NUREG/CR-5622
SAIC-89/1148

Analysis of Reactor Trips
Originating in Balance
of Plant Systems

Prepared by F.T. Stetson, D. W. Gallagher, P. T. Le, M. W. Ebert
Science Applications International Corporation

Prepared for
U.S. Nuclear Regulatory Commission

901 00908?% 00930
: NUREG
;C%Q“i 562 R PDR




AVAILABILITY NOTICE
Availability of Relerence Matenals Cited in NRC Publications

Most docurnents ched in NRC publications w. be avallable from one of the following sources:
1. The NRC Public Docurnent Room, 2120 L Street, NW, Lower Level, Washington, DC 20566

2. The Superintendent of Documents, U.5. Government Printing Office P.O. Box 37082, Washington,
DC 20013-7082

3 The Mational Technical Information Service, Springfield, VA 22161

Although the kisting that follows represents the majority of documents clted In NAC publications, It s not
Intended to be exhaustive

Feferenced docurnents avallable for iInspection and copying for a fee from the NRC Public Document Roomn
Include NRC correspondonce and internal NRC memoranda. NAC Office of Inspection and Enforcement
bulletins, cireulars, information notices, inspection and Investigation notices; Licensee Event Reporis; ven-
dor reports and correspondence; Commission papers; and applicant and licensee doouments and corre-
spondence

The following docurnents In the NUREG series are avallable for purchase from the GPO Sales Program:
rormal NRC statt and contractor reports, NRC-sponsored conference proceedings. and NRC booklets and

brochures. Also avallable are Regulatory Guides, NRC regulations In t + Sode of Federal Regulations, and
Nuciear Regulatory Commission Issuances.

Documents avallable from the National Technical Information Service Include NUREG serles reporte and
technical reports prepared by other federal agencies and reports prepared by the Atomic Energy Commis-
slon, forerunner agency to the Nuclear Regulatory Commission.

Documents avaliable from public and special t¢  nical libraries Include all open Ki/ature tems, such as
books, journal and periodical articles, and transa. _.as. Federal Register notices, federal and state legisia-
tion, and congressional reports can usually be obtained from these Hbraries .

Documents such as theses, disseriations, foreign reports and translations, and non-NRC conference pro-
ceedings are avallable for purchase from the organization sponsoring the publication cited

Single coples of NRO draft reports are avallable free, to the extent of supply . upon written request 1o the

Omiey of Information Resources Management, Distribution Section, U.S. Nuclear Regulatory Commission,
Washagton, DC 20555,

Coples of Industry codes and standards used In @ substantive manner in the NRC reguiatory process are
malitained at tho NRC Library, 7820 Norfolk Avenue, Bethesda, Maryland, and are avaliable there for refer-
ence use by the public. Codes and standards are usually copyrighted and may be purchased from the
originating organization or, If they are American Natlonal Standards, from the American National Standards
Institute, 1430 Broadway, New York, NY 10018.

DISCLAIMER NOTICE

This mpon was prepared as an account of work sponsored by an agency of the United States Govemment.
Neither the United Statas Government nor any agency thereot, or any of their employees, makes any warmanty,
expresed or implied, or assumes any legal liability of responsibility for any third party's use, or the results of
such use, of any information, apparatus, product or process disclosed in this repon, or represents that its use
by such third party would not infringe privately owned righte




NUREG/CR-5622

SAIC-89/1148
| Analysis of Reactor Trips
Originating in Balance
of Plant Systems

Manuscript Completed: May 1990
Date Published: September 1990

Prepared by
F. T. Stetson, D. W. Gallagher, P. T. Le, M. W. Ebert

Science Applications International Corporation
Post Office Box 1303

1710 Goodridge Drive

McLean, VA 22102

Prepared for

Division of Systems Technology
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, DC 20555

NRC FIN D1313




ABSTRACT

This report documents the results of an analysis of balance-of-plant (BOP)
related reactor trips at commercial U.S. nuzlea* power plants cver a 5-year
period, from Janvary 1, 193%, through December 31, 1988. The study was
performed for the Plant Systems Branch, Office of Nuclear Reactor
Regulation, U.S. Nuclear Regulatory Commission. The objectives of the study
were:

34 to improve the level of understanding of BOP-related challenges to
safety systems by identifying and categorizing such events;

B to prepare a computerized data base of BOP-related reactor trip
events and use the data base to identify trends and patterns in
the population of these events;

1 to investigate the risk implications of BOP events that challenge
safety systems;

4. to provide recommendations ~n how to address BOP-related concerns
in a regulatory context.
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EXECUTIVE SUMMARY

This report documents the results of a characterization and subsequent
analysis of balance-of-plant (BOP)-related reactor trips at commercial U.S.
nuclear power plants over the 5-year period from January 1, 1984 through
December 31, 1988. The study was performed for the Plant Systems Branch,
0ffice of Nuclear Reactor Regulation, U.S. Nuclear Regulatory Commission.

Objectives
The objectives of the study were to:

1. improve the level of understanding of BOP-related challenges to
safety systems by identifying and categorizing such events;

prepare a computerized data base of BOP-related reactor trip
events and use the data base to identify trends and patterns in
these events;

~

3. investigate the risk implications of BOP events that challenge
safety systems; and

4. provide recommendations on how to address BOP-related concerns in
a regulatory context.

Sources of BOP Information
The primary sources of information used in the study were:

0 an earlier investigation of BOP events reported in NUREG/CR-4783,
BOP Regulatory Issues, January 1987;

0 Licensee Event Reports (LERs) accessed through the Sequence Coding
and Search System (SCSS) maintained for USNRC by Oak Ridge
National Laboratory; and
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0 a study by the NRC Office for Analysis and Evaluation of
Operational Data (AEOD), NUREG-1275 Volume 5, Cperating Experience
Feedback Report - Progress in Scram Reduction, March 1989.

Additional sources of information were industry organizations (e.g., INPO,
Owners Groups), NRC documents (e.g., NUREG and NUREG/CR reports, AEOD
reports, inspection reports, generic letters, notices and bulletins) and
information on foreign scram reduction programs, e.g., Proceedings of a
Nuclear Energy Agency Symposium on Reducing the Frequency of Nuclear Reactor
Scrams, Tokyo, Japan, 1986,

BOP Data Base Development

As part of this study, a computerized data base of BOP-related reactor trips
was created, based on information provided in Licersee Event Reports (LERs)
over the period January 1, 1984, through December 31, 1988. The Sequence
Coding and Search System (SCSS) for the LER data base was used to identify
potentially rilevant LERs. The LER search on 47 BOP-related SCSS codes
produced 2030 LERs with some level of BOP involvement.

The 2030 LER printouts were examined individually against predetermined
criteria for BOP relevance, and 1405 events were considered appropriate for
entry into a BOP trip data base. LERs were not included in the BOP trip
data base if any of the following conditions applied:

0 80P involvement was incidental to the reactor trip, i.e., not in
the causation sequence.

0 The trip occurred during special tests or evolutions during
shutdown conditions and would not have occurred when the reactor
was critical or at power. Events occurring at shutdown conditions
that could have occurred at power or with substantial decay heat
in the core were included in the BOP trip data base.

0 The trip resulted from loss of offsite power or other events
external to the plant systems,



The BOP trip data base was developed on PC-dBase 111 Plus software. Each
event record identifies the BOP system (e.g., feedwater), subsystem (e.g.,
teedwater control), and component (e.g., feedwater contrel valve) as
applicable. Up to three potential causes of the event may be specified. A
narrative event description is also provided.

Supplementary data bases were also found to be necessary for conducting
analyses of trends and patterns. The supplementary data bases contain plant
data and critical hours data. Tha supplementary plant data base includes
the following data elements:

Operating license (OL) date

Nuclear Steam Supply System (NSSS) vendor
Architect/engineer

Turbine/generator manufacturer,

o © © ©

The critical hours supplementary data base includes:

0 Critical hours per year for each plant of the years 1984 through
1988

0 Total c¢ritical years accumulated during the period 1984 through
1988.

Trend and Pattern Evaluations

The 5-year, 1405-event BOP trip data base was searched for trends and
patterns in the data. Searches were performed on BOP trips per plant per
calendar year; BOP trips per plant per critical year; general causation of
BOP trips (i.e., componeni failure, human-related, design-related, etc.);
multiple cause BOP trips; systems, subsystems, and components implicated in
BOP trip causation, and trend observations by architect/engineer, plant age
and plant power level at trip. Several special searches (e.g., feedwater
trips by NSSS vendor by year) were also performed to help understand the
results of earlier searches.

A basic distinction was made between mature plants and new plants. Maiure
plants were defined as those which received operating licenses (OLs) before
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January 1, 1983. Thus, all plants in the mature plant catencry had held an
OL for at least one year before the start of the LER period covered by the
study--January 1, 1984, This definition of mature plants resuited in a
constant population of 76 plants for trend and pattern analysis., A
"floating" definition of mature plants (e.g., 1 or 2 years after the OL
date) was considered but not adopted because it would have introduced
another variable (plant population) into the trend and patiern anzlysis,

BOP Trips per Calendar Year

The mature nuclear plants showed a substantial reduction in 30P trips over
the 5-year period, from an average of 2.8 BOP trips per calendar year in
1984 to 1.6 BOP trips per calendar year in 1988.

BOP Trips per Critical Year

The mature nuclear plants showed a substantial reduction in BOP trips over
the 5-year period, from an average of 4.4 BOP trips per critical year in
1984 to an average of 2.3 BOP trips per critical year in 1988.

General Causation of BOP Trips

The general causation categories used in the study were component failure,
human-related, design-related, procedure-related, and spurious or unknown.
Nearly half (47 percent) of the BOP trips were caused by one or more
comporient failures, and nearly one-third (31 percent) were human-related.
The human-relatea B0OP trips were further categorized by the activity in
progress as follows: 40 percent operations. 40 percent maintenance, 14
percent surveillance, 6 percent other.

Multiple-Cause BOP Trips

Approximately 70 percent of the BOP trips were determined to be single-cause
events However, a substantial fraction (27 percent) would not have
occurred in the absence of a second condition, and a few trips (3 percent)
would not have occurred in the absence of two additional conditions.




Causation of BOP Trips--Systems Implicated

The two largest system contributors to BOP trips were the feedwater system,
causing 40 percent of the trips, and the turbine/generator system,
contributing about 30 percent. The next largest contributors, the AC power
and main steam systems, contributed about 12 percent and 6.5 percent,
respectively. Other systems, contributing 3 percent or less to BOP trips
over the study period, include air, circulating water, DC power, and
instrumentation and control systems.

Causation nf BOP Trips--Subsystems Implicated

Feedwater control was the dominant contributing subsystem to feedwater-
related BOP trips. Within the turbine/generator system, the dominant
contributing subsystem was instrumentation and control, primarily the
electro-hydraulic control (EHC) subsystem. Feedwater control and T/G I&C
subsystem problems (component failure or human-related) combined caused
about 40 percent of the total BOP trips.

Causation of BOP Trips--Components Impiicated

The clearly dominant "component” contributor to BOP trips was the human,
generally causing about 30 percent of all BOP trips across the major system
contributors. The next largest component contributors, generally much less
significant than the human, were pumps, valves, electrical switchgear, and
circuit cards. For the dominant systems, the data are characterized by a
majority of the trips craing from very small contributions from very large
numbers of component-.

Trends in BOP T.ips as a Function of Architect/Engineer

The BOP data base was searched to see if positive or negative performance in
terms of BOP trips could be correlated with the architect/engineer (A/E)
responsible for designing the BOP. For the major A/E firms that have
designed several nuclear units--Bechtel, Stone & Welster, Sargent & Lundy
and Ebasco--no clear trends were evident in the data as a function of the
A/E firm that designed the BOP.
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Trends in BOP Trips as a Function of Plant Age

The data on BOP trips as a function of plant age were widely scattered; even
the annual average values at a given age showed a large degree of
variability. The overall trend, determined by a linear least squares fit of
the annual average data, showed a reduction of about one BOP trip (during
the 5 years considered in the study) for every 2 years of increasing age.

Trends in BOP Trips as & Function of Power Level

Approximately half of the BOP trips observed .ver the study period occurred
above 75 percent power, and those trips werc dominated by problems in the
turbine/generator system. Nearly 30 percent of the observed trips occurred
below 25 percent power, and they were dominated by problems in the feedwater
system. The remaining trips were distributed evenly between the 25 percent
to 50 percent range and the 50 percent to 75 percent range in power level,

BOP Trips vs. Feedwater System Design Characteristics

Because of the predominance of trips initiated by feedwater system

problems, an analysis was done to determine if feedwater system design
characteristics were associated with differences in BOP trip frequency.
Three aspects of feedwater system design were analyzed: the number of

feedwater pumps, feedwater supply capacity per pump, and the type of pumps
(motor-driven versus turbine-driven).

The data indicates that plants with three feedwater pumps perform only
marginally better than plants with two feedwater pumps in terms of both
feedwater trips and overall BOP trips. This parameter does not appear to be
significant in terms of BOP trip performance. Similarly, plants with excess
feedwater capacity (e.g., 100 percent capacity with one pump out of service)
performed only marginally better than plants without excess capacity in
terms of both feedwater trips and overall BOP trips.

The only significant trend observed during these feedwater system
evaluations was that amost all of the best performers have motor-driven feed
pumps and that almost all of the worst performers have turbine-driven feed
pumps. A1) of the top nine performers in overall BOP trips (that is, fewest




trips per critical year) had motor-driven feed pumps, while five of six of
the worst performers had turbine-driven feed pumps. If feedwater-system-
induced reactor trips are considered instead of BOP trips, six of the worst
seven have turbine-driven feed pumps and eight of the nine best have motor-
driven feed pumps. Similarly, if only feedwater-control-induced reactor
trips are considered, six of the seven worst performers have turbine-driven
pumps, while four of the top seven have motor-driven feed pumps.

Risk Implications of BOP Events

The objective of this task was to evaluate the impact of BOP-related evenis
on the risk, as measured by estimated core melt frequency, of nuclear power
plant operation. The task was divided into two parts. First, a
quantitative analysis was performed to estimate the risk impact of reactor
trips caused by BOP system failures. Second, a qualitative evaluation was
performed of the impact of BOP-related events on safety system availability,
as reflected by the events having a relatively high risk ranking as reported
in the Accident Sequence Precursor program for the years 1984 through 1986.

The resuits of the delta risk analysis and the evaluation of BOP-related
precursor events both show that the reliability of BOP system can have a
significant impact on the risk profile of nuclear power plants. For BWRs,
in particular, plant core melt frequency appears to be highly sensitive to
the frequency of BOP-related transients. The delta risk anal, sis showed
that core melt frequency differed by a factor of 2 to 4 as a function of BOP
performance for BWRs. The difference for PWRs was comparatively small, only
a factor of 1.1 to 1.3.

For the years 1984 through 1986, 35 precursor events were identified that
had estimzed conditional probabilities of severe core damage greater than
or equal to 1 x 10‘4. Twenty-three of these 35 events (66 percent) had BOP
initiators. Thus, the fraction of BOP initiation of the more significant

precursor events is approximately the same as the fraction of BOP initiation
of reactor trips in general.

Twelve of the 23 precursor events that were considered to be BOP-related and
had a high probability of resulting in core damage occurred at BWRs. This
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it a disproportionate number of such events as BWRs, since approximately
two-thirds of all operating U.S. reactors are PWRs. This finding supports
the conclusion that BOP-related events are more important, from a risk
perspective, at BWRs,

Findings and Recommendations

The major finding of this study was the dramatic reduction in BOP-related
trips at commercial nuclear power plants over the 5-year study period from
January 1, 1984 through December 31, 1988. This improved performance
reduces the urgency of regulatory action to address BOP-related safety
concerns. However, regulatory actions can be taken to (1) address the
problems of licensees whose BOP trips performance is substantially less
favorable than the industry average, and (2) maintain or further improve the
performance levels achieved toward the end of the study period.

indin

For the 76 mature nuclear units (OL before January 1, 1983) in the
study data base, the average number of BOP trips per unit was reduced
from 4.4 per critical year in 1984 to 2.4 per critical year in 1988.

On a calendar year basis, for the 76 mature nuclear units in the study
data base, the average number of BOP trips per unit was reduced from
2.8 per calendar year in 1984 to 1.6 per calendar year in 1988,

Nearly 30 percent of the BOP-related trips resulted from multipl.-cause
events,

Approximately 70 percent of the BOP-related trips resulted from a
single event,

Considering BOP trips resulting from both single and multiple causes,
nearly four out of every five events contributing to BOP trips were

either component/equipment failures (47 percent) or human actions (31
percent) .




10.

11.

12.

NSSS Owners Groups with aggressive trip reduction programs are
apparently achieving results in the form or reduced frequencies of BOP-

related trips.

At the system level, BOP trip causation was dominated by the
condensate/feedwater system (40 percent of total trips) and the
turbine/generator system (30 percent of total trips).

At the subsystem level, BOP trips c2usation was dominated by the
feedwater control subsystem (61 percent of feedwater-related trips; 25
percent of total trips) and the turbine/generator instrumentation and
control subsystem (60 percent of turbine/generator related trips; 18
percent of total trips).

At the component level, excluding the human "component," BOP trip
causation was not dominated by any single component or smail group of
components.

