult to assess. Three major
events (the TMI-2 accident, the Browns Ferry fire, and the Rancho Seco
NNI failure) were observed in 1969-79. If there were no reduction in the
number of such events, slightly less than one event would be expected in
1980-61. The fact that no events of equivalent magnitude were observed
is not necessarily a strong indication of a reduction in their number.
(Although observation periods later than 1981 have not been addressed in
detail in this study, the fact that no such events have occurred through
1983 provides additional substantiation that there may be a reduction.)

Substantial efforts have been expended for improvements following
the THI-2 accident, and initiating event frequencies, function failure
probabilities, and precursor conditional probabilities have in general
decreased compared with those in the 1969-79 period. Yet, it is doubtful
that major events such as TMI-2, the Browns Ferry fire, or Rancho Seco
NNI f ailure have been completely prevented f rom possible recurrence. Be-
cause of this, these events should still be considered to contribute

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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something1to - the potential severe core damage frequency estimate. This
contribution has not' been explored to date 'but would tend to raise the
1980-81 estimate developed in this study.

Overall, based on the extensive " lessons learned" efforts and the
demonstrated reduction = in event probabilities and coupling in . 1980-61,
- the industry-average potential severe core damage frequency is believed
to have decreased from that in the 1969-79 period; how significant the
reduction is cannot be conclusively determined.

'

8.5 Dominant Sequences

Dominant sequences among all sequences leading to potential severe
core damage were identified for the 1980-61 precursors. .These sequences
. are those that contribute significantly to the average frequency esti-
mate.

The majority of sequences modeled in the program concern response to
loss of main feedwater, loss of offsite power, small-break LOCA, or steam
line break. However, certain events could not be easily modeled using-
event trees developed for the above four initiators. In these cases,
unique event trees were developed to describe postulated sequences to
potential severe core damage.

The major sequences contributing to the potential severe core damage
estimate are listed in Table 5.10. Sequences associated with events not-
typically modeled in past PRAs contributed over 40% to the PWR estimate.
Four PWR sequences that fall in this category include failure of the de
bus at Millstone, vital bus failure at Davis-Besse 1, loss of RCP cooling
at St. Lucie 1, and a small-break LOCA due to an opened containment spray
valve at Sequoyah 1. (These are also listed and described in Table 5.10.)
Although this percentage may be the result of specific events seen in
1980-81, it is indicative of the many events at reactor plants that may
not be adequately captured through the usual consideration of LOFW, LOOP,
LOCA, and steam line break initiators.

*

Two recent papers, by Young and Asselin3 and by Joksimovich, Frank,
and Worledge,4 describe dominant accident sequences developed in PRAs.
Combinations of these sequences are compared with those identified in
this program in Table 8.3. Because of differences among this study and
those reported in the two papers, only certain categories of events could
be compared. In addition, it is likely that work described in both
papers used the same PRAs in part, and therefore the results should not
be considered independent.

A review of the percentage contributions from each group of se-
quences in Table 8.3 indicates relative agreement in many cases. particu-
larly with loss of main feedwater and small-break LOCA sequences. The
relative contribution of sequences associated with loss of offsite power
appears lover in the 1980-81 ASP Study than in the other papers. This
may be a result of the fact that fewer LOOPS were observed in 1980-81
than were expected. In addition, potential RCP seal failure following
a LOOP plus emergency power failure has not been considered tc date in
the ASP Study, which may contribute to higher estimates developed in some
PRAs.

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



r .1 '
f/:i

8-8

L

Table 8.3. - Comparison of dominant potential severe
core damage accident sequences

Contribution (%)
Sequence description

ASP ' Young Joksimovich
'

study" (Ref. 3) (Ref. 4)

PWR sequences
b 8Small LOCA ~with failure of 27 (47)- 32 . 32

recirculation
d #LOOP and subsequent failures >6 (11) 20 19

b
Small LOCA with failure of 3 (5) 12 160
safety injection

Loss of main feedwater and >21 (37) 22 14I8

subsequent failures

Uniquely modeled events 43 Not Not
considered considered

BWR sequences
hLoss of main feedwater 82 696 61

and subsequent failures

d 8LOOP and subsequent <1 11 23
failures

5 8Small LOCA with subsequent 14 15 7

failures

aNumber in parentheses represents percent contribution with-
out consideration of unique sequences.

bRef. 3, Table 2.

# ef. 4, Fig. 1.R

dRef. 3, Table 2, station blackout.

# ef. 3, Table 2, loss of feedwater, loss of feedwater withR

failure of feed and bleed, plus anticipated transients without
scram.

[Ref. 4, Fig. 1, transients with failure of power conversion
system and S1 plus transients with f ailure of long-term decay
heat removal.

9Ref. 3, Table 2, all transients except station blackout.
hRef. 4, Fig. 1, transients with failure of long-term

decay heat removal, transients with failures of power conversion
system and SI, plus anticipated transients without scram.

I Ref. 3, Table 2, LOCA with failure of long-term heat removal
plus LOCA with f ailure of injection.
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The overall contribution of different initiators to potential severe-
core damage shown in Table 8.3 is similar for PWRs. Dominant sequences
are split between small-break LOCAs and transients; for BWRs, transients
strongly dominate.

8.6 Function Importance Calculations

Importance calculations to determine the risk achievement and risk
reduction worths associated with the event tree functions are described
in Chap. 5. These calculations highlight the impact'of a given function
in providing the current degree of protection against potential . severe
core damage and that function's potential for providing further protec-
tion if it were made completely reliable (see Tables 5.11 and 5.12).

If it is determined that the present risk level-is satisfactory,
then the functions having the highest risk achievement worths are of most
concern in order to maintain that level. The risk achievement worths are
thus of special interest in reliability assurance programs and inspection
and enforcement activities. On the other hand, if one wishes to reduce
the risk, the features having the highest risk reduction'$ worths are of
most laterest. The risk reduction worths are of particular interest in
plant-upgrading programs and backfitting activities. If further risk re-
duction is desired, attention should be focused on functions having high
risk reduction worth without diverting attention from functions having
high risk achievement worth. The two risk worth measures thus complement
one another with regard to their characterization of what is important in
providing protection against potential severe core damage.

The following functions were ranked high with respect to risk
achievement worth:

-- BWR long-term core cooling,
-- PWR auxiliary feedwater (following reactor trip success),
-- BWR scram,
-- PWR high pressure injection,

PWR long-term core cooling.--

The following functions were ranked high with respect to risk reduction
worth:

PWR bleed and feed,--

-- PWR auxiliary feedwater following emergency power failure,
PWR long-term core cooling,--

PWR auxiliary feedwater (following reactor trip success),--

BWR long-term core cooling,--

BWR automatic depressurization (including manual actuation),--

BWR RPCI/RCIC.--

It is interenting to note that three functions were ranked high with re-
spect to both risk achievement and risk reduction worths -- BWR long-term
core cooling, PWR auxiliary feedwater, and PWR long-term core cooling.

t
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8.7 Sensitivity Analyses

The scope of the initial ASP report, NUREG-2497 (Ref. 2), did not
include a sensitivity assessment to estimate the impact of variation in
individual failure probabilities or other program variables on the rank-
ing or distribution of events. The present study does include a sensi-
tivity evaluation of these parameters. This assessment, the results of
which are discussed in Chap. 6 and Appendix E, consisted of varying each
parameter individually to an estimated maximum and minimum value and then
ascertaining the extent of any changes in event ranking and precursor
conditional probability distribution. No attempt has been made as yet to
systematically consider the impact of the simultaneous variation of sev-
eral parameters in the sensitivity analysis.

In general, individual variation of most parameters did not signifi-
cantly alter the ranking of high , low , or middle-range probability
events, nor did it affect the general shape of the distribution. In all
cases the mode of the distribution remained in the 10-4 to 10-5 condi-
tional probability range, and the extremes did not move more than one
order of magnitude beyond the mean (reference) distribution extremes.
Ilowever, changes in ranking and probabilities for individual events were
seen with variation of several variables. The lar;est impact was ob-
served with variation of the numeric values associs ted with recovery
classes R1, R2, R3, and plant tailoring class P3, with most events over
the entire conditional probability range affected. Variation in other
variables produced changes primarily limited to either high , middle , or
low probability events. These variables included the 6 factor; plant
tailoring class P2; f ailure probabilities for BWR ADS, PWR emergency
power, and llPI; and frequency estimates for PWR LOFW and PWR LOOP. Spe-
cific observations regarding the variation of parameters with notable im-
pact are provided in Sect. 6.3.

Section 6.3 contains core damage frequency estimates based on
changes in individual recovery class variables R1, R2, R3, plant tailor-
ing class variable P3, and for the 6 f actor, using the upper and lower
limits for these variables (see Sect. 7.4 for the impact of variation of
multiple recovery class variables). In no case did this result in varia-
tion of the f requency estimate by more than a factor of 2.5. Thus, al-
though some impact on ranking and distribution for individual events was
observed, there is no substantial impact on the f requency estimate based
on variation of any individual parameter.

8.8 Uncertainty Analyses

A limited uncertainty analysis was performed using Taylor Series to
approximate a variance on the average potential severe core damage f re-
quency estimate. Variances were estimated for each variable used in the
study. These variance estimates were then employed, in conjunction with
partial derivatives of the function used to estimate the average poten-
tial severe core damage f requency as described in Chap. 6, to estimate
the overall variance.
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Variables for which no observational data existed, in particular the

numeric values associated with the four recovery classes, were rodeled
using a truncated log-uniform distribution between defined end points.
The log-uniform distribution is flat, on a logarithmic scale, between the
end points. Although in actuality a distribution describing a recovery
class would be expected to be peaked, no data were available to the pro-
gram to indicate the actual distribution, and the use of the log-uniform
distribution was considered acceptable as a means of estimating variance.
Variance estimated using this distribution is high compared with other
distributions, and thus its use is considered conservative.

The overall variance was estimated as 1.7E-8. This is equivalent to
a standard deviation of 1.3E-4. Assumptions were then made concerning
two potential distributions of the potential severe core damage fre-
quency, the truncated log-uniform distribution and the lognormal distri-
bution, and the following bounds were calculated:

Range based on distribution
(per reactor year)Frequency

gn r 1
(per r r year) Log uniform

1.6E-4*i 2.5E-5 to 5.lE-4 8.3E-6 to 5.8E-4
1.1E-4 4.7E-6 to 5.2E-4 1.5E-5 to 3.3E-4

In addition, Chebyshev's inequality was used to estimate a 95% upper bound
independent of distribution assumptions. This estimate is 5.8E-4/ reactor-
year without consideration of potential overcounting and 5.2E-4/ reactor
year when potential overcounting is removed.

These values are estimates of the range on the industry-average fre-
quency and do not bound plant-to plant variations. Individual plant po-
tential severe core damage f requency estimates would be expected to vary
widely from the average calculated in this study.

The variance calculation is approximate and requires independence
assumptions that are most likely not completely valid. As such, the
variance estimate should be considered an indication of uncertainty asso-
ciated with the estimated potential severe core damage frequency. In ad-
dition, the ranges computed, based on the use of assumed distributions,
should not be associated directly with classical confidence bounds.
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9. CONCLUSIONS

This report is the second of two reports evaluating industry perfor-
mance over two sequential periods of time (1969-79 and 1980-61) with re-
spect to potential severe core damage accident precursors. It is not the

intent of tt.is report to evaluate dif ferences in plant or industry per-
formance between these two time periods; that will be the scope of future
work. However, certain limited and tentative conclusions can be drawn.
In view of the detailed discussions on the report findings in Chap. 8,
this chapter only highlights some of the more significant conclusions
from the work.

Approximately the same number of precursors per reactor-year were
seen in 1980-61 as in 1969--79, but the precursors are not considered to
be as significant in terms of reactor safety. This appears to be the re-
sult of improvements in system reliability, the availability of alternate
features that can provide further protection against potential severe
core damage, and a decrease in the degree of coupling observed in the
precursors.

Most precursors involved only failures of a single function or an
initiating event; the number of precursors that included multiple func-
tion failures or initiating events combined with a function failure was
small. Because of this, the development of conditional probabilities
associated with the precursors is dependent on probabilistic techniques
for estimation of the likelihood of subsequent multiple failures. Re-
suits associated with the conditional probability calculations, such as
the frequency of potential severe core damage, dominant sequences, and
function importance, are more uncertain than the estimated average ini-
tiating event f requencies and function failure probabilities.

Precursors involving coupled failures were still observed; those
were primarily associated with electrical faults. Failures in continu-
ously operating cooling water systems were niso observed in 1980-41.
These failures were not observed to the same extent in the 1969--79
period. It is not clear whether this is due to increased failures in
these systems or to increased reporting emphasis, but these failures are
of concern because of their potential impact on a plant.

In 1980-61 the observed number of PWR initiating events and function
failures was less than the expected number (based on 1969--79 data) in
almost all cases. For a particular function or initiator this result is
probably not significant due to the large variance of the estimates; how-
ever, the systematic ef fect over all the items is believed to be a demon-
stration of improved performance. Boiling-water-reactor initiating
events and function failures do not show this same trend.

Importance analyses were performed to identify those functions pro-
viding the greatest present protection against potential severe core dam-
age. These functions are BWR long-term core cooling, PWR auxiliary feed-
water, BWR scram, PWR high-pressure injection, and PWR long-term core
cooling. From the standpoint of additional risk reduction, the following

i functions were determined to be most significant feed and bleed for
PWRs and long-term core cooling for BWRs.

The estimated industry-average potential severe core damage fre-
quency based on the 1980-61 precursors (1.6E-4/ reactor-year) decreased

. _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _
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from the estimate for 1969-79 precursors by over an order of magnitude.
This is a result of the decreased conditional probabilities associated
with the precursors, as discussed above. Ccasiderable uncertainty is
associated with this average estimate; however, the observed decrease in
the core damage frequency for the 1980-81 period is indicative of a down-
ward trend.

The dominant potential severe core damage sequences identified in
the 1980-61 precursors were generally consistent with those identified
in PRAs, although some unique failure modes and system interactions were
observed. The precursor sequences associated with these events could not
be modeled using the standardized event trees developed in this study
(event trees for loss of main feedwater, loss of offsite power, small-
break LOCA, and steam line break). These events include the electric
bus failures at Millstone 2 and Davis-Besse 1, the loss of RCP cooling
at St. Lucie 1, and the inadvertently opened containment spray valve at
Sequoyah 1 (see Table 5.10); they contributed approximately 407. to the
PWR potential severe core damage frequency estinate. Dominant sequences
were split between those associated with small-break LOCAs and transients

for PWRs; for BWRs dominant sequences were associated predominantly with
transients.

The above highlights indicate the more significant results of the
study. However, the body of the report itself, the precursor event docu-
mentation in Appendix B, and the extended discussions in Chaps. 7 and 8
contain additional insights and findings and serve to place the comments
included in this chapter in perspective.

s
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Appendix A

STANDARDIZED EVENT TREES

Standardized functional event trees were constructed to describe the
mitigation sequences for four initiating events used in the study: loss
of main feedwater, loss of offsite power, small loss-of-coolant accident,
and steam line break. These standard sequences were used with the ma-
jority of events selected as precursors. Certain events could not be de-
scribed using the standardized trees presented in this appendix. In such
cases, unique event trees were developed to describe the sequences of in-
terest. The four standard sequences are considered separately for PWRs
and BWRs. As discussed in the main report, the first two events are con-
sidered to be the most likely off-normal events of concern and the latter
two represent bounding events for many of the safety-related systems in
a reactor plant.

This appendix (1) describes the mitigation sequences utilized for
the four initiating events, (2) identifies the combinations of functions
required for the successful mitigation of each initiator, and (3) de-
scribes the criteria for success of each function in general terms.

The event tree associated with each mitigation sequence is con-
structed with function success as the upper branch and function failure
as the lower branch. Each sequence path is read from lef t to right. As
an example, a point in a sequence of events involving a PWR loss of main
feedwater, a successful reactor trip, and a failure of auxiliary feed-
water and recondary heat removal would be located at point A en the event
tree shown in Fig. A. I.

A.1 PWR Loss of Main Feedwater

A functional event tree was constructed to define a representative
response of PWRs to a loss of main feedwater in terms of the success or
failure of critical safety functions. The event tree shown in Fig. A.1
includes the normal mitigation sequence for a loss of main feedwater:
reactor trip and auxiliary feedwater initiation. The tree also includes
(1) the use of high pressure injection to prevent severe core damage if
auxiliary feedwater is unavailable and (2) mitigation sequences for a
failure to trip and for a reitef valve that does not rescat following a
lif t af ter a loss of main feedwater. The event tree functions and the
sequences leading to potential severe core damage follow.

1. Initiating event (loss of main feedwater). The initiating event
for the tree is a loss of main feedwater to the extent that reactor trip
is required.

2. Reactor trip. Reactor trip success is defined as the rapid
insertion of suf ficient control rods to place the core in a subcritical

condition for the short term (while the reactor is maintained in a hot
shutdown condition).

3. Auxiliary feedwater and secondary heat removal. Success re-

quirements for this function depend on whether or not reactor trip has

-
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been-successful. In either case, sufficient auxiliary feedwater must be
provided to remove the -heat still being generated in the reactor coolant
system via the steam generators and secondary side relief valves, atmo-
spheric dump valves, and turbine bypass valves.

If _ reactor trip has been successful, auxiliary feedwater success
usually requires flow to one or more steam generators from one train of
a> redundant auxiliary feedwater system over a period of. time, perhaps
12-24 h.

If reactor trip has not been successful, then rapid injection of
auxiliary feedwater may prevent excessive RCS pressures at some plants.
The - detailed requirements for successful auxiliary feedwater initiation
following a failure to trip are still under discussion between the NRC
and the reactor vendors, as are other plant , changes that may be required
for such an event. Because of this' discussion of requirements, it is not
possible in all cases to accurately distinguish between a failed and a
degraded auxiliary feedwater system when reactor trip is unsuccessful.
The event tree for a loss of main feedwater has been constructed to in-
clude the use of auxiliary feedwater following failure to trip to prevent
core damage. -i

4. Pilot-operated relief valve demanded. For the case where both
reactor trip and ; auxiliary feedwater initiation have been successful fol-
lowing a loss of main feedwater, the pressurizer pilot-operated relief
valve (or valves) may or mayinot lift, depending on the peak pressurizer
pressure following the transient. The upper branch for this function
merely indicates that the valve or valves were demanded because of the
peak pressure during the transient. It is assumed, because of the multi-
plicity of relief and safety valves, that a suf ficient number will open
if required for this case, as the peak pressures are not particularly
high.

The lower branch indicates that the pressurizer pressure was not
sufficiently high to require opening of a relief valve. For the cases in
which auxiliary <feedwater fails following reactor trip success or reactor
trip fails, at11 east one pressurizer relief valve is assumed to be de-
manded. .,

5. PORV or PORV isolation valve closure. Success for this function
requires the closure of any open relief valve once pressurizer pressure
has decreased below the relief valve set point. In the case of pilot-
operated relief valves, an isolation valve is usually provided adjacent
to the valve to permit manual termination of relief valve blowdown if the
valve sticks open.

6. High pressure injection. For the case in which reactor trip is
successful following a loss of main feedwater but the auxiliary feedwater
and secondary heat removal function is unsuccessf ul,' high pressure injec-
tion may be used on some plants to provide adequate core cooling. In
such a case, borated water is injected via the high prissure injection
system and discharged to the containment via the pressurizer relief
valves.- Depending on the design of a plant's high pressure injection
system, a PORV may have to be manually opened .at a pressure considerably
below its normalfset point. -

Success for this function is very dependent on' plant design but gen-
erally requires the introd' ction of sufficient amounts of bor tted wateru

.

\
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into .the reactor coolant system to remove decay. heat and prevent severe
core damage. .

7. Long-term core cooling. Success of the auxiliary feedwater and
secondary heat removal function was considered to satisfy the need for
core cooling for the purposes of this study. If auxiliary feedwater and

secondary heat removal was not completely successful, either because the
function failed or because a PORV remained open, then the requirement for
long-term core cooling (following injection of available borated water
supplies) was considered satisfied by using high-pressure injection in
che_ recirculation mode.

Because of the long-term nature of this function and the reduced
heat load during its operation, the possibility of. component repair and
the use of alternate methods becomes much more-likely. As such, a defi-

nition of function success in terms of . specific system and component op--
erability, except during the initial period, is not particularly useful.
For this study,.HPI recirculation was considered to be required during
the initial phases of long-term cooling.

8. Loss of main feedwater sequences resulting in potential severe
core damage. Seven of the thirteen sequences identified for a loss of
main feedwater are considered to result in potential severe core damage.
These sequences are

failure of long-term core cooling af ter a PORV is demanded and fails .e
to close (sequences 3 and 11);

e failure of high-pressure injection following failure of a demanded
PORV or its isolation valve to close (sequences 4 and 12);
failure of long-term core cooling following high-pressure injectione
success, auxiliary feedwater failure, and reactor trip success (se-
quence 7);
failure of high-pressure injection following auxiliary feedwater fail-e
ure and reactor trip success (sequence 8);
failure of auxiliary feedwater following failure of reactor trip (se-e
quence 13).

A.2 PWR loss of Offsite Power

A functional event tree was constructed to define a representative

response of PWRs to a loss of offsite power in terms of success or fail-
ure of critical safety functions. A loss of offsite power without tur-
bine runback will result in reactor trip due to unavailability of power

to the control rod irive mechanisms and a loss of main feedwater due to
unavailability o' power to components in the condensate or condenser
cooling systems.

The event tree shown in Fig. A.3 includes the normal mitigation se-
quence for a loss of offsite power: turbine runback, if available and
successful, and, if not, emergency power initiation and the mitigation

|
sequence discussed previously 'or a loss of main feedwater. The event

| tree functions and the sequette r leading to potential severe core damage
follow.

. , - . ~~ ,. _ _ _ . _.
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'1. Initiating event (loss of offsite power). The initiating event

for the tree is a grid or- switchyard disturbance to the extent that the
generator must be separated from the grid and all offsite power sources
are unavailable to plant equipment.

2. Turbine generator runs back and assumes house loads. On certain
plants the capability of a runback from full power to house loads (~10%
power) is provided in the event the generator must be separated from the
grid. Success for this function would be such a successful runback and
continued maintenance of in-plant electric loads from the unit generator.

3. Emergency power. If a turbine runback is.not successful, then

electric power would be ' lost to all loads not backed by battery power
when the unit generator trips. Reactor trip would occur at this time
(because of the loss of power to the CRDMs) if it did not occur earlier
due to conditions in the reactor coolant system. When power is lost,
diesel generators are automatically started to provide power to the plant
safety-related loads. Emergency power success requires the starting and
loading of a suf ficient number of diesel generators to support safety-
related loads in systems required to mitigate the transient and maintain
the plant in a safe shutdown condition. .

Success re-4. Auxiliary feedwater and secondary heat removal.
quirements for this function are equivalent to those following a loss of
main feedwater with a subsequent reactor trip. However, since specific
auxiliary feedwater systems may contain either turbine-driven or motor-
driven pumps, the capability of the system to meet its success require-
ments will in many cases also be dependent on the success or failure of
the emergency power function.

5. Pilot-operated relief valve demanded. The upper and lower
branches for this function are similar to those following a loss of main

feedwater with a subsequent reactor trip.

6. PORV or PORV isolation valve closure. The success requirements
for this function are similar to those following a loss of main feed-

water.
7. High-pressure injection. The success requirements for this

function are similar to those following a loss of main feedwater. How-
ever, because all high-pressure injection systems use motor-driven pumps,
the capability of the high-pressure injection function to meet its suc-
cess requirements is dependent on the success of the emergency power
function.

8. Long-term core cooling. The success requirements for this func-
tion are similar to those following a loss of main feedwater. Because
all systems used for long-term cooling use motor-driven pumps, function
success is dependent on the success of the emergency power function.

