
NUREG/CR--56 22

TIgl 000673

I IllIlllll I

Analysis, of Reactor Trips
Originating in Ba .ance
of Plant Systems

I I I

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 documentsthe resultsof an analysisof balance-of-plant(BOP)

related reactortrips at commercialU.S. nuclearpower plants over a 5-year

period, from January I, 1984, throughDecember31, 1988. The study was

performedfor the Plant SystemsBranch,Office of NuclearReactor

Regulation,U.S. NuclearRegulatoryCommission. The objectivesof the study

were'

I. to improvethe level of understandingof BOP-relatedchallengesto

safety systemsby identifyingand categorizingsuch events;

2. to prepare a computerizeddata base of BOP-relatedreactor trip
events and use the data base to identifytrends and patterns in

the populationof these events;

3. to investigatethe risk implicationsof BOP events that challenge

safety systems;

4. to provide recommendationson how to addressBOP-relatedconcerns

in a regulatorycontext.
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EXECUTIVESUMMARY

This reportdocuments the resultsof a characterizationand subsequent

analysisof balance-of-plant(BOP)-relatedreactortrips at commercialU.S.

nuclear power plants over the 5-yearperiod from January I, 1984 through

December31, 1988. The study was performedfor the Plant Systems Branch,

Office of Nuclear Reactor Regulation,U.S.Nuclear RegulatoryCommission.

Objectives

The objectivesof the study were to'

I. improve the level of understandingof BOP-relatedchallengesto

safety systemsby identifyingand categorizingsuch events;

i

2. prepare a computerizeddata base of BOP-relatedreactortrip

events and use the data base to identifytrends and patterns in

these events;

3. investigatethe risk implicationsof BOP events that challenge

safety systems;and

4. provide recommendationson how to addressBOP-relatedconcer_tsin

a regulatorycontext.

Sources of BOP Information

The primary sourcesof informationused in the study were'

o an earlier investigationof BOP events reported in NUREG/CR-4783,

BOP Regulatory Issues,January 1987;

o Licensee Event Reports (LERs)accessedthroughthe Sequence,,Coding

and Search System (SCSS)maintainedfor USNRC by Oak Ridge

National Laboratory;and
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o a study by the NRCOffice for Analysis and Evaluation of

Operational Data (AEOD), NUREG-1275Volume 5, Operating Experience

FeedbackReport - Progress in Scram Reduction, March 1989.

Additional sources of information were industry organizations (e.g., INPO,

Owners Groups), NRCdocuments (e.g., NUREGand NUREG/CRreports, AEOD

reports, inspection reports, generic letters, notices and bulletins) and

informationon foreignscram reductionprograms,e.g., Proceedingsof a

Nuclear Energy Agency Symposiumon Reducingthe Frequencyof Nuclear Reactor

Scrams, Tokyo, Japan, 1986.

BOPData Base Development
i

As part of this study, a computerized data base of BOP-related reactor trips

was created, basea on information provided in Licensee Event Reports (LERs)
over the period January 1, 1984, through December 31, lg88. The Sequence
Coding and Search System (SCSS) for the LERdata base was used to identify

potentially relevant LERs. The LER search on 47 BOP-related SCSScodes

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 BOPtrip

data base if any of the following conditions applied:

o BOP involvement was incidental to the reactor trip, i.e., not in

the causation sequence.

o 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 BOPtrip data base.

o The trip resulted from loss of offsite power or other events

external to the plant systems.



q

The BOP trip data base was developedon PC-dBaseiii Plus software. Each

event record identifiesthe BOP system (e.g.,feedwater),subsystem (e.g.,

+ feedwatercontrol),and component(e.g.,feedwatercontrolvalve)as

applicable. Up to three potentialcauses of the event may be specified. A

narrativeevent descriptionis also provided.

Supplementarydata bases were also found to be necessary for conducting

analysesof trends and patterns. The supplementarydata bases contain plant

data and critical hot.lrsdata. The supplementaryplant data base includes

the followingdata elements:

o Operating license(OL) date

o Nuclear Steam Supply System (NSSS)vendor

o Architect/engineer

o Turbine/generatormanufacturer.

The critical hours supplementarydata base includes:

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

1988

o Total criticalyears accumulatedduring the period 1984 through

1988.

Trend and Pattern Evaluations

The 5-year, 1405-eventBOP trip data base was searchedfor trends and

patterns in the data. Searcheswere performedon BOP trips per plant per

calendar year; BOP trips per plant per criticalyear; general causationof

BOP trips (i.e., componentfailure,human-related,design-related,etc.);

multiple cause BOP trips; systems,subsystems,and components implicatedin

BOP trip causation;and trend observationsby architect/engineer,plant age

and plant power level at trip. Severalspecialsearches (e.g., feedwuLur

trips by NSSS vendor by year) were also performedto help understand the

resultsof earliersearches.

A basic distinctionwas made betweenmature plants and new plants, Mature

plants were defined as those which receivedoperatinglicenses (OLs) before
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January I, 1983. Thus, all plants in the mature plant category had held an
OL for at least one year before the start of the LER period covered by the

study--January I, 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 (e.g., I 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 pattern analysis.

BOP Trips per CalendarYear

The mature nuclear plants showed a substantial reduction in BOPtrips over

the 5-year period, from an average of 2.8 BOPtrips per calendar year in

1984 to 1.6 BOPtrips per calendar year in 1988.

BOPTrips per Critical Year

The mature nuclear plants showed a substantialreductionin BOP trips over

the 5-year period, from an averageof 4.4 BOP trips per criticalyear in

1984 to an averageof 2,3 BOP trips per criticalyear in 1988.

General Causation of BOPTrips

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 BOPtrips were caused by one or more

component failures, and nearly one-third (31 percent) were human-related.

The human-related BOP trips were further categorized by the activity in

progress as follows: 40 percent uperations, 40 percent maintenance, 14

percent surveillance, 6 percent other.

Multiple-Cause BOPTrips

Approximately70 percentof the BOP trips were determinedto be single-cause

events. However, a substantialfraction(27 percent)would not have

occurred in the absenceof a secondcondition,and a few trips (3 percent)i

would not have occurred in the absenceof two additionalconditions.
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Causation of BOP Trips--SystemsImplicated

The two largest systemcontributorsto BOP trips were the feedwatersystem,

causing 40 percentof the trips, and the turbine/generatorsystem,

contributingabout 30 percent. The next largestcontributors,the AC power

and main steam systems,contributedabout 12 percent and 6.5 percent,

respectively. Other systems,contributing3 percentor less to BOP trips

over the study period, includeair, circulatingwater, DC power, and

instrumentationand control systems.

Causationof BOP Trips--SubsystemsImplicated

Feedwatercontrolwas the dominantcontributingsubsystemto feedwater-

related BOP trips. Within the turbine/generatorsystem,the dominant

contributingsubsystemwas instrumentationand control, primarilythe

electro-hydrauliccontrol (EHC) subsystem.Feedwater controland T/G I&C

subsystemproblems (componentfailureor human-related)combined caused

about 40 percent of the total BOP trips.

Causationof BOP Trips--ComponentsImplicated

The clearlydominant "component"contributorto BOP trips was the human,

generallycausing about 30 percentof all BOP trips across the major system

contributors. The next largestcomponentcontributors,generallymuch less

significantthan the human, were pumps, valves,electrical switchgear,and

circuit cards. For the dominant systems,the data are characterizedby a

majority of the trips coming from very small contributionsfrom very large

numbers of components. _,

Trends in BOP Trips as a Functionof Architect/Engineer

The BOP data base was searchedto see if positiveor negativeperformancein

terms of BOP trips could be correlatedwith the architect/engineer(A/E)

responsiblefor designingthe BOP. For the major A/E firms that have

designed severalnuclearunits--Bechtel,Stone & Webster, Sargent& Lundy

and Ebasco--noclear trends were evident in the data as a functionof the

A/E firm that designedthe BOP.
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Trends in BOP Trips as a Function of Plant Age

The data on BOPtrips 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 BOPtrip (during

the 5 years considered in the study) for every 2 years of increasing age.

Trends in BOPTrips as a Function of Power Level
b

Approximately half of the BOPtrips 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.

BOPTrips 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 BOPtrip 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 BOPtrips. This parameter does not appear to be

significant in terms of BOPtrip performance. Similarly, plants with excess

feedwater capacity (e.g., I00 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 BOPtrips.

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. Ali of the top nine performers in overall BOPtrips (that is, fewest
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trips per criticalyear) had motor-drivenfeed pumps,while fi_leof six of

the worst performershad turbine-drivenfeed pumps. If feedwater-system-

inducedreactor trips are consideredinsteadof BOP trips, Six of the worst

seven have turbine-drivenfeed pumps and eight of the nine best have motor-

driven feed pumps. Similarly,if only feedwater-control-inducedreactor

trips are considered,six of the seven worst performershave turbine-driven

pumps,while four of the top seven have motor-drivenfeed pumps.

Risk ImplicatriOnsof BOP Events

The objectiveof this task was to evaluatethe impactof BOP-relatedevents_

on the risk, as measured by estimatedcore melt frequency,of nuclearpower

plantoperation. The task was divided into two parts. First, a

quantitativeanalysiswas performedto estimatethe'risk impact of reactor

trips caused by BOP system failures. Second,a qualitativeevaluationwas

performedof the impact of BOP-relatedeventson safetysystem availability,

as reflectedby the events having a relativelyhigh risk ranking as reported

in the Accident SequencePrecursorprogramfor the years 1984 through 1986.

The results of the delt_ risk analysisand the evaluationof BOP-related

precursorevents both _.howthat the reliabilityof BOP system can have a

si_Jificantimpact on the risk profile of nuclearpower plants. For BWRs,

in particular,plant core melt frequencyappearstobe highly sensitiveto

the frequencyof BOP-relatedtransients. The delta risk analysis showed

that core melt frequencydiffered by a factorof 2 to 4 as a functionof BOP

performancefor BWRs. The differencefor PWRs was comparativelysmall, only

a factor of 1.1 to 1.3.

For the years 1984 through1986, 35 p_ecursoreventswere identifiedthat

hadestimated conditionalprobabilitiesof severecore damage greater than

or equal to I x 10-4. Twenty-threeof these 35 events (66 percent) had BOP

iilitiators.Thus, the fractionof BOP initiationof the more significant

precursorevents is approximatelythe same as the fractionof BOP initiation

of reactortrips in general.

Twelve of the 23 precursorevents that were consideredto be BOP-relatedand

had a high probabilityof resultingin core damage occurred at BWRs. This
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is a disproportionate number of such events as BWRs, since approximately

two-thirds of all operating U.S. reactors are PWRs. This finding supports
the co.lclus#ion that BOP-relatedevents are more important, from a risk

perspective, at BWRs,

Findings and Recommendations

The major findingof this studywas the dramaticreductionin BOP-related

trips at commercialnucl power plantsover the 5-year study period from

January I, 1984 throughDecember31, 1988. This improvedperformance

reducesthe urgency of regulatoryactionto addressBOP-relatedsafety

concerns. However,regulatoryactionscan be taken to (I) addressthe

problemsof licenseeswhose BOP trips performanceis substantiallyless

favorablethan the industryaverage,and (2)maintain or furtherimprovethe

performancelevels achievedtoward the end of the study period.

Findings

I. For the 76 mature nuclear units (OL beforeJanuary I, 1983) in the

study data base, the averagenumber of BOP trips per unit was reduced

from 4.4 per criticalyear in 1984 to 2.4 per criticalyear in 1988.

2. On a calendaryear basis, for the 76 mature nuclear units in the study

data base, the averagenumber of BOP trips per unit was reduced from

2.8 per calendaryear in 1984 to 1.6 per calendaryear in 1988.

3. Nearly 30 percentof the BOP-relatedtrips resultedfrom multiple-cause
events.

4. Approximately70 percentof the BOP-relatedtrips resultedfrom a

singleevent.

5. ConsideringBOP trips resultingfrom both singleand multiple causes,

nearly four out of every five eventscontributingto BOP trips were

either component/equipmentfailures(47 percent)or human actions (31

percent).

J
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6. NSSS Owners Groupswith aggressivetrip reductionprograms are

apparentlyachievingresultsin the form of reducedfrequenciesof BOP-

related trips.

7. At the systemlevel, BOP trip causationwas dominated by the

condensate/feedwatersystem (40 percentof total trips) and the

turbine/generatorsystem (30 percentof total trips).

8. At the subsystemlevel, BOP trips causationwas dominatedby the

feedwatercontrol subsystem(61 percentof feedwater-relatedtrips; 25

percentof total trips) and the turbine/generatorinstrumentationand

control subsystem(60 percentof turbine/generatorrelatedtrips; 18

percentof total trips).

g. At the componentlevel, excludingthe human "component,"BOP trip

causationwas not dominatedby any singlecomponentor small group of

components.