Nearly all the units with the b2st BOP trip performance (fewest BOP-
related trips) have motor-driven feedwater pumps; nearlv all the units
with the poorest BOP trip performance (highest numb .s of BOP trips)
have turbine-driven feedwater pumps.

From a risk perspective, BOP-related transients contribute
significantly more, on a fractional basis, to the estimated core melt
frequencies of BWRs than they do to PWRs.

BOP-related transients are the initiating events for approximately two-
thirds of the more significant accident precursor evenis.

Recommendations

The dramatic reduction in the number of BOP-related reactor trips at
commercial nuclear power plants over the 5-year period ending December 31,
1988 reduces the urgency of regulatory actions directed at BO? performance
improvements. However, regulatory actions can and should be taken to (1)
maintain the trend toward decreasing numbers of BOP-related reactor trips
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among NRC licensees, and (2) address the problems of licensees whose
performance is substantially less favorable than the industry average.

General Recommendations

Communicate to licensees and applicants, in the form of an
informational generic letter, the results of recent studies on BOP-
related trips and overall scram reduction experience.

Identify, monitor and communicate with licensees who are not achieving

an acceplably Tow frequency of BOP-related trip events at their
facilities.

NRC should work with INPO, the Owners Groups, and EPRI to assist

licensees ir achieving and maintaining an acceptably low frequency of
BOP-related trip events at their nuclear plants.

NRC should formally incorporate BOP trip avoidance experience into the
Systematic Assessme i of Licen-ee Performance (SALP) process, e.g., as
an element in the Safely Assessment/Quality Verification category.

Specific Recommendations

Establish a responsibility center within NRC to specifically monitor
and evaluate BOP-related reactor trip experience.

NRC should expand the role of BOP systems in ongoing NRC activities,
specifically in the areas of inspections, maintenance policy, Technical
Specifications improvements, human factors and training, severe
accident policy/IPEs, the Accident Sequence Precursor program, and
advanced reactors/standardization.

NRC should expand the evaluation of the risk implications of BOP events
to additional PRA studies to test the validity of the risk-related
findings made herei:

NRC should investigate the implications of the relatively large numbers
of multiple-cause events for statistical and risk analyses.

xviii




1. INTRODUCTION

This report documents a study of reactor trips related to balance-of-plant
(BOP) system failures at commercial U.S. nuclear power plants. The study
was performed to support assessment of the safety implications of BOP-
related trips and to contribute to identification of ways to achieve and
maintzin low occurrence frequencies for such trips. The study was performed
by Science Applications International Corporation for the U.S. Nuclear
Reyulatory Commission, Office of Nuclear Reactor Regulation, Plant Systems
Branch,

1.1 Background

Fer the past several years, the NRC staff has been concernad with the ron-
safety-related balance-of-plant (BOP) systems and the effects that fiilures
in the BOP systems have on the safety of the plant. For the purposes of
this study, the BOP is considered to consist of what is often referred to as
the secondary system (all systems associated with the steam power conversion
cycle) and supporting systems, such as instrument air and cooling water.

The basic concern is the frequency of challenges to plant safety systems
that come about as a result of failures in the BOP systems. Because the BOP
systems are often designed without any redundancy, there can be any number
of single active failures in the BOP systems that can result in a reactor
plant trip, usually because of a turbine trip or a loss of main feedwater.
Such challenges to the safety systems could be considered a weakness in the
defense-in-depth philosophy that has always been the cornerstone of nuclear
power plant regulation.

A previous analysis of BOP regulatory issues by Mitre Corporation,
(NUREG/CR-4783, Reference 1) found that during 1984 and 1985 BOP-related
trips constituted about 70 percent of the tota' ~eactor trips. It can be
argued that BOP designs that incorporate reaundancy are able more often to
accommodate plant transients and equipment failures without requiring a
reactor trip and a subsequent challenge to safety systems. Similarly, plant
maintenance practices and techniques, plant operating characteristics, and
even plant aging can increase the challenges to safety systems. A careful
study of tho operational data and experiences, combined with the use of
quantitative risk assessment techniques, was needed to enable the NRC to
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better understand the sources of challenges to safety systems and to
estimate the effect on public risk of BOP-related trips.

1.2 Objectives

The overall objectives of this study were to perform a comprehensive review
and evaluation of BOP-related challenges to safety systems, to examine the
risk implications of these events, and to make recommendations for resolving
BOP-related concerns. The study examined the initiaters of BOP challenges,
the frequency of these initiators, the degree of design sensitivity or
tolerance to these initiators through design features such as redundancy,
and the effects on public risk of excessive BOP challenges to safety
systems. Specific objectives were to identify generic BOP-related problems,
common cause events, similarities and effectiveness of utility/industry
programs, and effectiveness of NRC-related activities and to evaluate them
with emphasis on developing an overall approach to the resolution of BOP-
related concerns.

1.3 Scope of the Study

The initial task was to identify and evaluate available information
concerning BOP-related events and activities. Sources of information
included (1) BOP-related studies by NRC and NRC contractors, (Z) evaluations
performed as a result of NRC requirements or requests, (3) generic issues
and unresolved safety issues, (4) documentation of operating events (e.9.,
Licensee Event Report , (5) information from the activities of the Advisory
Committee on Reactor Safeguards (ACRS), (6) information generated by the NRC
Office for Analysis and Evaluation of Operational Data (AEOD), and {(7)
efforts performed by utilities and industry groups (e.g., owners groups).
These sources of information are discussed in more detail in Appendix L.

Licensee Event Reports (LERs) were obtained for evaluation through the use
of the Sequence Coding and Search System (SCSS) data base of LERs maintained
for the NRC by Oak Ridge National Laboratory. For the purposes of this
study, a reactor trip was defined as an actuation of the reactor protection
system, automatic or manual, independent of whether or not actual control
rod motion occurred.
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1.3.1 Definition of BOP

One of the early tasks in the scope of the study was to define balance-of-
plant systems. Definitions of BOP are numerous, and are a function of the
context in which the term is used. For the purposes of this study, it was
decided to devise an operational (as opposed to theoretical) definition of
BOP in terms of the system codes used in the SCSS. The "definition" of BOP
used in the study incompasses 47 SCSS codes and related titles provided
later in Table 2-1. This resulted in a comprehensive 1ist of BOP systems,
including all portions of the power conversion system, AC and DC power,
instrumentation, several air and water systems, and others.

1.3.2 Mitre Report

The Mitre report on BOP regulatory issues, mentioned in Section 1.1 above,
was used as a point of departure for this study. Four major differences
between this study and that reported in the Mitre report are: (1) the
definition of BOP used herein included about three times as many BOP
systems, not just those associated with power conversions (2) the LER data
base evaluated herein covered a period of 5 years, 1984 through 1988,
instead of 2 years; (3) this study examined the risk implications of BOP
performance; and (4) one task in this study was the preparation of a BOP-
specific reactor trip data base, to facilitate the identification of trends
and patterns in the population of BOP-related events.

1.3.3 AEQD Report

This study of BOP-related reactor trips was performed in parallel with a
portion of a broader-scoped NRC AEOD study that examined progress being made
by licensees in reducing the frequencies of reactor trips from all causes.
The study performed by AEOD was reported in NUREG-1275, Volume 5 (Reference
2). The BOP study differs from the AEOD study in that it:

0 looks exclusively at BOP-rel ‘ed trip events;
0 includes the preparation of a BOP-related reactor trip data base

to identify the relative contributions of component failures
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(single and miitiple), design adequacies, human errors (operation,
maintenance, test), and procedural inadequacies;

inciudes the performance of detailed trend and pattern analyses of
the BOP data »ase on many parameters, including plant, year, age,
NSSE vendor, A/E, turbine manufacturer, general cause, system,
subsystem, and component implicated; and

includes calculations of the estimated incremental risks
associated with BOP failures.

4 Qrganization of the Report

The development and use of the BOP data base are described below in Sections
2 and 3, respectively. Insights gained from searching the BOP data base are
summarized in Section 4. The results of a brief overview of the risk
implications of BOP systems failures ar - ,vesented in Section 5, including
an estimate of the incremental risk associated with favorable versus
unfavorahle BOP performance, based on selected probabilistic risk assessmen.
studies and on information concerning BOP influence on accident precursor
events. Section 6 presents the findings and recommendations of the study.
Detailed data are provided in Appendices A-L.
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2. BOP DATA BASE DEVELOPMENT

A data base of BOP-related reactor trips was created as part of this study.
BOP trip data were drawn from the Licensee Event Report (. ER) data base
maintained by Oak Ridge National Laboratory (ORNL). The Sequence Coding and
Search System (SCSS) for the LER data base was used to identify potentially
relevant LERs, Table 2-]1 lists the 47 SCSS codes, and the corresponding BOP
systems, used in the LER search. The LER search on the 47 SCSS codes
covered the 5-year period from January 1, 1984, through December 31, 1988.
Approx.mately 2030 trips involving B.? systems were identified.

The information collected from the LER search was analyzed to determine
whether the reactor trip was directly related to a failure of a BOP
component or function. If so, the trip information was incorporated into
the BOP data base.

0f the 2030 LER: reviewed, 1405 BOP-related events were considered
appropriate for entry into the BOP data base. LERs were not included in the
BOP data base if any of the following conditions applied:

0 BOP involvement was incidental to the trip, 1.e., not in the
causation sequence.

0 Tve trip occurred during special tests or evolutions during
shutdown conditions and would not have occurred when the reactor
was critical or at power. Accidents occurring at shutdown
conditiens that could conceivably have occurred at power, or with
substantial decey heat in the core were included in the BOP data
base.

0 The trip resulted from loss of offsite power or other events
external to the plant systems.

The BOP data base was developed based on PC-dBase 111 Plus software. The
various data elements or "fields" are presented in Figure 2-1, which also
shows the format used for entering applicable data into the data base.

)
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Table 2-1
47 Sequence Coding and Search Systew (SCSS) codes

| BP  Main Steam Pressure Relief
u BA  Auxiliary Feedwater
& CA Component Cooling Water
(B Essential Water
CC Essential Air
EA  AC >35kv (exclude events with loss of offsilz power)
EB  600v <AC <35kv

EC AC <K0dv
ED Vital AC
EE OC

FA  Main Steam
FE  Turbogenerator
FC  Turbogenerator Turbine Steam Sealing
v FD  Main Condenser
< FE Noncondensable Gases Extraction
; FF Turbine Bypass
FH  Steam Extraction
F1 Condensate and Feedwater
] FK  Moisture Separuators/Reheaters
N FP  Condensate Demineralizer
] FR  Circulating Water
: F1 Seal Water
HL  Turbine Bldg. HVAC
% HR  Pumping Stations HVAC
o HS  Misc., Structures HVAC
R HT  Chilled Water System
18 Computer
IF Fire Detection
11 Turbogenerator J&C
11 feedwater Control
IZ Nonnuclear Instrumentation
KC Control and Service Air
: KD Demineralized Water
- KF  Fire Protection
T KT  Raw Cooling Water
| KW  Raw Service Water
* sl Turbine Bldg.
SP  Pumping Stations
SR Cuoling Towers
ST Switchyard
SW  Miscellaneous/Unknown Structures
Wl  Plant Drainage
WK  Equipment Drainage
Wi Roof Drainage
IX Other
1Y Unknown
17  Multiple Known
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BOP Data Base Format

Flant: Plant-Name
Form: 1-4 digit identifying number

Event 1D: LER 1D number Power Level: 0-100%
Event Date: MM/DD/YY Trip Type: Automatic/Manua)

BOP System: System name (up to 30 characters)
BOP Subsystem: Subsystem name (up to 30 characters)
BOP Component: Component type (up to 40 characters)
Cause 1: Root causes of event: Component

Cause 2: Failures, human errors, etc.

C2use 3: (up to 40 characters each)

Impact 1: Events, other than plant trips, resulting from BOP
Impact 2: event, e.g., safety system failures (up to 40 characters each)
lnpact 3:

Event Description: Text description of event

Figure 2-1. BOP Data Base Format
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The “Form" entry in Figure 2-1 is an LER-specific identification number for
locating the LER from which the data was taken. The event record identifies
the BOP system (e.3., feedwater), subsystem (e.9., feedwater cont.21), and
component (e.g., feedwater control valve) as applicable. Up to three
potentiel causes of the event may be specified. A narrative event
description is alsoc provided. Appendix A contains & sample of 30 entries
from the BOP data base.

Supplementary data bases were also found to be necessary for conducting
analyses of trends and patterns. The supplementary data bases contain plant
data and critical hours (number of hours the reactor was critical) data.
The supplementary plant data base includes the following data elements:

Operating license (OL) date

Nuclear Steam Supply System (NSSS) vendor
Architect/engineer

Turbine-generator manufacturer.

o © © ©

The critical hours supplementary data base includes:

0 Critica)l hours per year for each plant for the years 1984
through 1988

0 Total critical years accumulated during the period 1984
through 1988.

Printouts of these supplementary data bases are included in Appendices J
and K,
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3. TREND AND PATTERN EVALUATIONS USING THE BOP DATA BASE

Many sea)ches were performed on the BOP data base te look for trends and
patterns 'n the data. The searches were performed either by automatically
querying te data base with structured dBase 111 program codes or by
manually s2arching the data with embedded dBase 111 commands. Table 3-1
1ists the initis] searches performed on the BOP data base, some of which
also reguired use of the supplementary plant data base (e.g., those
invol/zing NSSS vendoar, architect/engineer, turbine-generator manufacturer).
Searches addressing BOP trips per critical year per plant required use of
the supplementary data base containing the critical hours data. Additional
searches were performed as questions arose on the results of the initial
searches.

A basic distinction was made between mature plants and new plants., Mature
plants were defined as those receiving operating licenses before January 1,
1983. Thus, all plants in the mature plant category had held an operating
Ticense (OL) at least ] year before the start of the LER period covered by
the study -- January 1, 1984, This definition of mature plants resulted in
a constant population of 76 plants for trend and pattern analysis. A
“floating" definition of mature plants was considered but not used because
it would have introduced another variable (plant population) into the trend
and pattern analysis

3.1 BOP Trips per Calendar Year

Table 3-2 presents the average number of BOP trips per calendar year (raw
data) for the years 1984 through 1988, grouped by NSSS vendor. Mature units

are distinguished from new units. The individual plant data used to compile

the averages are given in Appendix B.

The data for the mature Westinghouse units show a clear downward trend, with

the 1987 and 1988 values approximately half the 1984 value. This probably
reflects the work of the Westinghouse Owners Group in reducing trip
frequencies. Trends in the data for mature Babcock and Wilcox (BA&W) units

are not as ciear, but the average number of tripc was reduced by a factor of

2 between 1985 and 1986, and the lower value was sustained in 1987 and 1988.
The average BOP trip frequencies for mature Combustion Enginec. ing (CE)




10.

1.

BOP trips
BOP trips
BOP trips
BOP trips
BOP trips
BOP trips
BOP trips
BOP trips
BOP trips
BOP t. ips

BOP trips

BOP

by

Table 2-1
Data Base Search lLogic
plant
plant by year
NSSS vendor
architect/engineer
NSSS and architect/engineer combinations
operating license date by plant
turbine-nenerator manufacturer by plant
cause by year
system/subsystem combinations
subsystem/component combinations

power level
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Table 3.2
Average BOP Trips per Unit per Calendnr Year (1984 through 1988)

Mature units

0L Before Jan 83)
BoW (8 wunits)

CE (9 units)

GE (26 units)

W (33 units)

A1l vendors

Nev, units

~AOL After Jan 83)

B&W (none)

CE (2 to & units)

GE (3 to 1] units)
W (2 to 15 units)

All vendors




units increased by 50 percent from 1984 to 1987 but dropped significantly in
1988. The data for mature General Electric (GE) units do not indicate a
trend up or down until 1988, when the average trip rate dropped below two
per year, comparable to the rates for units in the other three vendor
groups.

A comparison was made between total annual BOP trip frequency as identified
in this study and the frequency as identified in the previous study of BOP-
related regulatory issues performed by Mitre Corporation (Reference 1). The
comparison was made for the calendar years common to the two studies, 1984
and 1985. The results are shown below.

e AL SRR e

1964 1985  Z2.yr total
Mitre study 148 14% 293
Present study 179 251 430

The reason for these differences is in the definition of BOP for the two
studies. The BOP definition used in the Mitre study was limited to the
power conversion systems (14 SCSS codes), whereas the present study included
the power conversion systems plus many other systems--electrical,
instrumentation and control, cooling water, air systems, etc. (47 SCSS
codes) .

3.2 BOP Irips per Critical Year:--Annual

A more meaningful indication of the frequency of BOP trips of interest is
the compilation of BOP trips per critical year, where the raw data per
calendar year are normalized to the time the unit was critical. (Note that
this normalization parameter is not entirely consistent, because some
entries in the BOP data base represent conditions when the reactor was
subcritical).