9. Loss of offsite power sequences resulting in potential severe
core damage. Six of thirteen sequences identified for a loss of of fsite
power are considered to result in potential severe core damage. These
sequences are

failure of long-term core cooling after a PORV is demanded and failse
to close (sequences 4 and 11),
failure of high-pressure injection following failure of a demandede
- PORV or its isolation valve to close (sequence 5),

;

i
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failure of. long-term core cooling following high-pressure injectione

success and auxiliary feedwater failure (sequence 8),
failure of high-pressure injection following auxiliary feedwater fail-e
ure-(sequence 9),
failure of auxiliary feedwater and emergency power (sequence 13).e

A.3 PWR Small Loss-of-Coolant Accident

A functional event tree was constructed to define a representative
response of PWRs to a small LOCA in terms of success or failure of criti-
cal safety functions. The LOCA chosen for consideration is one that
would require a reactor trip and continued high-pressure _ injection for
core protection. Because of |the limited amount of borated water avail-
able for initial injection, the mitigation sequence also includes the
capability of providing. borated water from the containment sump (usually
via the low-pressure recirculation system) to the high-pressure injection
pump suctions.

The event tree is shown in Fig. A.4, and functions and sequences
leading to potential severe core damage follow.

1. Initiating event (small loss-of-coolant accident) . As described
previously, the initiating event for the tree is a small LOCA that re-

quires reactor trip and high-pressure injection for core protection.
2. Reactor trip. Reactor trip success is defined as the rapid in- ,

'

sertion of sufficient control rods to place the core in a suberitical
condition.

3. Auxiliary feedwater and secondary heat removal. If reactor trip
is not successful, then rapid injection of auxiliary feedwater may pre-
vent core damage, as in the case of the loss of main feedwater. To an
even greater extent than was the case with the loss-of-main-feedwater
transient, the detailed requirements for auxiliary feedwater success fol-
lowing an LOCA and a failure to trip have not been determined. Because
of this, it is not always possible to distinguish between a failed and a
degraded auxiliary feedwater system for the case in which reactor trip
has not been successful.

Certain small breaks may require auxiliary feedwater even with re-
actor trip success, particularly if high-pressure injection is only mini-
mally successful. This has not been considered in the representative
event tree.

4. High-pressure injection. Success for this function requires,

adequate injection of borated water to prevent excessive core tempera-
tures and consequent damage. The adequacy of redundant portions of the
high-pressure injection system and its associated support systems in per-
forming this function is confirmed in each plant's safety analyses.

5. Low-pressure recirculation and LPR/HPI cross-connect. The HPI
system takes suction from a tank of borated water during the initial
stages of the LOCA mitigation sequence. This water is subsequently
spilled from the break and collects on the containment floor and in the
containment sump. Success for this function requires delivery of sump
water- to the suctions of the high-pressure pumps to provide continued in-
jection of borated water. This is usually provided via the low-pressure

!
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injection system realigned to take suction from the containment sump. In

this manner, continued core cooling can be achieved with a limited ini-
tial volume of borated water. Because of the long-term nature of this
function, the possibility of component repair (at least for support sys-
tems) and the use of alternate methods becomes more likely, and a rigid
definition of function success in terms of specific system operability is
difficult.

6. Small LOCA sequences resulting in potential severe core damage.
Five of the seven sequences identified for a small LOCA are considered to
result in potential severe core damage. These sequences are

failure of low-pressure recirculation and LPR/HPI cross-connect (se-e
quences 2 and 5),

o failure of high-pressure injection (sequences 3 and 6),
e failure of auxiliary feedwater following failure to trip (sequence 7).

A.4 PWR Steam Line Break

A functional event tree was constructed to define a representative
response of PWRs to a steam line break in terms of success or failure of
critical safety functions. The event tree shown in Fig. A.5 includes the
normal mitigation sequence for a steam line break: reactor trip, steam
generator isolation, use of auxiliary feedwater for reactor cooling fol-
lowing isolation of the break, and high-pressure injection of borated
water for additional shutdown margin if required. The tree also includes
a mitigation sequence for a primary relief valve that does not reseat
following a lif t due to continued high-pressure injection. Event tree
functions and the sequences leading to potential severe core damage fol-
low.

1. Initiating event (steam line break). The initiating event for
the tree is a steam line break of the extent that reactor trip is re-
quired. The break in question is usually larger than one stuck-open re-
lief or dump valve and may require isolation of the affected steam gen-
erator.

2. Reactor trip. Reactor trip success is defined as the rapid in-
sertion of sufficient control rods to reduce core power to a level at
which core damage will not occur and whiet can be reduced to suberitical,
if not already subcritical, through the subsequent high-pressure injec-
tion of borated water.

Because of the excessive heat removal associated with a steam line
break, failure to trip will result in excessive power levels and thus in
potential severe core damage.

3. Required steam generator isolation. Depending on the size and
location of the break, steam generator isolation may be required to mini-
mize secondary side blowdown. Steam generator isolation success requires
the termination of feedwater to the af fected steam generator and isola-
tion of unaf fected steam generators from the steam line break. Failure
to isolate the affected steam generator af ter a steam line break may re-
sult in excessive cooldown and consequent poten .ial severe core damage
due to overpower, even if trip occurs, depending on the size of the break
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and the specific plant. Typically steam generator isolation is only re-
quired following a,large steam line break.

.4. Auxiliary feedwater and secondary heat removal. After reactor
-trip and steam generator isolation, injection of auxiliary feedwater into
an operable steam generator is required for continued core cooling. Suc-
cess . requirements for this function are similar to those following a loss
of main feedwater with a subsequent reactor trip, with the additional re-
quirement that auxiliary feedwater be provided only to operable steam
generators.

5.. High pressure injection. Reduction in RCS pressure following a
steam line break will typically initiate high pressure injection. In

the event that auxiliary feedwater provides RCS cooling and steam gen-
erator isolation is not required or if required is successful, high pres-
sure injection is not reqcited for continued core cooling. In the event

auxiliary feedwater fails to function following steam generator isola-
tion, the high pressure injection function may provide continued core
cooling in a manner similar to that following a loss of feedwater. In

this case, the requirements for high pressure injection success would in-
clude those for a loss of main feedwater with subsequent reactor trip
success and auxiliary feedwater failure.

6. Required addition of concentrated boric acid. Success for this
function requires injection of sufficient borated water to place the core
in a suberitical condition if it remains at power following trip. This
could be the case at some plants if more than one steam generator blows
down during a large steam line break. Certain plants require the injec-
tion of high concentration boric acid in lieu of RWST water under this
circumstance.

7. Pilot-operated relief valve op red due to c,...tinued HPI. High-
pressure injection is automatically inittated following detection of a
steam line break. In many cases for plants with HPI capability above the
pressurizer relief valve set points, continued HPI system operation is
expected to result in a PORV lift. The upper branch for this function
indicates that such a valve opened because of pressurizer pressure during

mitigation.
The lower branch for this function indicates that high pressure in-

jection was secured prior to PORV lif t. For the case in which high pres-

sure-injection success provides continued core cooling following loss of
auxiliary feedwater, at least one pressurizer relief valve is assumed to
open or be opened.

8. PORV or PORV isolation valve closure. Success requirements for
this function are similar to those following a loss of main feedwater.

9. Long-term core cooling. The success requirements for this func-
tion are similar to those following a loss of main feedwater.

10. Steam line break sequences resulting in potential severe core
damage. Ten of nineteen sequences identified for a steam line break are
considered to result in potential severe core damage. These sequences
are

e failure of long-term core cooling if a PORV is demanded and fails to
close (sequences 3 and 11);

e failure of long-term core cooling following a failure of auxiliary
feedwater (sequences 7 and 16);

,

!
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e failure of high pressure injection following a failure of auxiliary
feedwater -(sequences 8 and 18);

e failure of high pressure injection following required steam generator
isolation failure and AFW success (sequence 14);

e failure to inject concentrated boric acid when required following
steam generator isolation failure (sequences 13 and 17);

e failure to trip (sequence 19).

A.5 BWR Loss of Main Feedwater

A functional event tree was constructed to identify a representative
response of BWRs to a loss of main feedwater in terms of success or fail-
ure of critical safety functions. Figure A.6 illustrates the normal
mitigation sequence for this event (reactor scram and RCIC initiation) as
well as alternative methods of providing adequate core cooling (high-
pressure coolant injection and the low pressure systems, which rely on
automatic depressurization for initiation). Event tree functions and the
sequences leading to potential severe core damage are discussed below.

1. Initiating event (loss of main feedwater). Any trip of both re-
actor feed pumps, except trips induced by loss of offsite power, is con-
sidered an initiating event for the tree.

2. Reactor scram. Once the main feedwater pumps trip, flow to the
reactor will decay to zero in about 5 s. The reduction in main feedwater
is sensed, and the recirculation pumps are automatically throttled back, |

resulting in a negative insertion of reactivity. Without makeup water, |

the water level will drop in the reactor as coolant is boiled off. When
the low-level set point is reached, a scram is initiated. If scram
fails, the operator has two shutdown options available to reduce the
thermal output to the decay heat load:

o Control rods not successfully inserted during scram can be manually
actuated. All but two adjacent control rods must be inserted within
30 min of the scram signal.

e The standby liquid control system can be initiated. Hcwever, the SBLC
system has some limitations which are discussed below.

If poisoning of the neutron chain reaction is not adequate to cause
reactor shutdown within a given time frame, then the potential for severe
core damage exists.

3. SBLC initiated. The SBLC system must be initiated within 10 min
af ter the f ailure to scram, and the core must be subcritical within 38
min after the failure to scram. Also, the reactor recirculation pumps
must be tripped in conjunction with the successful operation of the
standby liquid control system.

Successful shutdown with SBLC alone is limited because only the
high pressure coolant injection systems (HPCI and RCIC) are compatible
with SBLC for removing decay heat while maintaining the reactor suberiti-
cal. Actuation of the normal backup for HPCI/RCIC, depressurization
followed by low pressure coolant injection, will result in boron dilu-
tion, removal of boron from the system, and a potentially significant
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return to power. The high-volume injection will dilute the boron concen-
tration, and the rapid depressurization will be accompanied by increased
boiling and entrainment of boron with coolant relieved from the system.
The drop in system temperature from the coolant injection and depressur-
ization, combined with reduction in boron concentration, would thus pro-
mote an insertion of positive reactivity.. Therefore, if HPCI/RCIC is not
available, SBLC alone is not adequate to maintain the reactor at subcriti-
cality, and the potential for severe core damage exists.

4. RCIC/HPCI response adequate. For a loss of feedwater transient,
initiation and operation of reactor core isolation cooling satisfies the
reactor makekup requirements. However, both the RCIC and HPCI initiate
when the reactor coolant inventory drops to the low-low-level set point.
The operator must secure HPCI when pressure and water level control are
restored because failure to secure HPCI could result in tripping both
RCIC and HPCI turbine pumps on high water level. RCIC must be operated
until the residual heat removal system can be placed in service. In the
event of a failure of RCIC, HPCI may be used to provide reactor makeup
water.

Following reactor trip, reactor pressure will increase until the
lowest set point of the electromatic relief valves is reached. These
valves will open and close periodically to maintain reactor pressure
control. RCIC has the capacity to maintain water level control if one
relief valve fails to reset. If additional valves remain open, HPCI
operation is necessary.

Some older BWRs are equipped with isolation condensers instead of
RCIC. The ICs use natural circulation; their success depends on the
opening of de powered valves, a sufficient flow path from the annulus to
the core region once the IC is initiated, and sufficient coolant on the
shell side of the IC heat exchanger to ensure adequate heat transfer.
The majority of BWRs equipped with ICs also rely on the feedwater pumps
for high pressure injection. In this study, the term HPCI/RCIC is used
where high pressure injection systems for plants that utilize ICs are

'

modeled.
5. Automatic depressurization system operates. If RCIC and HPCI

fail to provide adequate flow to maintain reactor level control and SBLC
is not employed to maintain the reactor subcriticality, the low pressure
high-capacity systems can be used to maintain level control.* However,
for these systems to operate, reactor pressure must be reduced to the op-
erating range of the low pressure injection systems. This is accom-
plished by the automatic depressurization system, which can be manually
or automatically initiated. Automatic initiation success requires high
dry-well pressure, low-low-low reactor water level, and the availability

| of one train in either of the low pressure high-capacity systems. Given
this state, the ADS will autoinitiate af ter a time delay.

6. LPCI or CS response adequate. Given the need and successful op-
eration of ADS, the low pressure coolant injection or core spray can be
used to ensure adequate core cooling.* Success requires operation of one,

I train-of either of the systems.

*As discussed under SBLC system, if SBLC is employed, ADS /LPCI/CS
must not be actuated, because the rapid depressurization combined with
the coolant influx will cause a reduction in core boron concentration and
a potentially significant return to power.

_ _ _ .
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?7. Long-ters' core' cooling. fSuccess of this function requires that
-heat transfer to the environment. commence within - about 1.d. . Successful
delivery of cooling wateri to the RHR heat exchanger satisfies this 'func-
tion. . However, because of the long-term nature of this function, the.

= possibility _ of component repair and the use of alternate methods becomes
more - likely.

Normally. the RHR system provides for long-term core; cooling.- How-
ever, as discussed previously,' its failure may not, under all circum-

: stances, constitute a failure of the long-term cooling function. For ex-
ample,' during the Browns Ferry fire a combination of safety valves, con-
trol rod drive . pumps, and the condensate and condensate booster pumps
were' used for- several hours to _ maintain core cooling until normal means
could be . restored.. Cross ties frequently exist in multiple unit plants
and. allow operable systems in one unit to provide for the failed function
in another unit.

8. Loss-of-main-feedwater sequences resulting in potential severe
core-damage. .Seven of the ten sequences _ identified are considered to re-
sult in potential severe core damage. These sequences are

failure of long-term core cooling given success of the emergency core-e

cooling; systems-(RCIC/HPCI/CS/LPCI) (sequences 2, 4, and 8);
complete failure of emergency core cooling systems (RCIC/HPCI/CS/LPCI) .e
(sequence- 5);
failure _ of -high pressure coolant injection and automatic depressuriza-e
tion (sequence 6);

e failure of high pressure coolant injection given scram failure (se-
quence 9);

e failure to shut down the reactor in a sufficient time period (sequence
10).

) A.6 BWR Loss of Offsite Power4

i
! The functional event tree for a loss of offsite power is illustrated

in Fig. A.7. The normal mitigating sequence is reactor scram and initia-,

tion and operation of the RCIC.- Other available paths are reactor scram
and HPCI; reactor scram, diesel power supply, and ADS /LPCI/CS; or reactor

+

shutdown with diesel power, boron injection (SBLC), and HPCI or RCIC.
A LOOP condition would result in a generator load rejection that

trips the turbine control valve and results in a scram. Event tree func-'
tions and the sequences leading to potential -severe core damage follow.

',
1. Initiating event- (loss of offsite power). The initiating event

for LOOP corresponds to any situation in which power from both the auxil-
iary . and startup transformers is lost. This situation could result from

f . grid disturbances or onsite faults.
'

2. Reactor scram. As previously mentioned, a scram signal is gen-
- erated given a load rejection. A successful scram is taken to be a rapid
insertion of control rods with no more than two adjacent control rods;

)~ failing to insert. The scram can be automatically or manually initiated.
,

i
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3. Diesel start and load. The diesel generators receive an initia-
tion signal when an undervoltage condition is detected. The diesel gen-
erators must energize at least one safety-related bus, in general, for

success.
4. Standby liquid control system initiated. If scram fails, SBLC

can be initiated to bring the reactor to suberiticality. Also individual
control rods can be driven in as in a normal shutdown by manual initia-
tion. These functions require success of the diesel generators. Both
the control rod drive pumps and the standby liquid control system pumps
are driven by ac motors fed from a safety-related bus.

5. RCIC/HPCI initiates. Requirements for success of this function
are identical to those discussed for a BWR loss of main feedwater. The
RCIC/HPCI function relies only on de power for initiation and turbine
control purposes; thus, given a total loss of ac power, RCIC/HPCI will
prevent core damage provided de power and sufficient steam are available
to the RCIC/HPIC turbines.

The amount of time batteries can supply reliable service is plant
specific. Eight hours is a somewhat typical time for availability of a
fully loaded battery; however, this time could be extended by load shed-
ding.

Older BWRs equipped with isolation condensers and feedwater coolant
injection instead of RCIC and HPCI have dif ferent requirements for suc-
cess. These requirements are similar to those discussed under the BWR
loss of main feedwater event tree description, with the additional re-
quirement that ac power be available for the feedwater pumps. The makeup
water to the shell side of the IC also requires success of a pump powered
from a diesel-backed bus or a diesel powered fire pump. Thus, the LOOP
mitigation sequence (7) given diesel failure, shown in Fig. A.7, may not
apply to these plants.

6. ADS /LPCI/CS initiates. Successful operation of this function is
equivalent to that discussed in the BWR loss of main feedwater event tree
description. At least one safety-related bus must be supplied by the
diesel generators because both the core spray and LPCI pumps use ac
power.

7. Long-term core cooling. Success of this function is similar to
that for a loss of main feedwater flow.

8. Loss-of-offsite power sequences resulting in potential severe
core damage. Ten of the fourteen sequences identified are considered to
result in potential severe core damage. These sequences are

e diesel start and success of the ECCS (RCIC/HPCI or ADS and LPCI/CS)
with failure of long-term core cooling (sequences 2, 4, and 11);

e complete failure of the ECCS given success of the diesel generators
(sequences 5, 6, and 12);

e failure of long-term core cooling given failure of the diesel genera-
tors and success of the RCIC/HPCI (sequence 8);
failure of the RCIC/HPCI given failure of the diesels (sequence 9);e

e failure to rapidly reduce the reactor's thermal output via injection
of negative reactivity given success of the diesels and a failure to
scram (sequence 13);

e f ailure of the diesels to start and load given a f ailure to scram (se-

quence 14).

|

|
|
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A.7 - BWR' Loss-of-Coolant Accident

A functional event tree was constructed 'to define a representative -

response of a BWR to an LOCA in terms of. critical safety functions. .The
~

normal mitigating- sequence for an LOCA depends on the break size. Small
breaks of interest _in this study require reactor scram and RCIC/HPCI op-
eration. If RCIC/HPCI fails, then ADS /LPCI/CS is.available. (A large

LOCA requires reactor scram and operation of either LPCI or CS. _ The low-
pressure high-capacity pumps will- initiate if the capacity of the high-
pressure systems' is inadequate.)

. .

-

The. event tree shown in Fig. A.8 primarily addresses the small break
LOCA, but the following discussion addresses the functions and sequences

' leading to potential severe core damage _ for both .large and small- breaks.
1. Initiating event (loss-of-coolant accident).- Any breach in the

reactor coolant system.on the reactor side of the steam isolation valves
that results in coolant loss in excess of the capacity of the control rod

i drive pumps and RCIC is considered an LOCA. A large LOCA is defined as
!= a break in the RCS that is sufficient to reduce the system pressure,

through blowdown, . to .the operating range of the LPCI/CS systems. All-
1 other LOCAs are considered small.
; 2. Reactor scram and SBLC. Successful scram is defined as the

.

rapid insertion of suf ficient control rods to place the core in a sub-
f
'

critical condition. For a small break, given scram failure and if high-

[ pressure coolant is provided, initiation of SBLC can place the core in a
suberitical condition.- However, SBLC alone is not adequate to maintain ;

I the reactor at suberitical following a large break with subsequent - scram '

i failure. (See the SBLC discussion in the BWR loss of main feedwater
event tree description concerning boron concentration reduction.) ;

; 3.- High pressure cooling provided. Success for this function re- i

; quires the initiation and operation of HPCI or use and control of main
feedwater to provide high pressure cooling. The capacity provided sust -.

be adequate to replace the coolant being continually lost through the RCS
| break.
j 4. ADS /LPCI/CS response adequate. Success of this function is de-

pendent on successful scram and whether the break is large or small. For
a large LOCA (by definition), the system pressure will blow down to the -
operating range of the LPCI/CS systems and ADS success is not required.
However, LPCI/CS success is required because HPCI cannot provide the
necessary high-volume makeup. Small LOCAs require success of the ADS /4

LPCI/CS function in the event of HPC failure or unavailability. Success-
ful operation of ADS /LPCI/CS systems under small LOCA conditions is iden-

i tical to that discussed for a BWR loss of main feedwater.
5. Long-term core cooling. Success of this state requires that

j .
heat rejection to the environcent - commence within 2 to 27 h, depending on;

the size of the break. Long-term core cooling may be initiated when the
' reactor has depressurized below the RCIC/HPCI operating- pressure. Func-
| tional success is difficult to specify in terms of specific ce,ponent op-
| erability for the same reasons discussed under long-term core cooling
4 following a loss of main feedwater.

6. Loss-of-coolant-accident sequences resulting in potential severe
core damage. Seven of ten sequences identified are considered to result
in potential severe core damage. These sequences are

|
|

|
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failure of long-term core cooling given success of high pressure cool-.e
ing (sequences 2 and 8), .

j

o failure of long-term core cooling given success of ADS /LPCI/CS (se- I

iquence 4),
failure of high pressure cooling, given scram failure (sequence 9),e
complete failure of ECCS (sequences 5 and 6),e
failure to scram the ' reactor or initiate SBLC (sequence 10).e

|A.8 BWR Main Steam Line Break

|

An event tree was constructed to define a representative functional i
'

response oof a BWR to a main steam .line break. The event tree shown in
Fig. A.9 illustrates the normal mitigating sequence and alternative se-
quences. The normal sequence consists of reactor vessel isolation, reac-

tor scram, and operation of RCIC. Alternate methods exis.t, depending on
the size and location of the break. The event tree functions and the
sequences leading to potential severe core damage follow.

1. Initiating event (main steam line break). The initiating event
is a break in a main steam line, which is defined in this study as a
break on the turbine side of the inboard main steam isolation valves.

2. Reactor vessel isolated. Success for this function is dependent

on the size of the break and on break location. For a large break, reac-

tor vessel isolation permits control of _ the cooldown and depressurization
rate. Failure to isolate the reactor vessel from a large break will re-
suit in uncontrolled blowdown through the broken steam line. fIf the
break occurs between the MSIVs, then closure of the inboard MSIV will
isolate the vessel. A break downstream of both MSIVs requires closure of
either valve for success.

3. Reactor scrams and SBLC. Given vessel isolation, this function

is identical to that for a loss of main feedwater. Success requirements
for an unisolated reactor vessel are similar to those for a large-break
LOCA.

4. RCIC/HPCI response adequate. Success for this function requires
an isolated reactor vessel or a break sufficiently small to allow for
HPCI/RCIC functionality. Beyond this, requirements for success are simi-
lar to those for loss of main feedwater.

5. ADS /LPCI/CS response adequate. Success of ADS /LPCI/CS, given
reactor vessel isolation, is similar to that of a BWR loss of main feed-
water. For a large break where reactor vessel isolation fails, ADS is
not required to depressurize, but LPCI/CS is still required for success.

6. Long-term core cooling. Success of long-term core cooling given
success of ECCS is similar to that for a BWR loss of main feedwater and
for a BWR LOCA.

7. Main steam line break sequences leading to potential severe core

damage. Ten of fourteen sequences are considered to lead to potential
severe core damage. These sequences are

failure of long-term core cooling given success of RCIC/HPCI or ADS /e
LPCI/CS (sequences 2, 4, 8, and 12);

- -. - .
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1 e ' complete ~ failure' of- the ECCS with or without reactor isolation' (se .
Equences. 5, 6, 9, and 13);-

e failure of the reactor to be brought to suberiticality (sequences .10

and 14).

I.

I

1

|



B-1

!

I

Appendix B

PRECURSOR SilMMARY SHEETS AND EVENT TREES

This appendix is bound separately as
Volume 2 of this document.
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Appendix C

? PRECURSOR LISTINGS SORTED BY ATTRIBUTE
.

This Lappendix contains the 58 precursor events sorted by specific
attributes, as reflected in the following list of tables.