10. Nearly all the units with the best BOP trip performance(fewestBOP-

related trips) have motor-drivenfeedwaterpumps; nearly all the units

with thepoorest BOP trip performance(highestnumbers of BOP trips)

have turbine-drivenfeedwaterpumps.

11. From a risk perspective,BOP-relatedtransientscontribute

significantlymore, on a fractionalbasis, to the estimatedcore melt

frequenciesof BWRs than they do to PWRs.

12. BOP-relatedtransientsare the initiatingevents for approximatelytwo-

thirds of the more significantaccidentprecursorevents.

Recommendations

The dramatic reductionin the number of BOP-relatedreactortrips at

commercial nuclearpower plants over the 5-.yearperiod ending December31,

1988 reduces the urgency of regulatoryactionsdirected at BOP performance

improvements. However,regulatoryactionscan and should be taken tu (I)

maintain the trend toward decreasingnumbersof BOP-relatedreactortrips
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among NRClicensees, and (2) address the problems of licensees whose

performance is substantially less favorable than the industry average.

General Recommendations

I. 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.

2. Identify, monitor and communicate with licensees who are not achieving

an acceptably low frequency of BOP-related trip events at their
facilities.

3. NRCshould work with INPO, the Owners Groups, and EPRI to assist

licensees in achieving arld maintaining an acceptably low frequency of

BOP-related trip events at their nuclear plants.

4. NRCshould formally incorporate BOP trip avoidance experience into the

Systematic Assessment of Licensee Performance (SALP) process, e,g., as

an element in the Safety Assessment/Quality Verification category.

.Speci fic Recommendations

1. Establish a responsibility center within NRCto specifically monitor

and evaluate BOP-related reactor trip experience.

2. NRCshould expand the role of BOPsystems in ongoing NRCactivities,

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/standardizat ion.

3. NRCshould expand the evaluation of the risk implications of BOPevents

to additional PRA studies to test the validity of the risk-related
f',ndings made herein.

4. NRCshould investigate the implications of the relatively large numbers

of multiple-cause events for statistical and risk analyses.
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I. INTRODUCTION

This report documentsa study of reactortrips relatedto balance-of-plant

(BOP) system failuresat commercialU.S. nuclearpower plants. The study

was performedto supportassessmentof the safety implicationsof BOP-

related trips and to contributeto identificationof ways to achieve and

maintainlow occurrencefrequenciesfor suchtrips. The study was performed

by ScienceApplicationsInternationalCorporationfor the U.S. Nuclear

RegulatoryCommission,Officeof NuclearRecctorRegulation,Plant Systems
Branch.

l

1.1 Background

For the past severalyears, the NRC staff has been concernedwith the non-

safety-relatedbalance-of-plant(BOP) systemsand the effectsthat failures

in the BOP systemshave on the safetyof the plant. For the purposes of
this study, the BOP is consideredto consistof what is often referred to as

the secondarysystem (all systemsassociatedwith the steam power conversion

cycle) and supportingsystems,such as instrumentair and cooling water.

The basic concern is the frequencyof challengesto plant safety systems

that come about as a result of failures in the BOPsystems. Because the BOP

systems are often designed without any redundancy, there can be any number

of single active failures in the BOPsystems 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 BOPregulatory issues by Mitre Corporation,

(NUREG/CR-4783, Reference I) found that during 1984 and 1985 BOP-related

trips constituted about 70 percent of the total reactor trips, lt can be

argued that BOPdesigns that incorporate redundancy are able more often to

accommodate plant trdnsients 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 the operational data and experiences, combined with the use of

quantitative risk assessment techniques, was needed to enable the NRCto
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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 _Ob_'_ives

The overall objectivesof this study were to performa comprehensivereview

and evaluationof BOP-relatedchallengesto safetysystems, to examinethe

risk implicationsof these events,and to make recommendationsfor resolving

BOP,relatedconcerns. The study examinedthe initiatorsof BOP challenges,

the frequencyof these initiators,the degree of design sensitivityor

tolerance to these initiatorsthroughdesign features such as redundancy,

and the effects on public risk of excessiveBOP challengesto safety

systems. Specificobjectiveswere to identifygeneric BOP-relatedproblems,

common cause events,similaritiesand effectivenessof utility/industry

programs,and effectivenessof NRC-relatedactivitiesand to evaluate them

with emphasis on developingan overallapproachto the resolutionof BOP-
related concerns.

].3 Scope of the Study
q

The initial task was to identifyand evaluateavailableinformation

concerningBOP-relatedevents and activities. Sourcesof information

included (]) BOP-relatedstudiesby NRC and NRC contractors,(2) evaluations

performedas a resultof NRC requirementsor requests, (3) generic issues

and unresolvedsafety issues, (4) documentationof operatingevents (e.g.,

Licensee Event Reports),(5) informationfrom the activitiesof the Advisory

Committeeon ReactorSafeguards(ACRS),(6) informationgeneratedby the NRC

Office for Analysis and Evaluationof OperationalData (AEOD),and (7)

efforts performedby utilitiesand industrygroups (e.g., owners groups).

These sources of informationare discussedin 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 NRCby 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.

1-2



1.3,1 Defjn,i_ionof BOP

J

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 SCSScodes and related titles provided

later in Table 2-I. This resulted in a comprehensive list 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 BOPregulatory 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: (I) the

definition of BOPused 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 facilltat_ the identification of trends

and patterns in the population of BOP-related events.

I. 3.3 AEODReport

This study of BOP-relatedreactortrips was performedin parallelwith a

portionof a broader-scopedNRC AEOD study that examined progress being made

by licensees in reducingthe frequenciesof reactortrips from all causes.

The study performedby AEOD was reported in NUREG-1275,Volume 5 (Reference

2). The BOP study differs from the AEODstudy in that it:

o looks exclusively at BOP-related trip events;

o includesthe preparationof a BOP-relatedreactortrip data base

to identifythe relativecontributionsof componentfailures
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(single and multiple), design adequacies, humanerrors (operation,

maintenance, test), and procedural inadequacies;

o includes the performance of detailed trend and pattern analyses of

the BOP data base on many parameters_ including plant, year, age,

NSSSvendor, A/E, turbine manufacturer, general cause, system,

subsystem, and component implicated; and

o includes calculations of the estimated incremental risks

associated with BOPfailures,

1.40__rqaniz.ationof the Report

The developmentand use of the BOP data base are describedbelow in Sections

2 and 3, respectively. Insightsgained from searchingthe BOP data base are

summarizedin Section 4. The resI_itsof a brief overviewof the risk

implicationsof BOP systemsfailuresare presentedin Section5, including

an estimate of the incrementalrisk associatedwith favorableversus

unfavorableBOP performance,based on selectedprobabilisticrisk assessment

studies and on informationconcerningBOP influenceon accidentprecursor

events. Section6 presentsthe findingsand recommendationsof the study.

Detaileddata are provided in AppendicesA-L.
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Referellces

" Mitre"Analysisof Balanceof Plant Regulatory Issues,I. NUREG/CR-4783,

Corporation,JanuarY 1987.

2. NIJREG.-1275,Vol. 5, "OperatingExperienceFeed'jackReport - Progress in
" USNRC Office for AnalysisScram Reduction,CommercialPower Reactors,

and Evaluationof OperationalData, March 198'_.
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2. BOP DATA BASE DEVELOPMENT

A data base of BOP-relatedreactortrips was createdas part of this study.

BOP trip data were drawn from the LicenseeEvent Report (LER) data base

maintained by Oak Ridg'eNational Laboratory(ORNL). The SequenceCoding and

Search System (SCSS)for the LER data base was usod to identifypotentially

relevant LERs. Table 2-I lists the 47 SCSS codes, and the correspondingBOP

systems,_used in the LER search. The LER searchon the 47 SCSS codes

covered the 5-year period from JanuaryI, 1984, throughDecember 31, IBBB,

Approximately2030 trips involvingBOP systemswere 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 BOPdata base.

Of the 2030 LERs rev:awed, 1405 BOP-related events were considered

appropriate for entry into the BOPdata base. LERs were not included in the

BOPdata base if any of the following conditions applied:

o BOP involvement was incidental to the trip, i.e., not in the

causation sequence.

o The 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

conditions that could conceivably have occurred at power, or with

substantial decay heat irl the core were included in the BOPdata
base.

o The trip resultedfrom loss of offsitepower or other events

externalto the plant systems.

The BOPdata base was developed based on PC-dBase III Plus software, The

various data elements or "fields" are presented in Figure 2-I, which also

shows the format used for entering applicable data into the data base,
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Table 2-I
47 Sequence Coding and Search System (SCSS) codes

BP Main Steam Pressure Relief
BA Auxi I i ary Feedwater
CA Component Cooling Water
CB Essential Water
CC Essential Air
EA AC >35kv (exclude events with loss of offsite power)
EB 600v <AC <35kv
EC AC <600v
ED Vi t al AC
EE DC
FA Main Steam

_' FB Turbogenerator
FC TurbogeneratorTurbine Steam Sealing
FD Main Condenser
FE NoncondensableGases Extraction
FF Turbine Bypass
FH Steam Extraction
FI Condensateand Feedwater
FK Moisture Separators/Reheaters
FP CondensateDemineralizer
FR CirculatingWater
FT Seal Water
HL Turbine Bldg, HVAC
HR PumpingStations HVAC
HS Misc, Structures HVAC
HT Chilled Water System
IB Computer
IF Fire Detection
II TurbogeneratorI&C
IT Feedwater'Control
IZ NonnuclearInstrumentation
KC Control and ServiceAir
KD .nemineralizedWater
KF Fire Protection
KT Raw Cooling Water

, KW RawService Water
SL Turbine Bldg.
SP Pumping Stations
SR Cool ing Towers
ST Switchyard
SW Miscell aneous/Unknown Structures
WI Plant Drainage
WK Equipment Drainage
WL Roof Drainage
ZX Other
ZY Unkpown
ZZ MultipleKnown
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BOPData Base Format

Plant: Plant-Name

Form: 1-4 digit identifyingnumber

Event ID: LER ID number Power Level: 0-!00%

Event Date: MM/DD/YY Trip Type: Automatic/Manual

BOP System: System name (up to 30 characters)

BOP Subsystem: Subsystemname (up to 30 characters)

BOP Component: Componenttype (up to 40 characters)

Cause I: Root causes of event: Component

Cause 2: Failures,human errors,etc,

Cause 3: (up to 40 characterseach)

Impact I: Events,other than plant trips, resultingfrom BOP

Impact2: event, e,g,, safety systemfailures (up to 40 charactersei_ch)

Impact3:

Event Description: Text descriptionof event

Figure2-I, BOP Data Base Format
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The "Form" entry in Figure 2-I is an LER-specific identification number for

locating the LER from which the data was taken. The event record identifies

the BOP system (e.g,, feedwater), subsystem (e.g., feedwater control), and

component (e.g,, feedwater contro'1 valve) as applicable. Up to three

potential causes of the event may be specified. A narrative event

description is also provided, Appendix A contains a sample of 30 entries
from the BOPdata 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:

o Operating license (OL) date

o Nuclear St(JamSupply System (NSSS) vendor

o Architect/engineer

o Turbine-generator manufacturer.

The critical hours supplementary data base includes:

o Critical hours per year for each plant for the years 1984

through 1988

o 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 PATTERNEVALUATIONSUSING THE BOPDATA BASE

Many searcheswere performedon the BOP data base to look for trends and

patterns in the data, The searcheswere performedeither by automatically

querying the data base with structureddBase III program codes or by

',manually searchingthe data with embeddeddBase III commands. Table 3-I'

lists the initialsearchesperformedon the BOP data base, some of which

also required use of the supplementaryplant data base (e.g,,those

involvingNSSS vendor,architF:ct/e_gineer,turbine-generatormanufacturer).

Searches addressingBOP trips per criticalyear per plant required use of

the supplementarydata base containingthe criticalhours data, Additional

searcIieswere performedas questionsarose on the resultsof 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 I,

1983. Thus, all plants in the mature plant category had held an operating

license (OL) at least I year before the start of the LER perlod covered by

the study -- January I, 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 arlother variable (plant population) into the trend

and pattern analysis.

3.1 B__OOPTrips per CalendarYear

Table 3-2 presents the average number of BOPtrips per calendar year (raw

data) for the years 1984 through 1988, grouped by NSSSvendor. 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 (B&W) units

are not as clear, but the average number of trips was reduced by a factor of

2 between 1985 and 1986, and the lower value was sustained in 1987 and 1988.