Table 3-3 presents the average number of BOP trips per critical year for the
years 1984 through 1988, grouped by NSSS vendor. Mature units are once
again distinguished from new units. The individual plant data used to
compile the averages are given in Appendix C.
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Table 3-3
Average BOP Trips per Unit per Critical Year 1984 through 1988
i?: HMature units
. 0L _Before Jan 83) 198¢ 1985 1986 1987 1988
. BAM (B units) 3.09 7.14 3.10 2.34 2.23
CE (9 units) 3.36 3.88 3.45 4.5) 1.71
§ GE (26 units) .15 4.07 3.46 3.68 2.52
| W (33 units) 5.11 3.89 4.18 2.18 2.42
i % A1l vendors 4.36 4.23 3N 2.97 e.3%
ﬁi New units
..... (0L _After Jan 83) 1984 1985 1986 1987 1988
B&W (none)
CE (2 to & units) 7.46 16.4 6.04 4.13 1.28
GE (3 to 1] units) 68.10 7.02 9.69 €.99 4.04
. W (2 to 15 units) 27.40 23.50 9.24 12.20 5.02

A1l vendors 24 .40 15.80 8.53 8.66 3.93




The trends in the criitical year data are generally the same as ob.srved in
the raw (calendar year) data, i1.e.:

0 Westinghouse units show a clear downward trend from /984 through
1987 with a slight increase in 1988,

0 B&W units show a downward trend after 1985.

0 CE units show an upward trend, increasing by about 50 percent from
1984 through 1987, but decreasing substantially in 1988.

0 GE units show a general downward trend, with a significant
decrease in 1988,

0 A1l four vendors groups show a significant improvement in BOP
trip performance in 1988 versus 1984.

Teble 3-4 1ists the 10 "best and worst" BOP performers for the 5-year
period. This information shows the range of plant performance and the
distribution of "good" and "poor" performances among the NSSS vendors.

3.3 BOP Trips per Critical Year - Cumulative Average

Data on the cumulative average number of BOP trips per critical year, for
the years 1984 through 1988, are given in Table 3-5. The individual plant
data from which the averages were calculated are given in Appendix D. These
data show remarkable consistency among the mature units of the different
NSSS vendors, at slightly less than four BOP trips per critical year for
1984 through 1988, with a spread (highest to lowest) of only 18 percent.
These data indicate that the conditions or parameters that cause variations
in BOP trip frequency do not strongly reflect NSSS vendor, a result that is
not surprising, although the degree of uniformity is somewhat surprising.

3.4 BOP Trips by General Cause
General causes of BOP trips defined for the purposes of this study were

component failure, human-related, procedure-related, design-related, and
spurious or unknown. Table 3-6 presents the breakdown of general causes of
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Units

Table 3-4
Jange of BOP Performance
(BOP Trips, 1984-1988)

lop 10 BOP Performers

Number of Average BOP Trips
NSSS BOP Trips  _per Critical Year

Prairie Island 2
Fort Calhoun
Point Beach 2
Point Beach 1
Prairie Island ]
San Onofre 1
Duane Arnold
Nevth Anna 2
Farley 2

Quad Cities 1

W l 0.2
Ct ] 0.3
» 3 0.7
b 3 0.8
W 5 1.1
W 3 1.3
GE 9 1.4
W 7 1.6
W 7 1.6
GE 7 1.8

Bottom 10 BOP Performers

Number of Average BOP Trips
_Units ——iis BOP Trips per Critical Year
Salem 2 3 34 10.2
Grand Gulf 1 GE 27 9.4
Dresden 3 GE 2 7.2
Indian Point 3 " 26 7.3
kancho Seco BAW 11 7.0
Maine Yankee Ct 25 6.4
Davis Besse BAW 13 6.3
Indian Point 2 B 23 6.3
D.C. Cook 2 “ 18 6.1
Diablo Canyon 1 W 18 6.0
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Table 3-§
BOP Trips per Critical Year per Unit, 5-year Cumulative Average

Mature Units
NSSS Vendor $-Year Cumulative Average standard Deviation
B&W (8 units) 3.98 1.7%
CE (9 units) 3.40 1.64
GE (26 units) 4.02 2.44
W (33 units) 3.76 2.12
New Units
NSSS Vendor $-Year Cumylative Average Standard Deviation
B&W (0 units) . .
CE (5 units) 6.31 2.69
GE (11 units) 10.67 7.31
W (15 units) 14,02 12.29
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Table 3-6
BOP Trips by Cause
(A1) units 1984-]1988)

Cause
Component failure
Human-related
Design-related
Procedure-related
Spuricus or unknown
Environment

Other causes




BOP trips in these categories The percent column is percent of causes, not
trips, to account for multiple-cause events. The percent of trips is not
easily extractable from the data (because of multiple cause events), but is
not expected to differ markedly from the percent of causes listed. The
breakdown by general cause--47 percent component failure, 31 percent human
related, 22 percent all other cause categories--is not surprising.

By comparison, the Mitre report (Reference 1, p. xix) estimated that about
half the BOP trips are caused by single compenent failures in the power
conversion systems and about half are caused by personnel errors. As
discussed in Section 3.5, this study evaluated multiple-cause events, and
thus disagrees with the Mitre conclusion that about half the BOP trips are
caused by single component failures. Our estimate is about one-third are
caused by single component failures. Similarly, our evaluation indicates
that about a third, rather than half, of the BOP trips are human-related.

This does not include desiga- and procedure-related problems as human-
related.

A comparisch with the AEOD report on scram reduction (Reference 2, Vol. 5)
is less per inent because the AEOD data are for all trips (not just BOP
trips) and 'or mature plants (not all plants). Normalized data from the
AEOD report (Reference 2, Table 3-11, p. 24) indicate, for the time period
1984 through 1987, that about 60 percent of the trips were caused by
equipment fa lure and about 25 percent by human error,

3.5 BOP Trijs by Single or Multiple Ceuses

Table 3-7 presents the results of an evaluation of all single- and multiple-
cause BOP triss. Although most of the trips (70 percent) can be traced back
to a single B)IP cause, a significant fraction (27 percent) resulted from two
causes, and a small fraction (3 percent) from three causes. There is a
subjective el ment to these categorizations, but an attempt was made to
distinguish t ose 80P trips which probably would not have occurred in the
absence of a aocond (or third) causative mechanism,




Table 3.7
Single- and Multiple-Cause BOP Trips
(A1) units 1984-1986)

single cause
Component failure
Human-related
Procedure-related
Design-related
Environment
Spurious or unknown

Other

Total single cause 987

379 (27%)

39 (3%)

Tota)l BOP trips




3.6 BOP Trips by System and Subsystem

The breakdown of BOP trips by system and subsystem is presented in Table 3-
8. The feedwater system was implicated in about 40 percent of the total BOP
trips, and the feedwater control subsystem was involved in 61 percent of the
feedwater-related trips. The turbine-generator (7/G) system accounted for
about 30 percent of the tota)l trips; most of the turbine-generator-related
trips, aboutl 60 percent, involved the 7/G instrumentation and control
subsystem. The next largest system contributors to BOP trips were the AC
power systems, about 12 percent; the main steam system, about 6.5 percont;
and air systems, about 3 percent. Clearly the dominant contributors to BOP
trips were the feedwater control and the T/G instrumentation and control
subsystems, causing about 42 percent of the total BOP trips. The detailed
information on BOP trips by system and subsystem is presented in Appendix E.

3.7 BOP Trips by System and Component

The breakdown of BOP trips by system and component, shown in summary form in
Table 3-9, indicated that human error clearly dominated as the source of the
failures. The human error contribution was about one-third of the total for
each of the major system contributors to BOP trips--feadwater,
turbine/generator, AC power, and main steam. In each case, the next largest
contributor was much smaller than the human error contribution, indicating
that a very large number of individual components was involved, each
contributing a very small fraction to the system failure rates. The
detailed information on BOP trips by system and component is presented in
Appendix F.

3.8 BOP Trip Frequency and Feedwater System Design Characteristics

Because of the predominance of trips initiated by feedwater system problems,
an analysis was done to determine if feedwater system design characteristics
were associated with differences in BOP trip frequency. Three aspects of
feedwater system design were analyzed: the number of feedwater pumps,
feedwater supply capacity per pump, and the type of purps (motor-driven
versus turbine driven).
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Table 3-8
BOP Trips by System and Subsystem
(A1 units 1984-]988)

Number Number
System of Irips Subsystem of Trips Percent

feedwater 561 39.9
Feedwater contro} 144
Unspecified 135
Condensate 26
feedwater heater 23
Others 33

Turbine-generator 419
1/G 14C 250
Unspecified 87
Condenser 33
Generator 9
Lube o1l 8
Others 32

Al powey
High voltage 17
Vital AC (120V) 47
Medium voltage A( 3]
Others 13

Main steam

Unspecified 47
Moisture separator

reheater
Uthers 23

Air systems

1&C (general)




Table 3-9
BOP Trips by System and Component
(A1 units 1984-1988)

Number Number Percent

System of Irips Component of Irips Human-Related

Feedwater 561
Human
FW regulating valve
Circuit card
Pump
Valves
Unknown

Turbine-generator 419
Human
Circuit card
Unknown

Human
Transformer
Circuit breaker

Main steam




The base population for this analysis was a set of 60 plants represented in
the BOP data base, for which data on feedwater system characteristics were
available. Data on all three analysis variables were not available for all
60 plants. Thus the specific analysis results described below address
somewhat smaller subpopulations that differ slightly in membership.

Comparison of various BOP trip rates per critical year for plaris with two
feedwater pumps and plants with three feedwater pumps revealed no :lear
advantage for either two- or three-pump plants. For the population of 60
plants, 15 use three pumps and 45 use two pumps. Although the three-pump
plants consistently performed better than the two-pump plants, the
difference was not large. The results of the comparisons made are
summarized below.

Avg. Number of BOP-Related Trips per Critical Year
Total  FW systems  Fd control system
2-pump FW plants 4.5 1.9 1.2
3-pump FW plants 4.2 1.6 0.9

The number of feedwater pumps does not convey the excess pumping capacity
for feedwater. Two pumps each with 50 percent capacity and three pumps with
33.3 percent capacity have the same excess pumping capacity, namely zero.

To learn the effect that excess feedwater pumping capacity might have on S0P
trips, data on 51 mature plants were examined. Each plant was rated
according to what percentage of full feedwater flow cou/dJ be delivered with
one pump out of service ("N-1 capacity"). For exampie, a plant that has two
50 percent pumps can supply only 50 percent if one pump is lost; a plant
with three 50 percent pumps can supply 100 percent. The intent here was to
determine if plants with large excess feedwater pumping capabiiity had fewer
BOP trips. There were eight plants with N-1 capacity of 100 percent and 13
plants with N-1 capacity of >78 percent. The plants with N-1 capacity of 78
percent or higher experienced only very slightly improved statistics; even
the plants with N-1 capacity of 100 percent were aniy 15 pc. “ent better
(fewer trips per critical year) than the average of all of the rest.
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Clearly, excess feedwater capacity was not a major factor in creating good
performers. A summary of these data is presented below. The complete data
can be found in Appendix G.

Avg. Number of BOP-Related Trips per Critical Year
Jotal BOP  EM system W control system

N-1 capacity « 100% 3.8 1.4 1.2
N-1 capacity > 78% 4.2 1.8 1.4
N-1 capacity < 78% 4.4 1.9 1.2

The fact that many other factors besides the capacity or number of feedwater
pumps enter into BOP and feedwater trip performance can be seen in the fact
that some of the worst performers have high excess feedwater capacity and
that most of the high capacity feedwater plants are not in the best
performer group. In fact 3 of the top 10 performers have no excess
feeawater capacity.

Finally, one trend observed during these evaluations is that most of the
best performers have motor-driven feed pumps and that almost all of the
worst performers have turbine-driven feed pumps. A1)l of the top nine
performers in overall BOP trips (that is, fewest trips per critical year)
had motor-dr.vin feed pumps, while five of six of the worst performers had
turbine driven feed pumps. If feedwater-system-induced reactor trips are
considered instead of BOP trips, six of the worst seven have turbine-driven
feed pumps and eight of nine of the best have motor-driven feed pumps.
Similarly, if only feedwater-control-induced reactor trips are considered,
six of the seven worst performers have turbine-driven pumps, while four of
the top seven have motor-driven. Summarized below is a comparison of trips
at 57 plants classified by type of feedwatér pumps.
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Avg. Number of BOP-Related Trips per Critical Year
Jotal BOP  EW system  EW control system

Motor driven FW plants 3.2 1.1 0.8
Turbine driven FW plants 5.% 2.3 1.5

3.9 BOP Irips by Plant, NSS$ Vendor and A/f

Because BOP systems are the subject of this study, it is possible that the
failure frequencies would show some trends or patterns as a function of the
architect/engineer. The results of our searches of the BOP data base
indicate that this is not the case; i.e., there are no clear patterns
observed among the major A/E firms who have engineered several units,

Table 3-10 presents data on A/E firms, number of plants and number of trips,
grouped by NSSS vendor. The average number of BOP trips per plant was
derived from Tabie 3-10. The results ranged from 9 to 14 trips per plant
over the 5 years of data for the major A/E firms--Bechtel, Stone & Webster,
Sargent & Lundy, and Ebasco. BOP trip data for individual plants, with NSSS
vendor and A/E firms identified, are presented in Appendix M.

3.10 BOP Trips by Plant Age

The BOP data base was searched for information on the age-dependence of BOP
trip frequencies. The resulting data are presented in Figure 3-1 for mature
plants, 1.e., those receiving an cperating license before January 1, 1983.
The age of a unit was defined as 1986 (the middle of the study period) minus
the year of the unit operating license. Each data point represents the
average total number of BOP trips for units of the same age ¢ er the 5-year
time period.

As can be seer. from Figure 3-1, the data are characterized by a wide
scatter; the average values for plants of different age show large spikes
(both up and down). A linear least squares fit of the average data provided
a downward slope of about half a trip per year of plant operation,
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Table 3-10
B()‘ 1,'1‘,'_‘ t))‘ NSSS Vendor and A [ fH”m
(A11 units 1984-)988)

NSSS Yendor AL Firm No. of Trips No. of Plants
BAwW Bechtel 38 3
: BAW Duke and Bechtel 27 3
§ BEW Gilbert 24 2
U“ HEW Total 89 8
i Ct Bechte) 110 Y
) Ct tbasco 59 3
‘ Ct Gibbs and Hil) ] ]
Ct Stone & Webster L ]
Ct Total 195 14
N Gt Bechtel 113 11
. GE Burns & Roe 54 3
- G Detroit Edison and S&l 20 ]
‘ Gi Ebasco 17 2
Gt Gilbert 13 |
Gt Niagara Mohawk Power Corp 10 |
Gt Sargent & Lundy 92 ’
Gt Southern Company and Bechte) 33 2
: G Stone & Webster 51 4
A Gt TVA g 3
o GE United Engineers 19 2
: (Af ‘ ta 430 ‘:7
“ W American Electric Power 28 2
- Bechtel 108 9
. Bechtel and Sargent & Lundy 24 |
3 Duke Power Company 77 4
W Ququesne Light/Stone & Webster 26 2
- " Ebasco 36 .
? W Fluor Pioneer 22 3
; . Gilbert 30 2
; . Pacific Gas & Electric 39 2
: v Public Service Electric & Ga 50 s
% W Sargent & Lundy 77 3
: - Southern Company and Bechtel 17 2
3 Stone & Webster 91 7
W VA 7 2
W United Engincers 49 2
" Total: 691 48
| Total No. of Trips 1405
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Age-Dependence of BOP-Related Trips




suggesting that BOP-related trips tend to decrease over the operating life
of a plant.

3.11 BOP Trips as a Function of Power Leve)

A summary of the BOP trips as a function of power level at which the trips
occurred is given in Table 3-11. Half the BOP trips occurred above 75
percent power, and these were dominated by turbine-generator problems.
Because most plants spend most of their time above 75 percent, this is not a
surprising result. In fact, a higher fraction might have been expected at
high power. Nearlv 30 percent of the BOP trips occurred at or below 25
percent power, and these were dominated by feedwater problems. The
relatively high percentage of BOP trips at reduced power levels could be an
indication of the difficulty of operating a nuclear power plant at reduced
power levels. The remaining trips were divided evenly between the 25
percent to 50 percent range and the 50 percent to 75 pevcent range. The

detailed data by plant, from wnich Table 3-11 was derived, are given in
Appendix |.

3.12 Qrigin »f the Reduction in BOP Trips

Several special-purpose searches of the BOP data base were performed to
identify the origin of the dramatic reduction in the number of BOP trips
between 1984 and 1988,

Table 3-12 presents data for BOP trips by general cause by year. The top
number in each set is the value for mature units only, i.e., the 76 units
that received OlLs before January 1, 1983. The bottom rnumber in each set is
the value for all units, which varied in number from 86 in 1984 to 108 in
1988. Note that the data for 1984 does not generally fit the trend, and the
largest reductions are usually between the 1987 and 1988 data. Overall,
both the component failure and human-related causes (by fai the two largest
contributors) showed substantial reductions over the 5-year study period.

Table 3-13 shows feedwater trips by year by reactor vendor, along with
normalized per-unit values, to account for the varying number of units over
the time period. The total number of feedwater trips was reduced 20 percent
from 1984 through 1988, in spite of a 25 percent increase in the number of
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Power Level Range,
Percent

0-25
(0-5)
(5-28)
25-50
50-75

75-100

Table 3-1)
BOP Trips by Power Level
(A1) units 1984 1988)

Number of Percent of Tetal
BCP Trips . BOP Trips. .