Table

C.1 Precursors sorted by NSIC accession number
C.2 . Precursors - sorted by - event date

'C.3 ' Precursors sorted by plant name
~

C.4 . Precursors sorted by principal system affected
C.5 Precursors sorted by principal component involved
C.6 ~ Precursors sorted 'brf plant operating status
'C.7 Precursors sorted by discovery method
C.8 Precursors sorted by events involving lu2 man error
C.9 Precursors sorted by events . involving a transient oor accident
C.10 Precursors sorted by plant type and vendor

i C.ll Precursors _ sorted by architect-engineer

] C.12 Precursors sorted by operating utility
:

Definitions for column headings used in Tables C.1 through C.ll are
as follows:

ACCESS Six-digit NSIC accession number
E DATE Event date

SEQ Abbreviation of sequence of interest for event
ACTUAL OCCURRENCE Brief description of event
PLANT Plant name and unit number
DOC Plant docket number

!
SY Abbreviation for system involved
COMPXX System component code
O Plant operating status
D Discovery method (0 = operational event; T = testing)
E Human error involved (Y = yes; N = no)
I Transient or accident induced by actual occurrence

(Y = yes; N = no)
AGEX Plant age from initial criticality at time of event-

in days
PROB Probability of conditional core damage
RATE Plant electrical rating [MW(e}}
T Plant type (B = BWR; P = PWR)

3

V Plant NSSS vendor code
AE Plant architect-engineer code
OPR Abbreviation of plant operator

-CRITXX Plant criticality date

Table C.13 contains explanations of abbreviations and codes used in
Tables C.1 through _ C.12.'

i

|
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Table C.I. Precursors sorted by NSIC accession number

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX PROB RATE T V AE OPR CRITXX

154451 800204 LOCA PRFSSURIZER REIIEF VALVE OPENS HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724.
154674 800202 LOOP LOSS OF SITE EMERCENCY POWER CALCLIFFS2 318 EE INSTRU C O Y N 1159 3.2E-6 845 P C BX BCE 761130
155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANONOFREl 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX C T N N 1579 6.1E-8 !!30 P W BX PCC 751215158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIE!S2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDFN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B C SL CWE 710131158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522158233 800611 UNIO CCW LOST TO PCP SEALS ST.LUCTT 1 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C EX APL 781205
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFSI 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
158860 800419 UNIQ LOSS OF 2 ESSFNTIAL BUSES DVS-BESSEl 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
159134 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
159136 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP AR5ANSAS 2 368 EA ELECON E O N Y $67 1.6E-5 912 P C BX APL 781205-
159347 800819 MSLB STEAM FLOW 1RANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE) 346 EE CKTBRK G O Y N 1110 9.4E-9 90n P B BX TEC 770812
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM 1 293 FA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616
160532 801010 LOFW COMPONENT C00LINC WATER INOPERABLE PILCRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616
160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM i 293 PA MECFUN E O N Y 30 5 9 1. 4 E-4 ' 655 B C BX BEC 720616
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOS3 CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B GX FPC 770114160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM 1 293 SF VALVOP E O N Y 3029 1.4E-4 655 B G BX BEC 720616
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM i 272 WA VALV0P G T N N.1397 1.4E-7 1090 P W UX PEG 761211
161649 801016 LOOP TWO DIESFL CENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU C 0 Y N 103 6.7E-8 !!48 P W UX TVA 800705
161906 801116 LOFW RCIC DISCHARGE ISOLATION Fall TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205 c)
163356 810106 LOOP STATION BATTERY BREAKERS OPEhr.D PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524

g

163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808
da

163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 B G SS CPC 740912163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
164453 801122 LOOP LOOP AND DEGRADE LOAD SHED ABILITY SANON0 FREI 206 EB CKTBRK G O Y N 4910 6.lE-5 436 P W BX SCE 670614164617 810102 UNIO LOSS OF DC POWER AND I DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.lF-3 870 P C BX NNE 751017164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK O Y Y 4954 1.0E-5 50 B A SL DLP 670711164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS CPC 740912
165438 810405 LOOP DC CIRCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS CPC 740912165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED ERUNSWICK1 325 WA HTEXCH C T N N 1654 6.7E-3 821 B G UE CPL 761006166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320166384 810427 LOOP LOSS OF 4.16FV BLS NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 B C BX NSP 701210166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
166745 810626 LOOP TWO SHUTDWN SEQS & 1 DC UNAVAIL PALISADES 255 EE RFLAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C O N Y 2468 5.2E-6 918 P B BX SKU 740916
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX C 0 Y Y 221 8.7E-4 1148 P W UX TVA 80070E167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTAlRV3 392 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 7701.4168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON C 0 N Y 2517 6.9E-6 918 P B BX SMU 740916
168829 810903 UNIQ SIS VALVES FAIL IN LOFW SANONOFREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
169042 800407 LOOP LOOP AND HP1 VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SAL EM I 272 RB VALV0P C 0 N Y 1791 1.5E-8 1090 P W UX PEG 761211
170199 8tI0l6 LOOP UNAVAILABILITY OF BOTH CCW TRAlhS KEWAUNEE 305 WB HTETCH E O N N 2780 1.1E-8 535 P W FP WPS 740307
171202 811112 1.00P BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFRE1 206 EE EhGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
171842 811023 LOOP DECRADED COOLING OF DIESEL CENS DRESDEN 3 249 kB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU C O N Y 478 8.4E-6 907 P W SW VEP 800612
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.!UCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323

- - - _ .
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Table C.2. Precursors sorted by event date

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I ACEX PROB RATE T V AE OPR CRITXX

174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
154674 800202 LOOP LOSS OF SITE EMERCENCY P0kER CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BCE 761130
154451 800204 LOCA PRESSLRIZER RELIEF VALVE OPENS HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
160846 800226 LOCA 24 VDC 10 NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B GX FPC 770114
155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANONOFREl 206 WA PCMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
169042 800407 LOOP LOOP AND HPI VAIVE FAII.S TO OPEN ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE 1ROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215
158860 E00419 UNIq LOSS OF 2 ESSFNTIAL BUSES DVS-BESSEl 346 EB RELAYX G 0 N Y 981 1.4E-3 906 P B BX TEC 770812
158231 800425 LOFh ADS VALVES FA!! TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B G SL CWE 710131
163499 800510 LOCA REACTOR COOLANT PUFP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS! 317 PA HTETCH E O N Y 2052 7.0F-5 845 P C BX BGE 741007
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
158233 A00611 UNIQ CCW l.OST TO RCP SEALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.1E-3 802 P C EX FPL 760422
159134 800624 LOOP GROUND FAULT ON CRID CAUSES TRIP ARKANSAS I 313 EA ELFCON E O N Y 2149 5.4E-6 850 P B BX APL 740506
159136 R00624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA ELECON F 0 N Y 567 1.6E-5 912 P C BX APL 781205
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH 1 321 SF MECFUN O N Y 2114 3.3E-4 777 B G SS CPC 740912
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP FRA1RIE4S2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
.58229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B G SL CWE 710131
159347 600819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
60453 800826 LOOP LOSS OF POWFR TO DIESFL BREAKERS DVS-BESSE1 346 EE CKTBRK G 0 Y N 1110 9.4E-9 906 P B BX TEC 770812

.

.60926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM i 293 SF VALV0P E O N Y 3029 1.4F-4 655 B G BX BEC 720616
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM i 29 3 PA VALV0P E O N Y 3035 1.4E-4 655 B G EX BEC 720616
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM i 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEC 761211
160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILGRitt 1 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616 $3
161649 801016 LOOP TWO DIESEL GENERATORS UNAVAILABLE SEQUOYAH 1 327 EE INSTRU G 0 Y N 103 6.7E-8 !!48 P W UX TVA 800705 to
.60559 80 031 LOCA REACT 0k VESSEL RELIEF VALVE OPENS PILGRIM 1 293 PA MECFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616
.61906 80 116 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426
.64453 80.122 LOOP LOOP AND DEGRADE LOAD SHED ABILITY SANON0FREL 206 EB CKTBRK G 0 Y N 4910 6. lE-5 436 P W BX SCE 670614
62083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
.64617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5. lE-3 870 P C BX NNE 751017
u63356 810106 LOOP STATION BATTERY PRFAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX O N Y 3784 8.6E-6 700 P W EX CPL 700920
164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRX 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX C 0 Y Y 221 8.7E-4 1148 P W UX TVA 800705

HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS CPC 740912164955 810228 LOFh HPCI AND RCIC INOPERABLE
165900 8.0403 LOCA PORV AND BLOCK VALVE OPEN HAD.NFCK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724
165438 810405 LOOP DG ClkCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS GPC 740912
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-3 821 B C UE CPL 750320
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICK 1 325 WA HTEXCH G T N N 1654 6. 7 E-3 821 B C UE CPL 761008
166384 810427 Loop LOSS OF 4.16KV BUS NETWORK MONTICFLLO 263 EB CKTBRK H 0 Y N 3791 1.8E-5 545 B G BX NSP 701210
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEYI 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
167624 810616 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B GX FPC 770114
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSFC0 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
166745 810626 LOOP TWO SHUTDWN SEQS & 1 DC UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G 0 N Y 2517 6.9E-6 918 P B BX SKU 740916
168829 810903 UNIO SIS VALVES FAIL IN 10FW SANONOFREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
171939 811003 MSLN STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1.lE-8 535 P W FP WPS 740307
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY.P0lNT4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611
171842 811023100P DEGRADED COOLING OF DIESEL GENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CVE 710131
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G O N Y 1791 1.5E-8 1090 P W UX PEG 761211
171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
171700 811119 LOOP EMERCENCY POWER UNAVAILABLE S ANON 0 FREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 73122t
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
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Table C.3. Precursors sorted by plant name

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX PROB RATE T V AE OPR CRITXX

159134 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E o N Y 2149 5.4E-6 850 P B BX APL 740806
163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS I 313 CA PUMPXX E O N Y 2l04 5.0E-4 850 P B BX APL 740806
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS I 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
159136 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205
162083 801220 LOCA ALL ESFAS kWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E- 7 912 P C BX APL 781205
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B G UX TVA 760808
166072 8 0419 LOCA RNR HEAT EXCHANGERS DAMAGED BRUNSWICKI 325 WA HTEXCH G T N N 1654 6.7E-3 821 B G UE CPL 761008
166082 8LO410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B G UE CPL 750320
166650 8LO606 LOCA SIS SUPPLY VALVE FOUND CLOSFD BVRVALLEYI 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW LLC 760510
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS1 3.7 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BGE 741007
154674 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BCE 761.30
160846 800226 LOCA 24 VDC TO NUN-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y !!38 5.0E-3 825 P B GX FPC 770 .14
167624 810616 LOOP Lu)P AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B GX FPC 770.14
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
158229 800719 LOFW FAILURE GF SDV VENT CHECK VALVE DRESDFN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 8 G SL CWE 710131
158231 800425 LGFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 8 G SL CWE 710131
171842 811023 LOOP DEGRADED COOLING OF DIESEL GENS DRESDfN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131
156860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS-BESSE1 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BY TEC 770812
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BFSSE1 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK F 0 Y Y I412 1.7E-3 906 P B BX TEC 770812
154451 800204 LOCA PRESSURIZER RELIEF VALVE OPENS HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
165900 810403 LOCA PORV AND BLOCK VALVE OPEN H AD. N EC K 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 32 . SF MECFUN O N Y 2114 3.3E-4 777 B C SS GPC 740912
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 32: SF PIPEXX C T Y N 2361 7.4E-7 777 B G SS GPC 740912 C)
:65438 810405 LOOP DG CIRCUIT BREAKERS Fall TO CLOSE HATCH 1 32; EE RELAYX H T N N 2397 2.2E-7 777 B C SS GPC 740912 8

L58232 800603 LOOP LIGHTNING STRIKE TR ANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 .3E-5 873 P W UE CEC 730522 S'
70199 8L 1016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 .lE-6 535 P W FP WPS 740307

| 64703 8 0201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 .0E-5 50 B A SL DLP 670711
164617 8. 0102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5. lE-3 870 P C BX NNE 751017
166384 8LO427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 B C BX NSP 701210
171939 811003 MSLB STEAM DEMP VALVES OPEN NORTHANNA2 339 HE INSTRU G 0 N Y 478 8.4E-6 907 P W SW VEP 800612
163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
166745 810626 LOOP TWO SHUTDWN SEQS & I DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM i 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616
.60532 P01010 LOFW COMPONENT COOLING WATER INOPERABLE PILGRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616
.60559 801031 LOCA REACTOR VESSEL RELIFF VALVE OPENS PILCRIM i 293 PA MFCFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616
60926 801001 LOCA NELIEF VALVE STUCK OPEN PILGRIM i 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
.58228 800715 LDOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
161906 801116 LOFW PCIC DISCHARCE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALVOP E T N N 3126 3.2E-5 789 B C St CWE 720426
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSFC0 312 EA ELECON G 0 N Y 2517 6.9E-6 918 P B BX SMU 740916
164149 810129 LOCA LETDOWN PELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESFL GENS S AL EM i 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM i 272 RB VALV0P G G N Y 1791 1.5E-8 1090 P W UX PEG 761211
155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM S ANONOFREl 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
164453 801122 LOOP LOOP AND DEGRADE LOAD SHED ABILITY SANONOFREl 206 EB CKTBRK G 0 Y N 4910 6.lE-5 436 I W BX SCE 670614
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANONOFREl 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFREl 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
161649 801016 LOOP TWO DIESEL GENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU G 0 Y N 103 6.7F-8 1148 P W UX TVA 800705
167611 810211 UN!Q LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4 1148 P W UX TVA 800705
158233 800611 UNIQ CCW LOST To RCP SEALS ST.LUCIE 1 335 WB INSTRU F 0 N Y 1511 1.lE-3 802 P C EX FPL 760422
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 fB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
171202 811112 LOOP BOTH DIESEL GENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALVOP G T N N 3310 6.4E-8 693 P W BX FPL 721020
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY.P0lNT4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX FPL 730611
156204 800411 MSLB THREE OF FOUR MSIVS Fall TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215
171733 811211 LOFW AUX FEED PLMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
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' Table C.4 Precursors sorted by principal system af fected ,

~ ACCFSS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E.I AGEX PROB -RATE T'V AE OPR CRITXX;

163499 600510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS I 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK. 213 CA ELECON E O N Y 5002 3,4E-5 580.P W SW CYA 670724
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215
161906 80!!!6 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX G O Y Y 221 8.7E-4 !!48 P W UX TVA 800705
154451 800204 LOCA PRESSURIZER RELIEF VALVE OPENS HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 ? 580 P W SW CYA 670724
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP- PRAIRIEIS2 306 EA CKTBRK F 0 N Y 2037 4.7E-5 530 P W PX NSP 741217

- 158232 800603 LOOP LICHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569'I.3E-5 873 P W UE CEC 730522
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
159134 800624 LOOP GROUND FAULT ON CRID.CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL=740806

BX APL 781205159136 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567.1.6E-5 912 P C.SL DLP 670711164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK O Y Y 4954 1.0E-5 50 B A
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C O N Y 2468 5.2E-6 .918 P B BX SMU 740916
167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 LA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G O N Y 2517 6.9E-6 918 P B BX SMU 740916-
158860 800419 UN!q LOSS OF 2 ESSENTIAL BUSES DVS-BFSSE1 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
160532 801010 LOFk COMPONENT COOLING WATER INOPERABLE PILCRIM 1 293 EB CXTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616'
I64453 801122 LOOP LOOP AND DEGRADE LOAD SHED ABILITY SANONOFREI 206 EB CKTBRK G O Y N 4910 6.lE-5 436 P W BX SCE 670614
166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791.1.8E-5 .545 B C BX NSP 701210
171667 810(24 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y I412 1.7E-3 906 P B BX TEC 770812
163356 810106 LOOP STATION BATTERY BRFAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
164617 810102 UNIO LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017
154674 800202 LOOP LOSS OF SITE EMERCENCY POWER CALCLIFFS2 318 EE INSTRU G O Y N 1159 3.2E-8. 845 P C BX BCE 761130
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE1 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
161649 801016 LOOP TWO DIESEL GENERATORS UNAVAILABLE 'SEOUOYAH ! 327 EE INSTRU G O Y N 103 6.7E-8 1148 P W UX TVA 800705 ' r) 1
165438 810405 LOOP DG CIRCUlT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS CPC 740912 1 -

166745 810626 LDOP TWO SHUTDWN SEQS 4 1 DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524 La

171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P, C T N N 3310 6.4E-8 ' 693 P W BK FPL 721020
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANON0 FREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
172198 811219 LOCA MSIV CLOSURE 4 SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800617
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307'
162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7'912 P C BX APL 781205
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y.ll38 5.0E-3 825 P B CX FPC 770114
158650 800520 LDOP ATR LINE LEAK FAILS SERVICE WATER CALCLIFFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BGE 741007
,60497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS P!LCRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B G BX BEC 720616
.60559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS P!LCRIM ! 293 PA MECFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616
64149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX- 0 N Y 3784 8.6E-6 700 P W EX CPL 700920-

158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B G SL CWE 710131
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808'
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM i 272 RB VALV0P G O N Y 1791 1.5E-8 1090 P W UX PEG 761211
158231 800425 LOFW ADS VALVES FAIL TO OPLRATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B G SL CWE 710131
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILGRIM i 293 SF VALV0P E O N Y 3029 1.4E-4.655 B G BX BEC 720616

~163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 B G SS GPC 740912
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 32I SF PIPEXX G T Y N 2361 7.4E-7 777 B C SS GPC 740912
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSJICK2 324 SF MECFUN F T N N 2213 5.6E-5 ~821 B G UE CPL 750320
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANONOFREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614.-

13 SF VALV0P E O N Y'2071 5.4E-6 850 P B BX APL 740806
ARKANSAS 1 }51 SF PIPEXX G T N N 3054 9.3E-5169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN
TKY. POINT 4 2 693 P W BX FPL 730611169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED

174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224-
155475 800310 UNIQ LOSS OF SEEVICE WATER SYSTEM SANON0 FREI 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UK PEG 761211
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICKl 325 WA HTEXCH G T N N 1654 6.7E-3 821 B C UE CPL 761008
158233 8006tl.UNIQ CCW LOST TO RCP SEALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422

'166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS . ~KEWAUNEE 305 WB HT ETCH E O N N 2780 1. l E-8 535 P W FP WPS 740307
171842 811023 LOOP DEGRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 ,794 3 G SL CWEL710131-

:
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Table C.5. Precursors sorted by principal component involved
6

''E ACCESS i DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX O D E I AGEX' PROB RATE T V AE-OPR CRITKXi

153228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CETBRK E O N Y 2037 4.7E-5. 530 P W PX NSP 741217
1582/9 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912'P C BX APL 781205
160453 800826 LOOP LOSS OF POWER'T9 DIESEL BREAKERS DVS-BESSE1 346 EE CKTBRK C 0 Y N 1110 9.4E-9 906 P B .BX TEC 770812
160532 801010 LOFW COMP 0 KENT COOLISG WATER INorERA3LE PILCRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616
163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
164453 801122 LOOP LOOP AND DECRADF LOAD SHED AflLITY SANONCFREI 206 EB CKTBRK'C O Y N 4910 6.lE-5 436 P W BX SCE 670614
164617 810102 UNIQ LOSS OF DC POWER AND 1 ElESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017
164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSFE 409 EA CKTBRK O Y Y 4954 1.0E-5 50 B A SL DLP 670711
166384 810427 LOOP LOSS OF 4.16KV BUS NETWG9K MONTICPtLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 B C BX NSP 701210
171667 810624 LOOP LOSS OF VITAL BUS DVS-BFSSE1 346 EB CETBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
163405 800628 LOFW 76 PGdTROL RCDS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B G EX TVA 760808
159134 800624 LOOP CROJND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B EX APL 740806
159136 800624 LOOP CFOUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA FLECON E O N Y 567 1.6E-5 912 P C RX APL 781205
165900 810403 LOCA POR? r"9.3 LOCK VALVE OPEh H AD. N ECT 213 CA ELECON E C N Y 5002 3.4E-5 580 P W SW CTA 670724
168548 810807 LOOP SWITCHYAPS VOLTAGE IS T&3 LOW RANCHOSEC6 312 EA ELECON C O N Y 2517 6.9E-6 916 P B BX SMU 740916
171700 811119 LOOP EMERCENCY POWER UNAVAILABLE SANONOFREI 206 EE ENGINE E 7 Y N 5272 2.6E-7 436 P W BX SCE 670614
15P650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS kEWAUNEF 305 WB HTFTCH E O N N 2/30 1.lE-8 535 P W FP WPS 740307
166072 810419 LOCA RHR HEAT EXCHANCERS DAMAGED BRUNSWICK! 325 WA HTEXCH G T N N 1654 6.7E-3 821 B G UE CPL 761008
154451 800204 LOCA PRESSURIZER kELIEF VALVE OPENS HAD.NFCK 213 CI INSTRU L 0 N Y 4578 3.4E-5 580 P W SW CYA 670724
154674 800202 LOOP LOSS OF SITE EMERGENCY PCWER CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BCt 761130
158233 800611 UNIQ CCW LOST TO RCP SFALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1 lt-3 802 P C EX FPL 760422
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALEV3 302 IF INSTRU E O N Y !!38 5.0E-3 825 P B CX FPC 770114
161649 801016 LOOP TWO DIESEL CENERATURS UNAVAILABLE SEQUOYAH'i 327 EE INSTRU C 0 Y N 103 6.7E-8.ll48 P W UX TVA 800705
162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205 fl .
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTFU G O N Y 478 8.4E-6 907 P W SW VEP 800612 '

C160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM 1 293 PA MECFUN E O N Y 3059 1.4E-4 655 B C BX BFC 720616
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH 1 321 SF MFCFUM 0 N Y 2114 3.3E-4 777 B C SS GPC 740912
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS . BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCII 1 .321 SF PIPEXX C T Y N ?361 7.4E-7 777 B C SS CPC 740912
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED 1KY. POINT 4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611
155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANONCFREI 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKAN4AS l',}04 SH PUMPXX E O N Nl3 CA PUMPXX E O N Y 2l04 5.0E-4850 P B BX APL 740806
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 2909 6.5E-5 1040 P W SL CWE 731224
158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS-BESSEl 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS CPC 740912
166745 810626 LOOP TWO SHUTDkN SEQS & I DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX C T N N 1579 6.1E-8 1130 P W BX PCC 751215
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDFN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B G SL CWE 710131
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEOUOYAH 1 327 CF VALVEX G O Y Y 221 8.7E-4 1148 P W UX TVA 800705-168829 810903 UNIO SIS VALVES FAIL IN LOFW SANON0FRE1 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
171842 8110231.00P DEGRADED COOLING OF DIESEL GENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B G SL CWE 710131
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE I 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B G BX BEC 720616
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM 1 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
161906 801116 LOFW RCIC DISCHARCE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3t26 3.2E-5 789 B G SL CWE 720426
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALVOP E O N Y 2071 5.4E-6 850 P B dX APL 740806
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEG 761211
171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 614 3.7E-4 825 P B GX FPC 770114
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
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Table C.6. Precursors sorted by plant operating status

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I ACEX PROB RATE T V AE OPR CRITXX