The average BOPtrip frequencies for mature Combustion Engineering (CE)
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Table 3-I

BOP Data Base Search Logic

I. BOP trips by plant

_, 2. BOP trips by plant by year

3. BOP trips by NS'SSvendor

4. BOP trips by architect/engineer

5. BOP trips by NSSS and architect/engineercombinations

6. BOP trips by operatinglicensedate by plant

7. BOP trips by turbine-generatormanufacturerby plant

8. BOP trips by cause by year

9. BOP trips by system/subsystemcombinations

10. BOP trips by,subsystem/componentcombinations

11. BOP trips by power level
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Table 3-2

Average BOP Trips per Unit per CalendarYear (1984 through 1988)

Mature units

(OL Before Jan 83) 1984 1985 1986 1987 1988

B&W (8 units) 2.43 4.13 1.86 1.86 1.62_

CE (9 units) 2.33 2.78 2.67 3.33 1.33

GE (26 units) 2.35 2.50 2.04 2.26 1.46

W (33 units) 3.36 3.00 2.97 1.52 1.76

All vendors 2.76 2.92 2.47 2.00 1.59

New units

(OL After Jan 83) 1984 1985 1986 1987 1988

B&W (none) ....

CE (2 to 6 units) 5.00 7.75 4.00 3.20 1.00

GE (3 to 11 units) 10.67 2.83 4.63 3.80 3.00

W (2 to 15 units) 10.00 10.20 6.00 7.08 3.53

All vendors 8.86 6.81 5.00 5.21 2.87
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units increasedby 50 percentfrom 1984 'Lo19L_7but dropped significantlyin

1988. The data for mature GeneralElectric (GE) units do not indicatea

trend up or down until 1988, when the averagetrip rate dropped below two

per year, comparableto the rates for units in the other three vendor

groups.
b

A comparison was made betweentotal annual BOP trip frequencyas identified

in this study and the frequencyas identifiedin the previous study of BOP-

related regulatoryissuesperformedby Mitre Corporation(ReferenceI). The

comparisonwas made for the calendaryears common to the two studies, 1984

and 1985. The results are shown below.

Tot_;i"BOPTrips

1984 1985 2-yr total

Mitre study 148 145 293

Present study 179 251 430

The reason for these differencesis in the definitionof BOP for the two

studies. The BOP definitionused in the Mitre study was limited to the

power conversion systems(14 SCSS codes),whereasthe present study included

the power conversionsystemsplus many other systems--electrical,

instrumentationand control,coolingwater,air systems,etc. (47 SCSS

codes).

3.2 BOP Trips per CriticalYear--Annual

A more meaningful indicationof the frequencyof BOP trips of interest is

the compilationof BOP trips per criticalyear, where the raw data per

calendar year are norn,,ized to the time the unit was critical. (Note that

this normalizationpara_.eteris not entirelyconsistent,becausesome

entries in the BOP data base representconditionswhen the reactor was

subcritical).

Table 3-3 presents the averagenumberof BOP trips per criticalyear for the

years 1984 through 1988,grouped by NSSS vendor. Mature units are once

again distinguishedfrom new units. The individualplant data used to

compile the averagesare given in AppendixC.
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Table 3-3

Average BOP Trips per Unit per Critical Year 1984 through 1988

Mature units

(OL Before Jan 83) 1984 .1985 .1986 198____!71988

B&W (8 units) ' 3.09 7.14 3.10 2.34 2.23

CE (9 units) 3.36 3.88 3.45 4.51 1.71

GE (26 units) 4.15 4.07 3.46 3.68 2.52

W (33 units) 5.11 3.89 4.18 2.18 2.42

All vendors 4.36 4.23 3.77 2.97 2.33

New units

(OL After Jan 83) .1984 198____55.1986 1987 1988

B&W (none) .....

CE (2 to 6 units) 7.46 16.4 6.04 4.13 1.28

GE (3 to 11 units) 68.10 7.02 9.69 6.99 4.04

W (2 to 15 units) 27.40 23.50 9.24 12.20 5.02

All vendors 24.40 15.80 8.53 8.66 3.93



The trends in the critical year data are generally the same as observed in

the raw (calendar year) data, i.e.:

o Westinghouse units show a clear downward trend from 1984 through
1987 with a slight increase in 1988.

o B&W units show a downwardtrend after 1985.

o CE units show an upward trend, increasing by about 50 percent from

1984 through 1987, but decreasing substantially in 1988.

o GE units show a general downward trend, with a significant

decrease in 1988.

o Ali four vendors groups show a significant improvement in BOP

trip performance in 1988 versus 1984.

Table 3-4 lists the 10 "best and worst" BOPperformers for the 5-year

period. This information shows the range of plant performance and the
distribution of "good" and "poor" performances among the NSSSvendors.

i

3.3 BOPTrips 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 amongthe mature units of the different

NSSSvendors, at slightly less than four BOPtrips 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 BOPtrip frequency do not strongly reflect NSSSvendor, a result that is

not surprising, although the degree of uniformity is somewhat surprising.

3.4 BOP Trips by GeneralCause

General causes of BOP trips defined for the purposesof this study were

componentfailure,human-related,procedure-related,design-related,and

spuriousor unknown. Table 3-6 presentsthe breakdownof general causes of
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Table 3-4

Range of BOPPerformance

(BOPTrips, 1984-1988)

Top !0 BOP Performers

Number of Average BOP Trips

Units Nsss BOP Trips peck_Year

Prairie Island2 W I 0,2

Fort Calhoun CE I 0,3

Point Beach 2 W 3 0,7

Point Beach I W 3 0,,8

Prairie Island I W 5 1.1

San Onofre I W 3 1,3

Duane Arnold GE 5 1,4

North Anna 2 W 7 1,6

Farley 2 W 7 1,6

Quad Cities I GE 7 1.8

Bottom 10 BOP Performers

Number of Average BOP Trips

Units NSSS BOP Trips per Critical Year

Salem 2 W 34 10.2

Grand Gulf I GE 27 9.4

Dresden 3 GE 22 7.2

Indian Point 3 W 26 7.1

Rancho Seco B&W 11 7.0

Maine Yankee CE 25 6.4

Davis Besse B&W 13 6,3

Indian Point 2 W 23 6.3

D.C. Cook 2 W 18 6.1

Diablo Canyon I W 18 6.0
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Table 3-5

BOP Trips per CriticalYear per Unit, B-yearCumulativeAverage

Mature Units

NSSS Vendor 5-Year CumulativeAveraqe Standard,Deviation

B&W (8 units) 3.98 1,75

CE (g units) 3,40 1,64

GE (26 units) 4,02 2.44

W (33 units) 3.76 2,12

N_e_ L_V_Dj_ts.

NSSS Vendor 5-Year CumulativeAverage StandardDeviation

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
h
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Table 3-6

BOP Trips by Cause

(All units 1984-1988)

Cause. Percent

Componentfailure 46,5

Human-related 30,9

Design-related 5,6

Procedure-related 5,I

Spurious or unknown 4.8

Environment I.5

Other causes 5.6

I00.0
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BOPtrips 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 I, p, xix) estimated that about

half the BOPtrips are caused by single component 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 haIf the BOPtrips 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 BOPtrips are human-related,

This does not include design- and procedure-related problems as human-
related,

A comparison with the AEODreport on scram reduction (Reference 2, Vol, 5)

is less pertinent because the AEODdata are for all trips (not Just BOP

trips) and For mature plants (not all plants), Normalized data from the

AEODreport (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 failure and about 25 percent by human error,

3,5 BOPTrips by Sin qle or Multiple Causes

Table 3-7 presents the results of an evaluation of all single- and multiple-

cause BOPtrips, Although most of the trips (70 percent) can be traced back

to a single BOPcause, a significant fraction (27 percent) resulted from two

causes, arid a small fraction (3 percent) from three causes, There is a

subjective element to these categorizations, but an attempt was made to

distinguish those BOPtrips which probably would not have occurred in the

absence of a second (or third) causative mechanism,
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Table 3-7

Stngle- andMultiple-Cause BOPTrtps
(Allunits1984-1988)

$.inglecause

Bo_of,_t_
ComponentfaiIure 487

Human-related 333

Procedure-related 46

Design-related 34

Environment 4

Spuriousor unknown 74

Other 9

Totalsinglecause 987 (70%)

Double caus_

379(27_)

TriDlec_ause

39 (3_)

TotalBOP trips 1405
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3,6 B.O___em__and Subsys_t_

The breakdownof BOP trips by system and subsystemis presented in Table 3-

B. The feedwatersystemwas implicatedin about 40 percentof the total BOP

'trips,and the feedwatercontrolsubsystemwas involvedin 61 percent of the

feedwater-relatedtrips. The turbine-generator(T/G) system accountedfor

about 30 percent of the total trips$ most of the turbine-generator-related

trips, about 60 percent,involvedthe T/G instrumentationand control

subsystem, The next largestsystemcontributorsto BOP trips were the AC

power systems, about 12 percent;the main steam system,about 6.5 percentl

and air systems, about 3 percent, Clearlythe dominantcontributorsto BOP

trips were the feedwatercontroland the T/G instrument_,tionand control

subsystems,causing about 42 percentof the total BOP trips, The detailed

informationon BOP trips by system and subsystemis presented in Appendix E,

3,7 BOPTrips bv System andComponent

The breakdownof BOP trips by system and component,shown in summary form in

Table 3-9, indicatedthat human error clearlydominatedas the source of the

failures. The human error contributionwas about one-thirdof the total for

each of the major system contributorsto BOP trips--feedwater,

turbine/generator,AC power, and main steam. In each case, the rlextlargest

contributorwas much smallerthan the human error contribution,indicating

that a very large number of individualcomponentswas involved,each

contributinga very small fractionto the system failurerates, The

detailed informationon BOP trips by system and componentis presented in

Appendix F.

3.8 BOPTrip_Fre(!uencyand FeedwaterSystem 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 BOPtrip 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),
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)able 3-8
BOPTrips by System and Subsystem

(A'II units 1984-1988)

Number Number

_.___tolll g.[..EJ_.ip_s. ._._b_:iy__!_ ___oL]b_L_ __i.'.ce._El.b_
i

Feedwater , 561 i39,9
Feedwater control 344

' Unspecified ]35
Condensat,e 26
Feedwater' heater 23
Others 33

Turbine-generator 419 29,8
T/G I&C 250
Unspecified 87 '
Condenser 33
Generator 9
Lube oil 8

, Others 32

AC power 168 12,0
High volLage 77
Vital AC (120V) 47
Medium voltage AC 31
Others 13

Main steam 90 6,4
Unspecified 47
Moisture separator

r ehc:aL,c:r 20
Othc,rs 23

Air systems 44 3,1

I&C (general) 31 2,2
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l'able 3,._

BOP Trips by Systerr_,,_ndComponent

(All units 1984-1988)
'l r

Number Number Percent

__ g_Z_.T_r_.i.II_Component of Trips H_man-Related

Feedwater 561

Human 213 38,0

FW regulatingvalve 38

Circuitcard 29

Pump 31

Valves 23

Unknown 21

Turbine-generator 419
Human ]28 30,5

Circuitcard 11

Unknown 25

AC power ]6B
Human 51 30,4

Transformer 23

Circuitbreaker 10

Main steam 90

Human 34 37,8

Valve 6
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The base population for this analysis was a set of 60 plants represented in

the BOPdata base, for which data on feedwater system characteristics were

available, Data on all three analysis variables were not available fol all

60 plants, Thus the specific analysis results described below address

somewhat smaller subpopulations that differ slightly in membership,

Comparison of various BOPtrip rates per critical year for plants with two

feedwater pumps and plants with three feedwater pumps revealed no clear

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 Yea_

Total FWsystems FWcontrol system

2-pump FWplants 4,5 1,9 1,2

3-pump FWplants 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 BOP

trips, data on 51 mature plants were examined. Each plant was rated

according to what percentage of full feedwater flow could be delivered with

one pump out of service ("N-I capacity"). For example, a plant that has two

50 percent Fumps 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 capability had fewer

BOPtrips. There were eight plants with N-I capacity of 100 percent and 13

plants with N-I capacity of _78 percent. The plants with N-I capacity of 78

percent or higher experienced only very slightly improved statistics; even

the plants with N-I capacity of 100 percent were only 15 percent better

(fewer trips per critical year) than the average of all of the rest.
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ClearlY, excess feedwatercapacitywas not a major factor in creatinggood

performers. A summaryof these data is presentedbelow. The completedata

can be found in Appendix G

Avg. Number of BOP-Related Trips p_.r Critical Year

Total BOP FW system FW control system '

N-I capacity : 100% 3.8 1.4 1.2

N-I capacity > 78% 4.2 1.8 1.4

N-I capacity < 78% 4.4 1.9 1.2

The fact that many other factorsbesidesthe capacityor number of feedwater

pumps enter into BOP and feedwatertrip performancecan be seen in the fact

that some of the worst performershave hiqh Pxcess feedwatercapacity and

that most of the high capacityfeedwaterplantsare not inthe best

performer group. In fact 3 of the top 10 performershave no excess

feedwatercapacity.