148

148

711

Tota! BOP Trips 1405




Table 3-12
BOP Trips by General Cause by Year
(1984-1988)

—eem e Number of Causes

Cause 1984 1985 1986 1987 1988 Total

Component failure 138+ 150 12) 96 82 587
176 209 173 865

Human-related 76 99 78 352

575
Design-reiated 6l
Procedure-related

Environment

Unknown/spurious

*Top Value: Mature units only (OL before January
Bottom Value: All units




*(xxx)

Table 3-13
Feedwater Trips by Year by Vendor
(A1) units, 1984-1988)

Feedwater Trips
1988 1985 1986 1987

1988

5 (0.62)* 15 (1.87) 5 (0.62) 7 (0.88)
17 (1.50) 29 (2.20) 12 (0.86) 19 (1.30)

25 (0.86) 24 (0.83) 28 (0.93) 4] (1.28)

56 (1.60) 69 (1.77) 69 (1.77) 60 (1.36)

- average trip/unit

7 (0.88)

11 (0.73)

18 (0.60)

46 (0.96)




units. There were 45 fewer feedwater trips in 1988 than there were in 1987
(35 percent reduction), and half of this reduztion came from GE BWRs. The

number of feedwater trips per unit year decreased substantially between 1984
and 1988 for CE, W, and GE units, but increased substantiaily for B&W units.

Table 3-14 presents data on turbine trips by year by reactor vendor, along
with normalized per-unit values, to account for the varying number of units
over the time period. The total number of turbine trips was reduced 25
percent from 1984 through 1988, in spite of a 25 percent increase in the
number of units. A large reduction of 30 trips (30 percent) occurred
between 1987 and 1988, and more than half of this reduction is from W units.
The per-unit values show substantial reductions for all reactor vendors
excep. B&W, which stayed the same between 1984 and 1988.

Table 3-15 presents a breakdown of human-related causes by year. Focusing
on the two major contributors, operations and maintenance, once again the
1984 data does not fit the trend. There were substantial increases in the
two areas between 1984 and 1985, and an even larger decrease in the
maintenance-related causation between 1987 and 1988. Overall, there was a
45 percent reduction in human-related BOP trips causation between 1987 and
1988, with about half the reduction coming from the maintenance area.
Between 1984 and 1988, a 30 percent reduction in human causation was
achieved, in spite of a 25 percent increase in the number of units

In summary, no single factor can be identified as the major reason for the
substantial reduction in BOP-related trips between 1984 and 1988 or, in
many cases, between 1987 and 1988. In terms of general causation, fewer
component failures and fewer human errors both contributed to the reduction
in BOP trips. At the systems level, both feedwater and turbine/generator
related trips decreased substantially, especially between 1987 and 1988.
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1984
3 (0.37)*
6 (0.55)
46 (1.60)

32 (0.91)

Table 3-14
Turbine Trips by Year by Vendor (A1l units)

Feedwater Trips

1985
8 (1.00)
15 (1.15)
29 (1.00)

32 (0.82)

- average trip/unit

1986
3 (0.37)
15 (1.07)
31 (1.03)

42 (1.08)

1987

0 (0.00)

16 (1.06)

29 (C6.91)

49 (1.10)

1988

3 (0.37)

4 (0.27)

26 (0.87)

31 (0.64)




Table 3-15
Type of Human-Related Cause by Year
(A11 units, 1984-1588)

Types of

Human-Related

T S 1984 1985 1986 1987 1988 Total Percent
Operations 44 6l 53 39 33 230 40.0
Surveillance 15 12 20 22 10 79 13.7
Maintenance 35 63 48 57 26 229 39.8
Others 7 6 8 2 4 37 6.4
Total 101 142 129 150 73 575 100.0
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4. INSIGHTS INTO BOP EVENTS

This section summarizes the insights gained from the search for trends and
patterns in the 5-year, 1405-event BOP data base. General observations are
followed by findings on BOP trips per calendar year; BOP trips per critical
year (annual and 5-year average values); general causation of BOP trips
(1.e., component failure, human-related, design-related, etc.); multiple
cause BOP trips; systems, subsystems, and components implicated in BOP trip
causation; and trend observations by architect/engineer, plant age, and
plant power level. For the purposes of these evaluations, mature plants (as
used for the calendar year and critical year data) were defined as those
receiving operating licenses before January 1, 1983; all later plants were
defined as new plants.

4.1 General Observations

0 Data on the annual average number of BOP trips grouped by NSSS vendor
indicate that the owners groups with aggressive trip reduction programs
are achieving results in the form of reduced frequencies of BOP trips.

0 Data on BOP trip causation by system and component (Appendix F)
indicate that, for the major system contributors ( the feedwater and
turbine-generator systems), a majority of the trips are caused by very
small contributions from a very large number of components. This
implies that to achieve further improvements, component reliability
improvement programs must be very broad-based, and not focused on a few
major contributors.

0 Data on the general causes of BOP trips indicate that programs directed
toward achieving further reductions in BOP trip frequencies will need
to contain both a technical element (component, system or functional
reliability improvement) and a human performance element (fewer human
errors in operation, maintenance, surveillance, and testing).

4-1



4.2 Specific Trends and Patterns
4.2.1 BOP Trips per Calendar Year

Mature Westinghouse units on average showed a downward trend,
decreasing by more than a factor of 2 between 1984 and 1987, with
a slight increase in 1988, to 1.76 BOP trips per calendar year.

Mature GE units showed no clear trend between 1984 and 1987, but

achieved a 35 percent reductiun between 1987 and 1988, to 1.46 BOP
trips per calendar year.

Mature CE units showed an increasing trend of about 40 percent
between 1984 and 1987, but a decrease by more than a factor of 2
between 1987 and 1988, to 1.33 BOP trips per calendar year.

Mature BAW units showed a substantial downward trend after 1985,
with more than a 60 percent reduction by 1988, tc 1.62 BOP trips
per calendar year. (Note: There are only eight B&W units, and
the unit with the least favorable BOP trip history - Rancho Seco -
did not operate between late 1985 and early 1988.)

Overall, the mature nuclear plants showed a substantial reduction
in BOP trips over the 5-year period, from an average of 2.8 BoP
trips per calendar year in 1984, to 1.6 BOP trips per ralendar
year in 1988.

The 1988 average BOP trip frequency of 1.6 trips per unit per calendar year
corresponds to a total unplanned trip frequency of approximately 2.4 trips
per unit per calendar year. Data from Reference 1, for the years 1980
through 1984, indicate that this level of performance for U.S. nuclear
plants is approaching that for Japanese and German reactors, the world’s
best in terms of minimizing unplanned reactor trips. Although the data are

not directly comparable, some indication of comparative performance can be
drawn from the following values:




Japan
Trips enly wnile critical

PWRs > 1000 MWe, 1980 through 1984
0.00 to 1.50 unplanned trips per unit-year

BWRs > 1000 Mwe, 1980 through 1384
0.33 to 5.00 unplanned trips per unit-year

Germany
Trips with turbine on line

PWRs, 1981 through 1984
0.45 to 1.40 unplanned trips per unit-year

BWRs, 1981 through 1984
0.99 tc 2.80 unplanned trips per unit-year

The concept of what constitutes an acceptably low frequency of unplanned
reactor trips also needs to be addressed. Then-0MRR Director Harold
Denton, speaking at an NEA Symposium in Tokyo in April 1986, recommendud a
goal of achicving a trip {requency (during power operation) of no more than
2 trips per unit per year by 1990 (Reference 2). Similarly, the Institute
of Nuclear Power Operations has established a 1990 joal of 1.5 unplanned
automatic trips per unit per year while critical, for units with a capacity
factor of 25 percent or greater (Reference 3).

4.2.2 BOP Trips per Critical Year, Annual Data

Trips per critical year is a more meaningful parameter than trips per
calendar year because it reflects the fraction of time that the reactor was
being operated. The trends in trips per critical year generally follow the
trends in trips per calendar year, although some trends are magnified by the
data on critical hours per calendar year.

0 Mature Westinghouse units showed a decrease of approximately 60
percent between 1984 and 1987, followed by a 10 percent increase

in 1988, to 2.42 BOP trips per critical year.
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Mature GE units showed a clearer downward trend on a critical year
basis than was evident in the calendar year data and decreased by

approximately 40 percent between 1984 and 1988, to 2.52 BOP trips
per critical year.

Mature CE units showed a generally increasing trend between 1984
and 1987, followed by a 60 percent reduction between 1987 and
1988, to 1.71 BOP trips per critical year.

Mature B&W units showed an upward spike in 1985, but a 30 percent
decrease overall between 1984 and 1988, to 2.23 BOP trips per
critical year.

Overall, the mature nuclear plants showed a substantial reduction
in BOP trips over the 5-year period, from an average of 4.4 BOP

trips per critical year in 1984 to an avera e of 2.3 BOP trips per
critical year in 1988,

The values for annual average BOP trips per unit per critical year (mature
plants only) compared favorably with comparable values derived from the AEOD

report NUREG-1275, Volume 5 (Reference 4). The AEOD values for trips per
1000 critical hours were multiplied by 8.76 to convert to trips per critical
year. The resulting values were multiplied by 0.67 to approximate the BOP-

related portion of the total trips. The resulting comparison is given below.

From SAIC
data base

AEQD/SAIC Comparison
Arnual Average BOP Trips per Unit per Critical Year
(Mature Units, 1984-1988)

1984 1985 1986 1987 1988

BOP 4.4 . 3.8 3.0 2.3

Derived from AEOD
report data




Differences in the values from the two sources can be =ttributed to (1)
differences in the definition of mature plants (AEOD u<ed a "floating"
definition; SAIC used a fixed population), (2) the approximation that BOP
trips are two-thirds of the total trips, and (3) a difference in the
definition of reactor trip (AEOD required control rod motion; SAIC did not).

4.2.3 BOP Trips per Critical Year, $-Year Average Data

These data are quite uniform for mature plants among the four different NSSS
vendors, ranging between 3.4 and 4.0 BOP trips per critical year for the 5-
year period. The weighted average over the period (weighted by number of
plants for each NSSS vendor) is 3.8 BOP trips per critical year.

4.2.4 (ausation of BOP Trips - General

The general causation categories defined for the BOP study were component-
related failure, human-related, design-related, procedure-related, and
spurious or unknown. Searches of the BOP data base on these parameters
indicated that nearly half (47 percent) of the BOP trips were caused by one
or more component failures, nearly one-third (31 percent) were human-
related, and the other categories were minor contributors.

It should be noted that these causation categories are not always clearly
discernible in the LER descriptions, nor are they always clearly
differentiated from each other. A design or procedural inadequacy, for
example, could be termed human-related. However, in the preparation of the
data base, an attempt was made to differentiate among the categories. For
example, if an operator or technician correctly followed a procedure that
was flawed and caused a BOP-related trip, this trip was categoriced as
procedure-rciated. If a procedure was not followed, and an incorrect or
inadvertent human action caused a trip, this trip was categorized as h.van-
related.

The human-related trips were further broken dowin as follows:
0 Operations activities 40%

0 Maintenance activities 40%
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0 Surveillance activities
0 Other activities 6%

A breakdown of the human-related trips as a function of activity by year
(1984 through 1988) is given in Chapter 3, Table 3-15.

Both this study and the AEOD scram reduction report (Reference 4) identified
equipment/component failure and human actions as the two largest
contributors to reactor trips, either total trips, in the AEOD study, or
BOP-related trips, in this study. However, the fractional contributors of
these two genesal causes were different, as shown below:

AEOQD Study SAIC Study
(Total trips, 1984-1987) (BOP trips, 1984-1988)

Equipment/component 63% 7%
failure

Human-related 25% 31%

This indicates that the human contributors to reactor trips originating in
NSSS-related systems is smaller than it is in trips originating in BOP-
related systems,

4.2.5 Multiple-Cause BOP Trips

Approximately 70 percent of the BOP trips were determined to be single-cause
events. However, a substantial proportion (27 percent) would not have
occurred in the absence of a second condition, and a few trips (3 percent)
would not have occurred in the absence of two additional conditions.

An example of a double-cause trip is a situation where one channel of a BOP-
related trip parameter instrument has failed undetected, and a second
channel is actuated or taken out of service for testing, causing a trip.

one of the counter-intuitive findings of the study was that about 30 percent
of the BOP trips are categorized as multiple-cause events. A detailed

review of the data base entries for multiple-cause events indicates some
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"softness" in the data, and different reviewers might have categorized some
events differently. However, it is evident that multiple-cause trips are more
prevalent than previously assumed by many observers, and this finding has
implications for statistical and risk assessment analysts. Most of the
miltiple-cause trips were not from coincident independent failures or
common-cause events, but rather from pre-existing conditions (e.g., degraded
operability states of various systems or components) that were revealed when

a related system or component was actuated.

4.2.6 (Causation of BOP Trips - Systems Implicated

The two largest system contributors to BOP trips were the feedwater system,
causing 40 percent of the trips, and the turbine-generator system,
contributing about 30 percent. The next largest contributors, the AC power
and main steam systems, contributed about 12 percent and 6.5 percent,
respectively. Other systems, contributing 3 percent or less to BOP trips
over the study period, include air, circulating water, DC power, and
instrumentation and control systems.

There is general agreement among recent studies that problems in the
condensate/feedwater system are the leading cause of BOP-related (as well as
total) reactor trips. The next largest svstem contributor to reactor trips
is the turbine/generator system. Together, these two systems cause about 70
percent of the BOP trips and about half of the total reactor trips. Table
4-1 compares this study’s estimates of system contributors to BOP-related
trips to those derived from the AEOD report (Reference 4) and from the Mitre
report (Reference 5). The Mitre estimates are considered somewhat distorted
because they consider only the power conversion systems and not AC and DC
power, water systems, air systems, etc. Other differences in the studies
are mature plants versus all plants, trip definitions, and the time periods
of the studies.

4.2.7 (Causation of BOP Trips - Subsystems Implicated

Feedwater control was the dominant contributing subsystem to feedwater-
related BOP trips. Within the turbine-generator system, the dominant
contributing subsystem was instrumentation and control, primarily the
electro-hydraulic control (EMC) subsystem. Feedwater control and
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Table 4-1
Comparison of Estimates of
Initiating System Contributors to BOP-Related Reactor Trips

Percent of BOP Trips

SAIC AEOD* Hitre**
Study  Study  Study

Condensate/feedwater system 40 43 50
Turbine/generator system 30 27 29
AC power systiems 12 15 .
Main steam system 6.5 8 7
Others 11.%5 7 14

# Data from Table 3-13 of Reference 4 renormalized to include only BOP
systems.

*+ Data derived from Table 2-11 of Reference 5.
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turbine/genarator 1&C subsystem problems (component failure or human-
related) together caused about 40 percent of the total BOP trips.

The AEOD report, WUREG-127%5, Volume 5 (Reference 4) also identified the

feedwater control and turbine/generator EHC subsystems as major contributors
to reactor trips.

§.2.8 Causation of BOP Trips - Components Implicated

The clearly cominant "component" contributor to BOP trips was the human,
generally causing about 30 percent of all BOP trips across the major system
contributors. The next largest component contributors, generally much less
significant than the human, were pumps, valves, electrical switchgear, and
circuit cards. For the dominant systems, the data are characterized by a

majority of the trips coming from very small contributions from very large
numbers of components.

The AEOD scram reduction study (Reference 4) indicates that problems with
feedwater regulating valves and feedwater pumps each contribute about 20
percent to the frequency of feedwater-related trips. This stuuy, which
examined component contributions in detail (see Appendix F) estimates that
contributors from these components are less than half as large as the AEQD
estimates, in the range of 7 to 8 percent each. This difference is probably

attributable to different treatment of the human "component™ in the two
studies.

The fact that large numbers of components are each contributing small
amounts to the feedwater-related BOP trips complicates resolution of the
issue, and points toward using "integral" measures such as the adjustments
to steam generator level trip setpoints being pursued by the Electric Power
Research Institute in conjunction with the PWR Owners Groups.

4.2.9 Trends in BOP Trips as a Funccion of Architect/Engineer

The BOP da*a base was searched to see if positive or negative performance in
terms of BOP trips could be correlated with the architect/engineer (A/E)
responsible for designing the BOP. For the major A/E firms that have
designed several nuclear units--Bechtel, Stone & Webster, Sargent & Lundy
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and Ebasco--no clear trends were evident in the data as a function of the
A/E firm that designed the BOP.

4.2.10 Trends in BOP Trips as a Function of Plant Age

The data on BOP trips as a function of plant age were widely scattered;

even the annual average values at a given age showed a large degree of
variability. The overall trend, determined by a linear least squares fit of
the annual average data, showed a reduction of about one BOP trip (during
the 5 years considered in the study) for every 2 years of increasing age.

4.2.11 TIrends in BOP Trips as a Function of Power lLevel

Approximately half of the BOP trips observed over the study period occurred
above 75 percent power, and those trips were dominated by problems in the
turbine-generator system. Nearly 30 percent of the observed trips occurred
below 25 percent power, and they were dominated by problems in the feedwater
system. The remaining trips were distributed evenly between the 25 percent
to 50 percent range and the 50 percent to 75 percent range in power level.