158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808154451 800204 LOCA PRESSURIZER RELIEF VALVE OPENS HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANON0FREl 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZ2ZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522158233 800611 UNIO CCW LOST TO RCP SEALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.1E-3 802 P C EX FPL 760422158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205158650 800529 LOOP AIR LINE LEAK FAILS SERVICE WATFR CALCLIFFS1 317 PA HTETCH E O N Y 2052 7.OE-5 845 P C BX BGE 741007159134 8006?4 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E 9 N Y 2149 5.4E-6 850 P B BX APL 740806159136 800624 LOOP CROUND FAULT ON GRID CAJSES TRIP ARKANSAS 2 368 EA ELECON E 0 N Y 567 1.6E-5 912 P C BX APL 781205160497 801007 LOCA REACTOR VESSEL REL1EF VALVE OPENS PILGRIM I 293 PA VALV0P E O N Y 3035 1.4E-4 655 B G BX BEC 720616160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILGRIM 1 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G BX BEC 720616160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM ! 293 PA MECFUN F 0 N Y 3059 1.4E-4 655 B C BX BEC 720616160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B OX FPC 770114160926 801001 LOCA REllEF VALVE STUCK OPEN PILCRIM 1 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
161906 801116 LOFW RCIC DISCHARCE ISOLATION FAIL TO OPEN OUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205163356 810106 LOOP ETATION BATTERY BREAKFRS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3F-7 805 P c BX CPC 710524163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806164617 810102 UNIQ LOSS OF DC POWER AND I DIESEI MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5 lE-3 870 P C BX NNE 751017 c1165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724 8166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510 'J
166745 810626 LOOP TWO SHUTDWN SEQS 6 1 DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524167624 810616 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPFN ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1.1E-8 535 P W FP WPS 740307171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y I412 1.7E-3 906 P B BX TEC 770812171700 811119 LOOP EMERCENCY POWER UNAVAILABLE SANON0FkEl 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO STAR 7 ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224171842 811023 LOOP DECRADED COOLING OF DIESEL GENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320154674 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BCE 761130156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215158229 800719 LOFW FAILURE OF SDV VENT CHFCK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B C SL CWE 710131158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS-BESSE' 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812160453 800826 LOOP LOSS OF POWER TO DIESFL BREAKERS DVS-BESSE1 346 EE CKTBRK G 0 Y N 1110 9.4E-9 906 P B BX TEC 770812161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM i 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211161649 P01016 LOOP TWO DIESEL GENERATORS UNAVAILABLE SEQUOYAH 1 327 EE INSTRU C 0 Y N 103 6.7E-8 1148 P W UX TVA 800705164453 801122 LOOP LOOP AND DECRADE LOAD SHED ABILITY SANON0 FREI 206 EB CKTBRK G 0 Y N 4910 6.lE-5 .436 P W BX SCE 670614164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH 1 321 SF PIPEXX G T Y N 2361 7.4E-7 777 B C SS CPC 740912166072 810419 LOCA RHR HEAT EXCHANGERS DAMACED BRUNSWICK 1 325 WA HTEXCH C T N N 1654 6.7E-3 821 B C UE CPL 761008
167611 81021) UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEqUOYAH 1 327 CF VALVEX G O Y Y 221 8.7E-4 1148 P W UX TVA 800705
168548 810807 LOOP SWITCHYARD VOLTAGE IS 700 LOW RANCHOSECO 312 EA ELECON G O N Y 2517 6.9E-6 918 P B BX SMU 740916169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY.PolNT4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM i 272 RB VALV0P G O N Y 1791 1.5E-8 1090 P W UX PEG 761211
171202 811112 LOOP BOTH DIESEL GENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS GPC 740912166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 E G BX NSP 701210
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920I68829 810903 UNIQ SIS VALVES FAIL IN LOFW SANON0FRE! 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MFCFUN O N Y 2114 3.3E-4 777 B C SS GPC 740912164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK O Y Y 4954 1.0E-5 50 B A SL DLP 670711
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Table C.7. Precursors sorted by discovery method

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX' PROB RATE T V AE OPR CRITXX

154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
154o74 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU G 0 Y N 1859 3.2E-8 845 P C LX BCE 761130
155475 800310 UNIO LOSS OF SERVICE WATER SYSTEM SANON0FRE! 206 WA PCMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND.PolNT2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
158233 800611 UNIQ CCW LOST TO RCP SEALS ST.LUCIE I 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422'
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4. 912 P C BX APL 781205

h. 158650 d00520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS-BESSE! 346 EB RELAYX G 0 K Y 981 1.4E-3 906 P B BX TEC 770812<,

159134 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS I 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
159136 800624 LOOP GROUND FAULT ON GRID CAUSES 3 RIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATFD SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAXERS DVS-BESSE1 346 EE CNTBRK G 0 Y N 1110 9.4E-9 906 P B BX TEC 770812
160497 801007 LOCA REACTOR VESSEL RELIFF VALVE OPENS PILCRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B G BX BEC 720616
160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILGRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B G EX BEC 720616
160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILc21M L 293 PA MECFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616
160846 800226 LDCA 24 VDC TO N0N-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B CX FPC 770114
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM ! 293 SF VALV0P L 0 N Y 3029 1.4E-4 655 B G BX BEC 720616
161649 801016 LOOP TWO DIESEL GENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU G 0 Y N 103 6.7F-8 !!48 P W UX TVA 800705

/ 162083 801210 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
163356 810105 LOOP STATION BATTERY BREAKERS OPENED PALISADFS 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
163405 800626 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B G UX TVA 760808
163478 890626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 B G SS GPC 740912

- f63499 800510 LOCA- P ear ~ /R COOLANT PUMP SEAL FAILS ARKANSAS I 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806 c3
- 164149 81u129 LOCA LL -06 RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
, 164453 801122 LOOP "& DECRADE LOAD SHED ABILITY SANON0FRE1 206 EB CKTBRK C 0 Y N 4910 6. !E-5 436 P W BX SCE 670614'*

64617 310102 UNIQ Loi FC POWER AND 1 DIESEL MILLSTONE 2 336 FC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017
' 00 ~r

.64703 810201 LOOP OPP - 8 FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711'

.65900 810403 LOCA PDP A 'CK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724
;66384 810427 LOOP L" # .3 %V BUS NETWORK MONTICELLO 263 EB CKTBRK H O Y N 3791 1.8E-5 545 B G BX NSP 701210
66650 81b606 LOCA Si *4Y hLNE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510

167117 8106' 30P Ln D VOLTACES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SKU 740916
167611 810 _ UNIQ LC ' , aro ; RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX C 0 Y Y 221 8. 7E-4 1148 P W UX TVA 800705 ,

167624 8106 t6 LOOP ? a# AhD Oi,E O!ESEL CEN FAILS CRYSTALRV3 302 EA XIXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770!!4 - -168548 810807 LOOP SWITCHYADD VM 7 ACE IS TOO LOW RANCHOSECO 312 EA FLECON G 0 N i 2517 6.9E-6 913 P B BX SMU 740's16 '
168P29 810903 UNIO SIS VALVT* eAIL IN LCFW S ANON 0FREl 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P V BX SCE 679614 ;(
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ' ARKANSAS 1 313 SF VALV0P E O N Y 2071 5.4E-6 850 P B BX APL 740806
170008 811106 M5L8 2 BIT INLET VALVES Fall TO OPEN - SALEM 1 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEC 761211
170l99 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS ' KEWAUNEE 305 WB HTETCH E O N N 2780 1.lE-8 535 P W FP WPS 740307
171667 810624 LOOP LOSS OF VITAL BUS DVS-BES$F1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PCMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G 0 N Y 478 8.4E-6 907 P W 'W VEP 800612
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
156204 800411 MSLB THREE OF FGUR MSIVS Fall TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215
158225 000719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B C St CWE 710131
15821. 830425 LOFW ADS VALVES FAIL To OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1. 3E-5 794 B C SL CWE 710131
161*D1 C01008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
16?'06 801116 LOFW RCIC DISCHARGE ISOLATION Fall TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCII 1 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS CPC 740912
165438 810405 LOOP DC CIRCUIT BREAKERS Fall TO CLOSE HATCH 1 321 EE RELAYX H T N N 2397 2.2E-7 777 8 C SS GPC 740912 i
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICK 1 325 WA HTEXCH G T N N 1654 6.7E-3 821 B C UE CPL 761008
166082 810410 LOFW LOSS OF RCIC AND HFCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B C UE CPL 750320
166745 810626 LOOP TWO SHUTDWN SEQS & 1 DG UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611
171202 811112 LOOP BOTH DIESEL GENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
171842 811023 LOOP DECRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131
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Table C.8. Precursors sorted by events. involving human error

ACCESS E DATE SEQ- ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D'E I'ACEX PROB' RATE T V AE OPR CRITXX

154451 800204 LOCA PRESSURIZER PRESSURE REI.IEF VALVE OPEN HAD. NECK ' 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANON0 FREI 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614156204 800411 MSLB THREE OF FOUR MSIVS FAIL To CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217-158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B G SL CWE 710131'158232 800603 LOOP LIGHTNINC STRIKE TRANSMISSION TOWER IND.PolNT2.247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522-158233 800611 UNIO CCW LOST TO RCP SEALS ST.LUCIE 1 335 WB INSTAU E O N Y 1511 1.lE-3 802 P C EX FPL 760422158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTERK E O N Y 580 6.0E.4 912 P C BX APL 781205158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P c BX BCE 741007.158860 800419 UNIO LOSS OF 2 ESSENTIAL BUSES DVS-BESSE1 346 EB RELAYX G 0 N Y 981 1.4E-3 906 P B BX TEC 770812159134 800624 LOOP GROUND FAULT ON CRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806159136 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP - ARKANSAS 2 368 EA ELFCON E O N Y 567 1.6E-5 912 P C BX APL 781205160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS . PILGRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B G BX BEC 720616160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILCRIM 1 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B C BX BEC 720616.160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PlLCRIM i 293 PA MECFUN E O N Y 3059 1.4E-4 655 B C BX BEC 720616160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y ll3R 5.0E-3 825 P B CX FPC'770114160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM i 293 SF VALV0P E o N Y.3029 1.4E-4 655 B G BX BEC 720616 -161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEC 761211
161906 801116 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3I26 3.2E-5 789 8 G SL CWE 720426163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-41065 B G UX TVA 760808163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH 1 321 SF MECFUN . 0 N Y 2114 3.3E-4 777 B C SS CPC 740912163499 80C510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS I 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B G SS GPC 740912165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD.N ECK 213 CA ELECON E O N Y 5002 3.4E-5 1580 P W SW CYA 670724 CD '166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICK! 325 WA HTEXCH G T N N 1654 6.7E-3 '821 B G UE CPL 761008 'l

166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B G UE CPL 750320 "U
166745 810626 LOOP TWO SHUTDWN SEQS & I DC UNAVAIL PALIS AD ES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524167117 810619 LOOP LOW SWITCHYARD VOLTACES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916167624 810616 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B GX FPC 770114168548 810(*7 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G 0 N Y 2517 6.9E-6 918 P B BX SMU 740916168829 8100 3 UNIO SIS VALVES FAIL IN LOFW SANONOFREI 206 SF VALVEX - 0 N Y 5195 1.4E-4 436 P W BX SCE 670614169042 800467 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALVOP E O N Y 2071 5.4E-6 850 P B BX APL 740806169587 811021 LOCA SIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX F#L 730611170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM I 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEC 761211170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE . 305 WB HTETCH E O N N 2780 1. lE-8 535 P W FP WPS 740307171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310.6.4E-8 693 P W BX FPL 721020171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SR PUMPXX E O N N 2909 6.5E-5 1040 P W St CWE 731224171842 811023 LOOP DECRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B C SL CWE 710131171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU C 0 N Y 478 8.4E-6 907 P W SW VEP 800612172198 311219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVFX E O N Y 1240 7.7E-5 802 P C EX FPL 760422174073 900111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B G BX IEL 740323154674 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU G 0 Y N !!59 3.2E-8 845 P C BX BGE 761130158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 : 794 B C SL CWE 710131159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOI.ATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E~10 822 P W SW VEP 730307160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE1 346 EE CKTBRK C 0 Y N 1110 9.4E-9 906 P B BX TEC 770812161649 801016 LOOP TWO D*ESEL CENERATORS UNAVAILABLE SEOUOYAH I 327 EE INSTRU C 0 Y N 103 6.7E-8 1148 P W UX TVA 800705162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARM'SAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524164453 801122 LOOP LOOP AND DECRADE LOAD SHED ABILITY SANON0 FREI 206 EB CKTBRK G 0 Y N 4910 6.1E-5 436 P W BX SCE 670614
164617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7. : 777 B G SS CPC 740912166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EC CKTBRK H 0 Y N 3791 1.8E-5 545 B C BX NSP 701210
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEYI 334 VB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4.1148 P W UX TVA 800705171667 880624 LOOP LOSS OF VITAL BUS DVs-BESSEl 346 EB CKTBRK E O Y Y 1412 1. 7 E-3 906 P B BX TEC 770812
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANON0 FREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
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Table C.9. Precursors sorted by events involving a transient or accident

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I ACEX PROB RATE T V AE OPR CRITXX

154674 800202 LOOP LOSS OF SITE EMERCENCY POWER CALCLIFFS2 318 EE INSTRU G 0 Y N 1159 3.2E-8 845 P C BX BCE 761130
155475 800310 UNIQ LOSS OF SFRVICE WATER SYSTEM SANON0FRE1 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.1E-8 1130 P W BX PGC 751215
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B G SL CVE 710131
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDFN 3 249 SF VALV0P C T Y N 3372 1.3E-5. 794 B C SL CWE 710131
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VFP 730307
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSEl 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
161649 801016 LOOP TWO DIESEL CENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU G O Y N 103 6.7E-8 1148 P W UX TVA 800705
161906 801116 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B C SL CWE 720426
162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B G UX TVA 760808
164453 801122 LOOP LOOP AND DECRADE LOAD SHED ABILITY ' ANONOFREI 206 EB CKTBRK C 0 Y N 4910 6. lE-5 436 P W BX SCE 670614
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B G SS CPC 740912
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH 1 321 EE RELAYX H T N N 2397 2.2E-7 777 B G SS CPC 740912
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICKl 325 WA HTEXCH G T N N 1654 6.7E-3 821 B G UE 'l 761008
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B G UE t "L 750320
166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CKTBRK H 0 Y N 3791 1.8E-5 545 B C BX nap 701210
166650 810606 LOCA SIS SUPPLY 1ALVE FOUND CLOSED BVRVALLEY1 334 KB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 700510
166745 310626 LOOP TWO SHUTDWN SEOS & 1 DG UNAVAIL PALIFADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX FPL 730611
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1. lE-8 535 P W FP WPS 740307
171202 811112 LOOP BOTH DIESEL GENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020 C1

171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFREl 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614 8

171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224 ($
171842 811023 LOOP DFGRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B G SL CWE 710131
154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKIBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
158233 800611 UNIQ CCW LOST TO RCP SEALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CAICLIFFS! 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS-BESSE1 346 EB RELAYX G 0 N Y 981 1.4E-3 906 P B BX TEC 770812
159134 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS I 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
159136 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA ELFCON E O N Y 567 1.6E-5 912 P C BX APL 781205
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C BX BEC 720616
160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILCRIM 1 293 EB CKTBRK E D N Y 3038 4.2E-9 655 B G BX BEC 720616
160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM 1 293 PA MECFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR !.0ST CRYSTALRV3 302 IF INSTRU E O N Y !!38 5.0E-3 825 P B GX FPC 770114
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM I 293 SF VALV0P E O N Y 3029 1.4E-4 655 B G BX BEC 720616
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 B C SS GPC 740912
163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PCMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
164617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 FC CKTBRK E O Y Y 1904 5.lE-3 870 P C BX NNE 751017
164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTRRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711
165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCH 0SECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS SQUOYAH I 327 CF VALVEX G O Y Y 221 8.7E-4 1148 P W UX TVA 800705
167624 810516 LOOP LOOP AND ONE DIESEL CEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B GX FPC 770114
168548 810807 LOOP SWITCHYARD VOLTACE IS TOO LOW RANCHOSECO 312 EA ELECON G O N Y 2517 6.9E-6 918 P B BX SMU 740916
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANONOFREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALV0P E o N Y 2071 5.4E-6 850 P B BX APL 740806
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEG 761211
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSEl 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C By IEL 740323
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Table C.10. Precursors sorted by plant type and vendor

ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I AGEX PROB RATE T V AE OPR CRITXX

164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711
166072 810419 LOCA RHR HEAT EXCHANGERS DAMACED BRUNSWICKl 325 WA HTEXCH G T N N 1654 6.7E-3 821 B C UE CPL 761008
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 324 SF MECFUN F T N N 2213 5.6E-5 821 B G UE CPL 750320
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4 777 8 G SS GPC 740912
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF PIPEXX C T Y N 2361 7.4E-7 777 B C SS GPC 740912
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH 1 321 EE RELAYX H T N N 2397 2.2E-7 777 B G SS CPC 740912
174073 800111 LOCA STUCK OPEN RELIEF VALVE D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B C BX IEL 740323
166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CETBRK H 0 Y N 3791 1.8E-5 545 B G BX NSP 701210-
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM 1 293 PA VALv0P E O N Y 3035 1.4E-4 655 B C BX BEC 7206 6

160532 801010 LOFW COMPONENT COOLING WATER INOPERABLE PILGRIM 1 293 EB CK1BRK E O N Y 3038 4.2E-9 655 B C BX BEC 7206: 6
160559 801031 LGCA REACTOR VESSEL RELIEF VALVE OPENS PILGRIM i 293 PA MECFUN E O N Y 3059 1.4E-4 655 B C BX BFC 7206 6

160926 801001 LOCA RELIEF VALVE STUCK OPEN PILGRIM 1 293 SF VALV0P E O N Y 3029 1.4E-4 655 B C BX BEC 720616
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX G T N N 3457 3.3E-5 794 B C SL CWE 710131
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131
171842 811023 LOOP DEGRADED COOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B G SL CWE 710131
161906 801116 LOFW RCIC DISCHARGE ISOLATION FAIL TO OPEN QUAD-CTES2 265 CE VALV0P E T N N 3176 3.2E-5 789 8 G SL CWE 720426
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808
167117 810619 LOOP LOW SWITCHYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA FLECON G 0 N Y 2517 6.9E-6 918 P B BX SMU 740916
159134 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B By APL 740806

163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALVOP E O N Y 2071 5.4F-6 850 P B BX APL 740806
158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES DVS dESSEl 346 EB RELAYX G O N Y 981 1.4E-3 906 P B BX TEC 770812
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE1 346 EE CKTBRK G O Y N 1110 9.4E-9 906 P B BX TEC 770812
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812-
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B GX FPC 770114 $3
167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B GX FPC 770114 rs
158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205 pa

159136 800624 LOOP GROUND FAULT ON GRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205
162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
158233 800611 UNIQ CCW LOST TO RCP SEALS ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.1E-3 802 P C EX FPL 760422
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
166745 810626 LOOP TWO SHUTDWN SEQS & I DC UNAVAIL PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFSI 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
154674 800202 LOOP LOSS OF SITE EMERGENCY POWER CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BGE 761130
164617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL MILLSTONE 2 336 EC CXTBRK E O Y Y 1904 5.1E-3 870 P C BX NNE 751017
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
155475 800310 UNIO LOSS OF SERVICE WATER SYSTDt SANON0FRE1 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
164453 801122 LOOP LOOP AND DEGRADE LOAD SHED ABILITY S ANON 0FRE1 206 EB CKTBRK G 0 Y N 4910 6.lE-5 436 P W BX SCE 670614
168829 810903 UNIO SIS VALVES FAIL IN LOFW SANON0FRE! 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANONOFREI 206 EE ENGINE E T Y N $272 2.6E-7 436 P W BX SCE 670614
154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN HAD. NECK 213 C1 INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724
165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEYI 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510
171202 811112 LOOP BOTH DIESEL GENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020
158232 800603 LOOP LIGHTNING STRIEE TRANSMISSION TOWER IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX G T N N 3054 9.3E-5 693 P W BX FPL 730611
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KEWAUNEE 305 WB HTETCH E O N N 2780 1.1E-8 535 P W FP WPS 740307
164149 810129 LDCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM i 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
170098 811I06 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UY PEG 761211
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2 339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
161649 801016 LOOP TWO DIESEL CENERATORS UNAVAILABLE S UOYAH I 327 EE INSTRU G O Y N 103 6.7E-8 1148 P W UX TVA 800705
167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS S UOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4 1148 P W UX TVA 800705
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SU RY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 1130 P W BX PGC 751215



-)

.i

Table C ll. Precursors sorted by architect engineer
ACCESS E DATE SEQ ACTUAL OCCURRENCE PLANT DOC SY COMPXX 0 D E I ACEX PROB RATE T V AE OPR CRIT.iX

158860 800419 UNIQ LOSS OF 2 ESSENTIAL BUSES
DVS-BESSE1 346 EB RELAYX C 0 N Y 981 1.4E-3 906 P B BX TFC 770812.160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS

171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE! 346 EE CKTBRK G 0 Y N !!!O 9.4E-9 906 P B BX TEC 770812
167117 810619 LOOP LOW SWITCHYARD VOLTACES DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SMU 740916
163356.810106 LOOP STATION BATTERY BREAKERS OPENED RANCHOSECO 312 EA ELECON G 0 N Y 2517 6.9E-6. 918 P B BX SMU 740916PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524166745 810626 LOOP TWO SHUTDWN SEOS & I DC UNAVAll

PALIS ADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER
154674 800202 LOOP LOSS OF SITE EMERGENCY POWrR CALCLIFFSI 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
164617 810102 UNIQ LOSS OF DC POWER AND 1 DIESEL CALCLIFFS2 318 EE INSTRU C 0 Y N 1159 3.2E-8 845 P C BX BCE 761130
174073 800!!! LOCA STUCK OPEN RELIEF VALVE MILLSTONE 2 336 EC CETBRK E O Y Y 1904 5.!E-3 870 P C BX NNE 751017

D. ARNOLD 331 SF VALVEX C 0 N Y 2120 1.4E-5 538 B G BX IEL 740323166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK
160497 801007 LOCA REACTOR VESSEL RELIEF VALVE OPENS MONTICELLO 263 EB CKTBRK H 0 Y N 3791 1.8E-5 545 B C BX NSP 701210PILCRIM 1 293 PA VALV0P E O N Y 3035 1.4E-4 655 B C TX BEC 720616'160532 801010 LOFW COMPONENT C00LINC WATER INOPERABLE PILCRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 655 B C BX BFC 720616160559 801031 LOCA REACTOR VESSEL RELIEF VALVE OPENS PILCRIM i 293 PA MECFUN E O N Y 3059 1.4E-4 655 B G BX BEC 720616160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM i 293 SF VALV0P E O N Y 3029 1.4E-4 655 B G BX BEC 720616155475 800310 UNIQ LOSS OF SERVICE WATER SYSTEM SANONOFREl 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614164453 80!!22 LOOP LOCP AND DEGRADE LOAD SHFD ABILITY

SANON0FRE! 206 EB CKTBRK G O Y N 4910 6.lE-5 436 P W BX SCE 670614168829 810903 UNIQ SIS VALVES FAIL IN LOFW SANONOFREl 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614171700 811119 LOOP EMERGENCY POWER UNAVAILABLE SANON0 FREI 206 EE ENGINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE
1695P7 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY POINT 3 250 EE VALV0P G T N N 3310 6.4E-8 693 P W BX FPL 721020TKY.P01NT4 251 SF PIPEXX C T N N 3054 9.3E-5 693 P W BX FPL 730611156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN

344 CD VALVEX G T N N 1579 6.lE-8 !!30 P W BX PGC 751215159134 800624 LOOP GROUND FAULT ON CRID CAUSES TRIP ARKANSAS 1 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806 CD169042 800407 LOOP LOOP AND hP1 VALVE FAILS TO OPEN ARKANSAS I 313 SF VALV0P E o h Y 2071 5.4F-6 650 P B BX APL 740806 8!$8279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205 $$159136 800624 LOOP CROUND FAULT ON CRID CAUSES TRIP ARKANSAS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX APL 781205162083 801220 LOCA ALL ESFAS RWT INSTRU INOPERABLE ARKANSAS 2 368 IB INSTRU E O Y N 746 9.8L-7 912 P C BX APL 781205164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6 700 P W EX CPL 700920158233 800611 UNIQ CCW LOST TO RCP SEALS
ST.LUCIE 1 335 WB INSTRU E O N Y 1511 1.lE-3 802 P C EX FPL 760422172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT

170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS ST.LUCIE 1 335 HP VALVEX E D N Y 1240 7.7E-5 802 P C EX FPL 760422.KEWAUNEE 305 WB HTETCH E O N N 2780 1.lE-8 535 P W FP WPS 740307160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B CX FPC 770114167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIFIS2 306 EA CETBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B C SL CWE 710131158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B G SL CVE 710131171842 811023 LOOP DEGRADED CDOLING OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 794 B G SL CWE 710131171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2
304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224164703 810201 LOOP OPR ERROR FAILS AC poker LACROSSE 409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711'161906 801116 LOFW RCIC DISCHARCE ISOLATION FAIL To OPEN

163478 H00626 LOFW HPCI AND RCIC FAIL TO START OUAD-CTES2 265 CE VALV0P E T N N 3126 3.2E-5 789 B G SL CWE 720426HATCH 1 321 SF MECFUN O N Y 2114 3.3E-4 777 B C SS GPC 740912164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH 1 321 SF PlPEXX G T Y N 2361 7.4E-7 777 B C SS GPC 740912165438 810405 LOOP DC CIRCUIT BREAKERS FAIL TO CLOSE HATCH 1 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS CPC 740912154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPFN HAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5 580 P W SW CYA 670724165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA FLECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED
BVRVALLFY1 334 WB VALVEX E O Y N 1853 2.4E-6 852 P W SW DLC 760510159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307171939 811003 MSLB STEAM DUMP VALVES OPEN