Finally,one trend observedduring these evaluationsis that most of the

best performershave motor driven feed pumps and that almost all of the

worst performershave turbine-drivenfeed pumps. All of the top nine

performersin overallBOP trips (that is, fewesttrips per critical year)

had motor-drivenfeed pumps,while five of six of the worst performershad

turbinedriven feed pumps. If feedwater-system-inducedreactor trips are

considered insteadof BOP trips,six of the worst seven have turbine-driven

feed pumps and eight of nine of the best have motor-drivenfeed pumps.

Similarly, if only feedwater-control-inducedreactortrips are considered,

six of the seven worst performershave turbine-drivenpumps, while four of

the top seven have motor-driven. Summarizedbelow is a comparisonof trips

at 57 plants classifiedby type of feedwaterpumps.
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Avq. Number of BOP-RelatedTrips per Critical Year

Total BOP FW system FW control system

Motor driven FW plants 3.2 1.1 0.8

Turbine driven FW plants 5.5 2.3 1.5

3.9 BOP Trips by Plant,NSSS Vendorand A/E

Because BOP systemsare the subjectof this study, it is possiblethat the

failurefrequencieswould show some trends or patternsas a function of the

architect/engineer.The resultsof our searchesof 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 engineeredseveralunits.

Table 3-10 presentsdata on A/E firms, number of plants and number of trips,

grouped by NSSS vendor. The averagenumber of BOP trips per plant was
derived from Table 3-10. The resultsranged 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 individualplants,with NSSS

vendor and A/E firms identified,are presentedin Appendix H.

3.10 BOP Trips by Plant Aqe

The BOP data base was searchedfor informationon the age-dependenceof BOP

trip frequencies. The resultingdata are presentedin Figure 3-I for mature

plants, i.e., those receivingan operatinglicensebefore January 1, 1983.

The age of a unit was definedas 1986 (themiddle of the study period) minus

the year of the unit operatinglicense. Each data point representsthe

averagetotal number of BOP trips for units of the same age over the 5-year

time period.

As can be seer.from Figure 3-I, the data are characterizedby a wide

scatter; the averagevalues for plants of differentageshow large spikes

(both up and down). A linear least squaresfit of the averagedata provided

a downward slope of about half a trip per year of plant operation,
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Table 3- 10
BOP Trips by NSSS Vendor and A/E Firm

(Ali units 1984-1988)

NSSS Vendor A/E Firm No. of Trips Nol of Plants

B&W Bechtel 38 3
B&W Duke and Bechtel ' 27 3
B&W Gilbert 24 2

B&W Total ' 89 8

CE Bechtel 110 9
CE Ebasco 59 3
CE Gibbs and Hill ] i
CE Stone & Webster 25 I

CE Total' 195 14

GE Bechtel 113 11
GE Burns & Roe 54 3
GE Detroit Edison and S&L 20 I
GE Ebasco 17 2
GE Gilbert 13 I
GE Niagara Mohawk Power Corp. 10 I
GE Sargent & Lundy 92 7
GE Southern Company and Bechtel 33 2
GE Stone & Webster , 51 4
GE TVA 8 3
GE United Engineers 19 2

GE iotal • 430 37

W American Electric Power 28 2
W Bechtel 108 9
W Bechtel and Sargent & Lundy 24 ]
W Duke Power Company 77 4
W Duquesne Light/Stone & Webster 26 2
W, Ebasco 36 2
W Fluor Pioneer 22 3
W Gilbert 30 2
W , Pacific Gas & Electric 39 2
W Public Service Electric & Gas 50 2
W Sargent & Lundy 77 6
W Southern Company and Bechtel 17 2
W Stone & Webster 9,1 7
W TVA 17 2
W United Engineers 49 2

W Total ' 69] 48

Total No. of Trips' 1405
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suggestingthat BOP-relatedtrips tend to decreaseover the operatinglife
of a plant.

3.11 BOP Trips as a Functionof Pow.erLevel

A summaryof the BOP trips as a functionof 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 dominatedby turbine-generatorproblems.

Becausemost plants spend most o,_their time above 75 percent,this is not a

surprisingresult. In fact, a higher fractionmight have been expectedat

high power. Nearly 30 percentof the BOP trips occurredat or below 25

percentpower, and these were dominatedby feedwaterproblems. The

relativelyhigh percentageof BOP trips at reducedpower levels could be an

indicationof the difficultycf operatinga nuclear power plant at reduced

power levels. The remainingtrips were divided evenly betweenthe 25

percent to 50 percent range and the 50 percent to 75 percentrange. The

detaileddata by plant, from which Table 3-11 was derived, are given in
Appendix I.

3.12 Origin of the Reductionin BOP Trips

Several special-purposesearchesof the BOP data base were performedto

identifythe origin of the dramaticreductionin the number of BOP trips
between 1984 and 1988.

Table 3-12 presentsdata 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 receivedOLs before January I, 1983. The bottomnumber 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 1984does not generallyfit the trend, and the

largestreductionsare usuallybetweenthe 1987 and 1988 data. Overall,

both the componentfailureand human-relatedcauses (by far the two largest

contributors)showed substantialreductionsover the 5-year study period.

Table 3-13 shows feedwatertrips by year by reactorvendor,along with

normalizedper-unitvalues, to accountfor the varyingnumber of units over

the time period. The total number of feedwatertrips was reduced 20 percent

from 1984 through 1988, in spite of a 25 percent increasein the number of
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Table 3-11

BOP Trips by Power Level

(Allunits 1984-Ig88)

Power Level Range, Number of Percentof Total

Percent BoP Trip_s BOP Trips

0-25 398 28.3

(0-5) (137) (9.8)

(5-25) (261) (18.6)

25-5O 148 10.5

50-75 148 10.5

75-I00 711 50.6

Total BOP Trips 1405 100%
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Table 3-12

BOPTrips by General Cause by Year

(1984-1988)

Numberof,Caqses

Cause 198_____41985 !98____6 198___Z 1988 Total

componentfailure 138" 150 121 96 82 587

176 209 173 172 135 865

Human-related 76 99 78 62 37 352

101 142 129 130 73 575

Design-related 12 16 13 14 6 61
19 27 22 25 12 105

Procedure-related 11 12 9 8 15 55

14 21 20 19 21 95

Environment 8 3 5 4 0 20

8 6 6 5 3 28

Unknown/spurious 21 16 15 4 8 64
23 22 21 13 11 90

Other 27 19 18 17 3 84

31 24 20 23 6 104

Totals 293 315 259 205 151 1223

372 451 391 387 261 1862

*Top Value' Mature units only (OL beforeJanuary I, 1983)

Bottom Value' All units
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Table 3-13

Feedwater Trips by Year by Vendor

(All units, 1984-1988) i

NSSS Feedwater Trips

_Lg]]__Q_zr !984 _ 1985 ..... __]L_986........ ]987 _ 1988 .....

B&W 5 (0,62)* 15 (1,87) 5 (0,62) 7 (0,88) 7 (0,88)

CE 17 (1.50) 29 (2.20) 12 (0.86) 19 (1.30) 11 (0.73)

GE 25 (0.86) 24 (0.83) 28 (0.93) 41 (1.28) 18 (0.60)

W 56 (1.60) 69 (1.77) 69 (1.77) 60 (1,36) 46 (0.96)

Total 103 137 114 127 82

* (xxx) - average trip/unit
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units, There were 45 fewer feedwater trips in 1988 than there were in 1987

(35 percent reduction), and half of this reducti(_n came from GE BWRs, The

number of feedwater trip._ per unit year decreased substantially between 1984

and 1988 for CE, W, and GE units, but increased substantially for B&Wunits,
i

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 ?5

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

except 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 BOPtrips 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 betweer_ 1984 and 1988 or, in

many cases, between 1987 and 1988. In terms of general causation, fewer

component failures and fewer humanerrors both contributed to the reduction

in BOPtrips. At the systems level, both feedwater and turbine/generator

related trips decreased substantially, especially between 1987 and 1988.
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Table 3-14

Turbine Trips by Year by Vendor (All units)

NSSS FeedwaterTrips

V(_ndor. 1984 .... ..._1,9_ _ _ .L ,,1,988

B&W 3 (0,37)* 8 (1,00) 3 (0,37) 0 (0,00) 3 (0,37)

CE 6 (0,55) 15 (1,15) 15 (1,07) 16 (1,06) 4 (0,27)

GE 46 (1,60) 29 (1,00) 31 (1,03) 29 (0,91) 26 (0,87)

W 32 (0,91) 32 (0,82) 42 (I,08) 49 (1,10) 31 (0,64)

Total 87 84 91 94 64

* (xxx) - average trip/unit
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Table 3-15

Type of t,luman-Related Cause by Year

(A'I1 units, 1984-1988)

Types of
Human-Related

Operations 44 61 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 12 4 37 6,4

Total I01 142 129 150 73 575 100,0
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I, NUREQICR-4783,"Analysisof Balanceo(:PlantRegulatoryIssues,"Mitre

Corporation,January19B7,

2, NUREG-1275,"OperatiorlalExperienceFeedbackReport- ProgressillScram

Reduction,"Vol,B, L,G,Belland P,D,O'Reilly,USNRC,Officef(_r

Ana"lysisand Evaluationof OperationalData,March198g,
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4, INSIGHTSINTO BOP EVENI'S

This sectionsummarizesthe insightsgained from the search for trends and

patterns in the B-year, 14OB-eventBOP data base, General observationsare

followedby findingson BOP'trips per calendaryear; BOP trips per critical

year (annualand B-year averagevalues)Igeneral causationof BOP trips

(i,e,, componentfailure,human-related,design-related,etc,); multiple

cause BOP trips; systems,subsystems,and components implicatedIrlBOP trip

causationland trend observationsby architect/engineer,plant age, and

plant power level, For th(_purposesof these evaluations,mature plants (as

used for the calendaryear and criticalyear data) were defined as those

receivingoperatinglicenseesbeforeJanuary i, 1983; all later plants were

definedas new plants,

4,1 General Observat,iozLE

o Data on the annual average number of BOPtrips grouped by NSSSvendor

indicate that tile owners groups with aggressive trip reduction programs

are achieving results in the form of reduced frequencies of BOP trips,

o Data on BOPtrip causation by system and component (Appendix F)

indicate that, for the major system contributors ( the fe_.dwater and

turbine-generator systems), a majority of the trips are caused by very

small contributions from a very large number of components, "[his

implies that to achieve further improvements, component reliability

improvement programs must be very broad-based, and not focused on a few

major contributors,

o Data on tilegeneral causes of BOP trips indicatethat programsdirected

toward achievingfurtherreductionsin BOP trip frequencieswill need

to contain both a technicalelement (component,system or functional

reliabilityimprovement)and a human performanceelement (Fewer human

errors in operation,maintenance,surveillance,and testing),
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4,2 Speclflc Trends _I]dPatterns

4,2,1 BOP Tripsper Cale_._trYear

o Mature Westinghouseunits on averageshoweda downward trend,

decreasiI1gby more than a factor of 2 between 1984 and 1987, with

a slight increasein 1988, to 1,76 BOP trips per calendaryear,

o Mature GE units showedno clear trend between 1984 and 1987, but

achieved a 35 percentreductionbetween1987 and 1988, to 1,4(5BOP

trips per calendaryear,

o Mature CE units showed an increasingtrend of about 40 percent

between 1984 and 1987, but a decreaseby more than a factor of 2

between 1987 and 1988, to 1.33 BOP trips per calendaryear,

o Mature B&W units showed a substantialdownward trend after 1985,

with more than a 60 percentreductionby 1988, to 1,62 BOP trips

per calendaryear. (Note: There are only eight B&W units, and

the unit with the least favorableBOP trip history - Rancho Seco -

did not operatebetweenlate 1985 and early 1988.)

o Overall, the mature nuclearplants showeda substantialreduction

in BOP trips over the 5-year period,from an averageof 2.8 BOP

trips per calendaryear in 1984,to 1.6 BOP trips per calendar

year in 1988.