Because most nuclear units spend most of their time about 75 percent power,
it 1s surprising that only about half of the BOP-related trips occur in this
power range. The fraction of BOP-related trips at high power levels is
expected to increase as plant operators resolve feedwater control problems
at the lower power levels, e.g., steam generator level instabilities, or the
transition from manual to automatic feedwater control.
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5. EVALUATION OF RISK IMPLICATIONS

The objective of this task was to evaluate the impact of BOP-related events
on the risk, as measured by estimated core melt frequency, of nuclear power
plant operation. The task was divided into two parts. First, a
quantitative analysis was performed to estimate the risk impact of reactor
trips caused by BOP system failures. Second, 2 qualitative evaluation was
performed of the impact of BOP-related events on safety system availability;
this evaluation addressed events that did not necessarily result in a plant
trip but did degrade the capability of a safety system.

The risk impact of BOP-related reactor trips was estimated by a parametric
analysis of six probabilistic risk assessments (PRAs). Data on trip
initiating events were selected from the BOP data base, representing "good"
and "bad" BOP performenze plants (as defined based on frequency of BOP-
related trips). These initiating event data were used to replace the trip
frequency used in each of the PRAs for initiating events such as turbine
trip and loss of feedwater. The estimated core melt frequency was then
recalculated and an assessment was made of the change in core melt frequency

for each PRA using its data, the "good" performance data, and the "bad"
performance data.

The impact of BOP-related events on safety system availability for events
other than BOP-initiated reactor trips cannot be simply evaluated. Events
have occurred, as reported in LERs, in which BOP system failures affected
safety systems. It is difficult, however, to quantify the effects because
of lack of consistency within the data base and lack of total system data
(particularly an indication of the number of successful component demands).
Therefore, a qualitative evaluation was performed, using data from the NRC's
Accident Sequence Precursor Program. By identifying the BOP-related
initiating events within the population of Precursor events, an estimate was
made of the importance of BOP systems to accident sequences involving safety

system degradation (i.e., sequences characterized by inadequate core cooling
and resultant core damage).




5.1 Impct of BOP System Performance on Plant Core Melt Frequeacy

To evaluate the impact of BOP system performance on calculated core melt
frequencies, six PRAs, representing five different nuclear power plants,
were selected:

0 "Connecticut Yankee Probabilistic Safety Study" (Reference 1).

0 “Probabilistic Risk Assessment: Limerick Generating Station"
(Reference 2).

0 "A Review of the Limerick Generating Station Probabilistic Risk
Assessment” (Reference 3).

0 "Millstone Unit 1 Probabilistic Safety Study" (Reference 4).

0 "A Review of the Millstone 3 Probabilistic Safety Study"
(Reference §5).

0 "Oconee PRA: A Prcbabilistic Risk Assessment of Oconee Unit 3"
(Reference 6).

(Note: "PRA" is used as a generic term in this section,
encompassing both the probabilistic safety studies and the
probabilistic risk assessments listed above.)

These six PRAs provided analytical frameworks for estimating the effects of
BOP system failures on risk as measured by calculated plant core melt
frequency. The BOP-related transient initiator frequencies used in each PRA
were varied according to the frequencies of actual BOP-related reactor trip
causes, as extracted from the BOP data base developed for this study.

The frequencies of actual BOP-related reactor trip causes were drawn from a
subset of the events in the BOP data base. Only mature plants were
considered (plants that received an operating license before January 1,
1983). From the mature plants, the 10 plants with the best BOP trip
performance and the 10 plants with the worst BOP trip performance during the
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period 1984 through 1987 were selected. Best and worst performance were
determined based on the frequency of BOP-related trips per critical year.

A wide range of BOP trip performance resulted. The 10 plants with the best
performance had 36 BOP-related plant trips during the 4-year period 1984
through 1987, an average of 0.9 trips per plant per year. The 10 plants
with the worst BOP performance had a total of 194 BOP-related plant trips
for the same time period, an average of 4.85 trips per plant per year. In
addition, the worst performers generally had lower availability factors for
the 4 years studied. This results in a larger difference between the best

and worst performers when trips per critical year are used as the basis for
comparison.

The transient initiator categories used in the PRAs were maintained. Trip
causes from the BOP data base were assigned to the appropriate PRA
categories.

Each PRA grouped transient initiators in a slightly different way. The
Connecticul Yankee PRA, f example, separated BOP-related initiators into
General Plant Transients, Loss of Feedwater Events, Inadvertent Opening of a
Relief Valve Events, and other system-failure-related transients (e.q., Loss

of Service Water). In comparison, the Millstone Unit 1 PRA separated the
BOP-related initiators into Transients, Loss of Feedwater Transients, and
Loss of the Power Conversion System (PCS) Transients.

For each of the PRAs, the data on actual BOP-related plant trip causes were
combined and used in the manner most consistent with the transient initiator
categories in the PRA. For example, the Oconee 3 and Millstone 1| PRAs used
both a Loss of Feedwater and a Loss of PCS transient initiator category;
thus both categories were used in the categorization of the BOP study data
applicable to the Oconee 3 and Millstone 1 PRAs. However, the remaining
PRAs used only a Loss of Feedwater or a Loss of PCS initiator; thus, for
those PRAs, the BOP data were combined so that each BOP-relat ! trip event
contributed to the appropriate PRA transient initiator category. Similarly,
the Connecticut Yankee PRA was the only one to handle the Inadvertent
Opening of a Relief Valve as a separate transient initiator. This category
was therefore included in the analysis of Connecticut Yankee, but for the
remaining PRAs this type of event was treated as a Plant Transient.
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Table 5-1 shows the number of BOP-related trips that occurred during the 4-
year analysis period in each applicable PRA transient initiator category;
the "good" and "poor" BOP performance plants are compared. Table 5-2 shows
the average frequency of BOP-related trips in each transient initiator
category, per calendar year and per critical year, over the 4-year period.
As in Table 5-1, "good" and "poor" performance plants are compared.

The data from Table 5-2 were used to modify the transient initiator
frequencies in each of the PRAs. The BOP-related trips per critical year

were converted to an equivalent trips per calendar year using the following
equation:

Fp « Fgop - Ap

where Fp =« Initiator frequency for use in plant PRA
Fgop = Initiator frequency from BOP data base
(trips per critical year)
Ap = Plant availability factor

For example: The General Plant Transient category for the Connecticut
Yankee PRA is equivalent to the Plant Transients category of Table 5-2. The
average frequency of Plant Transients for the "good" verformance PWRs from
Table 5-2 is 0.82 per critical year. Connecticut Yankee had an availability
factor of 0.713. Therefore, the frequency of Plant Transients at
Cennecticut Yankee, using the data for the "good" PWR plants would be:

Fp = (.82) (.713)
= . 58/yr.

The BOP-related trip frequencies were converted to trips per critical year
and then back to trips per calendar year when used in the PRAs for two
reasons. First, the 10 plants in the "poor" BOP performance group had
generally lower availability factors than the 10 plants in the "good" BOP
performance group. In particular, some of the plants with lower
availability factors had extended periods (in one case, over 2 years) during
which the plant was not operating. By converting to trips per critical
year, these periods of plant inactivity were eliminated and no longer
distorted the initiator frequency calculations. Second, the events included
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Transient

Initiator Category

Plant Transients

Loss of Main Feedwater
Loss of Power Conversion

Steam Line Relief
Valve Opens

Table 5-1
BOP Induced Transients
Based on 1984-1987 LER Data

"Good" Performance Plants “Poor" Parformance Plants

PWR____ BWR __ Total PWR BWR Total

21 7 28 117 30 147
3 1 4 8 12 20
3 1 4 6 20 26
0 0 0 l 0 l
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Table 5-2
Average Frequency of BOP-Induced Transients
Based on 1984-1987 LER Data

Transient Trips Per Year Trips Per Critical Year

Initiator Category PMR BWR Total PR BWR Total
“Good" Performance Plants

Plant Transients 0.66 0.88 0.71 0.82 1.24 0.89

Los: of Main Feedwater 0.09 0.13 0.10 0.12 0.18 0.13

Loss of PCS 0.09 0.13 0.10 0.12 0.18 0.13

Plant Transients 4.20 2.50 3.70 6.80 4.6 6.20
Loss of Main Feedwater 0.25 1.00 0.50 0.47 1.8 0.84
Loss of PCS 0.21 1.70 0.05 0.36 3.1 1.10

Steam Line Relief
Valve Opens 0.04 0.00 0.03 0.06 0.0 0.04
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in the BOP data base generally occurred at power. (There are some
exceptions.) The data base for the 10 “good" and 10 "poor" performance
plants is therefore restricted to 23.7 reacter years for the "poor” plants
and 31.3 reactor years for the "goud" plants.

The data conversion described above was used to produce plant-specific, BOP-
related transient initiator frequencies. The results are presented in Table
5-3, along with the initiator frequencies used in the PRAs.

For the different plant transients considered, two PRA frequencies are given
in Table 5-3. The first is the frequency used tor all events contained
within this category. The second frequency, listed as "PRA (BOP)," is a
subset containing only those events associated with the BOP. Excluded from
this group are the reactor transients such a spurious safety injection,
spurious RPS actuation, etc.

It can be seen from Table 5-3 that the initiator frequencies used in the
PRAs tend to be within the range of the data for the “good" and "poor"
performance plants. Tizre are a feu exceptions. The most notable exception
is the Millstone 1 Los of Feedwater initiator frequency. This frequency is
more than 30 percent 1oss than the frequency obtainad from the BOP data base
for "good" performance BWRs. The Millstone 1 PRA used plant-specific data
as the basis for its Loss of Feedwater initiating event frequency. Except
for this one case, all six PRAs used data that, in comparison with the data
derived from the BOP data base, are either within the expected range or
conservative (i.e., higher than the "poor" performance plant data from the
BOP data base).

The data in Table 5-3 were used to modify the core melt frequency
calculations of each PRA. The first step was to determine the contribution
to core melt frequency of each transient initiator as presented in the PRA.
In some cases, only the dominant core melt accident sequences were provided
in the PRA report; in other cases, the total contribution from each
initiator was available. The next step was to replace the transient
initiator frequencies used in the PRA with the LER-based, "good" and "poor"
initiator frequencies shown in Table 5-3. After this substitution, the core
melt frequencies attributable to BOP-related transients were calculated.
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Tabie 5-3

Comparison of PRA Transient Initiator Frequencies to

Connecticut Yankee
PRA (all)
PRA (BOP)
Good plants
Poor plants

Limerick (PECo)
PRA (all)
PRA (BOP)
Good
Poor

Limerick (BNL)
PRA
Good
Poor

Millstone 1
PRA (all)
PRA (BOP)
Good
Poor

Millstone 3 (LLL)
PRA (all)
PRA (BOP)
Good
Poor

Oconee
PRA
Good
Poor

)
)

BOP-Related Transient Initiator Freguencies
Based on 1984-1987 LER Data (events/yr)

Loss of
Main Loss of Power
Plant Transients Feedwater Conversion System

14
.93
.58
.80

.98
631)
77
.80

173,4)
17
80

% E
.67
.04
.86

24
3.73
% 1
.60

5,70(3,6)
0.62
5.20

)Becomes 3.2 for ATWS sequences

Becomes 2.2 for ATWS sequences
Insufficient informat..n to separate Reactor Trips from BOP Trips

)Becomes 7.39 for ATWS seq ences

)

)Becomes 2.01 for ATWS sequences
Becomes 7.0 for some sequence. (all transient initiators combined)

)Becomes 0.7 for ATVS sequences
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Inadvertent
Steam Relief
Valve Opening

4.2t-3
0.00
0.04




The following is an exsmpie using the General Plant Transient initiator
category for the Connecticut Yankee PRA. The frequesncies for this transient
initiator category are: 3.14/year using data in the PRA; 0.58/year using
the "good" plant performance data from the BOP data base; and 4.8/year using
the "poor" plant performance data from the BOP data base. The Connecticut
Yankee PRA provided a total core melt frequency contribution of 5.34E-5/year
for the accident sequences initiated by a General Plant Transient. From
this information, the conditional probability of a core melt at Connecticut
Yankee, given a General Plant Transient initiator, is

5.34(-5/year = 1.70E-5
3.14/year

using the data derived from the BOP data base, the BOP-transient-induced
core meit frequency for Connecticut Yankee would be 9.5E-6/year (using the
"good" plant performance data) or 8.2E-5/year (using the "poor" plant
performance data).

Similar calculations can be made for the Loss of Feedwater transienrt
initiator and the Inadvertent Opening of a Relief Valve transient initiator.
The results of these calculations for Connecticut Yankee are shown in Table
5-4.

Table 5-5 shows the final results for each of the PRAs examined as part of
this risk impact evaluation. Two sets of results are provided for the
Limerick plant. The first set is based on the PRA performed by the utility,
Philadelphia Electric Company (PECo); the second set is based on the results
of the Brookhaven National Laboratory (BNL) review of the PRA. The BNL
review resulted in an estimated core melt frequency an order of magnitude
higher than the original utility assessment. Because of this disparity,
both PRAs were evaluated.

In the evaluation of both the Limerick PRA review performed by BNL and
the Oconee 3 PRA, it was not possible to separate the BOP transients from
the reactor transients in the general Plant Transients initiator category.
The totals for the "good" and "poor" core melt frequencies for these two
PRAs are therefore siightly low because they do not include the contribution
of reacts; transients to the core melt frequency. However, the difference
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Table 5-4
Contributions to Core Melt Frequencies at
Connecticut Yankee Due to Changes in
BOP-Related Transient Initiator Frequencies

Low BOP High BOP
ERA Iransient* Iransient*

General plant transient 5.3E-5/yr 9.5E-6/yr B.2E-3/yr

Loss of main feedwater 3.8E-5/yr

10RV
Other

Total

5.9E-6/yr
4.7€-4/yr

5.5E-4/yr

6.4E-6/yr

4.7€-4/yr

§.9E-4/yr

2.2E-5/yr
5.9E-5/yr
4.7E-4/yr

6.3[-4/yr

-

CMF calculated using study data on the frequency of BOP-related transient
initiators at PWRs rated best/worst in terms of BOP performance.




Table 5-5
Summary of Calculated Core Melt Frequency Results
CHF(/yr)

Low BOP High BOP
PRA Iransient!)  Iransient(!)

Connecticut Yankee 4.9E-¢ 6.36-4
Limerick (PECo) 9.6E-6 1.7€-5
Limerick (BNL) 5.3£-5(3) 1.56-4(3)
Millstone 1 (Rev 0) 8.0E-4 3.5E-3
Millstone 3 (LLL) 9.1€-5 9.6E-5

Oconee 3 §.6£-5(3 5.3¢-5(3)

(1) cMF calculated using study data on the frequency of BOP-related

transient initiators at 10 best and 10 worst BROP trip performance
plants.

(2) ACMF = High BOP Transient CMF minus Low BOP Transient CMF.

(3) This does not include the contribution from reactor transients.




between the "good" and "poor" core melt frequencies is accurate since the

contributian of reactor transient initiated core melt sequences would be the
same for both cases.

As an be seen from Table 5-5, the impact on the core melt frequencies of
the six PRAs varied considerably from plant to plant. The impact was
greatest for Millstone 1, where an increaze of 2.7E-3/year resulted from the
use of the high BOP transient frequency versus the use of the low BOP
transient frequency, i.e., "poor" piant data versus "good" plant data. This
increase is due to two factors. One is the relatively high frequency of
transients initiated by a loss of feedwater at the "poor" BOP perfarmance
BWRs. The second is the unique design of the Millstone 1 high pressure
injection system. Millstone 1 utilizes the feedwater system to provide high
pressure injection. Therefore a loss of feedwater not only trips the plant
but also results in the failure of the high pressure injection system.

(From plant specific data, the Millstone 1 PRA used a Loss of reedwater
initiator frequency lower than the corresponding "low BOP transient"
frequency from the study data, 0.096 versus 0.15).

For the remaining plants the impact of the BOP system transients varies from
4 percent to nearly 100 percent of the total core melt frequency. Using the

delta between the core melt frequencies resulting from the use of “"good" and
"poor" plant data as the measure of the impact of BOP system behavior, the
three PWRs showed the least impact cdue to BOP related events; for all three
PWRs, the difference was less than 30 percent. This is due in part to the
sma:ler differences between the "good" and "poor" plan¢ data for the Loss of
Feedwater and Loss of PCS transients for PWRs compared to the BWR data. But
it is also indicative of the contribution of BOP-related transients to the
total core melt frequencies for BWRs and PHRs. In the BWR PRAs considered,
BOP-related transients contributed a third or more of the total core melt
frequency. For the PWR PRAs the BOP-related transients contributed only
approximately 10 percent of the total core melt frequency. BOP-related
transients contributed significantly more to the core melt frequencies of
BWRs than PWRs, and the results of BWR PRAs are therefore affected by

changes in BOP transient frequencies to a greater extent than the resuits of
the PRAs for PWRs.




The events for the "good* and “poor" performance plants in the BOP data b2se
have been categorized as Plant Transients, Loss of Feedwater events, Loss of
PCS events and in one case a Spurious Opening of a Steam Relief Valve. This
set of events does not include all of the types of BOP initiators generally
found in a FOA, System fatlures that caus. a plant trip and also affect the
operability of systems used to mitigate the . nsequences of a plant trip are
21so considered as initiating events. For example, loss of air is
considered as an initiating event that usually causes 2 plant trip, a loss
of feedwater, and & degraded operating condition for the auxiliary feedwater
(AFW) system in PWRs. These events can also be considered BOP-related
transient initiators, and in some cases they con‘ribute a significant
fraction of the core melt frequency for a plant.