166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS NORTHANNA2 339 HE INSTRU C 0 N Y 478 8.4E-6 907 P W SW VEP 800612
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BR"NSWICK2 324 SF MECFUN F T N N 2213 5.6F-5 821 B G UE CPL 750320
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER BRUNSWICK! 325 WA HTEXCH G T N N 1654 6.7E-3 821 B G UE CPL 761008

IND. POINT 2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522163405 800628 LOFW 76 CONTROL RODS FAIL TG INSERT
BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 8 G UX TVA 760808161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL GENS SALEM i 272 WA VALVOP G T N N 1397 1.4E-7 1090 P W UX PEG 761211170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM i 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEG 761211161649 801016100P TWO DIESEL CENERATORS UNAVAILABLE
SEQUOYAH 1 327 EE INSTRU G O Y N 103 6.7E-8 1148 P W UX TVA 800705167611 810211 UNIQ LOSS OF RHRS & RCS BLOWDOWN OCCURS
SEQUOYAH I 327 CF VALVEX G 0 Y Y 221 8.7E-4 1148 P W UX TVA 800705
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Table C.12. Precursors ' sorted by operatte? utility ~
~

ACCESS E DATE SEQ . ACTUAL OCCURRENCE PLANT DOC SY COMPXX V D E I ACEX PROB RATE T V AE OPR CRITXX

158279 800407 LOOP CAVITATION OF EFW PUMPS ARKANSAS 2 368 EA CKTBRK E O N Y 580 6.0E-4 912 P C BX APL 781205
159136 800624 LOOP CROUND FAULT ON CRID CAUSES TRIP ARKANS AS 2 368 EA ELECON E O N Y 567 1.6E-5 912 P C BX'APL 781205.-
162083 601220 LOCA ALL ESFAS RWT INSTRU INOPERABLE APKANSAS 2 368 IB INSTRU E O Y N 746 9.8E-7 912 P C BX APL 781205
159134 800624 LOOP CROUND FAULT ON GRID CAUSES TRIP ARKANSAS I 313 EA ELECON E O N Y 2149 5.4E-6 850 P B BX APL 740806
163499 800510 LOCA REACTOR COOLANT PUMP SEAL FAILS ARKANSAS 1 313 CA PUMPXX E O N Y 2104 5.0E-4 850 P B BX APL 740806.
169042 800407 LOOP LOOP AND HPI VALVE FAILS TO OPEN ARKANSAS 1 313 SF VALVOP E O N Y 2071 5.4E-6 850 P B BX APL 740806
160497 801007 LOCA REACTOR VESSEL RELIEF VALVF 05 .PILCRIM ! 293 PA VALVOP E o N Y 3035 1.4E-4 655 B C BX BEC 720616
160532 801010 LOFW COMPONENT COOLING WATFR Ihus L.acLE PILCRIM i 293 EB CKTBRK E O N Y 3038 4.2E-9 '655 B G BX Pcc 720616 :
160559 801031 LOCA REACTOR VESSEL RELIEF *iALVE OPENS PILCRIM 1 293 PA MECTUN E O N Y 3059 1.4E-4 655 B C BX Biu 720616
160926 801001 LOCA RELIEF VALVE STUCK OPEN PILCRIM l' 293 SF VALV0P E O N Y 3029 1,4E-4 655 B C BX BEC '720616 <

154674 800202 LOOP LOSS OF SITE ENERCENCY POWER CALCLIFFS2 318 EE INSTRU G O Y N 1159 3.2E-8 845 P C BX BCE 761130
158650 800520 LOOP AIR LINE LEAK FAILS SERVICE WATER CALCLIFFS1 317 PA HTETCH E O N Y 2052 7.0E-5 845 P C BX BCE 741007
158232 800603 LOOP LIGHTNING STRIKE TRANSMISSION TOWER IND.PolNT2 247 EA ZZZZZZ E O N Y 2569 1.3E-5 873 P W UE CEC 730522'
163356 810106 LOOP STATION BATTERY BREAKERS OPENED PALISADES 255 EC CKTBRK E O Y N 3515 1.3E-7 805 P C BX CPC 710524
166745 810626 LOOP TWO SHUTDWN SEQS & I DC UNAVAIL . PALISADES 255 EE RELAYX E T N N 3686 5.0E-7 805 P C BX CPC 710524
166082 810410 LOFW LOSS OF RCIC AND HPCI SYSTEMS BRUNSWICK 2 ' 324 SF MECFUN P T N N 2213 5.6E-5 821 B G UE CPL 750320'
166072 810419 LOCA RHR HEAT EXCHANGERS DAMAGED BRUNSWICK! 325 WA HIEXCH G T N N 1654 6. 7 E-3 821 B C UE CPL 761008-
164149 810129 LOCA LETDOWN RELIEF VALVE LEAKS IN A LOFW ROBINSON 2 261 PC VALVEX 0 N Y 3784 8.6E-6. 700 P W EX CPL 700920
158229 800719 LOFW FAILURE OF SDV VENT CHECK VALVE DRESDEN 3 249 RB VALVEX C T N N 3457 3.3E-5 794 B C SL CWE 710131
158231 800425 LOFW ADS VALVES FAIL TO OPERATE DRESDEN 3 249 SF VALV0P C T Y N 3372 1.3E-5 794 B C SL CWE 710131
171842 811023 LOOP DECRADED C00LINC OF DIESEL CENS DRESDEN 3 249 WB VALVEX E T N N 3918 1.8E-6 ' 794 B C SL CWE 710131'
161906 80!!!6 LOFW RCIC DISCHARGE ISCLATION Fall TO OPEN QUAD-CTES2 265 CE'VALV0P E T N N 3126 3.2E-5 789 B G SL CWE 720426
171733 811211 LOFW AUX FEED PUMPS FAIL TO AUTO START ZION 2 304 SH PUMPXX E O N N 2909 6.5E-5 1040 P W SL CWE 731224
154451 800204 LOCA PRESSURIZER PRESSURE RELIEF VALVE OPEN RAD. NECK 213 CI INSTRU E O N Y 4578 3.4E-5- 580 P W SW CYA 670724
165900 810403 LOCA PORV AND BLOCK VALVE OPEN HAD. NECK 213 CA ELECON E O N Y 5002 3.4E-5 580 P W SW CYA 670724 ' c3
166650 810606 LOCA SIS SUPPLY VALVE FOUND CLOSED BVRVALLEY1 334 WB VALVEX E O Y N 1853 2.4E-6 -852 P W SW DLC 760510 i

409 EA CKTBRK 0 Y Y 4954 1.0E-5 50 B A SL DLP 670711, Fa164703 810201 LOOP OPR ERROR FAILS AC POWER LACROSSE'3 302 IF INSTRU E O N Y 1138 5.0E-3 825 P B GX FPC 770114' LJ
160846 800226 LOCA 24 VDC TO NON-NUCLEAR INSTR LOST CRYSTALRV :

167624 810616 LOOP LOOP AND ONE DIESEL GEN FAILS CRYSTALRV3 302 EA XXXXXX E O N Y 1614 3.7E-4 825 P B CX FPC 770114
171202 811112 LOOP BOTH DIESEL CENERATORS UNAVAILABLE TKY. POINT 3 250 EE VALVOP G T N N 3310.6.4E-8 693 P W BX FPL 721020
15PS33 800611 UNIQ CCW LOST TO RCP SEALS ST.LUCIE 1 335 kB INSTRU E O N Y 1511 1 lE-3, 802 P C EX FPL 760422
172198 811219 LOCA MSIV CLOSURE & SAFETY VALVE LIFT ST.LUCIE 1 335 HB VALVEX E O N Y 1240 7.7E-5 802 P C EX FPL 760422
169587 811021 LOCA BIT FLOW PATH TO RCS OBSTRUCTED TKY. POINT 4 251 SF PIPEXX G T N N 30'4 9.3E-5 693 P W BX FPL 730611
163478 800626 LOFW HPCI AND RCIC FAIL TO START HATCH I 321 SF MECFUN O N Y 2114 3.3E-4. 777 B C SS CPC 740912
164955 810228 LOFW HPCI AND RCIC INOPERABLE HATCH I 321 SF FIPEXX G T Y N 2361 7.4E-7 777 B C SS.GPC'740912
165438 810405 LOOP DG CIRCUIT BREAKERS FAIL TO CLOSE HATCH I 321 EE RELAYX H T N N 2397 2.2E-7 777 B C SS GPC 740912
174073 800!!! LOCA STUCK OPEN RELIEF VALVE D. ARNOLD - 331 SF VALVEX C O N Y 2120 1.4E-5 538 B C BX IEL 740323
164617 810102 UNIO LOSS OF DC POWER AND I DIESEL MILLSTONE 2 336 EC CKTBRK E O Y Y 1904 5.lE-3. 870 P C BX NNE 751017
166384 810427 LOOP LOSS OF 4.16KV BUS NETWORK MONTICELLO 263 EB CKTBRK M O Y N 3791 1.8E-5 54) B G BX NSP 701210
158228 800715 LOOP STORM SPURIOUS REACTOR TRIP PRAIRIEIS2 306 EA CKTBRK E O N Y 2037 4.7E-5 530 P W PX NSP 741217.
161601 801008 LOOP LOSS OF SERVICE WATER TO DIESEL CENS SALEM 1 272 WA VALV0P G T N N 1397 1.4E-7 1090 P W UX PEG 761211
170098 811106 MSLB 2 BIT INLET VALVES FAIL TO OPEN SALEM 1 272 RB VALV0P G 0 N Y 1791 1.5E-8 1090 P W UX PEG 761211
156204 800411 MSLB THREE OF FOUR MSIVS FAIL TO CLOSE TROJAN 344 CD VALVEX G T N N 1579 6.lE-8 !!30 P W BX PGC 751215
155475 800310 UNIO LOSS OF SERVICE WATER SYSTEM SANON0 FREI 206 WA PUMPXX E O N N 4653 1.6E-5 436 P W BX SCE 670614
164453 801122 LOOP LOOP AND DECRADE LOAD SHED ABILITY .SANON0FREl 206 EB CKTBRK G 0 Y N 4910 6.lE-5 .436 P W BX SCE 670614'
168929 810903 UNIO SIS VALVES FAIL IN LOFW SANON0 FREI 206 SF VALVEX 0 N Y 5195 1.4E-4 436 P W BX SCE 670614
171700 811119 LOOP EMERCENCY POWER UNAVAILABLE SANON0 FREI 206 EE ENCINE E T Y N 5272 2.6E-7 436 P W BX SCE 670614
167117 810619 LOOP LOW SWITCKYARD VOLTAGES RANCHOSECO 312 EA ZZZZZZ C 0 N Y 2468 5.2E-6 918 P B BX SFU 740916
168548 810807 LOOP SWITCHYARD VOLTAGE IS TOO LOW RANCHOSECO 312 EA ELECON G 0 N Y 2517 6.9E-6 918 P B BX SMU 740916 -
158860 800419 UNIO LOSS OF 2 ESSENTI AL BUSES DVS-BESSE1 346 EB RELAYX G 0 N Y 981 1.4E-3 906 P B.BX TFC 770812
160453 800826 LOOP LOSS OF POWER TO DIESEL BREAKERS DVS-BESSE1 346 EE CKTBRK G 0 Y N 1110 9.4E-9 906 P B BX TEC- 770812
171667 810624 LOOP LOSS OF VITAL BUS DVS-BESSE1 346 EB CKTBRK E O Y Y 1412 1.7E-3 906 P B BX TEC 770812.
163405 800628 LOFW 76 CONTROL RODS FAIL TO INSERT BRN. FERRY 3 296 RB CONROD D 0 N N 1420 9.8E-4 1065 B C UX TVA 760808
161649 801016 LOOP TWO DIESEL CENERATORS UNAVAILABLE SEQUOYAH I 327 EE INSTRU G 0 Y N 103 6.7E-8 1148 P W UX TVA 800705
167611 810211 UNIO LOSS OF RHRS & RCS BLOWDOWN OCCURS SEQUOYAH -1- 327 CF VALVEX G G Y Y 221 8.7E-4 1148 P W UX TVA 800705
171939 811003 MSLB STEAM DUMP VALVES OPEN NORTHANNA2.339 HE INSTRU G O N Y 478 8.4E-6 907 P W SW VEP 800612
159347 800819 MSLB STEAM FLOW TRANSMITTERS ARE ISOLATED SURRY 2 281 IB INSTRU C 0 Y N 2722 1.E-10 822 P W SW VEP 730307
170199 811016 LOOP UNAVAILABILITY OF BOTH CCW TRAINS KFWAUNEE 305 WB HTETCH E O N N 2780 1. lE-8 535 P W FP WPS 740307

, _ _ _ _ . .. ,. . . . . , .. = . .. .. - . .. . ,, . .- . - _ . . .. = . _ _ _ _ _ _ . . . _ - .. . ., . . . . . .J
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Table C.11. Definitions of abbreviations and cod +s- - 4

ACCESS: 6 DIGIT NSIC ACCESSION NUMBER
E DATE: EVENT DATE
S EQ: SEQUENCE OF INTEREST FOR THE EVENT

ECIT - EXCESSIVE COOLANT INVENTORY
EQUK - EARTHQUAKE
INAA - INADVERTANT ADS ACTUATION
LOFW - LOSS OF FEEDWATER

.

LOOP - LOSS OF OFFSITE POWER
LOCA - LOSS OF COOLANT ACCIDENT
LRTR - LOCKED ROTOR ACCIDENT
MSLB - MAIN STEAM LINE BREAK
RCPT - REACTOR COOLANT PUMP TRIP
SCTR - STEAM CENERATOR TUBE RUPTURE
UNIO - A UNIQUE SEQUENCE

ACTUAL OCCURRENCE: DESCRIPTION OF EVENT
PLANT NAME: NAME OF PLANT AND UNIT NUMBER
DOC: PLANT DOCKET NUMBER
SY: SYSTEM AEBRFVIATION:-

STANDARD
GENERIC
CODE SYSTEM DESCRIPTION

REACTOR

RA REACTOR VESSEL INTERNA!.S
RB REACTIVITY CONTROL SYSTEMS
RC REACTOR CORE

Q
REACTOR COOLANT SYSTFN AND COVECTED SYSTEMS '$

CA REACTOR VESSELS AND APPURTENANCES
CB COOLANT RECIRCULATION SYSTEMS AND CONTROLS.

~

CC MAIN STEAM SYSTEMS AND CONTROLS
CD MAIN STEAM ISOLATION SYSTEMS AND CONTROLS
CE REACTOR CORE ISOLATION COOLING SYSTEMS AND CONTROLS
CF RESIDUAL HEAT REMOVAL SYSTEMS AND CONTROLS
CC REACTOR COOLANT CLEANUP SYSTEMS AND CONTROLS
CH FEEDWATER SYSTEMS AND CONTROLS
CI REACTOR COOLANT PRESSURE BOUNDARY LEAKAGE

DETECTION SYSTEMS
CJ OTHER COOLANT SUBSYSTEMS ANT THEIR CONTROLS

ENGINEERED SAFETY FEATURES

SA REACTOR CONTAINMENT SYSTEMS . -

-SB CONTAINMENT HEAT REMOVAL SYSTEMS AND CONTROLS
SC CONTAINMENT AIR PURIFICATION AND CLEANUP SYSTEMS AND CONTROLS..SD CONTAINMENT ISOLATION SYSTEMS AND CONTROLS-
SE CONTAINMENT COMBUSTIBLE CAS CONTROL SYSTEMS AND CONTRCLSSF EMERGENCY CORE COOLING SYSTEMS AND CONTROLS
SC . CONTROL ROOM HABITABILITY SYSTEMS AND CONTROLS'
SH OTHER ENGINEERED SAFETY FEATURE SYSTEMS AND THEIR CONTROLS

INSTRUMENTATION AND CONTROLS

IA REACTOR TRIP SYSTEMS
IB ENGINEERED SAFETY FEATURE INSTRUMENT SYSTEMS''IC SYSTEMS REQUIRED FOR SAFE SHUTDOWN
ID SAFETY RELATED DISPLAY INSTRUMENTATION
IE OTHER INSTRUMENT SYSTEMS REQUIRED FOR SAFETY
IF OTHER INSTRUMENT SYSTEMS NOT REQUIRED FOR SAFETY

_. -- - .__--
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Table C.13 (continued)

ELECTRIC POWER SYSTEMS

EA 0FFSITE POWER SYSTEMS AND CONTROLS
EB AC ONSITE POWER SYSTFMS AND CONTROLS
EC DC ONSITE POWER SYSTEMS AND CONTROLS
ED ONSITE POWER SYSTEMS AND CONTROLS (COMPOSITE AC AND DC)
EE EMERGENCY GENERATOR SYSTEMS AND CONTROLS
EF EMERCENCY LIGHTING SYSTEMS AND CONTROLS '

t

EG OTHER ELECTRIC POWER SYSTEMS AND CONTROLS

FUEL STORACE AND HANDLING SYSTEMS

FA NEW FUEL STORACE FACILITIES
FB SPENT FUEL STORACE FACILITIES
FC SPENT FUEL POOL COOLING AND CLEANUP SYSTEMS AND CONTRO a
FD FUEL HANDLING SYSTEMS

1

AUXILIARY WATER SYSTEMS

WA STATION SERVICE WATER SYSTEMS AND CONTROLS
WB COOLING SYSTEMS FOR REACTOR AUXILIARIES AND CONTROLS
WC DEMINERALIZED WATER MAKE-UP SYSTEMS AND CONTROLS
WD POTABLE AND SANITARY WATER SYSTEMS AND CONTROLS
WE ULTIMATE HEAT SINK FACILITIES
WF CONDENSATE STORACE FACILITIES
WG OTHER AUXILIARY WATER SYSTEMS AND THEIR CONTROLS

AUXILIARY PROCESS SYSTEMS p'
F" |

PA COMPRESSED AIR SYSTEMS AND CONTROLS *.
;

PB PROCESS SAMPLING SYSTEMS 1
PC CHEMICAL, VOLUME CONTROL AND LIQUID POISON SYSTEMS AND CONTROLS

{
PD FAILED FUEL DETECTION SYSTEMS j

PE OTHER AUXILIARY PROCESS SYSTEMS AND THEIR CONTROLS
-)OTHER AUXILIARY SYSTEMS

AA AIR C0KDITIONING HEATING, COOLING AND VENTILATION SYSTEMS AND CONTROLS /)AB FIRE PROTECTION $YSTEMS AND CONTROLS *

AC COMMUNICATION SYSTEMS
AD OTHER AUXILIARY SYSTEMS AND THEIR CONTROLS

STEAM AND POWER CONVERSION SYSTEMS

HA TURBINE-CENERATORS AND CONTROLS
HB KAIN STEAM SUPPLY SYSTEM AND CONTROLS (OTHER THAN CC)
HC MAIN CONDENSER SYSTEMS AND CONTROLS
HD TURBINE CLAND SEALING SYSTEMS AND CONTROLS
HE TURBINE BYPASS SYSTEMS AND CONTROLS
HF CIRCULATING WATER SYSTEMS AND CONTROLS
HG CONDENSATE CLEAN-UP SYSTEMS AND CONTROLS '

HH CONDENSATE AND FEEDWATER SYSTEMS AND CONTROLS (OTHER TRAN CH)
HI STEAM CENERATOR BLOWDOWN SYSTEMS AND CohTROLS
HJ OTHER FEATURES OF STEAM AND POWER CONVERSION SYSTEMS (NOT INCLUDED ELSEWHERE)

. _ _ _ . _ _ _ _ - - _ - .__ _ ______ - ___

,
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Table C.13 (continued)

RADI0 ACTIVE WASTE MANAGEMENT SYSTEMS

MA LIOUID RADIOACTIVE WASTE MANAGEMENT SYSTEMS
MB CASEOUS RADIOACTIVE WASTE MANAGEMENT SYSTEMS
MC PROCESS AND FFFLUENT RADIOLOGICAL MONITORING SYSTEMS
MD SOLID RADIOACTIVE WASTE MANAGEMENT SYSTEMS

RADIATION PROTECTION SYSTEMS

BA AREA MONITORING SYSTEMS
BB AIRBORNE RADI0 ACTIVITY MONITORING SYSTEMS

XX OTHER SYSTEMS

ZZ SYSTEM CODE NOT APPLICABLE

COMPXX: SYSTEM COMPONENT CODE:

CONTROL RCD DRIVE MECHANISMSCOMPONENT TYPE
(COMPONENT CODE) COMPONENT TYPE INCLUDES (CRDRVE)

ACCUMULATORS SCRAM ACCUMULATORS DEMINERALIZERS ION EXCHANCFRS

(ACCUMU) SAFETY INJECTION TANKS (DEMINX)
SURGE TANKS
HOLDUP /STORACE TANKS ELECTRICAL CONDUCTORS BUS

(ELECON) CABLE
WIRE nAIR DRYERS

g
(AIRDRY) ENGINES, INTERNAL COMBUSTION BUTANE ENGINES s-
ANhTNCIATOR MODULES ALARMS (ENGINE) DIESEL ENGINES - m
(ANNUNC) BELLS CASOLINE ENGINES

BUZZERS NATURAL CAS ENGINES
CLAXONS PROPANE ENGINES
HORNS
GONGS FILTERS STRAINERS
SIRENS (FILTER) SCREENS

BATTERIES AND CHARCERS CHARGERS FUEL ELEMENTS
(BATTRY) DRY CELLS (FUELXX)

WET CELLS
STORAGE CELLS CENERATORS INVERTERS

(CENERA)
BLOWERS COMPRESSORS
(BLOWER) CAS CIRCULATORS H EATERS ELECTRIC HEAT TRACERS

(HEATER $FANS
VENTILATCRS

HEAT EXCHANGERS CONDENSERS

CIRCUIT CLOSERS / INTERRUPTERS CIRCUIT BREAKERS (HTEXCH) COOLERS
EVAPORATCRS

(CKTBRK) CONTACTORS
CONTROLLERS REGENERATIVE HEAT EXCHANGERS
STARTERS STEAM CENERATORS
SWITCH ES (OTHER THAN SENSORS)
SWIfCHGEAR FAN COII. UNITS

CONTROL RODS POISON CURTAINS
(CONROD)



Table C.13 (continued)

INSTRUMENTATION AND CONTROLS CONTROLLERS RELAYS SWITCHGEAR
(INSTRU) SENSORS / DETECTORS / ELEMENTS (RELAYX)

INDICATORS
DIFFERENTIALS SHOCK SUPPRESSORS AND SUPPORT HANCERS
INTEGRATORS (TOTALIZERS) (SUPORT) SUPPORTS
POWER SUPPLIES SWAY BRACES / STABILIZERS
RECORDERS SNUBBEh5
SWITCHES ANTI-VIBRATION DEVICES
TRANSMITTERS
COMPUTATION MODULES TRANSFORMERS

(TRANSF)
MECHANICAL FUNCTION 1 NITS MECHANICAL CONTROLLERS
(MECFUN) COVERNORS TURBINES STEAM TURBINES

GEAR BOXES (TURBIN) CAS TURBINES
VARIDRIVES P.YDRO TURBINES
COUPLINGS

VALVES VALVES
MOTORS ELECTRIC MOTORS (VALVEX) DAMPERS
(MOTORI) HYDRAULIC MOTORS

PNEUMATIC (AIR) MOTORS VALVE OPERATORS EXPLOSIVE, SQUIR
SERVO MOTORS (VALV0P)

PFNETRATIONS, PRIMARY CONTAIN. AIR LOCKS VESSELS, PRESSURE CONTAINFENT VLSSELS
(PENETR) PERSONNEL ACCESS (VESSEL) DRYWELLS

FUEL HANDLING PRESSURE SUPPRESSION
EQUIPMENT ACCESS PRESSURIZERS
ELECTRICAL RFACTOR VESSELS
INSTRL' MENT LINE g
PROCESS PIPING OTHER COMPONENTS y

PIPES. FITTINGS (XXXXXX)

CODES NOT APPLICABLE
PUMPS (ZZZZZZ)
(PUMPXX)

RECOMBINERS
(RECOMB)

0: PLANT OPERATING STATUS:

CODE STATUS

A (UNDER) CONSTRUCTION
B PREOPERATIONAL, STARTUP OR POWER ASCENSION TESTS (IN PROGRESS)'
C ROUTINE STARTUP OPERATIONS
D ROUTINE SHUTDOWN OPERATIONS
E STEADY STATE OPERATION
F LOAD CHANGES DURING ROUTINE POWER OPERATION
G SHUTDOWN (HOT OR COLD) EXCEPT REFUELING
H REFUELING
U UNKNOWN
X OTHER (INCLUDING SPECIAL TESTS, EMERCENCY SHUTDOWN OPERATIONS, ETC.)
Z ITEM NOT APPLICABLE