The 1988 average BOP trip frequencyof'1.6 trips per unit per calendaryear

correspondsto a total unplannedtrip frequencyof approximately2.4 trips

per unit per calendaryear. Data from ReferenceI, for the years 1980

through 1984, indicatethat this level of performancefor U.S. nuclear

plants is approachingthat for Japanese and German reactors,the world's

best interms of minimizingunplannedreactortrips. Although the data are

not directly comparable,some indicationof comparativeperformancecan be

drawn from the followingvalues:
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Japan

Trips onlywhile critical

PWRs > I000 MWe, 1980 through 1984

0.00 to 1.50 unplannedtrips per unit-year

BWRs > I000 MWe, 1980 through 1984

0.33 to 5.00 unplannedtrips per unit-year

Germany

Trips with turbine on line

PWRs, 1981 through 1984

0.45 to 1.40 unplannedtrips per unit-year

BWRs, 1981through 1984

0.99 to 2.80 unplannedtrips per unit-year

The concept of what constitutesan acceptablylow frequency of unplanned

reactortrips also needs to be addressed. Then-ONRRDirector Harold

Denton, speaking at an NEA Symposiumin Tokyo in April 1986, recommendeda

goal of achievinga trip frequency(duringpower operation)of no more than

2 trips per unit per year by 1990 (Reference2). Similarly,the Institute

of Nuclear Power Operationshas establisheda 1990goal of 1.5 unplanned

automatictrips per unit per year while critical,for units with a capacity

factor of 25 percentor greater (Reference3).

4.2.2 BOP Trips per CriticalYear_ Annual Data

Trips per critical year is a more meaningfulparameterthantrips per

calendaryear because it reflectsthe fractionof time that the reactor was

being operated. The trends in trips per criticalyear generally follow the

trends in trips per calendaryear, althoughsome trends are magnifiedby the

data on critical hours per calendaryear.

o Mature Westinghouseunitsshowed a decreaseof approximately60

percent between1984 and 1987, followedby a 10 percent increase

in 1988, to 2.42 BOPtrips per critical year.



i

o Mature GE units showed a clearerdownwardtrend on a critical year

basis than was evident in the calendaryear data and decreasedby

approximately40 percentbetween 1984 and 1988, to 2.52 BOP trips

per criticalyear.

o Mature CE units showed a generallyincreasingtrend between 1984

and 1987, followedby a 60 percentreductionbetween1987 and

1988, to 1.71 BOP trips per criticalyear.
L_

o Mature B&W units showed an upward spike in 1985, but a 30 percent

decreaseoverall between1984 and 1988, to 2.23 BOP trips per

criticalyear.

o Overall, the mature nuclearplants showed a substantialreduction

in BOP trips over the 5-yearperiod, from an averageof 4.4 BOP

trips per criticalyear in 1984 to an averageof 2.3 BOP trips per

critical year in 1988.

The values for annual averageBOP trips per unit per criticalyear (mature

plants only) comparedfavorablywith comparablevalues derived from the AEOD

report NUREG-1275,Volume 5 (Reference4). The AEOD values for trips per

1000 critical hours were multipliedby 8.76 to convertto trips per critical

year. The resultingvalueswere multipliedby 0.67 to,approximatethe BOP-

related portionof the total trips. The resultingcomparisonis given below.

AEOD/SAICComparison

Annual Average BOP Trips per Unit per CriticalYear

(MatureUnits, 1984-1988)

1984 198____551986 1987 1988

From SAIC BOP 4.4 4.2 3.8 3.0 2.3

data base

Derived from AEOD 4.9 4.6 4.0 3.1 2.3

report data
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Differencesin the valuesfrom the two sourcescan be attributedto (I)

differencesin the definitionof matureplants (AEOD used a "floating"

definition;SAIC used a fixed population),(2) the approximationthat BOP

trips are two-thirdsof the total trips,and (3) a difference in the

definition of reactortrip (AEOD requiredcontrolrod motion; SAIC did not).

4.2.3 BOP Trips per CriticalYear, 5-YearAveraqeData

These data are quite uniformfor mature plants among the four differentNSSS

vendors, ranging between3.4 and 4.0 BOP trips per criticalyear for the 5-

year period. The weighted averageover the period (weightedby number of

plants for each NSSS vendor)is 3.8 BOP trips per criticalyear.

4.2.4 Causationof BOP Trips- General
b

The general causationcategoriesdefinedfor the BOP study were component-

related failure, human-related,design-related,procedure-related,and

spurious or unknown. Searchesof the BOP data base on these parameters

indicatedthat nearly half(47 percent)of the BOP trips were caused by one

or more componentfailures,nearly one-third(31 percent)were human-

related, and the other categorieswere minor contributors.

lt .hould be noted that these causationcategoriesare not always clearly

discernible in the LER descriptions,nor are they always clearly

differentiatedfrom each other. A design or proceduralinadequacy,for

example, could be termed human-related. However,in the preparationof the

data base, an attemptwas made to differentiateamong the categories. For

example, if an operatoror techniciancorrectlyfolloweda procedurethat

was flawed and caused a BOP-relatedtrip, this trip was categorizedas

procedure-related. If a procedurewas not followed,and an incorrector

inadvertenthuman action caused a trip, this trip was categorizedas human-
related.

The human-relatedtrips were furtherbrokendown as follows:

o Operationsactivities 40%

o Maintenanceactivities 40%
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o Surveillance activities 14%

o 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 AEODscram reduction report (Reference 4) identified

equipment/component failure and human actions as the two largest

contributors to reactor trips, either total trips, in the AEODstudy, or

BOP-related trips, in this study, However, the fractional contributors of

these two general causes were different, as shown below:

AEODStudy SAIC Study

(Total trips, 1984-1987) (BOPtrips, 1984-1988)

Equ i pment/component 63% 47%
failure

Human-related 25% 3I%

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 BOPTrips.

. Approximately 70 percent of the BOPtrips 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 oi_ 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

multiple-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 BOPTrips - Systems Implicated

The two largest system contributors to BOPtrips 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 BOPtrips

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 system 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-I compares this study's estimates of system contributors to BOP-related

trips to those derived from the AEODreport (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 BOPTrips - Subsystems Implicated

Feedwater control was the dominant contributing subsystem to feedwater-

related BOPtrips. Within the turbine-generator system, the dominant

contributing subsystem was instrumentation and control, primarily the

electro-hydraulic control (EHC) subsystem. Feedwater control and
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Table 4-I

Comparisonof Estimatesof

InitiatingSystem Contributorsto BOP-RelatedReactorTrips

Percentof BOP Trips

SAIC AEOD* Mitre**

Stud.Y Study Study

Condensate/feedwatersystem 40 43 50

Turbine/generatorsystem 30 27 29

AC power systems 12 15 -

Main steam system 6.5 B 7

Others 11.5 7 14

* Data from Table 3-13 of Reference4 renormalizedto includeonly BOP

systems.

** Data derived from Table 2-!I of Reference5.

4-8



turbine/generatorl&C subsystemproblems (componentfailureor human-

related)together caused about 40 percentof the total BOP trips.

The AEOD report,NUREG-1275,Volume 5 (Reference4) also identifiedthe

feedwatercontroland turbine/generatorEHC subsystemsas major contributors

to reactor trips,

4.2.8 Causationof BOp Tr!ps - ComponentsImplica_ted

Theclearly dominant "component"contributorto BOP trips was the human,

generallycausing about 30 percentof all BOP trips across the major system

contributors. The next largestcomponentcontributors,generallymuch less

significantthan the human,were pumps, valves,electricalswitchgear,and

circuit cards. For the dominant systems,the data are characterizedby a

majority of the trips coming from very small contributionsfrom very large

numbers of components.

The AEOD scram reductionstudy (Reference4) indicatesthat problemswith

feedwaterregulatingvalves and feedwaterpumps each contribute about 20

percentto the frequencyof feedwater-relatedtrips. This study,which

examined componentcontributionsin detail (seeAppendix F) estimatesthat

contributorsfrom these componentsare less than half as large as the AEOD

estimates, in the range of 7 to 8 percenteach. This difference is probably

attributableto differenttreatmentof the human "component"in the two

studies.

The fact that large numbersof componentsare each contributingsmall

amountsto the feedwater-relatedBOP trips complicatesresolutionof the

issue, and points toward using "integral"measures such as the adjustments

to steam generatorlevel trip setpointsbeing pursuedby the Electric Power

Research Institutein conjunctionwith the PWROwners Groups.

4.2.9 Trends in BOP Trips as a Functionof Architect/Engineer

The BOP data base was searchedto see if positiveor negative performancein

terms of BOP trips could be correlatedwith the architect/engineer(A/E)

responsiblefor designingthe BOP. For the major A/E firms that have

designed severalnuclearunits--Bechtel,Stone & Webster, Sargent& Lundy

4-9



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 Trendsin BOp Trips as a Functignof Plant Aq_e

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

even the annual average valuesat a given age showed a large degree of

variability. The overalltrend,determinedby a linear least squares fit of

the annual averagedata, showeda reductionof about one BOP trip (during

the 5 years considered in the study)for every 2 years of increasingage.

4.2.11 Trends in BOPTripsas a Functionof Power Level

Approximatelyhalf of the BOP trips observedover the study period occurred

above 75 percent power, and those trips were dominatedby problems in the

turbine-generatorsystem. Nearly30 percentof the observedtrips occurred

below 25 percent power, and they were dominatedby problems in the feedwater

system. The remainingtrips were distributedevenly betweenthe 25 percent

to 50 percentrange and the 50 percentto 75 percentrange in power level.

Becausemost nuclear units spend most of their time about 75 percent power,

it is surprisingthat only about half of the BOP-relatedtrips occur in this

power range. The fractionof BOP-relatedtrips at high power levels is

expectedto increase as plant operatorsresolvefeedwatercontrol problems

at the lower power levels,e.g., steam generatorlevel instabilities,or the

transitionfrom manual to automaticfeedwatercontrol.
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B, EVALUATIONOI:RISK IMPLICATIONS

The objective of this task was to evaluate the impact of BOP-related events

on the risk, as measured by estimatedcore melt frequency,of nuclearpower

plant operation, The task was divided into two parts, First, a

quantitativeanalysiswas performedto estimatethe risk impact of reactor

trips caused by BOP system failures, Second,a qualitativeevaluationwas

performed of the impactof BOP-relatedevents on safety system availability$
this evaluationaddressedevents that did not necessarilyresult in a plant

trip but did degradethe capabilityof a safety system,

The risk impactof BOP-relatedreactortrips was estimatedby a parametric

analysis of six probabilisticrisk assessments(PRAs), Data on trip

initiatingeventswere selectedfrom the BOP data base, representing"good"

and "bad" BOP performanceplants (as definedbased on frequencyof BOP-

relatedtrips), These initiatingevent data were used to replacethe trip

frequencyused in each of the PRAs for initiatingevents such as turbine

trip and loss of feedwater, The estimatedcore melt frequencywas then

recalculatedand an assessmentwas made of the change in core melt frequency

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

performancedata,

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, lt 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),
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To evaluate the impactof BOP system performanceon calculatedcore melt

frequencies,six PRAs, representingfive differentnuclear power plants,
were selected:

o "ConnecticutYankee ProbabilisticSafetyStudy" (Reference1),

o "Probabilistic Risk Assessment: Limerick Generating Station"

(Reference2),

o "A Review of the LimerickGeneratingStationProbabilisticRisk

Assessment"(Reference3),

o "Millstone Unit I Probabilistic Safety Study" (Reference 4),

o "A Review of the Millstone3 ProbabilisticSafety Study"

(Reference 5),

o "Oconee PRA: A Probabilistic 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

BOPsystem failures on risk as measured by calculated plant core me'Ii;

frequency, The BOP-related transient initiator frequencies used in each PRA

were varied according to the _;requencies of actual BOP-related reactor trip

causes, as extracted from the BOPdata base developed for this study,

The frequencies of actual BOP-related reactor trip causes were drawn from a

subset of the events in the BOPdata base, Only mature plants were

considered (plants that received an operating license before January I,

1983), From the mature plants, the 10 plants with the best BOPtrip

performance and the 10 plants with the worst BOPtrip performance during the
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period1984through1gB7wnre selected,Bestandworstperformancewere
determinedbasedon the frequencyof BOP-relatedtripsper criticalyear,