The analysis discussed above addressed the difference in plant risk due to
the difference between the reliability characteristics of "good" and "poor®
performance plants. Because the types of system failures that could trip a
plant and also dearade a mitigating system’s performance did not appear in
the data for the "goo!" and “poor" performance plants, no difference in
plant risk due to those types of failures could be ca'culated. Those types
of failures generally have relatively low frequencies, on the order of I1E-
3/year. It is therefore not surprising that there are no such events in the
limited portion of the data base used in this analysis, which represents
oi’y approximately 55 critical years of reactor operation. The data ba.e
did include some partial failures of support systems, for example AC power
and air systems. Trose failures resulted in either a trip or a trip and
loss of feedwater and were included in the categories used in the analysis.

Table 5-6 presents data thi' nore completel* ddress the importance of BOP
systems to olant risk. This table includes the delta r* - cal ¢ etions
described previously but it also includes he total cu: {ibution of BOP-
rela ed transient initiators as calculated in the six PRAs. This table
showt that for the PWRs (Connecticut Yankee, Millstone 3, and Oconee 3), the
contribution of BOP-related transients is significantly higher than the
delta ri. . calculations would imply. The BOP support system initiators
contrioute more to the PWR PRA results than to the BWR PRA results.

Although **e delta risk calculations for the PWRs show a relatively minor
impact on pi.nt risk (as little as a 4 percent change) the importance of all
BOP-related initiating events is somewhat greater.
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Table 5-6
Contribution of BOP-Relateo Transients to Core Melt Frequency

Tota) BOP-Related
@
CME_(Zyr) CME_(Zyr)

Limerick (PECo)
Limerick (BNL)
Millstone |

Connecticut Yankee
Millstone 3
Oconee 3

CMF due to transients initiated by events involving BOP systems
The difference between the plant CMF using "good" and "poor" BOP
performance plant data




The three most recent reports from the Accident Sequence Precursor Program

(References 7-9) were examined to evaluate the influence of BOP failures on
accident precursor events.

The Accident Sequence Precursor Program reviews r ‘ports (LERs) of
operational events at 1ight water reactors to identify and categorize
precursors to © .ential severe core damage accidents. The accident
sequences considered in the program are those which could lead to inadequate
core cooling. Accident sequence precursors are defined as events that are
important elements in these accident sequences characterized by inadequate
core cooling and resulting core damage. The precursor events of interest
could be either initiating events or events that contribute to such
sequences subseguent to tne sequence initiator. This BOP influence
evaluation focused exclusively on initiating events,

Durira 1904, approximately 2400 LERs were prepared by licensees to report
operational events in accordance with NRC reporting requirements. 0f these
2400 events, approximately 900 were selected for detailed review, and 48 of
these were judged to meet the definition of accident precursor events,

After inserting these events intc the appropriate places of accident
sequence event trees and quantifying the sequences, 18 were estimated to
have an associated conditional probability of severe core damage > ] x 1074,
That is, given the precursor event, there was a probability > 1 x 10°% that
the operability states of other systems and components would be such that
inadequate core cooling and severe core damage would result. Information on
these 18 precursor events is provided in Table 5-7.

fleven of the 18 precursor events with a comparatively high probability of
core damage had BOP initiatcrs. These are also identified in Table 5-7 and
consist of five feedwater/condensate system degradations, two station
transformer failures that caused loss of offsite power, and four one-of-a-
kind events (main generator bearing failure, MSIV spurious closure, moisiure
separator high-level trip, and & surveillance procedure inadequacy). Seven

of the 18 comparatively high-probability core damage precursor events did
not have BOP initiators.




91-§

BO? Initiating Involved Conditionai
Plant LER Initiator Systems Estimated Prp
I. La Salle 1 373/84-054 No RCIC turbine trip; RCIC turbine oil 2.3 x IO"
clogged prefilter RCIC turbine
in actuator oil steam
system.
2. La Crosse 409/54-011 Yes Loss uf offite Diesel 9.9 x lO"
power; station generators
transformer failure. Safety Injection
3. Tuad Cities 1| 254/84-014 Ho Two LPCI valves RHR; 1 HPCI MOV 6.7 x l."
would not open
for RHR mode.
4. La Salle 2 374/84-017 ves Loss of feedwater, Turbine and 3.8 x 10t
human error. motor-driven W
pumps
5. Susquehanna 2 388/84-006 No LPCI Train "A" LPCI train "B" 3.3 x lO"
inoperable. RHR
6. Brunswick 1 325/84-006 Yes Loss of feedwater,  Condensaie: 2.6 x 1074
human error. Instrument air

Table 5-7
Summa

ry
1984 Precursor Report Data*
Events With Conditional Estimated Py > 1 X 10 4ee

* Reference: NUREG/CR-4674, Precursers to Potential Severe Core Damage Accidents:
Volumes 3 and &4, May 1987.

1984, A Status Report,

** Pcp = Probability of core damage.
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Table 5-7

Summary
1984 Precursor Report ata* M
Events With Conditional Estimated Pep > 1 X 1077** (Continued)

BOP Initiating Involved Conditional
Plant LER Initiator __Evert Systems Estimated Pep
7. Susquehanna 2 388/84-013 No Test - Loss of Diesel Genmerators 2.2 x 1074
1/6 and loss of (§-all failed to
offsite power. start); RCIC
8. St. Lucie 2 389/84-004 Yes Mair. feedwater Auxiliary FW 2.0 x 10°*
pump trip. (started and
tripped) Main Steam
Safety Valve
9. St. Lucie 2 389/84-011 Yes Main generator Auxiliary FW 2.0 x 1074
bearing failure (started and
- loss of load. tripped)
i0. Indian Pt. 3 286/84-015 Yes Loss of offsite Diesel Generators 1.9 x lO“
power; station (1 breaker failed
transformer to close)
failure.
11. Davis Besse 346/84-003 Yes MSIV closure MSIV, MSSV, 1.5 x 1074
during SFRCS SFRCS, AFW
testing.
12. Brunswick 7 324/234-018 Yes Moisture separator Condensate, 1.4 x 10"
high-level trip. Turbine Bypass

* Reference: NUREG/CR-4674, Precursors to Potential Severe Core Damage Accidents: 1984, A Status Report,
Volumes 3 and 4, May 1987.

** Pcp = Probability of core damage.



Tabie 5-7
Summary
1984 Precursor Report Data*
Events With Conditicnal Estimated Prp > 1 X 10" %++* (Continued)

BOP Initiating Involved Conditional
Plant . Initiator Event Systems Estimated Pep

Stuck open ADS, SRVs 1.4 x 1074
during ADS

. Susquehanna | /B4 - No

Browns Ferry 3 296/84-012 : Low RV water SRVs, Condensate 104
jevel; inadequate Booster Pumps
su veillance

procedure.

. Brunswick 1 325/84-014 Erroneous APRM RCIC. SRV, MSIV . 1074
signal to RPS.

331/84-001 > FW recirculation SRV, HPCI, RCIC 1.2 x 1074
valve failed open,
decreasing FH flow.

. Duane Arnold

296/84-C15 3 Failure of Condensate pump
condensate pump, breaker, CRD
low RV level. pumps

. Browns ferry 3

. Browns Ferry | 259/64-027 MSRY leakage. TORUS

* Reference: NUREG/CR-4674, Precursors to Potential Severe Core Damage Accidents: 1984, A Status

Volumes 3 and 4, May 1987.

** Pep = Probability of core damage.




During 1985, approximately 3000 LERs were prepared by licensees to report
operations events in accordance with NRC reporting requirements. 0f these
3000 events, approximately 1400 were selected for detailed review, and 63 of
these were judged to meet the definition of accident precursor events,

After inserting these events into the appropriate places of accident
sequence event trees and quantifying the sequences, 1] were estimated to
have an associated conditional probability of severe core damage > 1 x 10°4,
Information on these 11 precursor events is provided in Table 5-8.

Nine of the 1] precursor events with a comparatively high probability of
core damage had BOP initiators. These are also identified in Table 5-8 and
consist of seven feedwater/condensate system degradation, one auxiliary
transformer degradation, and one turbine pressure regulator failure. Only
two of the 11 precursor events with a comparatively high probahility of core
damage did not have BOP initiators.

During 1986, approximately 2900 LERs were preparec by licensees to report
operations events in accordance with NRC reporting requirements. Of these
events, 1320 were selected for detailed review, resulting in 34 that were
judged to meet the definition of accident precursor events. After inserting
these events into accident sequence event trees and quantifying the
sequences, six events were estimated to have an associated conditional
probability of severe core damage > I x 10°4.  Information on these six

-

precursor events is provided in Table 5-9.

Three of the 6 precursor events with a comparatively high probability of
core damage had BOP initiators. These involved (1) loss of pressure in the
turbine governor oil system, (2) fuse-related problems in an electrical bus
control circuit, and (3) a faulted controller for condenser steam dump
valves.

Summary

For the 3-year period 1984 through 1986, 145 precursor events were
identified from LERs, and 35 of these precursors had estimated conditional
probabilities of severe core damage > 1 x 1074, Twenty-three of these 35
more significant precursor events (66 percent) involved BOP initiators.
Thus, the fraction of BOP initiation of the more significant precursor
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Table 5-8
Summary
1985 Precursor Report Data*

fvents With Conditional Estimated Pep 2 1 X 10 $as
. BOP Initiating Involved Conditional
; ¢.ant LER Initiator Event Systems Estimated Prp
‘ 1. Davis Besse 346/85-013 Yes Loss of AFW, PORV 1.1 x 1072
- feedwater;
i control svstem
A failure.
2. Hatch ] 321/85-018 No Spurious SKV SRY, MSIV 1.8 x 10‘3 ;
actuation from {Unrelated HPCI :
flooded electrical trip) f
} P panel. ;
3. San Onofre 1 206/85-017 No Partial loss of AC vital buses 9.4 x 107
§ offsite power. diesel generators 5
g
4. Turkey Pt. 3 250/85-021 Yes Failure of AFW, Instrument 9.0 x 10 ¢ !
feedwater control Air f
valve to open. :
5. Trojan 344/85-009 Yes High temperature AC Power, AFY 4.5 x 1074
& trip on auxiliary (muitiple trips.)
- transformer.
6. Davis Besse 346/85-002 Yes Feedwater contrel AFW (inadvertent 3.0 x iO"
system failure. trip), SFRCS
- 7. Oyster Creek 219/85-012 Yes Turbine pressure MSIV, SOV, Fire 2.3 x 10 ‘ .
reguliator failure; Deluge System, ;
MSIV closure Relief Valves, RCIC ﬂ

Reference. NUREG/CR-4674, Precursors to Potential Severe Core Damage Accidents: 1985, A Status Report,

Volumes 1 and 2, December 1986.

-

i = Probability of core damage.




Table 5-8
Summary
1985 Precursor Report Data*
Events With Conditional Estimated Pep > 1 X 10 4o (Cont inued)

BOP Initiating Involived Conditional
Plant LER Initiator Event Systems imated Prp

8. Hatch 1 321/85-010 Yes Loss of vital AC, HPTI, RCIC, 2.3 x 10"
F¥ pump runback, SBGTS, RWCU,
FW pump trip. MFH, RPS

9. Grand Gulf 416/65-050 fLoss of feedwater: Hotwell level B x ‘0"‘
condensate and indication,
FW pump trips. HPCS, RCIC

10. Hatch 2 366/85-030 Loss of feeijwater:; HPCI, RCIC, & N 10"
condensate booster SBGTS.,
pump failure. Containment
Isolation

11. Browns Ferry 1 259/85-016 Loss of feedwater: HPCI, RCIC, .0 x 10"
controller failure MSIV,
of turbine-driven Containment
feed pumps. Isolation

* Reference: NUREG/CR-4674, Precursors to Potential Severe Core Damage Accidents: 1985, A Status Report,

Volumes 1 and 2. December 1986.

Prn = Probabilit, of r .e damage.
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Table 5-9

Summary
1986 Precursor Report Data*
Events With Conditional Estimated Py > 1 X 107%s+

*

Reference: NUREG/CR-4674, Precursors to Potential Severe Core Damage Accidents:
Volumes 5 and 6, May 1988.

* Pep - Probability of core damage.

dump valves

BOP Initiating Involved Conditional
Plant LER Initiator  __Event Systems Est mated Prp
1. Catawba 1 413/86-031 No Weid Tailure in CVCS, letdown 3.3 x 1073
letdown line heat exchanger,
MCC, 600v AC
2. Turkey Point 3 250/86-039 Yes Loss of turbine Turbine control 1.4 x 1073
governor oil oil, PORY, auto
system pressure rod contro!
o 3. Robinson 2 261/26-005 Yes Failed or loose AC distribution 3.0 x 1074
o fuse in electrical emergency diesels
control circuit PORV, MSIV, SI
4. Indian Pt. 2 247/86-035 No Loose wires in RPS, AFW 2.9 x 1074
RPS relay circuits
5. Catawba 2 414/86-028 No Inadvertent opening SI, AFW, auxiliary 1.1 x 107¢
of SG PORVs shutdown panels,
cves
6. Indian Pt. 2 247/86-017 Yes Faulted controller SI, MSIV, 1.0 x 1074
caused ope~ing of steam dump
condenser steaw. controller

1986, A Status Report,



gvents 1s about the same as the fraction of BOP initiation of reactor trips
in general. A summary of the BOP influence on precursor events for the
years 1984 through 1986 is given in Table 5-10.

5.3 Summary of Risk Implications

The results of the delta risk analvsis (Section 5.1) and the evaluation of
BOF-related precursor events (Section 5.2) both show that the reliability of
BOP systems can have a significant impact on the risk profiles of nuclear
power plants, For BWRs, in particular, plant core melt frequency appears to
be highly sensit ive to the frequency of BOP-related Lransients. Using the
study data for "poor" BOP performance BWRs, the delta risk analysis yielded
core melt frequencies that were 2 to 4 times greater than the frequencies
obtained using the data for the "good" ROP performance BWRs. The
corresponding differences for PWRs were comparatively small, ranging from a
factor of 1.1 to a factor of 1.3.

Twelve of the 23 precursor events that were considered to be BOP-related and
had a high probability of resulting in core damage occurred at BWRs. This
is a disproportionate number of such events at BWRs, since approximately
two-thirds of all operating U.S. reactors are PWRs. This finding supports
the conclusion that BOP-related events are more important, from a risk
perspective, at BWRs.

The overall impact of BOP system performance is greater than shown by the
deltsL risk analysis for both BWRs and PWRs. Each of the PRAs used in the
analysis included transient initiators with relatively low frequencies that
can be considered BOP-related but ¢'d not appear in the study data base for
the "good" and "poor" BOP performance plants. Therefore the risk associated
with those types of events is not reflected in the delta risk calculations.
However, if those types of events are included in the BOP contribution to
core melt frequency, the contribution of BOP-related transients ranges from

14 percent to approximately 50 percent for PdRs, and from 36 percent to 59
percent for BWRs.




Table 5-10
Summavy of BOP Influence on Precursor Events, 1984-1986

Precursor events designated
48 everis in ,984, out of approximately 2400 LERs
63 events in 1900, out of approximately 3000 LERs
34 events in 1986 out of approximately 2900 LERs
1984 pry.yrsor eveats
18 of 48 events had estimated conditional Pep 2 1 x 104
11 of 18 events ha1 BOP initiators

5 feedwater/cordensete system degsadation
2 station transiormer failure LOOP

1 main generator bearing failure

1 MSIV spurious ¢ osure

] mnisture separatir high-level trip

1 surveillance procicdure inadeauacy

7 of 18 events did not hav: BOP initiators
1985 precursor events
11 of 63 events had estimated condi‘ional Pep 2 1 x 1074
9 of 11 events had BOP initiators
7 feedwater/condensate systen degradation
] auxiliary transformer degracation
] turbine pressure regulator feilure
2 of 11 events did not have BOP initictors
1986 precursor events

6 of 34 events had estimated conditional Pep 2 1 x 1074
3 of 6 events had BOP initiators
1 Yoss of turbine governor oil system pressure
1 faulted or loose fuse in an electrical bus control circuit
1 faulted controller for condenser steam cump valves
3 of 6 events did not have BOP initiators
For 1984 through 1986
23 of 35 "ligh Pep” events (66%) had BOP initiators
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6. FINDINGS ANT RECOMMENDATIONS

The major finding of this study was the dramatic reduction in BOP-related

trips at commercial nuclear power plants over the 5-year study period from
Jaruary 1, 1984 through December 31, 1988. This improved performance
reduces the urgency of regulatory action to address BOP-related safety
concerns. However, regulatory actions can be taken to (1) address the

problems of licensees whose BOP trip performance is substantially less
favorable than the industry average, and (2) maintain or further improve the

6.1

1.

performance levels achieved toward the end of the study period.

Eindings

For the 75 mature nuclear units (0L before January 1, 1983) in the
study data base, the average number of BOP trips per unit was reduced
from 4.4 per critical year in 1984 to 2.4 per critical year in 1988,

The average mature unit over the 5-year period experienced 3.8 BOP
trips per critical year. The corresponding value for the best-
performing unit in the data base was 0.2 BOP trips per critical year;
the worst-performing unit experienced 11.2 BOP trips per critical year.