D: DISCOVERY METHOD (0-OPERATIONAL EVENT, T-TESTINC)
E: HUMAN ERROR INVOLVED (N-NO, Y-YES)
1: TRANSIENT / ACCIDENT INDUCED BY ACTUAL OCCURRENCE (N-NO, Y-YES)
ACEX: PLANT AGE AT THE TIME OF THE EVENT IN DAYS

- _ _ _ . . . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._
;
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Table C.13 (continued)
PROB: PROBABILITY
RATE: PLANT ELECTRICAL RATING IN MECAWATTS ELECTRIC
T: PLANT TYPE (B=BWR, P=PWR)
V: PLANT NSSS VENDOR

A-ALLIS CHALMERS
B-BABCOCK AND WILCOX

S:SMHNEREF"
W-WESTINGHOUSE

AE: PLANT ARCHITECT ENGINEER

AE-AMERICAN ELECTRIC POWER CH-CIBBS AND HILL SS-SOUI'HERN SERVICES
BR-BURNS AND ROE GX-CILBERT SW-STONE AND WEBSTER
BX-BFCHTEL PX-PIONEER UE-UNITED ENGINEFRS
EX-EBASCO RT-BROWN AND ROOT UX-UTILITY
FP-FLOUR POWER SL-SARGENT AND LUNDY XX-0THER

OPR: PLANT LICEN;EE ABBREVIATION:

LICENSEE
ABBR. LICENSEE n
APC ALABAMA POWER COMPANY NMP NIACARA MOHAWK POWER CORPORATION hAPL ARKANSAS POWER AND LICHT COMPANY NNE NORTHEAST NUCLEAR ENERCY COMPANY co
APS ARIZONA PUBLIC SERVICE COMPANY NPP NEBRASKA PUBLIC POWER DISTRICT
BEC BOSTON ELECTRIC COMPANY NSP NORTHERN STATES POWER COMPANY
BCE BALTIMORE CAS AND ELECTRIC COMPANY PFC PHILADELPHIA ELECTRIC COMPANY
CEC CONSOLIDATED EDISON COMPANY PEG PUBLIC SERVICE ELECTRIC AND CAS COMPANYCEI CLEVELAND ELECTRIC ILLUMINATINC COMPANY PEP POTOMAC ELECTRIC POWER COMPANY
CGE CINCINNATI CAS AND ELECTRIC COMPANY PGC PORTLAND CENERAL ELECTRIC COMPANY
CPC CONSUNERS POWER COMPANY PGE PACIFIC CAS AND ELECTRIC COMPANY
CPL CAROLINA POWER AND LIGHT COMPANY PNY POWER AUTHORITY OF THE STATE OF NEW YORK
CWE COMMONWEALTH EDISON COMPANY PPL PENNSYLVANIA POWER AND LICHT COMPANY
CYA CONNECTICUT YANKEE ATOMIC POWER COMPANY PSC PUBLIC SERVICE COMPANY OF COLORADO
DLP DAIRYLAND POWER COOPERATIVE PSI PUBLIC SERVICE OF INDI ANA
DLC DUQUESNE LIGHT COMPANY PSN PUBLIC SERVICE OF NEW HAMPSHIRE
DPC DUKE POWER COMPANY PSO PUBLIC SERVICE COMPANY OF OKLAHOMA
DPP OMAHA PUBLIC POWER DISTRICT PSP PUGET SOUND POWER AND LICHT COMPANY
FPC FLORIDA POWER CORPORATION RGE ROCHESTER CAS AND ELECTRIC CORPORATION
FPL FLORIDA POWER AND LIGHT COMPANY SCC SOUTH CAROLINA ELECTRIC AND CAS COMPANY
CPC CEORGIA POWER COMPANY SCE SOUTHERN CALIFORNIA EDISON COMPANY
CSU CULF STATES UTILITIES SMU SACRAMENTO MT?NICIPAL UTILITIES DISTRICT
HLP HOUSTON LIGHTING AND POWER COMPANY TEC TOLEDO EDISON COMPANY
IEL IOWA ELECTRIC LIGHT AND POWER COMPANY TUG TEXAS UTILITIES CENERATING COMPANY
IME INDIANA AND MICHIGAN ELECTRIC COMPANY TVA TENNFSSEE VALLEY AUTHORITY
IPC ILLINOIS POWER COMPANY U f'C UNION ELECTRIC COMPANY
JCP JERSEY CENTRAL POWER AND LICHT COMPANY VEP VIFCINIA ELECTRIC AND POWER COMPANY
KCE KANSAS CAS AND ELECTRIC COMPANY VYC VERMONT YANKEE NUCLEAR POWER CORPORATION
LIL LONG ISLAND LIGHTING COMPANY WEP WISCONSIN ELECTRIC POWER COMPANY
LPL LOUISIANA POWER AND LIGHT COMPANY WMP WISCONSIN-MICHIGAN POWER COMPANY
MEC METROPOLITAN EDISON COMPANY WPP WASHINGTON PLBLIC POWER SUPPLY SYSTEM
MPL MISSISSIPPI POWER AND LIGHT COMPANY WPS WISCONSIN PUBLIC SERVICE CORPORATION
MYA MAINE YANKEE ATOMIC POWER COMPANY YAC YANKEE ATOMIC ELECTRIC COMPANY
NIC NORTHERN INDIANA PUBLIC SERVICE COMPANY
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Appendix D ;

EVENT TREE QUANTIFICATION

This appendix contains additional supportive material for the quanti-i:

fication-of conditional probability for the precursor events. It includes
the sequence'of interest event trees for each precursor with the ' quantifi-
cation of event tree branches, the event probability, and the faults asso-
ciated with each precursor. The precursor event trees appear in order of
NSIC accession number.
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Small Reactor Austilary High low Pressure Potential' Sequence
14C4 Trip Peedwater and Pressure Reetreulation Severe No.,

Secondary Injection and I,PR/MPI Core
Heat Removal Cross-Costnec t Damage

No. I

2.6E-4
hs 2

6.0E-4 y,, 3

4.0E-2 -

m No 4

2.6E-4
Ten 5

3.6E-5 6.0E-4
hs 6

2.7E-4 Tes ?

P = 3.4E-5

MSIC 154451 - Sequence of Interest for Inadvertent Opening of PORY at Ifaddam Neck

toes of Turbine Peer- Auxiliary PORY PORV or tilgh long Potential SequenceOffette Cenerator gency Peedwater and Demanded Pony isota- Preneure Tern Severe Wo.Power Rune Back Power Secondary tion Talve injection Core Core
and Assumes Heat Removat Closure rootten Desagelinuse loade

No I~

No 2
4.0E-2

I .

2.9E-3 * '
Tes 4

7. 9 E- 7

(2.8:;-4 / year *

Tee 5
for 0.25 h)

No 6

b 7,

2.7E-4 I2ME-& y,, g

1.0 0.34
vee 9

4.0E-2 i .N |2.9E-3 y,, gg

3'0.34 No 12

} n.12 Yee 13,

P = 3.2E-8

NSIC 154674.= Sequence of Interest for Emergency Power System Unevallablitty at Calvert Cittfe 2
4

$-

J

k-

I
t
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-

I
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Reactor at Screen Wash Pumps Manual Reactor Auxiliary Feedwater Potential Sequence
Power and Provide Adequate 5..utdown. RCPS and Secondary Heat Severe No,

t, ass of Salt. CCW Coo!!ng Tripped Removal Core
water Cooling Damage
System

No

0.58 g
)> 211122/,,,1,A,>,2 1,0<<<<<<<

2.7E-4 yesg,g

P = 1.6E-5

NSIC 155475 - Sequence of Interest for Loss of Saltwater Cooling System at San Onofre 1

st ese s ute, a.t.ireJ- - E;LiteTi T. n ne,.. red mov Punv L=es potestisl Seipens e
Line ss ene Stese Feedi.eter Pressure heat ret ed openet Closure fore seve o the.
Breat Emeerster ta per s tea Borte Actd Gn.e To Coelin$ C8'e

f oolat hom (HPI) AJdillem Cent 6nued beenge
a rrn tea ir i

me t
0.8

m* a4.0E-3 ,
i7.F.E-a ves a

me e

6.0E-4 ne s

me 6

2.6E-42.7E-4 ,,, ,

0.34 yee e

me ,

0.8 ,, ,,

2.6E-4 , , , g

he |}

' II) 8.3E-4 Ve s 15

** ~4
g . Ves it

" "(1.0E-3/ year r

for 1104 h) I M E-4 vos le

5'3E~42.7E-4 ves 17

3.34 - ves is

3.6E-5 , , , g

P = 6.1E-8 (includes correction of 0.75 for likelihood of occurring at power)

usic nans - seq e e e t teeest tee rettere of usive te close se sees.4 se tienen
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lose of Turbine Emer- Auntilary PORV PORY or High long Pot ent ta l 4quenceOffsite Cenerator sency Peedwater and Demanded FORV Isola- Pressure Term Severe No.Power Rune Sack Power Secondary tion Valee la jec t ion Core Coreand Assumes Heat Removal Closure
House loade Cooling Damage

No I

No 2
4.OE-2

% 3g

2.9E-3 N* ~

Yes 4
, ff,"| ' b'OE~4 m 5

No 6

W 7,
2.7E-4 b* '

Yes 8
1.0

3g 0.34
y ,

IO4.0E-2 g

[ 2.9E-3 y,, gg

3.7E-4 m, 12

0.!?
Yee L3

P = 4.7E-5

NSIC 158228 - Sequence of Interest for Loss of offstte Power at Pretrie tetand 2

loss of kcactor Standby RCIC/HPCI Aatom.itic LPC t or long Potential Sequenceneedwater Scram Liquid Response Depressurlastion CS Response Term Severe No.
Flow Control Adequate System Operates Adequate Core Core

Initiated Cooling Damage

No I

l.0E-4
Yes 2

No 3

1.0E-4
Yes 4

2.2E-3 I ' "''
Yes 5

8.2E-4 **I ~

Yes 6
(0,3/ year
for 24 h)

,

No 7

: (F)
-

imr-a yet a

;) .14 2.2F*l
y,, q

'I.12
Yes 10

P = 3.3E-5 (includes contribution from other postulated initiators)

MSIC 154229 - 5equence of Interest for Screa Discharge Falle to Drain and Atares Clear at Dresden 3
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Less of Reactor Standby RC'C/llrCI Automatic LPCI or Long Potentja! Sequence
reedwater Scram 1.1guld Response Depressurisation CS Res!'onse Te:1s Severe No.
Flow Control Adequate System Operates Adequate Core Core

Initiated Cooling Damage

No i

1.0E-4 y,, 2

No 3

1.or-a y,, 4

1.2E-3 * ~
Yes 5

: (F)
3.3E-2 .. 11.12 yes 6

(0. 3/ yea r
for 984 h)

g, 7

1.0E-4 y,, 8

1.9E-4 2. 2 E- 3
y,, 9

0.12
Yes 10-

P = 1.3E-5 (includes contrib4 tion ' rom other postulated inittators)

NSIC 158231 - Sequence of Interest for ADS Valves Fait to open at Dread . 3

lose of Turbine Fae r- Auslilary PORY PORY er liigh tons Potentist fieq uence
offette Generator genc y Feedwater and Demanded FORY leola- Pressure Ters Severe No.
Power Rune Rack Power Secondary tion Valve Injection Core Core

and Assumes Heat Removal Closure Cooling Damage
Nuge leade*

No l

>> 2

4.0E-2
h 3

2.9E-3 2.6E-4 y,, 40.12
J',, / 6.0E-4

Tee $

m 6

% i

2.7E-4 * ~
Yee 8

,1.0 0*3'
, yee 9

4.OE-2 I
|2.9E-3 Yes il

1.7E-4 ms 12

4.0E-2 fee 31

P = 1.3E-5

NSIC 154232 - Sequence of Interest for t.ose of offsite Power at Indian Point 2

. _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . . _ _ . . . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _
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Everter og Neems t IKF eest Gue to stauer Heen hbble Lea k of estere! Migh Potent iel Segmenc e
pueer med reme ter/ f altere due top heed east- prewease estesel c losetea tes pressere Severe Be.
An'F CMd St.P tely to ises of Joue thee m'3 c treelet tes detested by t e jec t lee Care

,

i

retwee value Ulf steen hebble by opeteter end Geesse
tesse enet t ree to te, are maasted ese
4 se eh ae4 head eeee seessas

t eaa l d

0.05 "*

|6.0E-4 ,,,

me
0.1 *

0.1
1.0 o,34

vee

0.34 **
g . -

_ _ . ne

no
0.05

-- ~ ~

6.0E-4

_ _ _ _ - _ . _ _ . _ _ _ _ . . _ _ _ _ _ _ _ . _ . _ . - . me

P = 1.1E- 3

mise t sam - sov.ee.-e er s ei. eer eer Lose er see, tee cuesene r ore e a te, need nuhtie
ie iaesi ei me . t-se i

tense of Turbine Emer- Austliary PotV ruav or H t gli lena rotenttal Se.pwne e
ottelte Cenerator gency Feedvater and Demanded FORV !sota- Presoure Tete Severe th e
Power Rune Back rower Secondary tion Valve Infeetton Core Core

and Assumes Ifeat Removal Closure Coeling hamage
Ibuse leads

lh I

tk 2

0.0
No 3

1

2.9E-1 F.6E-4 y,, 4
0.12

,;',;''' ; 6.0E-4 y,, g

(D)
'

No 6,

% 7

1.1E-2 b H-' Yee 8

,1.0 0.34
y,, y

No 10
0.0 y

12.9E-1 fee il

1.7E-4 No 12ir

0.12 fee il

P * 6.0E-4

N5tC 118279 - Sequence of Interest for Degraded Emergency Feedwater System During a t.oes of Of fette Power
at Artanese Unit 2

. _ _ _ _ _ . _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _
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D-7

tese of Tur bine Emer. Auntilary PORY PORV or High long Potential Seqiie,me
Offette Generator gency Feedwater and Demanded FORV leola- Pressure Tern Severe No.
Power Rune Beck rower Secondary Lion Valve injection Core Core

and Assumes Heat Removal Closure Cooling Damage
House imeds

Me i

No 2

4.0E-2
No 1I

b2.9E-3 Yes 4
1.OE-3

6.0E-4
Yes 5

h 6

h 7

2.7E-4 p.6E-4
9,, ,

1.0 *

Tee 9
,

-

No 10- 4.0E-2 |;(F)
12.9E-3 y,. gg

:0.58 m 12

0.12 y,e [3
P = 1.0E-5

|

N51C 158650 Sequence of Interest for ratture of service Water system and subsequent Auxiliary reedvater
Unavailability at Calvert Cittfa 1

L. il. .u..e .m.. . . . , %, i ,. - s...,.~. ~ .n n., n-. u . . . i ... , . . . = ,-, u. on , .. ,.,- t , ei . n.i ..

. . . . . u, u r cn.. .. ..

..%...
. . . . . . . . -. i ,.- ...... .

u.
.

. ei . . , , .a r, ..o,... v.i a ... . . . en., ni.... n .n c ..

.r , . ., , i, n n ..n -u . . i .... n, . ...,.n. a n... . . .. uc.. n..,..... ... . , . i. r.. ..n , n. .

.ni
i.

. . . , . . ,.... .mr ... . .. . ,. . . .
..a.. .. ,. .nO,...,..it

i. Vi
.* .t..t.. . rp . P

Jue. . I.i . d Ca. dri s prig .... l .. . . . . . w v.s a...is

se s.l i . .. i. L. ! ...,.mi.. .t

,1.9 Y"I ."l!**.!!*"___ d*M !E SITdfd I M -- -

n. I

a. 2

3.05
g

0.1

0.05 v.. 6

%

0.0)h0
a 0.05

t 6

0.58
, , ' . '-

,

0
0.0)

_ to 9

b
0S 3.05 ,,, ,e

u. H
0.0)

.

_ .05
v la

P = 1.4E.)
is w n . . s.+ . .e s ..... . , t... .s v s....n.i s . e t .e e ., .. . .a c.p.u u e r .. e..i -e I
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D-8

Loss of Turbine Faer. Auxtllary PORV PORY or liigh long Potential Sequence

Offette Generator genc y Feedwater and Demanded FORV ! sole- Fressere Tere fevere M.

rower Rune Back Power Secondary tien valve la jec t ion Core Core

and Assumes Heat Removal Closure Cooling Damage

Nouse meJa

No i

No 2

4.0E-2
h 3,

|2.6E-42,qr.) ,,, 4

6.0E-4, ' , ' , ' ' y,, $

; W 6

No f,{(F) y
' [ 2.6E-4 fee 8[ 2.7E-4

0.58 0.12 y,, 9

No 10
4.0E-2 I

1 9E-3 y,, gi2

3.7E-4 m 12

0.12 Yee Il

P = 5.4E-6

MSIC 159114 - Sequence of Interest for Loss of Offette Power et Arkanses Nutlear - Unit I

toes of Turbine Fae r. Austilary PORY PORY or tilgh long Potential Sequence

offstte Generator genc y Feedwater and Deannded FORY Isola- Fressure Tere Severe N.
Power Rune Back rower Secondary tion Valve injection Core Core

and Assumes Heat Removal Closure Cooling Daw ge
Nuee leads

No |

En 2

0.0
h 3,

|2.6E-42.9E-3 9,, 4

0.12 6.0E-4 y,, g, , , , , , ,

h 6

h 1

2.7E-4
' ' Yee e

l'3' Yes 9,,1,0

m to
0.0 1

12.9E-3 Yee il

3,7g.4 't b 11

0.12 y,, g3

P = 1.6E-5

NStC 159116 = Sequence of Interest for Loss of Of fette Power at Arkanese Nuclear 2

i

_ _ . .
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D-9

st ees rees t. se,o red 4.mi s ser, alash aequireJ Prev POav Bang Poteet j al
, _e

L&ne k ree stese f eedwater Pressure Concent rated Opened Cleaure Tere severe me.
sneek senereter telec t ion sorte ac64 in.e to Coellas Core

a netes sen Or t) addit tee continued emesse
I.f fre t ed fel

no |
0.8

"* 36.0E-3 ,
n?.6E-4 ,,, 3

me 4

6.0E-4 no s

ne s

2.7E-4
~ * ~4 *** 7

0.34 vee a

me e

0.8 , ,,
6.0E-3 a

12.6E-4 ,,, ,,

No 12

(F) 8.3E-4 yee is

6.0E-4 ,,, y
9.2E-7 -

0.12
me is

(1.0E-3/ year '2.6E-4for 8 h) Y** l*

2.7E-4 8.3E-4 yee e, !

0.34 |

|vee sa

3.6E-5
Yes 19

P = 1.2E-10

usic i59 47 - segeesce er tatereet rer eneesttentiser of All sist stees riew sis ete et serer a

lass of Turbine Fae r. Aunlitary PORY PORV or High long Potential sequence
Offsite Generator gency Feedwater and Demanded FORV !sola- Pressure Tern Severe h.
Power Runs Sack Power Secondary tion Valve In ject ion Core Core

and Assumes Heat Removal Closure Cooling Damage
House toado

|
No |

|

No 2 |

0.04
h 3,

2.9E-3 | .6E-4 Tes 4

4.1E-7 6.0E-4 Yes 5
(2.8E-2/ year
for 0.13 h) No 6

_i

2.7E-4 12.6E-4 y,, g

*
0.75 Yee 9

'

No 10
, 0.04 |
; (F) |2.9E-3 y,, y,

; 0.34 m - gg
.

0.12 fee 11

Pe 9.4E-9 (includes factor of 0.75 for Itkenthood of occurring at power)

MSIC 160453 - sequence of Interest for Loss of Emergency Power at Davis-Besse 1



, - - _ - _ - - . _ _ .
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-D-10 ,

f-
f:- Sas!! . Reactor Standby. liigh Automatic LPCI lang Potential Sequence
[. Less of.. Scram . Liquid Pressure Depressuri- or CS ' Tern Severe No.

'

Coolant. Control Cooling ration Response Core Core
Accident- Initiated Provided System. Mequate Cooling Damage

j Operates

No 1
,

4'

!I 1.0E-4
f' Yes 2

No 3

;,
*

!' l.0E-4 y,, 4

1.5E-41.7E-2 Yes 5

0.$8 6.7E-3
Yes 6, ' , ' , ' , ' , ' , ' ,

!

No 7

| 1.0E-4 y,, g

1.9E-4 1.7E-2
Yes 9

?

0.12
7

! Yes 10
i P = 1.4E-4

N!!C 160497 - Sequence of Interest for inadvertent Opening of Relief Valve at Pilgrim 1

toss of Reactor Standby RCIC/IIPCI Automatic 1.PCI or Long Potential Seqtwnce
reeduater Scram Liquid Response Depressurization CS Response Tern Severe No.
Flow Control Mequate System Operates Adequate Core Core

initiated Cooling Danage

I
jy(CD)

3.6E-4
Yes 2

N 3
-3(LD);

1.6E-4 y 4

|(CF)
2.2E-1 'O.12 y,, $

i

! 3.8g.6 6.7E-3
"

(0. 3/ yea r
for 0.17 h)

; (CD),

3.6E-4
Yes 8

2'2E*3
! 1.9F-4

Yes 9

f 0.12
Yes 10

|
P = 4.2E-9 (includes contribution from other postulated initiators)

MSIC 160332 - Sequence of Interest for Component Cooling Water Inoperable at Pilgrim 1

I

'

.._.: _ _ _ _ _ . _ _ _ . . . . _ . _ _ _ _ _ . _ _ _ . _ _ . _ _ _ _ . _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,L
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D-ll

Small Reactor Standby High Automatic LPCI - Long Potential Sequence

f.oss of Scram Liquid Pressure Depressurt. , or CS Term Severe No.3

Coolant Control Cooling sation Response Core Core

Accident Initiated Provided- System Adequate Cooling Damage

Ooerates

No 1

1.0E-4
Y 2

No 3

1.0E-4 y,, 4

1"11.7t-2 Yes 5

I 6.7E-30.38 Yes 6
,%','''

No 7

! 1.0E-4 y,, g

!

1.7E-2
. 1.9E 4 y,, ,

l

| 0.12 Yes 10

P = 1.4E-4
i

NSIC 160559 - Sequence of Interest for inadvertent opening of Rettet Valve at P11 grim 1'

j

I

Small Resetor Austliary High law Pressere Potential Seqioenee
i LOCA* Trip Feedwater and Pressure Reelteolation Severe No.

Secondary injection and LPR/Hrt Core
j Heat Removal Crose-Connect thema ge

I
; No t

if(D)<

4.1E 2 y,, ,

6.0E-4 y,, 3

! 0.12
| 944%W- , its 4

** i|(D)
4.1F-2

Yee S

6.0E41.6E-S ' Yes 6

2.7E-4 y,. p

P = 5.0E-3
.

| N5tc 160846 - Sequence of Interest for Loss of 24-v de Nonnuetear Instrumentation
Power Supply at Crystal River 3

* dine to lose of NNI-X power supply
** continued small LOCA requites operstar error in not stoaing PORY block valve

!

._ _ _ _ _ - _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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D-12

Small Reactor Standby liigh Automatic LPCI teng Potential Sequence
1.oss of Scram Liquid Pressure Depressuri- or CS Term Severe No.
Coolant Control Conting tation Response Core Core
Accident init iated Provided System Adequate Cooling Damage

I Operates

No I

1.0E-4
Yes 2

-

No 3

1.0E-4 y,, 4

1.7E-2 *

Yes 5

**IE'
,0,.,3,8, , , Yes 6

,,

No 7

1.0E-4 y,, g

*1.9E-4 Yes 9

0.12
Yes 10

P = 1.4E-4

NSIC 160126 - Sequence of Interest for Stuck Open Relief Valve at Pilgrim 1

toes of furbine Emer- Analltary PORY PORV or High long Potential Sequenceoffette Cenerator sency Feedwater and Demanded PURV Isole- Pressure Term Severe Ib .Power Rune Back Power Serendary tion Yalve Injec tion Core Coreand Assumes Iteat Femovat Closure Cooling Dama ge1buse leade

No 1

ms 2

0.04
h 3,

2.9E-1 [2.6E-4 Yes 41.1E-5
fi.0E-4

(2.8E-1/ year I'* I

for 4.23 h)
En 6

% 7

2.7E-4 12.6E-4 fee 8

l.n 3 3'o
y,, ,

"' I"0.04 g

[?.9F-1 y,, gg

.Q.11 . M' II

0.04
Yes 11

P = 1.4E.7 (includes factor of 0.7% for likelihood of occurring at power)

MSIC 161601 - Sequence of Interest for Loss of Service Water System to Diesel Generators at Selen 1
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D-13

Imes of Yurbise . Eser. Austliary PORV PORV or High long Potential Sequence

offette Generator sency Feedwater and Demanded PORV isole- Fressure Yern Severe No.