A wide rangeof BOP tripperformanceresulted,The 10 plantswith the best

performancehad 36 BOP-relatedplanttripsduringthe 4-yearperiod1984

through1987,an averageof 0,9 tripsper plantper year, The 10 plants

with the worstBOP performancehad a totalof 194BOP-relatedplanttrips

for the sametime period,an averageof 4,85 tripsper plantperyear, In

addition,theworstperformersgenerallyhad loweravailabilityfactorsfor

the 4 yearsstudied, This resultsin a largerdifferencebetweenthe best

andworstperformerswhen tripsper criticalyear are usedas the basisfor

comparison,

The transientinitiatorcategoriesusedin the PRAsweremaintained,Trip

causesfromthe BOP databasewere assignedto the appropriatePRA

categories,

Each PRAgroupedtransientinitiatorsin a slightlydifferentway, The

ConnecticulYankeePRA,forexample,separatedBOP-relatedInitiatorsinto

GeneralPlantTransients,Lossof FeedwaterEvents,InadvertentOpeningof a

ReliefValveEvents,and othersystem-failure-relatedtransients(e,g,,Loss

of ServiceWater), In comparison,the MillstoneUnit I PRA separatedthe
BOP-relatedinitiatorsintoTransients,Lossof FeedwaterTransients,and

Lossof the PowerConversionSystem(PCS)Transients,

For each of the PRAs, the data on actual BOP-re'iated plant trip causes were
combined and used in the mannermost consistent with the transient initiator

categories in the PRA, For example, tile Oconee3 and Millstone I PRAsused
both a Loss of Feedwater and a Loss of PCStransient initiator category;

thus both categories were used in the categorization of the BOPstudy data
applicable to the Oconee3 and Millstone I PRAs, However, the remaining
PRAsused only a Loss of Feedwater 911a Loss of PCSinitiator; thus, for
those PRAs, the BOPdata wPre combined so that each BOP-related trip event

contributed to the appropriate PRAtransient initiator category, Similarly,
the Connecticut Yankee PRAwas 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 PRAsthis type of event was treated as a Plant Transient,
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Table B-I shows the number of BOP-relatedtrips that occurred during the 4-

year analysisperiod in each applicablePRA transientinitiatorcategory$

the "good" and "poor" BOP performanceplants are compared, Table B-2 shows

the average frequencyof BOP-relatedtrips in each transientinitiator

category, per calendaryear and per criticalyear, over the 4-year period,

As in Table B-l, "good" and "poor"performanceplants are compared,

The data from Table 5-2 were used to modify the transientinitiator

frequenciesin each of tilePRAs, The BOP.relatedtrips per criticalyear

were convertedto an equivalenttrips per calendaryear using the following

equation:

Fp - FBOP , Ap

where Fp _ Initiator frequency for use in plant PRA
FBOP : Initiator frequency from BOPdata base

(trips per critical year)

Ap - Plant availability factor

For example: The General Plant Transient category for the Connecticut

Yankee PRAis equivalent to the Plant Transients category of Table 5-2, The

average frequency of Plant Transients for the "good" performance PWRsfrom

"[able 5-2 is 0.82 per critical year, Connecticut Yankee had an availability

factor of 0,713, Therefore, the frequency of Plant Transients at

Connecticut Yankee, using the data for the "good" PWRplants would be:

Fp : (,B2)(,713)
= .5B/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 I0 plants in the "poor" BOPperformance group had

generally lower availability factors than tile 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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Table5-1

BOP InducedTransients

Basedon 1984-1981LERData

Transient "Good"PerformancePlants "Poor"PerformancePlants

InitiatorCateqor.v ,P_WIL_____BWR _ PWR...........BWR..............Total

PlantTransients 21 7 2B 117 30 147

' Lossof Main Feedwater 3 1 4 8 12 20

Loss of Power Conversion 3 I 4 6 20 26

SteamLine Relief

Valve Opens 0 0 0 I 0 I
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Table 5-2

Average Frequency of BOP-Induced Transients
Based on 1984-1987 LERData

Transient Trips Per Year Trips Per Critical Year

Initiator Cateqory PWR BWR Total PWR BWR Total

"Good" Performance Pl ants

Plant Transients 0.66 0.88 0.71 0,82 1.24 0.89

Loss 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

"Poor" Performance Plants

Plant Transients 4.20 2.50 3.70 6.80 4.6 6.20
i

Loss of Main Feedwater 0 29 1.00 0.50 0.47 1.8 0.84

Loss of PCS 0.21 1.70 0.65 0.36 3.1 1.10

Steam Line Relief

Valve Opens 0.04 0.00 0.03 0.06 0.0 0.04



in the BOP data base generallyoccurredat power. (Thereare some

exceptions.) The data base for the 10 "good"and 10 "poor"performance

plants is thereforerestrictedto 23.7 reactoryears for the "poor" plants

and 31.3 reactoryears for the "good" plants.

The data conversiondescribedabove was used to produceplant-specific,BOP-

related transientinitiatorfrequencies. The resultsare presentedin Table

5-3, along with the initiatorfrequenciesused in the PRAs.

For the differentplant transientsconsidered,two PRA frequenciesare given

in Table 5-3. The first is the frequencyused for all events contained

within this category. The second frequency,listedas "PRA (BOP)," is a

subset Containingonly those eventsassociatedwith the BOP. Excluded from

this group are the reactortransientssuch a spurioussafety injection,

spurious RPS actuation,etc.

lt can be seen from Table 5-3 that tileinitiatorfrequenciesused in the

PRAs tend to be within the range of the data for the "good"and "poor"

performanceplants. There are a few exceptions. The most notable exception

is the Millstone I Loss of Feedwaterinitiatorfrequency. This frequency is

more than 30 percent less than the frequencyobtained from the BOP data base

for "go_,' performanceBWRs. The MillstoneI PRA used plant-specificdata

as the basis for its Loss of Feedwaterinitiatingevent frequency. Except

for this one case_ all six PRAs used data that, in comparisonwith the data

derived from the BOP data base, are either within the expectedrange or

conservative(i.e.,higher than the "poor"performanceplant 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 PRAreport; in other cases, the total contribution from each

initiator was available. The next step was to replace the transient

initiator frequencies used in the PRAwith the LER-based, "qood" 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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Table 5-3
Comparison of PRA Transient initiator Frequencies to

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

Loss of !nadvertent
Main Loss of Power Steam Relief

Plant Transients Feedwater Conversion System Valve Open_!n_ng

Connecticut Yankee
PRA (all) 3.14 ......
PRA (BOP) 1.93 0.36 -- 4.2E-3
Good plants 0.58 0.17 -- 0.00
Poor pl ants 4.80 0.59 -- 0.04

Limerick (PECo)
PRA (all)3.98 .......
PRA (BOP) 3 63 (I) -- 1.78 (2) --
Good 0.77 -- 0.22 --
Poor 2.80 -- 3.00 - -

Limerick (BNL)
PRA 8.17 (3,4) -- 1.23 (5) --
Good 0,77 -- 0.22 --
Poor 2.80 -- 3.00 - -

Millstone 1
PRA (all) 3.11 ......
PRA (BOP) 2.67 0.096 0.435 --
Good 1.04 O. 15 L).15 --
Poor 3.86 2.60 I .51 --

Millstone 3 (LLL)
PRA (all) 7.24 ......
PRA (BOP) 3.73 -- 2.32 --
Good O. 55 - - O. 16 - -
Poor' 4.60 -- 0.60 - -

Oconee
PRA 5.70 (3,6) 0.64 (7) 0.21 --
Good 0.62 0.09 0.09 --
Poor 5.20 0.36 0.27 --

(])Becomes 3.2 for ATWSsequences
(2)Becomes 2 2 for ATWSsequences
(3)Insufficient information to separate Reactor Trips from BOP Trlps
(4)Becomes 7.39 for ATWSsequences
(5)Becomes 2.01 for ATWSsequences

(6)Becomes 7.0 for some sequences (all transient initiators combined)
(7)Eecomes 0.7 for ATWSsequences
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The following is an exampleusing the GeneralPlant Transient initiator

category for the ConnecticutYankee PRA. The frequenciesfor this transient

initiatorcategory are: 3.14/yearusing data in the PRA; 0.58/yearusing

the "good" plant performancedata from the BOP data base; and 4.8/year using

the "poor" plant performancedata from the BOP data base. The Connecticut

Yankee PRA provided a total core melt frequencycontributionof 5.34E-5/year

for the accident sequencesinitiatedby a GeneralPlant Transient. From

this in',armation,the conditionalprobabilityof a core melt at Connecticut

Yankee,given a GeneralPlant Transient initiator,is

.. 5.34E-5/year = l.70E-5

..... 3.14/year

Using the data derived from the BOP data base, the BOP-transient-induced

core melt frequencyfor ConnecticutYankeewould be 9.5E-6/year (usingthe

"good" plant performancedata) or 8.2E-5/year(usingthe "poor" plant

performancedata).

Similar calculationscan be made for the Loss of Feedwatertransient

initiatorand the InadvertentOpening of a ReliefValve transient initiator.

The results of these calculationsfor ConnecticutYankee 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 resultsare provided for the

Limerick plant. The first set is based on the PRA performedby the utility,

PhiladelphiaElectricCompany(PECo);the second set is based on the results

of the BrookhavenNationalLaboratory(BNL) review of the PRA. The BNL

review resulted in an estimatedcore melt frequencyan order of magnitude

higher than the originalutilityassessment. Becauseof this disparity,
both PRAs were evaluated.

In the evaluationof both the LimerickPRA review performedby BNL and

the Oconee 3 PRA, it was not possible to separatethe BOP transients from

the reactor transients in the generalPlant Transientsinitiatorcategory.

The totals for the "good"and "poor"core melt frequenciesfor these two

PRAs are therefore slightlylow becausethey do not includethe contribution

of reactor transientsto the core melt frequency. However, the difference
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Table 5-4

Contributionsto Core Melt Frequenciesat

ConnecticutYankee Due to Changesin

BOP-RelatedTransientInitiatorFrequencies

Low BOP High BOP

Transient* Transient*

General plant transient 5.3E-5/yr 9.5E-6/yr 8.2E-5/yr

Loss of main feedwater 3.SE-5/yr 6.4E-6/yr 2.2E-5/yr

IORV 5.9E-6/yr -- 5.9E-5/yr

Other 4.7E-4/yr 4.7E-4/yr 4.7E-4/.yr

Total 5.5E-4/yr 4.9E-4/yr 6.3E-4/yr
(

I

* CMF calculated using study data on the frequencyof BOP-relatedtransient

initiatorsat PWRs rated best/worstin terms of BOP performance.
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Table 5-5

Summaryof CalculatedCore Melt FrequencyResults

CMF(/yr)

Low BOP High BOP

Transient(1) T_ransient(1) ACMF (2)

ConnecticutYankee 5.5E 4 4,9E-4 6.3E-4 1 5E-4

Limerick (PECo) 1.5E-5 9,6E-6 1.7E-5 7.3E-6

Limerick (BNL) 1.0E-4 5.3E-5(3) 1,5E-4(3) 9,6E-5

MillstoneI (RevO) 8.1E-4 8.0E-4 3.5E-3 2.7E-3

Millstone3 (LLL) 1.0E-4 9.IE-5 9.6E-5 4.4E-6

Oconee 3 5.4E-5 4.6E-5(3) 5.3E-5(3) 6.7E-6

(I) CMF calculatedusing study data on the frequencyof BOP-related

transientinitiatorsat 10 best and 10 worst BOP trip performance

plants.

(2)_CMF - High BOP TransientCMF minus Low BOP TransientCMF.

(3) This does not includethe contributionfrom reactortransients.
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betweenthe "good" and "poor"core melt frequenciesis accurate since the

contributionof reactortransientinitiatedcore melt sequenceswould be the

same for both cases.

As can be seen from Table 5-5, the impacton the core melt frequenciesof

the six PRAs varied considerablyfrom plant to plant. The impactwas

greatest for MillstoneI, where an 'increaseof 2.TE-3/yearresulted from the
use of the high BOP transientfrequencyversus the use of the low BOP

"poor" plant data versus "good" plant data. Thistransientfrequency,i.e.,

increaseis due to two factors. One is the relativelyhigh frequencyof

transientsinitiatedby a loss of feedwaterat the "poor" BOP performance

BWRs. The second is ,theunique design of the MillstoneI high pressure

injectionsystem. MillstoneI utilizes the feedwatersystem to providehigh

pressure injection. Thereforea loss of feedwaternot only trips the plant

but also results in the failureof the high pressureinjectionsystem.

(From plant specificdata, the Millstone I PRA used a Loss of Feedwater

initiatorfrequencylower than the corresponding"low BOP transient"

frequencyfrom the study data, 0.096 versus 0.15).