On a calendar year bas's, for the 76 mature nuclear units in the study
data base, the average number of BOP trips per unit was reduced from
2.8 per calendar year in 1984 to 1.6 per calendar year in 1988.

The average maturz unit over the 5-year period experienced 2.3 BOP
trips per calendar year. The best-performing unit experienced 1 BOP
trip in 5 years; the worst-performing unit experiences 34 BOP trips in
5 years,

Wearly 30 percent of the BOP-related trips resultec from multiple-cause
events,

This is a surprisingly large fraction of multiple-cause BOP trip

events. Although there is some "softness" in the data, it is clear
that multiple-cause events are more prevalent than previously assumed
by rany observers, and this finding has implications for statistical




4.

6.

and risk assessment analysts. Most of the m )tiple-cause trips were
not from coincident independent failures or common-cause events, but
rather from pre-existing conditions (e.g., degraded operability states
of various systems or components) that were revealed when a related
system or component was actuated.

Approximately 70 percent of the BOP-related trips resulted from a
single event,

A single component failure was the causative mechanism in 49 percent of
these single-cause trips, and a single human action accounted for
approximately 34 percent. The balance of the single-cause events were
of design, procedures or environmental origin, with a few classified as
spurious or unknown,

Considering BOP trips resulting from both single and multiple causes,
nearly four out of every five events contributing to BOP trips were
either component/equipment failures (47 percent) or human actions (31
percent).

Clearly the two most dominant general contributors to BOP trip
causation are component/equipment failures and human actions. The
value cited for human actions does not include design or procedural
inadequacies, which were categorized separately. It follows from this
finding that. in order to be successful, programs directed at achieving
reductions in BOP-related trip frequencies will need to contain both a
technical element (component, system or functional reliability
improvement) and a human performance element (a reduction in human
errors in operations, maintenance and surveillance).

NSSS Owners Groups with aggressive trip reduction programs are
apparently achieving results in the form of reduced frequencies of BOP-
related trips.

Table 3-2, which shows annual average BUP trips per unit per calendar
year by NSSS vendor, suggests that:
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the Westinghouse Owners Group’s Trip Reduction and Assessment
Program (TRAP) began to show results in 1985;

the Babcock and ¥Wilcox Owners Group’'s Safety and Performance
Improvement Program (SPIP) began to show results in 1986; and

the General Electric Owners Group's Scram Frequency Reduction
Program and the Combustion Engineering Owners Group’'s Scram
Reduction Program did not begin to show results until 1988.

At the system level, BOP trip causation was dominated by the
condensate/feedwater system (40 percent of total trips) and the
turbine/generator system (30 percent of total trips).

The degree of dominance of the two major contributors to BOP trip
causation, the condensate/feedwater system and the turbine/generator
system, was significant. The next largest contributor, AC power
systems, contributed only 12 percent. Proceeding down the 1ist, main
steam systems contributed 6.4 percent, air systems about 3 percent, and
the other major systems contributed 2 percent or less (e.g.,
instrumentation and control systems, circulating water sy:‘ems, etc.).

At the subsystem level, BOF trip causation was dominated by the
feadwater control subsystem (8) percent of feedwater-related trips; 2%
percent of total trips) and the turbine/generator instrumentation and

control subsystem (60 percent of turbine/generator related trips; 18
percent of total trips).

Taken together, feedwater control and turbine/generator I&C problems
caused more than 40 percent of the total ROP trips. Many of the
feedwater control problems were at low power levels, often associated
with manual feedwater control or the transition from manual to
automatic feedwater control. The turbine/generator l&C problems

centered primarily on the electro-hydraulic control (EHC) system for
the turbine.




10.

1.

At the component level, excluding the human “component,” BOP trip
causation was not dominated by any single component or small group of

components.

A majority of the BOP-related trips was caused by aggregated small
contributions from a very large number of different components. Pumps,
valves and circuit cards were the largest contributors in most cases,
but none of these contributed a large fraction of the total. This
complicates the task of achieving further improvements by requiring
that a component reliability improvement program be very broad-based,
and not focused on a few major contributors.

Nearly al) the units with the best BOP trip performance (fewest BOP-
related trips) have motor-driven feedwater pumps; nearly all the units
with the poorest BOP trip performance (highest numbers of BOP trips)
have turbine-driven feedwater pumps.

Feedwater systems with motor-driven feedwater pumps perform more
reliably than systems with turbine-driven feedwater pumps. In
addition, plants with excess feedwater capacity perform only marginally
better than plants without excess feedwater capacity. Apparently, the
combination of feedwater control characteristics and reactor trip
setpoints on steam generator level do not usually ailow operators
enough time to utilize excess feedwater pump capacity to avoid a trip
when a feedwater pump is lost.

From a risk pe* pective, BOP-related transients contribute
significantly nove, on a fractional basis, to the estimated core melt
frequencies of biRs than they do to PWRs.

Core melt frecuency estimates in BWR PRAs are more affected by changes
in BOP transient frequencies than are the corresponding estimates for
PWR PRAs. Based on a limited number of PRA comparisons, the
incremental core melt frequencies between “"good" and "poor" performers
in term. of BOP-related trips were factors of 2 to 4 for BWRs and
factors of 1.1 to 1.3 for PWRs.
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BOP-related transi nts are the initiating events for approximately two-
thirds of the more significant accident precursor events,

The NRC's Acciden. Seauerce Precursor program estimates the conditional
probability of severe core damage associated with the occurrence of
operating events. For the years 1984 through 1986, 35 operating events
were calculated to have es.inmtted conditional probabilities of severe
core damage greater than or equal to 1 x 10°%.  Two-thirds of these
events (23 events) had BOP initiators. This two-thirds fraction is
approximately the same as the BOP-related contribution to total
unplanned reactor trips.

6.2 Recommendations

The dramatic reduction in the number of BOP-related reactor trips at
commercial nuclear power plants over the 5-year period ending December 31,
1988, reduces the urgen:y of regulatory actions directed at BOP performance
improvements. However, regulatory actions can and should be taken to (1)
raintain the trend toward decreasing numbers of BOP-related reactor trips
among NRC licensees, and (2) address the problems of licensees whose
performance 1s substantially less favorable than the industry average.

6.2.1 General Recommendations

1. Communicate to )icensees and applicants, in the form of an
informational generic letter, the results of recent studies on BOP-
related trips and overall scram reduction experience,

This generic letter should point out where improvements in trip
reduction can be made while formally acknowledging the recent improved
performance of most licensees. Transmitted with this informational
generic letter should be a copy of this BOP-specific study and a copy
of Volume 5 of NUREG-1275, "Operating Experience Feedback Report -
Progress in Scram Reduction,"” March 1989. This generic letter, with
the attached reports, will provide licencees with a basis for making

decisions on their plant-specific programs for minimizing unplanned
reactor trips.




Identify, monitor and communicate with licensees who are not achieving
an acceptably low frequency of BOP-related trip events at their
facilities.

For the purposes of identifying licensees in need of increased
regulatory attention, an “acceptably low frequency of BOP-related trip
events" could be defined as the 5-year (1984-1988) industry average,
3.8 BOP trips per critical year, plus one standard deviation
(approximately 2.2) or about 6 BOP trips per critical year, It is
recommended that licensees who do not achieve a frequency less than
ebout 6 BOP trips per critical year, in any given year, be candidates
for increased regulatory attention to BOP performance. Actions could
include consultatinns with the licensee on how the problem is being
addressed, and spe:ial inspections on BOP systems reliability, the
edequacy of ront ause analysis of reactor trip events, and performance
trends.

NRC should werk with INPO, the Owners Groups, and EPRI to assist
1icensees in schieving and maintaining an acceptably low frequency of
BOP-related trip events at their nuclear plants,

Because of the limited reach of NRC's regulations into the BOP systems,
improvements in BOP performance will (and have) come largely through
industry initiatives on the basis of economics and reliability.
However, based on the findings of this study, NRC could stimulate
improvements in BOP systems performance by working with industry in the
following areas:

a. Encourage a steadily increasing level of industry performance
of root cause analyses of reactor trips.

b. Encourage Owners Groups and individual utilities to continue
their aggressive pursuit of trip reduction programs.

¢. Process requests for BOP-related changes to Technical
Specifications in a timely manner.
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d. Investigate why turbine-driven main feedwater pumps do not
perform as reliably as motor-driven main feedwater pumps.

e. Investigate how to make better use of excess feedwater
pumping capacity (where it exists) to reduce the frequency of
feedwater-related reactor trips.

MRC should formally incorporate BOP trip avoidance experience into the
Systematic Assessment of Licensee Performance (SALP) process, «.q., &s
an element in the Safety Assessment/Quality Yerification category.

This action would increase the visibility level of BOP performance
trends among |icensee management, resident inspectors, NRC Project
Managers, and NRC senior management. This action could be coordinated
with programs on performance indicators, maintenance improvements and
routine inspections.

6.2.2 Specific Recommendations

Establish & responsibility center within MRC to specifically monitor
and evaluate BOP-related reactor trip experience.

The functions of this responsibility center would be to identify
“outliers" in terms of BOP trip experience; compare licensee and
overall industry performance with goals established by NRC and by
industry; compare industry performance with that in foreign countries;
and periodically report to the NRC management on the state of BOP
systems performance in the industry.

HRC should expand the role of BOP systems in ongoing NRC activities,

specifically in the areas of inspections, maintenance policy, Technical

Specifications improvements, human factors and training, severe
accident policy/1PEs, the Accident Sequence Precursor program, and
advanced reactors/standardization, as discussed below.




4. Inspections

NRC should assure that Resident Inspectors periodically evaluate
the BOP trip experience of their units. The special BOP
inspection program should be re-instituted for plants with
particularly poor BOP trip performance histories.

b. Maintenance Policy/Rulemaking

Draft Regulatory Guide DG-1001, "Maintenance Programs for Nuclear
Power Plants," should suggest a goal of less than or equal to one
BOP trip per calendar year on the same basis (e.g., capacity
factor greater than 25 percent) as ine INPO 1990 goal for total
reactor trips of 1.5 per calendar year. NRC should evaluate BOP
trip performance as a function of whether a licensee s maintenance
pregram provides the same level of attention to BOP systems as is
given to safety systems. Specific emphasis should be given to
main feedwater control systems and turbine electro-hydraulic
control systems.

¢. Technical Specifications Improvements

NRC should evaluate, in cocrdination with licensees, BOP-related
safety 1imits, limiting conditions for operation, surveillance
frequencies and trip setpoints for their effects on BOP trip
causation. Specific emphasis should be given to steam generator
level tiip setpoints, steam flow/feed flow mismatch trips, and the
frequency of turbinc control valve testing.

d. Human Factors and Training
The NRC programs on human fa tors and training should include an
element o~ avoiding BOP trips caused by operations and maintenance

errors (and to a lesser degr:e surveillance testing errors) by
both licensed and unlicensec operations personnel.
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e. Severe Accident Policy/IPEs

Because of the influence of BOP system failures on core melt
frequency estimates, the NRC review of IPEs should compare the BOP
initiating event frequencies used in the analyses with the
experience values reporied herein

f. Accident Sequence Precursor Program

NRC should build on the evaluation reported herein and perform an
in-depth evaluation of the influence of BOP system failures or
degradations on the higher-ranking accident precursor events.

g. Advanced Reactors and Standardization

With regard to BCP considerations, the NRC reviews of advanced
reactors and standardized designs should focus on improvements in
the main feedwater control and turbine electro-hydraulic contro!
systems. Further, NRC should encourage the use of motor-driven
(rather than turbine-driven) main feedwater pumps.

NRC should expand the evaluation of the risk implications of BOP events
to additional PRA studies to test the validity of the risk-related
findings made herein,

Based on a comparison with 6 PRA studies (3 PWR, 3 BWR, two on the same
BWR) this study concluded that the incremental difference in core melt
frequency estimates between “"good" and "poor" BOP performers was a
factor of 2 to 4 for BWRs and a factor of 1.1 to 1.3 for PWRs. NRC
should expand v ‘s evaluation to more PRA studies to test the validity
of these estimates.

NRC should investigate the implications of the relatively large numbers
of multiple-cause events for statistical and risc analyses.

The methods used in statistical or risk analyses for estimating common-
cause or dependent-failure events may not adequately account for the

types of multiple failures found in this study for magnitudes as large
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as 20 to 30 percent of total failures. NRC should examine the
implications of these highe- frequencies of multiple-cause events,
which are (in general) neither dependent failures nor common-cause
events. Also, the trade-offs associated with additional comporent
testing or more frequent testing would u~~over more undetected
degradations, but it could also result in more inadvertent trips
associated with the testing.
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APPENDIX A

Sample Entries from the BOP Data Base




#++ BOP RELATED EVENT #*+

Form: 88

Plant Name: Dresden 2

Event 10: 237/85-03%5 Power Level: 00%
Event Date: 09/29/85 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: Steam Relief
BOP Component: Bellows

Cause 1: Design Related
Cause 2: Component Failure: Bellows

Event Description: Steam flow through seal steam relief valves may have
damaged the bellows (expansion Jjeint) during normal
system operation. The damaged bellows resulted in a low
condenser vacuum causing a turbine trip and a subsequent
reactor scram.

*+% BOP RELATED EVENT *#+

Form: 229

Plant kame: Quad Cities 1

Event 1D: 254/86-030 Power Level: 90%
Event Date: 10/16/86 Trip Type: Auto

BOP System: Turbine Cenerator
BOP Subsystem: T/G Instrumentation & Control
BOP Component: Human

Cause 1: Human Related: Maintenance

Event Description: While testing the electro-hydraulic control system, test
personnel generated a turbine bypass valve open signal.
Subsequent excess steam flow caused MSIV closure and a
reactor trip on MSIV position.



**% BOP RELATED EVENT ##

Form: 230

Plant Name: Quad Cities )

Event 10: 254/86-038 Power Level: 15%
Event Date: 12/09/86 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: Condenser
BOP Component: Unknown

Cause 1: Unknown
Cause 2: Human Related: Operations

Event Description: Adequate condenser vacuum could not be maintained during
startup. Personnel attempted to continue startup hoginq
the condition would improve. It dicdn’t and the plant
tripped. The reason for failure to maintain condenser
vacuum was not given,

**% BOP RELATED EVENT ##+

Form: 231

Plant Name: Quad Cities |

Event 1D: 254/87-005 Power Leve): 92%
Event Date: 03/17/87 Trip Type: Auto

BOP System: Main Steam
BOP Component: Valve

Cause 1: Component Failure: Valve
Cause 2: Human Related: Maintenance

Event Description: Turbine stop valve closure caused a turbine trip and a
reactor trip. The stop valve closure was caused by a
high level in the moisture separators which in turn was
partially due to a stuck open level contrel valve.
Operator attempts to repair the valve contributed to this
event because other level control valves could not
properly handle sufficient flow.
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*¢¢ BOP RELATED EVEWY ewo

Form. 232
Plant b : Palisades

Event 1D: 255/84-015% Power Level: 48%
Event Date: 0B/04/84 Trip Type: Auto

BOP System: Turbine Gererator

BOP Subsystem: T/6 Instrumentation & Control
BOP Component: Human

Cause 1: Human Related: Maintenance

fvent Description: EMC system repairs were not properly performed. The

vesulting vibration in the EMC system caused a turbine
trip and reactor trip.

#+% BOP RELATED EVENT *%¢

Form: 233
Plant Name: Palisades

fvent 1D: 255/85-010 Power Level: 98%
Event Date: 08/11/85 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/ Instrumentation & Control
80P Component: Transformer

Cause 1: Component Failure: Transformer

Event Description: A motor operated auto transformer operated erratically
during a voltage adjustment, The erratic performance

caused a loss of generator load and a turbine/reactor
trip.




**% BOP RELATED EVENT #*

Form: 276

Piant Name: Robinson 2

Event 1D. 261/87-020 Power Level: 100%
Event Date: 07/10/87 Trip Type: Auto

BOP System: DC Power
BOP Component: Wire

Cause 1: Component Failure: Wire

Event Description: The plant tripped on July 10, 1987 due to a Feedwater
regulator valve failure cauzeq by an electrical short in
the DC wire to one of the two safeguard selenoids for the
valve operator. The solenoid failed due to entrapped
water in the solenoid condulet. The Feedwater regulator
valve closure resulted in Steam/Feedwater flow mismatch
coincident with a low SG level,

*#4% BOP RELATED EVENT %%+

Form: 276

Plant Name: Robinson 2

Event 1D: 261/87-020 Power Level: 12%
tvent Date: 07/16/87 Trip Type: Auto

BOP System: Feedwater
BOP Subsystem: Feedwater Control
BOP Component: Feedwater regulator valve

Cause 1: Component Failure: Feed reg valve

Event Description. On July 16, 1987, the reactor tripped on low SG 1level
coincident with Steam/Feedwater flow mismatch caused by
the failure of the same Feedwater regulator valve as
described in the 7/10/87 event. This time, the valve
failure was caused by the impaired function of the valve
positioner,
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#*+ BOP RELATED [VENT ##+

Plant Name: Robinson 2

Event ID: 261/88-001 Power Level: 66%
Event Date: 01/19/8% Trip Type: Auto

BOP System: Turbine Lenerator
BOP Component: Regulator valve

Cause 1: Surveillance
Cause 2: Component Failure: Regulator vilve

Event Description: Normal surveillance testing of cthe turbine was conducted.