Power Rune Beck Power Secondary tien Valve injection Core Core

and Assumme Heat Demovat Closure Cooling Damage

House taede

No |

No 2'

O.04 , 3

I* *

Yes 42.9E-3
6.6E-6 b.0E-4 Yes 5
(2.8E-2/ year

. for 2.1 h) No 6

b 7,
I? '' *2.7E-4 Yee 8

0.34
40 Yee 9,

'.
Me 10

0.04 1

, (F) |2.9E-3 y,e gg:

I'0.34 th 12

0.04 ,yee 33

P * 6.7E-8 (includes factor of 0.75 for likelihood of occurring at power)

NstC 161649 - Sequence of laterest for lose of Emergency Power System at Sequoyah 1

loss of Reacter Standby RCIC/ItrCI Automatic l.001 or long Potential Sequence
reedwater Scram Liquid Response Depressuritation CS Response .Yern Severe No.
Flow Control AJequate System Operates Adequate Core Core

' Initiated rooling finmage

No I'

1.0E-4
Yes 2

No 3

'
,

1.0E-4
; (F) y,, 4,

,

0.14 1 SE*4
y,, $

1.25-2 6.7E-3
Yes 6-

(0.3/ year

for 360 h)
No 7

1.0E-4
Yes 8

(F)
1.9E-4 -|' 0. 34

-Yes 9--

0.12
Yes to

P = 3.2E-$ (includes contribution from other postulated initiators)

NSIC 161906 - Sequence of Interest for RCtc and HFCI Inoperable et Quad Citiet 2



D-14

Sea 11 Reactor Aust!!ary High law Pressure Fotenttal Sequence
LOCA Trip Feedvater and Pressure Recirculation Severe No.

Secondary injection and LPR/HFI Core
Heat Removal Cross-Connect Damage

No I
(F)

d* Tem 2

6.0E-4
y,, 3

8.lE-6

(8.9E-3/ year (F)
for 8 h) !0.12

Yes 3

3.6E-5 6.0E-4

2.7E-4 y,, y

P = 9.8E-7 (includes contribution from other postulated initiators)

NStC 162083 - Sequence of Interest for Loss of RWT Level Instrumentation at
Arkansas (1 nit 2

tese of Turbine Faer- Auxillary PORY PURV or High tong Po t ent is t Sequence
offstte Generator genc y Feedvater and thmanded FORV Isota- Pressure Term Severe N.
Power Rune Back Power Secondary tion Valee Injection Core Core

and Assumes Heat Removat Closure Cooling Desage
House loads

_ No I

% 1

4.00-2
No 3

2,9g.3
* ~

Tee 4

3.1E-6 6.0E-4 y,, 3
( 2. 8 E-2 / yea r
for I h) No 6

No 1

y.6E-42.7E-4 Tes 8

,1.0 0. 34 y,, ,i

-

b 10
4.0F-2 1

:(F) ]2.9F-3 yes 13

0.34 No 12

0.12 Yee il

P = 1.3E-7

N5tc 163356 - Sequence of Interest for output Breakers for Both Station Setteries opened at Falteades
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D-15

..

toss of Reactor Standby RCIC/HPCI Automatic LPCI or long rotential . Setpoence
Feedwater Scram Liquid Response Depressurization CS Response Tern Severe No,

flow Control Adequate System Operates Adequate Core Core
faitisted Cooling Damage

No 1

1.0E-4
Yes 2

No 3

1.0E-4 ~

dYes

2.2E-3 1.5E-4 y,, $

.2.7E-2 6.7E-1
Yes 6

(1.0/ year , '

for 240 h);, g y

, (F)
, 1.0E-4

y,, g
',

9

' O. 14 2.2E-3 y ,

0.12
Yes 10

P * 9.8E-4 (includes contribution from other postulated initiators)

MSIC 163405 - Sequence of Interest for Fetture of 76 Control Rode to insett at Browns Ferry 3

less of Reactor Standby RCIC/HPCI Automatic LPCI or long Potential Mequence
Feedwater Scram Liquid Response Depressurlastion CS Response Tern Severe No.
Flow Control Adequate System Operates Adequate Core fare

Initiated Conting Damage

No I
.

1.0E-4 y,, 2 )

No 3

1.0E-4 y,, 4; g,)

; 0.12 L.5E-4
5

0.34 4,7E.1
Yes 6

No 7

1.0E-4
Yes 8

,(F)
1.9E-4 -(0.12)

Yes 9

0.12
Yes le

P * 3.3E-4

NSIC 163418 * Sequence of Interest for.RCIC and HPCI Failure to Inject Following Screa et Match 1
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D-16

Small Reacter Ausillary High, tav Pressure rotential Seqieenc e

thCA Trty Feedvater and Presaure Rect ren tation Severe b. !
Secondary injectfen and LFR/HP1 Core |
Heat Removal Cross-Connect Damage

No i

2.6E-4
Yes 1

6.0E-4 y,, 3

0.58
g No 4

2.6E-4
Yes 5

3.6E-5 6.0E-4 Yes 6

2.7E-4 ,,, 7

P * $.0E-4

B3tc 163499 - Sequence of Interest for Reseter Coolant Pump Seal Fallure
et Arkansas Nuclear 1

t

Small Reseter Avattiary High Imu Pressure Potential Sequente
LOCA Trip Feeduster and Fressure Ber t rent ation Severe No.

Secondary Injeetten and trR/MP1 Core
Heat Removal Cress-Conneet Damage

No 1

2.6E-4 fee 2

A.0E-4 y,, 3

0.01
m 4pp -

2.6E-4
9

3.6E-3 6.14-4 Yee 6.

2.7E-4 yee 7

P = 8.6E-6

NSIC 164149 * Sequence of Interest for feelebte Small Break LOCA et Robinson 2

*eute teolatten en safety injeetton eleeure of upstream valves

\

4

I

s'

i -..-.- . _ - _ - - . - - - . . - - . . . . - ----- - - - -.
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tese of Turbine Emer. Austitary PORV ' PORV or Nigh - Long Fotential Seqtsence
offette' Cenerator sency Feedwater ord Deeended PORY loota= Pressure Tore Severe No.
Power Rune back Fower Secondary tion Valve Injection Core Core

and Assumes Neet Reesval Closure Cooling Demage
flouse taede

No I--

No 2

4.0E-2
'

I I

I' '

Tee 42.9E-3

,, ,. S, ,E:, ?>
0* 6.OE-4

Tee s.

No 6

N I
|

{(D) 2.7E-4 12.6E-4 y,, g;

,1. 0
' 1.0-

't Tee 9,

No 10
- 4.0E-2 i

12.9E-3 y,, gg

L.$E-2 h 12

0.12 Tee 13

P = 6.1E-5 (includes factor of 0.73 for likelihood of occurring et power)

MSIC 1644$3 - sequence of Interest for arter Lose of of fette Power and Degraded 14ed Shed at Sen Onofre 1

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

teneter at Power Restored Power Restored Power Provided Auullary Bleed Potential Sequence

Full Power to dc Bus A to de Bee A to 4.16-kV Sus Feedwater and Severe No.

and laadver* Prior to Mein Subsequent to B After Diesel and Feed Core
tent Trip of Generator Reverse Nain Generator Generator Trfp Secondary Cooling Damane

.lc Bas A Fower Relay Reverse Power Heat
Operation Relay operation Removat

No I

2.7E-4 ]
|0.34 y,, 3

- No 4
0.12 |

|1.0E-3 y,, $

l.0 No 6

, % "<% % $Y,'
"*2.7E-4 1

10.34 y,, a

No 9
0.12 1

0.34 11.0E-3 y,, go

No It

0.12 I
|0,12 y,, it

P e $.1E*)

NStC 164617 - Sequence of laterest for t.oes of de Bus and Dieset Generator Trly at Milletene 2

~ _ - _ - _ _ _ _ _ _ _ - _ _ _ _ _ - _ - _ _ _ _ - _ _ - _ - - _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ .
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Lese of Roseter Slese&s, - steedby one of See que of Four Ehet aeve NPCs mesual Petees tal ' someOf fsite $ cree Eters Liquid

3rds se ' ros. c.c.re
E5W Ceedesser Depressuri- seee re.es=en 4,4 g.e4 centres mese of e $ senseeusit ated rau -s

acesse
1

,"o l'- I
'

-

,|5.0E-4c e . . . .3, '
m .3

as a,
.. I

L .1 . . . . .I I ,. o_17 ; ,, ,
'

* 5rr... .,
5 me e1.0E-3 j 1 0E-4 ;

i

a........, in F

03 no e,5.0E-3
i ,, ,

3ei no 10
'

,

|1.0E-2 . me 12.2E-3 i0.12 ,, , , _

no . as
.

1.0E-3 |1.0E-2 go; 3.
. ,

'' N'3w vu u
m 16er..._.,

||5.0E-4 No 37,

i.......l. in la
me as,.r..___.,

0 0E-4 ;1.0E-3
* ' me as .

s. . . . . . . i ~to 31
0.3 no 221.9E-4 ,T j$,gg.3

0.12 ; '** *'
2.2g.3 in 26

vu as

P = 1.0E-5
s

es.1 isaros . se,.eece et s .non see uw as to creeee

less of Scactor Standby RCIC/HPCI Automatic IICI or Long Potential Sequence
l'eedwat er Scram 1.ir,uld .

" Mequate * System Operates AJequate Core Core
Response; t=pressuritation CS Response Ters Severe - No.

Flow Contros
initiated Cooling Damage

No 1

- n- .

1.0E-4 Yes 2

No 3

,

1.0E-4, y,, 4; (F)
1.5E-4--

'o . % Yes 5
s

2.7E-4' * '
Yes 6*

.(0.30/ year s

for 8 h)
v., y No 7-

t

1.0E-4, ,

Y,, ,

1.9E-4'
,; kF)
-'(0.34)

Yes. 9'

O.12
Yes t 10

.P = T.4E-7 (includen contribiahton from other postulated initiators)
,

%; ' + _ ; c, : Ay

M81C 164955 - Sequence of Interest for less of #CIC at NPCI at Ratch 1
- s

| -g-

s,u-

b

-

'1

?- m
;,Ny

-.'

O " ? ,,1,s ,

, , - - - , , , _ , ., - - _ _ . - -. - . . - _ . - - ._
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D-19

Loss of Reactor Diesel Standby RCIC/HPCI Automatic LPCI long Potentlet Sequence

Offsite Scram Start Liquid Response Depressurl. or CS Tern Severe No,

Power and Crstrol Mequate nation Response Core Core

Imad Initiated Systen Adequate Cooling Damage
Operates

No I

|1.0E-4 2

No 3
I
gl.0E-4 y,, 4

2.2E-3 1.5E-4 y,, $

h.7E-3 yes 6

(F) No 7

--
;
|1.0E-4 Yes 8" 0.12

7.8E-4 "~ '

(1.9E-2/ year No 10
fr 60 M

1.0E-4 y,, gg,

2.2E-3 yes 12

1.9E-4 0.12 y,, g3
-(F),

;;(0.12) y,, g4

P = 2.2E-7

NSIC 165438 - Sequence of Interest for Unavailability of Emergency Power et Hatch 1

SeLil Reactor Austilary High inw Freasure Fotential Sequence

LOCA Trip Feedwater and fressure Recirculation Meerte No.
Secondary Injection and LPR/HFI Core
Heat Removat Cross-Connect Damage

No 1

2.6E-4
2

__

6.nE-4 yee 3

4.0E-2
y b 4

2.6E-4
5

3.6E-5 6.0E-4 yee 6

2.7E-4 ye. 7

P = 3.4E-5

MSIC 165900 - Sequence of Interest for Inadvertent Opening of Freeeuriser Relief
Valve and Block Valve at Maddam Neck
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D-20

Small Reactor Standby liigh Autosptic LPCI long Potential Sequence
tass of . Scram Liquid Pressure Depressuri- or CS Tern Severe No.
Coolant' Control Cooling sation Response Core Core'
Accident Initiated Provided System Adequate Cooling Damage

Guerates

No I
(F)

70.34
Y 2

No 3,

(F)
;OA4

y,, 4

1.5E-41.7E-2

1.2E-3 6.7E-3
,

(2.1E-2/ year
for 512 h) % y

.,(F)
-;3.34
- Yes 8

* *1.9E-4 y,, g

0.12
Yes 10

P = 6.7E-3 (includes contribution from other postulated initiators)

NSIC 166072 - Sequence of Interest for Imse of RHR at Brunswick 1

Loss of peactor Standby RCIC/IIPCI Automatic LPCI or Long Potential Sequence
reedwater Scram Liquid Response Depressurlaation CS Response Tern Severe No.
Flow Control Mequate System Operates Mequate Core Core

Initlated Cooling Damage

Na I

1.0E-4
Yes 2

No 3

| 1.0E-4
., Yes 4

'(F)
[0.56 1.5E-4 y,, $

1.2E-2 6.7E-3
Yes 6

(0.3/ year
-for 360 h)

, y

1.0E-4
Yes 8

;(F)

1.9E-4 ; 0.56
Yes 9

0.12
Yes 10

P * 5.6E-5 (includes contribution from other postulated initiators)

NSlc 166082 - Sequence of laterest for Loss of RCIC and RFC1 at Brunswick 2
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.g .

.

Loss of _ keactor Diesel Standby RCIC/HFCI Automatic LPCI Long Potential Sequence
Offsite Scram Start Liquid Response Depressurl. or CS Tern . Severe No.
Power ~ and Control . Adequate ration Response Core Core

lead initiated System Adequate Cooling tiamage
Operates

No I

I
i .0E-4t yes 2

No '3
I

,; |1.0E-4 y,, 4

(CD) I"M7,79,3 y,, 5
'

N.7E-3 yes -6

No 7
I

7.1E-3 I* ~

Yes 8

0.12 Yes 9
, ' , ' , ' ' , ' , ' '

No 10
-1
|1.0E-4 yee 11

2. 2 E- 3.

.yes 12

1.9E-4 {{(CD) 0.12
Yes 13

7.1E-3
Yes 34

P = 1.8E-5

NSIC 166384 - Sequence of Interest for 1DOP at Monticello

Small Reactor Ausillary High tow Pressure Potential Sequence
LOCA TrlP Feedwater and Pressure Recirculation Severe No.

Secondary Injection and LFR/MPI Core
Heat Removal Cross-Connect Damage

No I

2.6E-4 y,, 3,(F)
,

.-
; 0.58

fee 3

4.2E-6
No 4

(8.9E-3/ year
'*6E-4*for 4.1 h)

Tes 5
; (F) -

5g ,5 - 0.58 yee 6

2.7E-4
Yes 7

F = 2.4E-6 (includes contribution from other postulated initiators)

MSIC 166650 . Sequemee of Interest for Safety Injection Supply Velve
Found Unlocked and Closed at Beaver Valley

,

'

t

- .- , .- . _ . _ - ._. _ . _ . _ . . -- . . -
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Imes of Turbine. fuer-: Austitary PORY PORY or High Long - Potential Sequence
Offette Generator :- gency Feedveter and Cesanded FORY leola- Prceeure Tere Severe M.
Power Rune Seelt PDwer Secondary

.

Closure Cooling Damage

tion Valve- Injection Core Core
and Asseses. Neat Removal'
b use teede

No i

No 2

4.0E-2
b 3,

2.9E-3 |2.6E-4 Tee 4
1.2E-5 6.0E-4

Tee 5(2.8E-3/ year
- for 3.9 h).

No 6

b 7,

2.7E-4 12. 6 E-4 y,, g

,1. 0 0ui y,, 9

104.0E-2 g

,{ (F) |2.9E-3 y,, gg

--
-:0.34 Nm 12

0.12 Yes 13

P = 5.0E-7

IISIC 166745 - Sequence of Interest for hao Shutdown Sequencore and Diesel Cenerator Unevettable et Palisades

imes of Turbine Emer- Austliary PORV PORV or High long Potentla! Sequence.
Offette cenerator sency Feedwater and Demanded PORY Isola- Pre s s ur e .. Tern Severe W.
Power Rune Berk Power Secondary tion valve lajection Core Core

and Aneuses Heat Removat Closure Cooling namage
Nuee *mede

No I

- % 2

4.0E-2
No 3

2.6E-42.0E-3 --- Tee 40.12
,'',','A'' 0'0'

Tee 1

No 6

b 7

,2.6E-4
I2.7E-4 Tee 8

0.75 0.12

104.0E-2 g

|2 9E*3 yes il

3.7E-4 Nm 12

0.12 yes 13

P = 5.2E-6 (includes factor of 0.75 for likellhood of occurring at power)

MSic 167117 - Sequence of interest for Effective @ et Rancho Seco

,

@
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-.

&

Reactor- Containment ble Pumps 'IECA Procedures Spray. Charging Potential Sequence
Recently . - Spray Valve ' . Continuo . . Initiated; Valve Pumps Severe No.
Pieced in ~ Inadvertently. to Operate Charging Pumps-. Found Provide Core
Rim Follow- - Opened in After 1 mss ' Aligned to RNST Opened Adequate - Damage
ing Shutdown Lieu of of NPSit and Started, and- RCS Makeup
From Power Checking Following RIR RWST Closed'

-Closed RCS Depres- Isolation
surization . Valves

Opened

No

No
3.04

0.34 y,,.

0.58
, No- a,

.#

. No-; (F) 0.34
'

O.1
0.05 " 03' I'5

,

No
0.04

0.34 y,,

No .

' P = 8.7E-4

MSIC 167611 - Sequence of Interedt for inadvertent Spray initiation and Draining of Reactor
Coolant System at Sequoyah 1

Loss of Turbine Faer- Aunillary PORY PORV or liigh lang Potential Sequence- _|
Offette Cenerator gency Feedwater and temanded PORY tecla- Pressure Tere Severe ho. }
Power- Runa RectL Power Secondary tion valve Injection Core Core

and Assumes Heat Removat Closure Coolleg Damage |

Mouse inade ]
|
'

.

No I

No 2

4.0E-2
No 3

#fCD)
2.9E-3 {5(CD) I8.9E-4 y,, 4-0.34^

)(CD)
2.1E-3 - y,, 3M :,

-:- :
;; Mc 6-

,

- (F) ', S (CD)
-

No 7'.

b{ '{(D) [ 8.9E-4,,4g,4 y,, g

I
_0.58 0d2 ye. 9

'4.0E-2 I

|2.9E-3 y,, . gg

1.$E-2 Na 12

0.12 Yes 13

P = 3.7E-4

NSIC 167624 = Sequence of Interest for Loss of Offette Power and Diesel Generator Failure to
Start at Crystal River 3
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taso of Turbine ' Emer . Aust!!ary . FORY FORY or High long Potential Sequence
Offette- Generator. gency Feedwater and Deeended FORV Isota- Pressure Ters Sevene ^ No .
Power: Rune Beck Fower. Secondary ' tion Valve injeetton Core Core

and Assumes Heat Removal Closure Cooling Demage
House taede

No i

No 2
4.0E-2

% 3g.
2.9E-3 12.6E-4

-/fM W 6.0E-4
Tes 5

_
No 6

.#8 I
|

6E''2.7E-4 Tee 8
0.75 0.12

Tee 9

104.0E-2 |
|2.9E-3 Yee 11

3.7F.-4 mm 32

0.12
fee 13

P = 6.9E-6

NSic 168548 - Sequence of Interest for Effective LOOP at Rancho Seco

I.arge lACA Safety injection Low pressure Potential Sequence
rectreulation Severe No.

Core
Damage

No

.5" (F)'
,

1.7E-4
- Tes

(1.0E-4/ year ,*;
for 14.644 h) ; (F)

0.58 y,,

P = 1.4E-4

NSIC 168829 - Sequence of Interest for Both Safety injection Trains
Inoperable Due to Valve Problems et Saa onof re I

/-

m. .. .- .._ ..
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loss of Turbine Emer- Auxillary PORV PORV or High long Fotential Sequence

Offsite Cenerator gency Feedwater and Demanded PORY Isota- Pressure Tere Severe No.

Power Runs Back Fower Secondary tion Valve Injection Core Core

and Assumes Heat Removat Closure Cooling Onnage

House loads

No I

No 2

4.0E-2
No 3

2.9E-3
' ~ T'8 0

0.12
6.0E-4

,,,,,-, ,-
y,, 5,,,,

,

; m 6
'#

'h(F) No 7
g

2.7E-4 2.6E-4 y,, g

h 0,58 0.12
Y,, 9

No 10
4.0E-2 g

g2.9E-3 y,, gg

3.7E-4 '

O.12 Yes 13

P = 5.4E-6

NSIC 169042 - Sequence of Interest for Degraded liF1 System During LOOP at Arkansas Unit 1

Small Reactor Aunt!!ary High law Pressure Potential Sequence
thCA Trip Feedwater and Pressure Bertreulation Severe No.

Secondary injection and LFRsHFI Core
Hest Removal Crose-Connert Damage

No 1

2.6E-4
Yes 2

;(F)

5 0 34 ve. 3

3.7F-4 m 4
(8.9E-3/ year
for 360 h) 2.6E-4 y 3

,(F)

3.6E-5 ;0. %
Yes 6

0.12
Yes 7

P = 9.3E-5 (includes contribution f rom other postulated initiators
and a f actor of 0.75 for the likelihood of occurring at power)

NSIC 169587 - Sequence of Interest for Safety injection Fath to RCS Obstructed
at Turkey Fatat 4

I

l
1

1
1

-. _
'
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T4; a.. e.. %fr.f T.'iliE.e ~Tu her.s.r.
s.,.a r.4 hav 7 *v beg P.t

s . Ital 5.sp as.

u ne.s si s4 ( t e.e.4 ap a ca. ter.ai r
r. nn,se. u r.i.e sej= a a su6. acsa m T. r a n. cor.

13 4.t 4 (190) adJ t t les Cont s.u.d D.e.g._ trra s.a et

'0.8
u. 2

2.6E-4 v.. 3 -

th. 4

6.0E-4 m, 3

m a
,

2. 7E-4 |2.6E-4 , , , 7

0.12 ves a

me s
0.8

- * * ''6.0E-1 3

|2.6E-fa_ y.. si

(F) me 12
b'

v. . 13

4,}g-$ '

Y'8 li

- n. ts(1.0E-3/ year
'2.6E-4for 360 h) (F) ''' 8*

2.7E-4 0.58 , , , i,

L12 see Ie
1.6E-5

, , , i,

P = 1.5E-8
usic troose - s., c. .e roi.e..a r., tw. see l.3 e s t s t l.a v i F.st a. orea se s.t A

lose of Turbine Faer- Austilary FORY PURV or High long Potential Seqitertreoffette Cenerator genc y Feedwater and Ibmanded FORY Isola- Pressure Tere Severe No.rower Rune Back Power Secondary tien Valve In jec t ion Core Coreand Assumes Heat Removat Closure Conting DamageNouse leads

- No I

No 1
4.0E-2

" 3
{(CF)2.9E-3 y 0.21 ,,, 4-(91).2.5E-6 -

20.42
(2.8E-2/ year (CD) Yes 5

for 0.8 h)
,

--
No 6

,4
No 1

- CF)',, (D)
- .23- 1.4E-4

,ggg) Yes 80. D
.,g,74
"

Yes 9

'4.0E-2 3

I 2.9E-3 y,, ,,

4.2F-2 Na 12

0.12
y,, g3

P . 1.lE-8

NSIC 170199 - Sequence of Interset for l'navallebility of Diesel Cenerator and Component Cooling Water Train
at Fevaunee

L.
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Imee of Turbine Neer- Aunillary FOAV .
FORV or High .' lang Potential . Sequence

Offette Generator Sency Feedwater and Demanded PORY leela- Pressure Tore Severe No.