For the remainingplantsthe impact of the BOP systemtransientsvaries from

4 percent to nearly 100 percentof the total core melt frequency. Using the

delta betweenthe core melt frequenciesresultingfrom the use of "good" and

"poor" plant data as the measure of the impact of BOP system behavior,the

three PWRs showed the least impactdue to BOP relatedevents; for all three

PWRs, the differencewas less than 30 percent. This is due in part to the

smallerdifferencesbetweenthe "good" and "poor"plant data for the Loss of

Feedwaterand Loss of PCS transientsfor PWRs comparedto the BWR data. But

it is also indicativeof the contributionof BOP-relatedtransientsto the

total core melt frequenciesfor BWRs and PWRs. In the BWR PRAs considered,

BOP-relatedtransientscontributeda third or more of the total core melt

frequency. For the PWR PRAs the BOP-relatedtransientscontributedonly

approximately10 percentof the total core melt frequency. BOP-related

transientscontributedsignificantlymore to the core melt frequenciesof

BWRs than PWRs, and the resultsof BWR PRAs are thereforeaffectedby

changes in BOP transientfrequenciesto a greaterextent than the resultsof

the PRAs for PWRs.
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The events for the "good"and "poor"performanceplants in the BOP data base

have been categorizedas Plant Transients,Loss of Feedwaterevents, Loss of

PCS events and in one case a SpuriousOpening of a Steam Relief Valve. This

set of events does not includeall of the types of BOP initiatorsgenerally

found in a PRA. System failuresthat cause a plant trip and also affect the

operabilityof systemsused to mitigate the consequencesof a plant trip are
also consideredas initiatingevents. For example,loss of air is

consideredas an initiatingevent that usuallycauses a plant trip, a loss

of feedwater,and a degraded operatingconditionfor the auxiliaryfeedwater

(AFW) system in PWRs. These events can also be consideredBOP-related

transientinitiators,and in some cases they contributea significant

fractionof the core melt frequencyfor a plant.

The analysisdiscussedabove addressedthe differencein plant risk due to

the differencebetween the reliabilitycharacteristicsof "good" and "poor"

performanceplants. Becausethe types of system failuresthat could trip a

plant and also degrade a mitigatingsystem'sperformancedid not appear in

the data for the "good"and "poor"performanceplants,no difference in

plantrisk due to those types of failurescould be calculated. Those types

of failuresgenerallyhave relativelylow frequencies,on the order of IE-

3/year. lt is thereforenot surprisingthat there are no such events in the

limitedportion of the data base used in this analysis,which represents

only approximately55 criticalyears of reactoroperation. The data base

did includesome partialfailuresof support systems,for example AC power

and air systems. Those failuresresulted in either a trip or a trip and

loss of feedwaterand were includedin the categoriesused in the analysis.

'Table5-6 presents data that more completelyaddressthe importanceof BOP

systemsto plant risk. This table includesthe delta risk calculations

describedpreviouslybut it also includesthe total contributionof BOP-

relatedtransientinitiatorsas calculated in the six PRAs. This table

shows that for the PWRs (ConnecticutYankee,Millstone3, and Oconee 3), the

contributionof BOP-relatedtransientsis significantlyhigher than the

delta risk calculationswould imply. The BOP supportsystem initiators

contributemore to the PWR PRA results than to the BWR PRA results.

Although the delta risk calculationsfor the PWRs show a relativelyminor

impacton plant risk (as little as a 4 percentchange)the importanceof all

BOP-relatedinitiatingevents is somewhatgreater.
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Table 5-6

Contributionof BOP-RelatedTransientsto Core Melt Frequency

Plant Total BOP-Related BOP % of

CMF (/vr) WF (/yr)* _ _CMF (Avr)+ I_

BWR

Limerick (PECo) 1,5E-5 7.8E-6 52 7.3E-6 4g

Limerick (BNL) ],OE-4 <5.gE-5 <5g g,6E-5 96

Millstone i 8,IE-4 2.gE-4 36 2,7E-3 333

PWR

ConnecticutYankee 5.5E-4 8,1E-5 15 1.5E-4 27

Millstone3 1,0E-4 1.4E-5 14 4.4E-6 4

Oconee 3 5,4E-5 <2.8E-5 <52 6.7E-6 12

p

(*) CMFdue to transients initiated by events involving BOPsystems

(+) The difference between the plant CMFusing "good" and "poor" BOP
performance pl ant data
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S,Z BOP Influence on AccidenL£r__r__r__E___zIL_

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,

l he Accident Sequence Precursor Program reviews reports (LERs) of

operational events at 'light water reactors to identify and categorize

precursors to potential 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 those 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 subsequent to the sequence initiator, This BOP influence
evaluation focused exclIJsively on initiating events.

During 1984, approximately 2400 LERs _,lere prepared by licensees to report

operational events in accordance with NRCreporting requirements. Of these

2400 events, approximately 900 were selected for detailed review, and 48 of

these weru 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, 18 were estimated to

have an associated conditional probability of severe core damage _>I x 10.4 .

That is, given the precursor event, there was a probability _>I x 10"4 that

tile 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.

Eleven of the 18 precursor events with a comparatively high probability of

core damage had BOPinitiators, These are a'Iso 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, MSlV spurious closure, moisture

separator high-level trip, and a _L_rveillance procedure inadequacy). Seven

of the 18 comparatively high-probability core damage precursor events did
not have BOPinitiators.
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During IgBB, approximately3000 LERs were preparedby licenseesto report

oporationsevents in accordancewith NRC reportingrequirements, Of these

3000 events, approximately1400 were selectedfor detailed review, and 63 of

these were Judged to meet the definitionof accident precursorevents,

After insertingthese events into the appropriateplaces of accident

sequence event trees and quantifyingthe sequences,11 were estimatedto

have an associatedconditionalprobabilityof severe core damage > I x I0"4,

Informationon these 11 precursorevents is provided in Table 5-B,

Nine of the II precursorevents with a comparativelyhigh probabilityof

core damage had BOP initiators, These are also identifiedin Table 5-8 and

consistof seven feedwater/condensatesystem degradation,one auxiliary

transformerdegradation,and one turbinepressure regulatorfailure, Only

two of the 11 precursorevents with a comparativelyhigh probabilityof core

damage did not have BOP initiators,

During 1986, approximately2900 LERs were prepared by licenseesto report

operationsevents in accordancewith NRC reportingrequirements, Of these

events, 1320 were selectedfor detailed review,resulting in 34 that were

judged to meet the definitionof accidentprecursorevents, After inserting

these events into accident sequenceevent trees and quantifyingthe

sequences,six events were estimatedto have an associatedconditional

probabilityof severecore damage _ I x 10.4, Informationon these six

precursorevents is provided in Table 5-9,

Three of the 6 precursorevents with a comparativelyhigh probabilityof

core damage had BOP initiators, These involved(I) loss of pressure in the

turbinegovernor oil system, (2) fuse-relatedproblems in an electricalbus

controlcircuit, and (3) a faultedcontrollerfor condensersteam dump
valves,

Summary

For the 3-year period 1984 through 19B6, 145 precursorevents were

identifiedfrom LERs, and 35 of these precursorshad estimatedconditional

probabilitiesof sever_core damage > I x 10.4, Twenty-threeof these 35

more significantprecursorevents (66 percent) involvedBOP initiators,

Thus, the fractionof BOP initiationof the more significantprecursor
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events is about the same as the fraction of BOPinitiation of reactor trips
in general. A summary of the BOP influence on precursor events eor the

years 1984 through 1986 is given in Table 5-10.

5.3 S_ummaryof Risk Implications

The results of the delta risk analysis (Section 5.1) and the evaluation of

BOP-related precursor events (Section 5.2) both show that the yeliability of

BOPsystems 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 sensitive to the frequency of BOP-related transients. Using the

study data for "poor" BOPperformance BWRs, the delta risk analysis yielded

core melt frequencies that were 2 to 4 times greatel' than the frequencies

obtained using the data for the "good" BOPperformance BWRs. The

corresponding differences for PWRswere 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 BOPsystem performance is greater than shown by the

delta risk analysis for both BWRsand PWRs. Each of the PRAs used in the

analysis included transient initiators with relatively low frequencies that

can be considered BOP-related but did not appear in the study data base for

the "good" and "poor" BOPperformance 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 PWRs,and from 36 percent to 59

percent for BWRs.
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Table 5-10
Summaryof BOP Influenceon PrecursorEvents,1984-1986

Precurso.re.v.entsdesiqDa,__Ik_d.

48 events in 1984, out of approximately2400 LERs

63 events in 1985, out of approximately3000 LERs

34 events in 1986, out of approximately2900 LERs

1984 precursorevents

18 of 48 events had estimatedconditionalPCD ->I x I0-4

11 of 18 events had BOP initiators

5 feedwater/condensatesystem degradation
2 stationtransformerfailure, LOOP
I main generatorbeariF_gfailure
I MSIV spuriousclosure
I moisture separatorhigh-leveltrip
I surveillanceprocedureinadequacy

7 of 18 events did not have BOP initiators

1985 precursoreve_nts

11 of 63 events had estimatedconditionalPCD ->I x I0"4

9 of 11 events had BOP initiators

7 feedwater/condensatesystem degradation
I auxiliarytransformerdegradation
I turbinepressureregulatorfailure

2 of 11 events did nothave BOP initiators

1986 precursorevents

6 of 34 evefJtshad estimatedconditionalPCD ->I x 10-4

3 of 6 events had BOP initiators

I loss of turbinegovernor oil system pressure
1 faultedor loose fuse in an electricalbus control circuit
1 faultedcontrollerfor condenser steam dump valves

3 of 6 events did not have BOP initiators

For 1984 through 1986

23 of 35 "High PCD" events (66%) had BOP initiators
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6. FINDINGSAND RECOMMENDATIONS

The major findingof this studywas the dramaticreductionin BOP-related

trips at commercialnuclearpower plants over the 5-year study period from

January I, 1984 throughDecember31, 1988. This improvedperformance

reduces the urgencyof regulatoryaction to addressBOP-relatedsafety

concerns. However, regulatoryactionscan be taken to (i) address the

problems of licenseeswhose BOP trip performanceis substantiallyless

favorablethan the industryaverage, and (2) maintainor further improvethe

performancelevels ach4evedtoward the end of the study period.

6.1 Findings

I. For the 76 mature nuclearunits (OL beforeJanuary I, 1983) in the

study data base, the averagenumber of BOP trips per unit was reduced

from 4.4 percritical year in 1984 to 2.4 per critical year in 1988.

The averagemature unit over the 5-year periodexperienced3.8 BOP

trips per criticalyear. The correspondingvalue for the best-

performing unit in the data base was 0.2 BOP trips per criticalyear;

the worst-performingunit experienced11.2 BOP trips per criticalyear.

2. On a calendaryear basis, for the 76 mature nuclear units in the study

data base, the aw,rage number of BOP trips per unit was reduced from

2.8 per calendaryear in 1984 to 1.6 per calendaryear in 1988.

The average mature unit over the 5-year period experienced 2.3 BOP

trips per calendar year. The best-performing unit experienced i BOP

trip in 5 years; the worst-performing unit experienced 34 BOPtrips in
5 years.

3. Nearly 30 percentof the BOP-relatedtrips resulted from multiple-cause
events.

This is a surprisinglylarge fractionof multiple-causeBOP trip

events. Although there is some "softness"in the data, it is clear

that multiple-causeevents are more prevalentthan previouslyassumed

by many observers,and this findinghas implicationsfor statistical



and risk assessmentanalysts. Most of the multiple-causetrips were

not from coincidentindependentfailuresor common.,causeevents, but

rather from pre_existingconditions(e.g.,degraded operabilitystates

of various systemsor components)that were revealedwhen a related

system or componentwas actuated.

4. Approximately70 percentof the BOP-relatedtrips resulted from a

single event.

A single componentfailurewas the causativemechanism in 49 percentof

these single-causetrips, and a singlehuman action accountedfor

approximately34 percent. The balanceof the single-causeevents were

of design, proceduresor environmentalorigin,with a few classified as

spurious or unknown.

5. ConsideringBOP trips resultingfrom both single and multiple causes,

nearly four out of every five events contributingto BOP trips were

either component/equipmentfailures(47 percent)or human actions (31

percent).

Clearly the two most dominantgeneralcontributorsto BOP trip

causation are component/equipmentfailuresand human actions. The

value cited for human actionsdoes not includedesign or procedural

inadequacies,which were categorizedseparately, lt followsfrom this

finding that, in order to be successful,programsdirected at achieving

reductionsin BOP-relatedtrip frequencieswill need to containboth a

technicalelement (component,systemor functionalreliability

improvement)and a human performanceelement (a reduction in human

errors in operations,maintenanceand surveillance).

6. NSSS Owners Groupswith aggressivetrip reductionprogramsare

apparentlyachievingresultsin the form of reduced frequenciesof BOP-

related trips.

Table 3-2, which shows annual averageBOP trips per unit per calendar

year by NSSS vendor,suggeststhat:
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o the Westinghouse Owners Group's TripReduction and Assessment

Program (TRAP) began to show results in 1985;

o the Babcock and WilcoxOwners Group'sSafety and Performance

ImprovementProgram(SPIP)began to show results in 1986; and

o 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,

l. At the system level,BOP trip causationwas dominate(_,_ythe

condensate/feedwatersystem (40 percentof total trips)and the

turbine/generatorsystem (30 percentof total trips).