Due to wear and tear, an air operated pressure regulator

valve did not function properly and was wunable to

withstand the back pressure after the turbine was

returned to service. A pressure loss in the .urbine

er=7 the turbine to trip, which subsequently caused a
vea i trip.

*** BOP RELATLD EVENT *w+

Plant Name: Monticello

Event YD: 263/85-008 Power Level: 100%
Event Date: 04/11/85 Trip Type: Auto

BOP System: AC Power
BOP Subsystem: High Voltage Offsite
BOP Component: Transformer

Cause 1: Human Ralated: Maintenance

Event Description: A phase fault occurred while a transformer was being

vestored from maintenance. The fault was caused by a
"non-plant" worker who forgot to remove grounding cable
after the completion of the work. Because the tripping
control system was not yel 1in service, the turbine
control system initiated reactor scram.
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**% BOP RELATED EVENT ww

EREEEEEAROEESEIECE

Form: 281

Plant Name: Monticello

Event 1D: 263/85-010 Power Level: 10C%
Event Date: 06/12/85 Trip Type: Auto

BOP System: Main Steam
BOP Component: Human

Cause 1: Human Related: Surveillance

Event Description: During surveillance testing of the main steam low
pressure instrumentation, a human error contrary to the
approved procedure was committed leading to MSIV closure,
which then lead to a reactor trip. The technician failed
to properly valve in and out the appropriate pressure
switch channels.

*#+% BOP RELATED EVENT *#*+

Form: 368

Plant fi.ne: Salem 1

Event ID: 272/87-007 Power Level: 100%
Event Date: 06/02/87 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/G Instrumentation & Control

Cause 1: Environment: Lightning

Event Description: A turbine/reactor trip occured when lightning struck in
the vicinity of the DEANS switching station causing a
momentary loss of the 500KV transmission line and
actuating the SALEM/DEANS “"cross trip scheme" for
"generator protection". This X-trip was established to
prevent potential generator instability at Salem 1.
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#e% BOP RELATED EVENT w*+

Form: 370
Plant Name: Salem |

Event 1D: 272/88-009 Power Level: 100%
Event Date: 03/30/88 Trip Type: Manual

BOP System: Turbire Generator
BOP Subsystem: T/6 Instrumentation & Control
BOP Component: Indicator

Cause 1: Component Failure: Indicator
Cause 2: Human Related: Operations

Event Description: During full power operation, EHC pump 12 tripped and the
standby EHC pump 11 failed to auto start. With both
pumps failed, the control oi)l system pressure decreased
and the turbine governor valves drifted closed. The
reactor was then manually tripped due to increasing T
avg. Prior to the event, the EHC oil had been Tleaking,
and constant refill was required. However, the level
indicator malfunctionned, and constantly indicated normal
or full level, although oil level was actually at the
pump low level lockout setpoint. Thus the lack of
communication and level instrumentation failure were the
root causes of this event.

#*s BOP RELATED EVENT *#*

Form: 371
Plant Name: Diablo Canyon 1

Event ID: 275/84-015 Power Level: 2%
Event Date: 05/08/84 Trip Type: Auto

BOP System: Main Steam
BOP Subsystem: Steam Relief
BOP Component: Circuit card

Cause 1: Component Failure: Circuit card

Event Description: A failed pressure control module in the steam dump
control system allowed several 40% steam dump valves to
open, initiating a high steam flow coincident with LO-L0
Tavg that tripped the reactor. This event occurred
during startup.




*¥% BOP RELATED EVENT ww»

EEEEERTENLEEREERS

Form: 374

Plant Name: Diablo Canyon 1

Event ID: 275/84-030 Power Level: 21%
Event Date: 11/24/84 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/° Instrumentation & Control
BOP Component: Human

Cause 1: Human Relateu: Construction
Cause 2: Component Failure: Valve

Event Description: This event was caused by a loose wire in the turbine
control system, ci sing the system to malfunction.
Additionally, the 40% condenser dump valves failed to
open resultin? in a turbine/reactor trip. The cause {ar
the dump valve failure to open was traced to the
installation of control wiring according to an incorrect
drawing of the electrical connections.

#+% BOP RELATED EVENT *#+

Form: 471

Plant Name: Prairie Island 1

Event 1D: 282/86-010 Power Level: 100%
Event Date: 12/12/86 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/G Instrumentation & Control
BOP Component: Human

Cause 1: Human Related: Maintenance
tvent Description: During troubl . .ooting of the turbine EHC, a multichannel
event trigge.ed recorder was being connected to the EHC

cabinet. Incorrect use of this device caused a turbine
trip/reactor trip.

A-8



#*% BOP RELATED EVENT **+

Form: 475

Plant Name: Fort Calhoun 1

Event 10: 285/86-004 Power Level: 085%
Event Date: 0£/01/86 Trip Type: Manual

BOP System: AC Power
BOP Subsystem: High Voltage
BOP Component: Bus duct

Cause 1: Component Failure: Bus duct
Cause 2: Component Failure: Bus duct insulation

Event Description: An operator noticed smoke coming from the piant isolated
phase bus duct. During the following controlied
shutdown, the condition worsened (the smoke intensified).
The operators manually scrammed the reactor at 85% power.
The arcing of the bus duct was due to a breakuown of the
insulation on the bus duct.

*** BOP RELATED EVENT #***

Form: 477

Plant Name: Indian Point 3

Event 1D: 285/84/005 Power Level: 90%
Event Date: 02/20/84 Trip Type: Auto

BOP System: Feedwater
BOP Subsystem: Feedwater Control
BOP Component: Solenoid valve

Cause 1: Component Failure: Solenoid valve

Event Description: A Steam/Feedwater flow mismatch caused a reactor trip.
The flow mismatch was caused by closure of & Feedwater
re?ulator valve due to failure of a trip solenoid. The
solenoid failure was caused by water leakage into the
solenoid terminal box.



wee BOP RELATED EVENT #ee

Form: 893

Plant Hame: Duane Arnold

Event 1D: 331/86-017 Power Level: 5%
Event Date: 06/13/86 Trip Type: Manual

BOP system: Air
BOv Component: Air line

Cause ): Component Failure: Air line
Cause 2: Environment: Contamination

Event Description: Dessi~ant material in instrument air flow lines caused a
fluctuation in the position of Feedwater control valves,
which caused a trip of Feedwater block valves. This led
to a loss of Feedwater, which led to a manual reactor
trip on low reactor water level.

#%% BOP RELATED EVENT *we

EEEELESEEEEEEERERL

Form: 896
Plant Name: Fitzpatrick

Event 1D: 333/84-009 Power Level: 67%
Event Date: 03/22/84 Trip Type: Auto

BOP System: Feedwater
BOP Component: Pump

Cause 1: Component Failure: Pump
Event Description: Failure of a Feedwater pump bearing caused a loss of the

Feedwater pump which led to a loss of Feedwater. This
resultes in a reactor trip on low reactor water level.

vk



#++ BOP RELATED EVENT ##+

Form: £97

Plant Name: Fitzpatrick

Event 1D: 333/84-010 Power Level: 25%
Event Date: 03/25/85 Trip Type: Auto

BOP System: Feedwater
ROP Subsystem: Feedwater Control
BOP Component: Contrri ofl

Cause 1: Comgs -=* "w»ilyre: Control ofl
Event Description: Control oil1 leakage resulted in a loss of Feedwater due

to a Feedwater pump trip. This lead to a reactor trip on
low reactor water level.

*#** BOP RELATED EVENT #**

Form: 1074

Plant Name: Limerick

Event ID: 352/87-048 Power Level: 090%
Event Date: 09/19/87 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/G Instrumentation & Control
BOP Component: Weld

Cause 1: Human Related: Maintenance

Event Description: A weld failure resulted in low EHC oil pressure which
caused a turbine trip and reactor trip. Review revealed
an {+adequate weld.
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% BOP RELATED EVENT *ee

ERSSRsSEEEREESEERER

Form: 1075
Plant Mame: Hope Creek |

Event 1D: 354/86-034 Power Level: 003%
tvent Date: 07/12/86 Trip Type: Manual

BOP System: Main Steam
BOP Component: Pressure transmitter

Cause 1: Component Failure: Pressure transmitter
Cause 2: Component Failure: Pressure transmitter

Event Description: Two erroneous high steam flow signals caused an MSIV
closure. Operators elected to shutdown the plant. Cause

of the failure of the 2 pressure transmitters was not
determined.

*#*+ BOP RELATED EVENT ##

Form: 1192
Plant Nome: Arkansas Nuclear One - 2

Event ID: 368/87-008 Power Level: 100%
Event Date: 11/14/87 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: T/G Instrumentation & Control
BOP Component: Human

Cause 1: Human Related: Maintenance

Event Description: Improper calibration settings in the turbine vibration
trip system resulted in a spurious high vibration signal
(in the turbine journal bearing vibration trip logic)
that led to a turbine trip and a subsequent reactor trip.




*++ BOP RELATED EVEWT #ee

, Form. 1186

u Plant Name: McGuire 1
Event 1D: 369/84-024 Power Level: 100%
Event Date: 08/21/84 Trip Type: Auto

BOP System: AC Power
BOP Subsystem: High Voltage
BOP Component: Computer

Cause 1: Component Failure: Computer
Cause 2: Design Related

Event Description: After corrective maintenance, the restarted switchyard

computer opened power circuit breakers, causing a reactor
and turbine trip.

*e% BOP RELATED EVENT #*+

Form: 1316

Plant Name: waterford 3

Event 1D: 382/87-028 Power Level: 0%
Event Date: 12/11/87 Trip Type: Auto

BOP System: Main Steam
BOP Component: Solenoid valve

Cause 1: Component Failure: Solenoid valve

Event Description: During MSIV testing, one MSIV went partially shut due to

a failed solenoid valve. This resulted in a reactor
trip.
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wk* BOP RELATED EVENT #*#+

Form: 1317

Plant Name: Susquehanna 1

Event 10: 387/84-013 Power Level: 74%
Event Date: 03/03/84 Trip Type: Auto

BOP System: Turbine Generator
BOP Subsystem: Thrust Bearing Wear Detector
BOP Component: Thrust bearing wear detector

Cause 1: Spurious Signal

Event Description: During weekly preventive maintenance activities, the
turbine tripped on a spurious trip of the TBWD pressure
switches. The reactor tripped following the fast
closure of the turbine control valves. The cause of the
turbine trip was not determined and is considered to have
been a spurious occurrence.

#*4 BOP RELATED EVENT **+

form: 1764

Plant Name: Clinton 1

Event ID: 461/87-060 Power Level: 90%
Event Date: 10/02/87 Trip Type: Auto

BOP System: DC Power
BOP Cumponent: Human

Cause 1: Human Related: Operations

Event Description: An operator incorrectly opened a crosstie bre.ker botween
2 non-class 1E 125VDC distribution channels. The reactor
tripped on a reactor high water level signal.
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wta BOP RELATED EVENT ##e

Form: 1768

Plant Mame: Wolf Creek 1

tvent 10: 482/85-039 Power Level: 006%
Event Date: 06/06/85 Trip Type: Auto

BOP System: Feedwater
BOP Subsystem: Steam Relief
BOP Component: Human

Cause 1: Human Related: Surveillance

Event Description: Level oscillations caused "' a steam dump control system

test resulted in a low SG i1evel and a subsequent reactor
trip.

|

*o% BOP RELATED EVENT %=«

Form: 1851 B
Plant Mame: Palo VYerde 1

Event ID: 528/86-020 Power Level: 60%
Event Date: 02/03/86 Trip Type: Auto

BOP System: Feedwater
BOP Subsystem: Feedwater Contirol
BOP Component: Circuit card

Cause 1: Component Failure: Circuit card

Event Description: A failed control board in the Feedwater control system E‘
resulted in a temporary inability of the operators to
control Feedwater pump speed from the control room.
Loss of manual Feedwater contro)l led to a Low SG Level
that subsequently tripped the reactor.




APPENDIX B
BOP Trips per Calendar Year by Plant
(Raw Data, 1984-1988)



UNIT
ARKANSAS NUCLEAR ONE 1
CRYSTAL RIVER 3
DAVIS BESSE
OCONEE 1
OCONEE 2
OCONEE 3
RANCHO SECO
TMI 1

MATURE UNITS
(OL BEFORE JAN 83)

oL
DATE

DEC 74
DEC 76
APR 77
FEB 73
o B
JUL 74
AUG 74
APR 74
TOTALS

AVG

Table B.1
BOP Trips By Year - Babcock and Wilcox Units
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Table B.2
BOP Trips By Ycar - Combustion Engineering Units

oL BOP_TRIPS
UNIT DATE ‘84 ‘85 ‘86 ‘87 88 TIOTALS

ARKANSAS NUCLEAR ONE 2 JuL 78 5 4 1 2 0 12
CALVERT CLIFFS 1 JuL 74 4 6 2 5 3 20
CALVERT CLIFFS 2 AUG 76 l | 3 i 2 11
FORT CALHOUN 1 MAY 73 0 0 1 0 0

MAINE YANKEE JUN 73 6 8 6 2 3 2%
MILLSTONE 2 AUG 75 2 0 4 5 0 11
PALISADES oCT /2 1 2 2 4 0 9
PALO VERDE 1 DEC 84 . 5 6 2 ¢ 17
PALO VERDE 2 DEC 85 . . 6 2 1 9
PALO VERDE 3 JAN 88 . . 0 0
SAN ONOFRE 2 SEP 82 1 é 3 3 0 11
SAN ONOFRE 3 SEP 83 3 2 3 2 0 10
§T. LWIE 1 MAR 76 1 0 2 5 4 12
ST. LUCIE 2 APR 83 7 5 3 5 0 20
WATERFORD 3 DEC 84 . 19 2 5 1 27

TOTALS 31 56 4¢ 46 18 195

(9) MATURE PLANTS AVG 2.33 2.78 2.67 3.33 1.33
(OL BEFORE JAN 83)

NEW PLANTS AVG 500 7.75 4.00 3.20 1.00
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UNIT
BIG ROCK POINT

BROWNS FERRY 1
BROWNS FERRY 2
BROWNS FERRY 3
BRUNSWICK 1
BRUNSWICK 2
CLINTON 1
COOPER
DRESDEN 2
DRESDEN 3
DUANE ARNOLD
FERMI 2
FITZPATRICK
GRAND GULF 1
HATCH 1

HATCH 2

HOPE CREEK 1
LA SALLE 1

LA SALLE 2
LIMERICK
MILLSTONE 1

Table B.3

BOP Tripz by Year - General Elec.ric Units
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Table B.3
BOP Trips by Year - General Electric Units (Continued)

oL _BOP TRIPS -
UNIT PATE 84 ‘85 ‘86 87 ‘88 IOJALS

MONTICELLO SEP 70 0 2 1 3 2 8
NINE MILE POINT 1 AUG 69 1 6 1 2 0 10
NINE MILE POINT 2 0CT 86 . : - 5 10 15
OYSTER CREEK APR 69 2 B 3 1 1 11
PEACH BOTTOM 2 AUG 73 0 4 3 0 1 8
PEACH BOTTOM 3 JUL 74 2 1 8 2 0 13
PERRY 1 MAR 86 . . 1 8 4 13
PILGRIM JUN 72 1 2 3 . 0 6
QUAD CITIES 1 ocT 71 2 0 3 1 1 7
QUAD CITIES 2 APR 72 1 2 0 4 4 11
RIVER BEND 1 NOV 85 3 13 2 4 22
SHOREHAM (1) 1
SUSQUEHANNA 1 JUL 82 4 2 0 1 2 9
SUSQUEHANNA 2 MAR 84 4 3 2 1 0 10
VERMONT YANKEE FEB 73 2 0 0 3 3 8
WPPSS 2 DEC 83 20 3 5 2 0 30

TOTALS 93 82 90 97 68 430

MATURE PLANTS AVG 2.35 2.54 2.04 2.26 1.46
(OL BEFORE JAN 83)
NEW PLANTS AVG 10.67 2.83 4.63 3.80 3.00
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UNIT
BEAVER VALLEY ]

BEAVER VALLEY 2
BRATOWOOD 1
ERAIDWOOD 2
BYRON 1

BYRON 2
CALLAWAY 1
CATAWBA 1
CATAWBA 2

CONN YANKEE
COOK 1

COOK 2

DIABLO CANYON 1
DIABLO CANYON 2
FARLEY 1

FARLEY 2

GINNA

INDIAN POINT 2
INDIAN POINT 3
KEWAUNEE
McGUIRE 1
McGUIRE 2

BOP Trips by Y

oL
DATE

JAN 76
AUG 87
MAY 87
DEC 87
FEB 85
JAN 87
JUN 8¢
JUN 85
MAY 86
JUN 67
0CT 74
DEC 77
SEP 81
AUG 85
JUN 77
0CT 80
SEP 69
SEP 73
DEC 75
DEC 73
JUN 81
MAR 83
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Westinghouse Units
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Table B.&

BOP Trips by Year - Westinghouse Units (Continued)

UNIT
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>