Power Rune back Power Secondary tien valve la jec t ion Cere core
and Ase-mees Heat Bemoval Closure Cooling Donage

Inouse lande

h I
+

No 2

4.0E-2
No 3

~

2.6E-4
2.4E-3 Yes 44

1.6E-6 6.0E 4' y,, 3-
-(2.BE-2/ year
for 0.5 h) Nm 6

No 1
,

2.7E-4 {1.6E-4 fee 8

*
ir1.0 Yee 94

- 0'
No lo4

--

4.0E-2 I'.; (F) | 2.9E-3
-

ggy,,

0.34 h 12

o.,, vee i)

P = 6.4E-8

NSic 171202 - Sequence of laterest for Un'avallebility of Emergency Power System at Turbey Point 3.

Imes of Reacter _ Ausillary PORV toLV or High long Term Putenttat sequence
Main Trip Feeduster and Demanded toRV leola- Pressure Core Severe No.
Feeduater Secondary tion Valve Injection Cooling Core

Heat Bemoval Closure
.

Damage

m l-.r

4.0E-2
' mi 2

; 2.9E-3 2.6E-4 ,,, 3

s.or-4 ,,, - g
,(D).

: b 5
il-

No . 6

2.6E-4
I'* I

4.2E-2
O.34 0.12'

1ee 8
1 ,i,n i,n > >r rr

i No 9

h. 10

2.9E-3
*

Yes it0.0
'

" 6.0E-4
-:(F)- Yes 12

[
0.M y,, g3

! P = 1.7E-3

N51C 171467 * Sequence of interest for Loss of Tuo Instrument tunes at Davie-tesse 1

I
.

,

i |

| ._
'

1

i
i

i

, _ ., , , . , ,._... ., .- . , , . . - , _ - . - .. - , .- . . , - . , , , . . _ . . . . , . , - , . - . . . , , _ . , _, - . _
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- taso of Turbine Emer - Austitary PORY . FORY or High_
,

Tere Severe No.
lang Potenttal SequenceOffette cenerator gency Feedwater and Dreanded PORV !sola- Pressure

Power. Rune Beck - Power ' Secondary . tion Valve - Injection Core. Core
and Assunee Heat Bemovat Closure. Cooling Damage .'

House lands

No I

No 2
4.0E-2

I . 3"

2.9E-3- | 2. 6E-4 Yn 4. 6.3E-6
6.0E-4

- (2.8E-2/ year Yes 5

-for 2 h)
b 6

. -)No - 7 '
y

_

2.7E-4' ' Yes 8
1.0irs .0 -

,
ir y,, 9

''
'-
- No 10-
" (F) 4.0E-2 i

-|2.9r-1'-
y,, . ::

-

;, 0.34 No 12

0.12-
Tes 13

P = 2.6E-7

NSIC 171700 - Sequence of Interest for Uneve11ab111ty of Emergency rover System at San onofra 1

Loss of Reactor- Auntilary PORY FORY or High tems Term rotential SequenceMain Trip Feedwater and Demanded FORY !sota- Fressure f*nte Severe' No.Feedwater Secondary tion Valve Injection Conting Core
Heat Removal Closure Damage

No |
4.0E-2

No 2

2.9E-3 yes 3

6.0E-4
Tee 4'

--
No 5

h (F) No . 6g

hj4.0E-2 [2.6E-4 y,, 7

1.2E-2 0.12 yg g
(0.3/ year
for 360 h) No 9

No 10

2.M2.9E-33.6E-5 Tes II

, 6.0E-4
-(F) Yes 12'

:O.34j. Tee 13

{ P = 6.5E-5 (includes contribution from other postulated initiators)

MSIC 171733 - Sequence of Interest for Unevettability of Three Auxiliary Feedwater Pumps at Zion 2

i

!'

t

, s_

h
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Loss of -Reactor Diesel Ssandby RCIC/HPCI Automatic- LPCI long Potential Sequence-
Offsjte Scram Start Liquid Response Depressuri- or CS Tern Severe No.
Power and Control Adequate sation Response Core Core

Imad Initiated System - Adequate Cooling Damage
operates

No 1

I
gl.0E-4

Yes 2

No 3

1.0E-4 . y,, 4

2.2E-0 3 *

Yes 5

6.7E-3
Yes 6

-

--a
no 1

'(F) I;
0.34 |1.0E-4 Yes 8

2.2E-3 ~ ~1
I'' 9

(1.9E-2/ year
No 10for 1000 h) I 1.0E-4I Yes 11

? 2E-01 Yes 12

1.9E-4 0.12 :
y,, 33

'hbi Yes 14

P = 1.8E-6
i~

MSIC 171842 - Sequence of Interest for Failure of Diesel Cenerators at Dresden 3

Ween Bees tes RepW ~ Ansaillary Hast. Bessisited PORV PukV Long Pot entis t Seipsencejane Si ree 5teme f eedest er Pressere Concent rated opened Closeste Tere Seeere see,
-

sreet senereier me ta i s. norte ac6d uw to ceting core
sees tion pes) addit tee cont in,=4 asessef f rec ted IF F

les 30.8
ne a

2.6E-4 su 3

us 4

6.0E-4 m, s

me a
,

2.7E-4 12.6E-4 yo ,

| 0.12 vu a
4

me s
0.8 "* ''6,0E-3g

i .6E-42 ,,, n
Ne 82

] 8.3E-4
, g

0.12 '" "
w 0.0

no n
h.6E-4, v. to

2.7E-4 8.3E-4 ,,, gy

0.12 -

isvee
3.6E-5

res 19

P = 8.4E-6

note 37pn - sevence of Interest fee Imedveriset stese one alve O entaa and seret, telecimen et secta aan. 2v P

4

0

. - - .~ . . - . _ , _. ._ - . . . . . . _ , . , _ , . . , . . . . -
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Bas 11 hometer Austilary High- Low Pressere Potential . Sequence
'

LOCA Trip - Feedwater and - Pressure Rectreulation Severe No.
Secondary injection and LPR/MF1 Core .
Heat Removat Cross-Connect 'Demage.

No 1

2.6E-4'
Yes 2

6.GE-4 'y,, 3

0.12

K - No 4

2.6E-4
. Yes 5

1.6E-5, 6.0E-4
Yee 6

2.7E-4 y,, 7

P = 7.7E-5 (includes factor of 0.75 for likelihood
of occurring at power)

MSIC 172198 - Sequence of Interest for inadvertent Preseuriser Code Safety
- Velve Opening at St. Lucie 1

* reseating of safety valve V1200 would provide mittsation

Small. . Reactor Standby - High Automatic LPCI Long Potential Sequence

Loss of Scram Liquid Pressure Depressurl. or CS . Tern Severe No.

Coolant Control Cooling antion Response Core . Core
Accident Initiat ed Provided Syst em Adequate Cooling Damage

Operates

No 1

1.0E-4 Yes 2

No 5'

l.0E-4 y,, 4

1.7E-2 * *
Yes 5

0.58 6*IE*3
Yes 6

, No 1
e

l'
1.0E-4 - g,,

1.9E-4 1.7E-2 Yes 9,

!-

0.12,

Yes to
)

F = 1.4E-5

NSIC 174073 - Sequence of Interest Tree for Stuck open Relief Valve at Duane Arteld
,

t
i
.

Li.
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Appendix E
p

SENSITIVITY ANALYSIS
i.

This' appendix provides s'pporting event rankings and conditionalu
probability distributions for the sensitivity analysis described in
Sect.-6.3.

Each of the following figures contains the reference conditional
event . probability ranking and distribution plots based on the .mean value--
conditional event probabilities (denoted by the solid line) as well as a
ranking and distribution for the udnimum and anximum value of the parame-
ter of interest.- Table E.1 provides a listing of the variables; the mini-
mum, maximum, and mean values; and the applicable figure numbers,, in order
of presentation.

i

,

E
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| Table E.1. ASP variables, values, and appitcable
Appendix E figures

.

Y8 I"' ~
Variable under Figure

~

|
consideration" Min ' Max Mean *

~ Recovery classes
R1 0.3 1.0 0.58 E.1
R2 0.1 0.8 0. 34 E.2
R3 0.03 0.3 0.12 E.3
R4 0.01 0.1 0.04 E.4

Plant-specific tailoring facters
P2 0.1 0.8 0.34 E.5
P3 0.03 0.3 .12 E.6*

P4' O.01 0.1 s.04 E.7

'B factor 0.03 0.3 0.12 E.8

BWR functions
HPCI/RCIC 1.04E-4 1.04E-2 2.24E-3 E.9
High pressure cooling provided 3.OE-3 5.0E-2 1.70E-2 E.10
following LOCA

Emergency power 9.38E-5 1.06E-2 2.22E-3 E.ll

Automatic depressurization 1.94E-7 8.68E-2 6.67E-3 E.12
SBLC only 0.03 0.3 0.12 E.13
Scram only 4.45E-7 1.52E-3 1.87E-4 E.14
LPCI/ core spray 6.79E-8 1.50E-3 1.50E-4 E.15
Reactor isolation (large SLB) 2.78E-7 2.67E-2 2.33E-3 E.16
Long-term core cooling 1.71E-6 5.98E-4 1.02E-4 E.17

PWR functions
Reactor trip ~0.0 1.50E-3 3.60E-5 E.18
AFW given reactor trip success 5.84E-5 7.57E-4 2.73E-4 E.19
APW given reactor trip f ailure 1.24E-6 2.73E-2 2.73E-3 E.20
PORV demanded 0.01 0.1 4.00E-2 E.21
PORV closure given SLB 3.59E-4 0.01 2.90E-3 E.22
HPI given AFW success 2.01E-5 3.04E-3 6.03E-4 E.23
Long-term core cooling 1.20E-5 1.20E-3 2.57E-4 E.24
Emergency power 9.34E-6 1.98E-3 3.68E-4 E.25
SG isolation (large SLB) 2.23E-5 3.18E-3 6.37E-4 E.26
Concentrated horic acid addt- 2.30E-5 4.35E-3 8.27E-4 E.27
tion given HPI success
(large SLB)

PORV opened due to HPI 0.64 1.0 8.00E-1 E.28
(large SLB)

PORV closere given SLB 8.0E-4 0.07 6.00E-3 E.29

BWR initiators
LOFW 0.041 1.0 0.3 E.30
LOOP 5.16E-3 4.72E-2 1.9E-2 E.31
LOCA 7.46E-3 4. 60E-2 2.12E-2 E.32
Large SLB 4.53E-7. 1.0E-2 1.0E-3 E.33'

PWR initiators
LOFW 0.041 1.0 0.30 E.34
LOOP 9.02E-3 6.19E-2 2.75E-2 E.35
LOCA 3.90E-3 1.70E-2 8.90E-3 E.36

# ailures of PWR feed and bleed, turbine generator runback, andF
AFW given emergency power are not considered here individually because
they are uniformly plant tailored. See applicable figures for effects
of. variation in plant-specific tailoring factors.

i-
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Fig. E.1. Impact on (a) event ranking and (b) event probability
distribution based on variation in recovery class R1 numeric values.
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Appendix F

DRAFTS, REVIEWS, AND REVIEWERS-

'

There were two prior draf ts= of this document: a preliminary draft-

issued February 25, 1983,- and a draft issued in July 1983. The prelimi-
,

nary draf t identified only the events selected at that time (essentially
the same as in this final report) together with the complete documenta-
tion of each. The preliminary draf t was widely distributed .to . EPRI,
INPO, the af fected utilities, and the ASP Review Team, as well as within
ORNL, SAI, and the Nuclear Regulatory Commission. The ASP Review Team -is
a group of probabilistic . risk ansessment experts assembled by the project

i to review . project activities. Distribution of the July draft, which in-
'

cluded details of ' the methods as well as of the sensitivity analysis, was
somewhat less widespread but did include ORNL, SA1, and the NRC, as well
as the ASP Review Team.

Lists of individual and corporate reviewers who submitted written
comments on one or both draf ts and dates reviews were received are in-
cluded in this appendix. In addition to the persons listed and the au-
thors' organizations, numerous other individuals and organizations' were
given copies of the draf t .and were invited to comment, including all par-
ticipants in the Industry Workshop on the Accident Sequence Precursor
Program held at EPRI, February 2&-March 1,1983 (these potential review-
ers are not listed).

The listing of any individual or organization here is not meant to
imply that that individual or organization concurs with all or any por-
tion of the contents of this document. The methods, evaluations, and
findings reported herein are entirely the responsibility of the authors.
The authors, however, benefited immeasurably from the many comments of
these reviewers; the cooperation of these reviewers in this endeavor is
appreciated.

The ASP Review Team

In FY 1983 the ASP Project established a three-member review team
of nationally recognized probabilistic risk assessment experts to review
the activities of the project. The team met on two ' occasions (May 28
and August 31, 1983) to review the February 25, 1983, and July 1983
drafts, respectively. They also reviewed and commented on a preliminary
copy of the final report. Team members are listed below with their cur-
rent af filiations, although they participated on the Review Team as in-

dividuals.

Kenneth S. Canady, Duke Power Company

Norman C. Rasmussen, Massachusetts Institute of Technology

William E. Vesely, Battelle Columbus Laboratories

L
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Utilities

Copies of applicable portions of the February 25, 1983, draft, which
scontained completed descriptions of all the selected 1980-81 events ex- !

cept for quantification of conditional probability of severe core damage,
were distributed to the 25 affected nuclear utilities during the summer
and early fall of 1983. Responses were received from 21 of 'these 25
utilities concerning 53 of the 61 different events. The information in
these responses was then used by the ASP' Project staff to supplement al-

[ready existing information on the events.. The utilities that responded
are listed below.

' Arkansas Power and Light Company, June 17, 1983

Baltimore Gas and Electric Company, June 13, 1983
Boston Edison Company, September 14, 1983

Carolina Power and Light Company, June 22, June 27, and December 1, 1983
Commonwealth Edison Company, June 14, 1983

Consolidated Edison Company of New York, Inc., June 15, 1983
Consumers Power Company, November 29, 1983

Dairyland Power Cooperative, June 8,1983
Duke Power Company, April 14, 1983

Duquesne Light Company, June 2,1983

Florida Power and Light Company, November 29, 1983
Florida Power Corporation, June 10, 1983
Georgia Power Company, June 20, 1983

Iowa Electric Light and Power Company, December 14, 1983
Northeast Nuclear Energy Company, June 10, 1983

Portland General Electric Company, June 15, 1983

Pub' ic Service Electric and Gas Company, June 17, 1983
Sacramento Municipal Utility District, June 10, 1983
Southern California Edison, June 27, 1983
Toledo Edison Company, June 17, 1983

Virginia Electric and Power Company, June 3,1983
!

.

.
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|
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Nuclear Regulatory Commission

Copies of both the February 25, 1983, and the July 1983 draf ts were
distributed within the Nuclear Regulatory Commission for review and com-
ment. Extensive comments were received from the NRC on both draf ts.

Division of Accident Evaluation, September 20, 1983

Division of Engineering Technology, October 7, 1983
Division of Human Factors Safety, May 3,1983
Division of Licensing, May 20, 1983

Division of Project and Resident Programs, .0ctober 4,1983
Of fice of Resource Management, October 5,1983

Division of Safety Technology, April 23 and September 14, 1983
Division of Systems Interaction, May 3,1983

Of fice for Analysis and Evaluation of Operational Data, June 7, 1983

Other Organizations

Combustion Engineering, Inc., April 15, 1983

Institute of Nuclear Power Operations, May 13, 1983
National Centre of Systems Reliability, October 28, 1983

University Research Foundation (University of Maryland), July 27 and
September 21, 1983

i

!
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' GLOSSARY

Accident. An unexpected event (f requently caused by an equipment failure
or some nisoperation as the result of human error) that has undesirable
consequences.

Accident - sequenac procuroor. A historically observed element in a postu-
lated sequence of events leading to some undesirable consequence. For
purposes 'of the ASP Study, ,the undesirable consequence is potential se-
verc cose, damage. The identification of an operational event as an ac-
cident scquence precursor does not of itself imply that a significant
potential for severe core damage existed. It does mean that at least
one of a series of protective features designed to prevent core damage
was compromised. The likelihood of potential severe core damage given ,

an accident sequence precursor occurred depends on the ef fectiveness of
the remaining protective features and, in the case of precursors that
do not include initiating events, the chance of such an initiator.

Actual occurrence opont trca. An event tree describing a historic se- |

quence of events as it actually occurred at a particular plant.

Aoallability. The characteristic of an item expressed by the probability
that it will be operational on demand or at a randomly selected future
instant in time.

B-factor. (method). The fraction of the total failure probability attrib-
utable to dependent f ailures when a two-train system is modeled using
the D-factor method. (This model is described in more detail in
Sect. 3.2.)

, Common-cause failures. Multiple failures attributable to a common cause.

Conman-modo failuro. Multiple, concurrent, and dependent f ailures of
identical equipment that fails in the same code.

Components. Items from which equipment trains and/or systems are assem-
bled (e.g. , pumps, pipes , valves , vessels).

candletonal probability. . The probability of an outcome given certain
conditions.

conosquantly 'dagraded functiot|. A function was considered consequently
degraded if a component f ailu're external to the function resulted in
loss of the f anction's reduadancy (e.g., if an auxiliary feedwater
train was rendered unavailable during a potential loss of offsite power
because of a diesel generator f ailure).

canacquently failed fun:cfJn. A function was considered consequently
f ailed if (1) it failed because of the failure of another function or
(2) it f ulled because of an internal f ault that would have rendered it

il
,

N
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degraded plus an external fault that eliminated the remaining oper-
ability. (An example of. the second case is a failed high pressure in-

L jection function during a postulated loss of offsite power due to the
.

unavailability of one of two NPI pumps plus the unavailability of the
|diesel generator that would provide power to the operable HPI pump.) '

Core dange. SeeIsevere core damge.

Cbre a lt maident. An event in a nuclear power plant in which there is
insuf ficient core cooling to prevent the core from heating up to a ten-
perature at which core materials melt.

Degraded function. A function with failed components which is operable
but in which no additional redundancy exists.

Desund. A test or an operating condition that requires the availability
of a component or a system. In this study, it includes actuations re-

- quired because of the initiating events that were accounted for. One
demand consisted of the actuation of all redundant components in a
function, even if these were actuated sequentially (as is typical in
testing multiple-train systems).

Demnd failure. A failure following a demand. A demand failure may be
caused by a failure to actuate when required or a failure to run fol-
lowing actuation.

Dependent failure. A failure in which the likelihood of failure is influ-
enced by the failure of other items. Common-cause failures and common-
mode failures are two types of dependent failures.

Asminant esquence. That sequence in a set of sequences which has highest
probability of leading to a common end state.

Ehergency core cooling system. Systems that provide for removal of
heat from a reactor following either a loss of normal heat removal
capability or a loss-of-coolant accident.

Engineered safety features. Equipment and/or systems (other than reactor
trip or those used only for normal operation) designed to prevent,
limit, or mitigate the release of radioactive material.

Event. An abnormal occurrence that is typically in violation of a plant's
Technical Specifications. See occurrence.

Event esquenee. A particular path on an event tree.

Event-opeelfic event tree. See actual occurrence event tree.

Event tree. A logic model which represents dependencies that exist and
combinations of actions required to achieve defined end states follow-
ing an initiating event.
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-Failure. The inability to perform sa required function. In this study,

a failure was considered to have occurred if some component or system
performed at a level' below its required . minimum performance level with-o ,

out human: intervention. 'The likelihood of recovery was accounted for
through the, use of recovery factors. See recovery factor.

,o

Failurw probability. The long-term frequency of occurrence of failures
of a component, system, or combination of systems to operate at a
specified performance level when required. In this study, failure

includes both failure to start and failure. to operate once started.

Failure rate. The expected , number of failures of a' given type, per item,'

in a given time interval (e.g., capacitor short-circuit failures per
million capacitor hours). -

Function. - A system or combination of systems that performs a particular
task. For example, in this study, the task of providing secondary-side
cooling in the event of a loss of main feedwater was ascribed to the
auxiliary feedwater and secondary heat: removal function. This function
includes the auxiliary feedwater system, the secondary relief valves,
systems that provide required cooling water to the auxiliary feedwater
system, and auxiliary feedwater control systems.

Functional event tree. A logic model in which dependencies that exist and
combinations of actions required to achieve end states are described at
the functional level.

Generic event tree. See standartlined event tree.
'

Humn error. . Failure of a human to perform a' given task within task con-
straints (note that this includes errors of omission as well as errors
of commission).

Imediately detectable. A failure is considered to be immediately detect- 1

able if it results in a plant response that is apparent at the time of )
the failure.

Importance. A ranking of components, systems, or events from a number of
such entities based on the relative contribution of that entity- toward

some top event.

Independent. Bro or more entities are said to be independent if'they do
not exhibit a common failure mode for a particular type of event.

Initial criticality. The date on which a plant goes critical for the
first time in first-cycle operation.

Iniciating event. An event that starts a transient response in the oper-
ating plant systems. . In the ASP Study, the concern is only with those
initiating events that could lead to potential severe core damage.

__
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Licensee Event R ports. Those reports submitted by utilities who operatee
nuclear plants to the NRC as required by 10 CFR 50 and NUREG-0161.

-LERs describe abnormal operating occurrences at plants where, gen-
erally, the Technical Specifications have been violated.

Multiple failure events. Events in which more than one failure occurs.
These may involve independent or dependent failures.

Operational event. An event that occurs in a plant and generally con-
stitutes a reportable occurrence under NUREG-0161 on Licensee Event
Reports.

Postulat6d event. An event that may happen at some time in the course of
plant life.

Potential severe . core d2 mage. A plant operating condition in which, fol-
lowing an initiating event, one or more protective functions fail to
meet minimum operability requirements over a period sufficiently long
that core damage could occur. This condition has been called in other
studies " core melt," " core damage," and " severe core damage," even
though actual core damage may not result unless further degradation of
mitigation functions occurs.

Precu rsor. See accident sequence precursor.

Probabilistic risk. assessment. An analytical technique for integrating
diverse aspects of design and operation to assess risk and develop an
information base for analyzing plant-specific and/or generic issues.

Reactor-years. The accumulated total number of years of reactor opera-
tion. For the ASP Study, operating time starts when a reactor goes
critical, ends when it is permanently shut down, and includes all
intervening outages and plant shutdowns.

Recovery factor (recovery class). A measure of the likelihood of not
recovering a failure. Failures were assigned to a particular recovery
class based on an assessment of likelihood that recovery would not be
effected, given event specifics. Considered in the likelihood of re-
covery was whether such recovery would be required in a moderate- to
hign-stress situation following a postulated initiating event.

Redundant equipment or system. A system or some equipment that duplicates
the essential function of another system or other equipment to the ex-
tent that either may perform the required function regardless of the
state of operation or failure of the other.

Reliability. The characteristic of an itera expressed by the probability
that it will perform a required function under stated conditions for a
stated period of time.

Risk. A measure of 'the frequency and severity of undesired effects.
1

1
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Risk achievement sorth. The increase in risk of an event if some feature
-(function) were assumed to be absent or were assumed to be failed.

Risk reduction North. The decrease in risk of an event if some feature
(function) were assumed to' be optimized or were assumed to be made
perfectly reliable.

Sensitivity analysis. An analysis that determines the variation of a
~

given function caused by changes in one or more parameters about a
selected reference value.

Severe core damage. The re: ult of an event in which inadequate core cool-
ing was provided, resulting in damage to the reactor core. See poten-
tial severe core damage.

Standardized event tress. The' set of functional event trees developed in
this study to describe event sequences of interest for four initiating
events: Icss of main feedwater, loss of offsite power, small loss-of-
coolant accident, and steam line break.

Technical Specifications. A set of safety-related limits on process vari-
ables,' control system settings, safety system settings, and the perfor-
mance levels of equipment that are included as conditions of an operat-
ing license.

Unavailability. The probability that an item or system will not be opera-
tional at a future instant in time. Unavailability may be a result of
the item being tested or may occur as a result of malfunctions. Un-
availability is the complement of availability.,

Uncertainty analysis. Analyses that provide a measure of the overall
uncertainty in a result because of known uncertainties that influence
the overall result.

Unit. A nuclear steam supply, its associated turbine generator, auxilia-
ries, and engineered safety features.

1
i
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