The degree of dominanceof the two major contributorsto BOP trip

causation,the condensate/feedwatersystem and the turbine/generator

system,was significant. The next largestcontributor,AC power

systems,contributedonly 12 percent. Proceedingdown the list, main

steam systemscontributed6.4 percent,air systemsabout 3 percent, and

the other major systemscontributed2 percentor less (e.g.,

instrumentationand controlsystems,circulatingwater systems,etc.).

8. At the subsystemlevel, BOP trip causationwas dominatedby 'the

feedwatercontrol subsystem(61 percentof feedwater-relatedtripsl 25

percentof total trips) and the turbine/generatorinstrumentationand

controlsubsystem (60 percentof turbine/generatorrelatedtrips; 18

percentof totaltrips).

Taken together,feedwatercontroland turbine/generatorI&C problems

caused more than 40 percentof the total BOP trips. Many of the

feedwatercontrolproblemswere at low power levels,often associated

with manual feedwatercontrolor the transitionfrom manual to

automaticfeedwatercontrol. The turbine/generatorI&C problems

centered primarilyon the electro-hydrauliccontrol (EHC) system for

the turbine.
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9. At the componentlevel, excluding the human"component," BOPtrtp
causation was not dominated by any stngle componentor 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.

10. Nearly all the units wtth the best BOPtrip performance (fewest BOP-

related trips) have motor-driven feedwater pumps; nearly all the units
with the poorest BOPtrip performance (highest numbers of BOPtrips)
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 allow operators

enough time to utilize excess feedwater pump capacity to avoid a trip

when a feedwater pump is lost.

11. From a risk perspective, BOP-related transients contribute

significantly more, on a fractional basis, to the estimated core melt

frequencies of BWRsthan they do to PWRs.

Core melt frequency estimates irl BWRPRAs are more affected by changes

in BOPtransient frequencies than are the corresponding estimates for
PWRPRAs. Based on a limited number of PRAcomparisons, the

incremental core melt frequencies between "good" and "poor" performers

in terms of BOP-related trips were factors of 2 to 4 for BWRsand

factors of 1.1 to 1.3 for PWRs.
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12, BOP-relatedtransientsare the initiatingevents for approximatelytwo-

thirds of the more significantaccidentprecursorevents,

The NRC's Accident SequencePrecursorprogramestimatesthe conditional

probabilityof severe core damage associatedwith the occurrenceof

operating events, For the years 1984 through1986, 35 operatingevents

were calculatedto have estimatedconditionalprobabilitiesof severe

core damage greaterthan or equal to i x 10-4, Two-thirds of these

events (23 events)had BOP initiators, This two-thirdsfraction is

approximatelythe same as the BOP-relatedcontributionto total

unplannedreactortrips,

6,2 e_gmme_)dat_Lo_

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 BOPperformance

improvements. However, regulatory actions can and should be taken to (I)

maintain the trend toward decreasing numbers of BOP-related reactor trips

among NRClicensees, and (2) address the problems of licensees whose

performance is substantially less favorable than the industry average.

6,2,1 Gen_l__Rec ommendat i ons

I. Communicateto licenseesand applicants,in the form of an

informationalgenericletter,the resultsof recent studies on BOP-

related trips and overallscram reductionexperience.

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 licensees with a basis for making

decisions on their plant-specific programs for minimizing unplanned

reactor trips.
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2. Identify, monitor and communicatewtth licensees who are not ach_levtng

an acceptably low frequency of BOP-related trip events at their
facilities.

For the purposes of identifying licensees in need of increased

regulatoryattention,an "acceptablylow frequencyof BOP-relatedtrip

events"could be definedas the B-year (IgB4-1988)industry average,

3,8 BOP trips per criticalyear, plus one standarddeviation

(approximately2,2) or about 6 BOP trips per criticalyear. lt is

recommendedthat licenseeswho do not achievea frequencyless than

about 6 BOP trips per criticalyear, in any given year, be candidates

for 'Increasedregulatoryattentionto BOP performance, Actions could

includeconsultationswith the licenseeon how the problem is being

addressed,and specialinspectionson BOP systemsreliability,the

adequacyof root cause analysisof reactortrip events, and performance

trends.

3. NRC shouldwork wlth INPO, the Owners Groups, and EPRI to assist

licenseesin achievingand maintainingan acceptablylow frequencyof

BOP-relatedtrip events at their nuclearplants.

Because of the limitedreach of NRC_s regulationsinto the BOP systems,

improvementsin BOP performancewill (and have) come largelythrough

industry initiativeson the basis of economicsand reliability.

However, based on the findingsof this study,NRC could stimulate

improvementsin BOP systemsperformanceby workingwith industry in the

following areas:

a. Encouragea steadilyincreasinglevel of industryperformance

of root cause analysesof reactortrips,

b. EncourageOwners Groups and individualutilitiesto continue

their aggressivepursuitof trip reductionprograms.

c. Processrequestsfor BOP-relatedchangesto Technical

Specificationsin 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, Investigatehow to make betteruse of excess feedwater

pumpingcapacity (whereit exists)to reduce the frequencyof

feedwater-relatedreactortrips,

4. NRCshould formally incorporateBOP trip avoidanceexperienceinto the

Systematic Assessment of Licensee Performanco (SALP) process, e.g., as

an element in the Safety Assessment/QualltyVerificationcategory.

This action would increase the visibility level of BOP performance

trends among licensee management, resident inspectors, NRCProject

Managers, and NRCsenior management, This action could be coordinated

with programs on performance indicators, maintenance improvements and

routine inspections,

6,2,2 S_:_iflc Recomnlendations

I. Establisha responsibilitycenterwithin NRC to specificallymonito_

and evaluateBOP.relatedreactortrip experienceu

The functions of this responsibility center would be to identify

"outliers" in terms of BOPtrip experience; compare licensee and

overall industry performance with goals established by NRCand by

industry; compare industry performance with that in foreign countries;

and periodically report to the NRCmanagement on the state of BOP

systems performance in the industry,

2. NRC should expand the role of BOP systemsin ongoing NRC activities,

specificallyin the areas of inspections,maintenancepolicy,Technical

Specificationsimprovements,human factorsand training,severe

accident policy/IPEs,the AccidentSequencePrecursorprogram, and

advanced reactors/standardization,as discussedbelow.
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a, Inspections

NRC should assure that Resident Inspectorsperiodicallyevaluate

the BOP trip experienceof their units, The specialBOP

inspectionprogramshould be re-institutedfor plants with

particularlypoor BOP trip performancehistories,

b, MaintenancePolicy/Rulemaking

Draft RegulatoryGuide DG-IO0], "MaintenanceProgramsfor Nuclear

" should suggesta goal of less than or equal to onePower Plants,

BOP trip per calendaryear on the same basis (e,g,,capacity

factor greater than 25 percent,)as the INPO 1990 goal for total

reactor trips of 1,5 per calendaryear, NRC should evaluate BOP

trip performanceas a functionof whether a licensee'smaintenance

program providesthe same level of attentionto BOP systemsas is

given to safety systems, Specificefnphasisshould be given to

main feedwatercontrolsystemsand turbineelectro-hydraulic

control systems,

c. Technical Specifications Improvements

NRC should evaiuate, in coordination with licensees, BOP-related

safety limits, limiting conditions for operation, surveillance

frequencies and trip setpoints for their effects on BOPtrip

causation. Specific emphasis should be given to steam generator

level trip setpoints, steam flow/feed flow mismatch trips, and the

frequency of turbine control valve testing.

d. Human Factors and Training

The NRCprograms on human factors and training should include an

element on avoiding BOP trips caused by operations and maintenance

errors (and to a lesser degree surveillance testing errors) by

both licensed and unlicensed operations pers(_nnel.
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e. Severe Accident Policy/IPEs

Because of the influenceof BOP system failureson core melt

frequencyestimates,the NRC reviewof IPEs should compare the BOP

initiatingevent frequenciesused in the analyseswith the

experiencevalues reportedherein.

f. Accident Sequence PrecursorProgram

NRC should build on the evaluationreportedherein and perform an

in-depthevaluationof the influenceof BOP system failures or

degradationson the higher-rankingaccidentprecursorevents.

g. Advanced Reactorsand Standardization

With regard to BOP considerations,the NRC reviewsof advanced

reactor.sand standardizeddesigns should focus on improvementsin

the main feedwatercontroland turbineelectro-hydrauliccontrol

systems. Further,NRC should encouragethe use of motor-driven

(ratherthan turbine-driVen)main feedwaterpumps.

3. NRC should expand the evaluationof the risk implicationsof BOP events

to additionalPRA studiesto test the validityof the risk-related

findings made herein.

Based on a comparisonwith 6 PRA studies(3 PWR, 3 BWR, two on the same

BWR) this study concludedthat the incrementaldifference in core melt

frequencyestimatesbetween "good"and "poor"BOP performerswas a
factor of 2 to 4 for BWRs and a factorof 1.1 to 1.3 for PWRs. NRC

shouldexpand this evaluationto more PRA studiesto test the validity

of these estimates.

4. NRC should investigatethe implicationsof the relativelylarge numbers

of multiple-causeevents forstatistical and risk analyses.

The methods used in statisticalor risk analysesfor estimatingcommon-

cause or dependent-failureevents may not adequatelyaccount for the

types of multiple failuresfound in this study for magnitudes as large
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as 20 to 30 percentof total failures. NRC shouldexamine the

implicationsof these higher frequenciesof multiple-causeevents,

which are (in general)neitherdependentfailuresnor common-cause

events. Also, the trade-offsassociatedwith additionalcomponent

testingor more frequenttestingwould uncovermore undetected

degradations,but it could also result in more inadvertenttrips

associatedwith the testing.
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*** BOP RELATEDEVENT_**

Form: 88
Plant Name: Dresden 2

, d

Event ID: 237/85-035 Power Level: 00%
Event Date: 09/29/85 Trip Type: Auto

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

Cause I: Design Related
Cause 2: ComponentFailure:Bellows

Event Description:Steam flow through seal steamrelief valves may have
damaged the bellows (expansion joint) during normal
systemoperation. The damaged bellowsresulted in a low
condenservacuum causing a turbinetrip and a subsequent
reactorscram.

*** BOPRELATEDEVENT***

Form: 229
Plant Name: Quad cities I

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

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

Cause I: Human Related:Maintenance

Event Description:While testingthe electro-hydrauliccontrol system, test
personnel generateda turbinebypass valve open signal.
Subsequent excess steam flow caused MSIV closure and a
reactortrip on MSIV position.
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_. *** BOPRELATEDEVENT***

Form: 230
Plant Name: Quad Cities i

Event ID: 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 I: Unknown
Cause 2: Human Related:Operations

Event Description:Adequate condenservat:uumcould not be maintained during
startup. Personnelattemptedto continue startup hoping
the condition would improve, lt didn't and the p'lant
tripped. The reason for failureto maintain condenser
vacuum was notgiven.

*** BOP RELATED EVENT ***

Form: 231
Plant Name: Quad Cities I

Event ID: 254/87-005 Power Level: 92%
Event Date: 03/17/87 Trip Type: Auto

BOP System:Main Steam
BOP Component:Valve

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

Event Description"Turbine stop valve closure caused a turbinetrip and a
reactor trip. The stop valve closurewas caused by a
high levelin the moisture separatorswhich in turn was
partially due to a stuck open level control valve,
Operator attemptsto repair the valve contributedto this
event because other level control valves could not

properlyhandle sufficientflow.
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BOP System'TurbineGenerator
BOP Subsystem:I/G Instrumentation& Control
BOP Component:Transformer

Cause I: ComponentFailure:Transformer

Event Description:A motor operatedauto transformer operated erratically
during a voltageadjustment, The erratic performance
caused a loss of generatorload and a turbine/reactor
trip.
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*** BOPRELATEDEVENT***

Form: 276
Plant Name: Robinson2

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

BOP System: DC Power
BOP Component:Wire

Cause i: ComponentFailure:Wire

Event Description:The plant trippedon July 10, 1987 due to a Feedwater
regulatorvalve failurecaused by an electricalshort in
the DC wire to one of the two safeguardsolenoidsfor the
valve operator. The solenoidfailed due to entrapped
water in the solenoidcondulet.The Feedwater regulator
valve closureresulted in Steam/Feedwaterflow mismatch
coincidentWith a low SG level.

*** BOP RELATED FVFNT ***

Form: 276
Plant Name: Robinson 2

Event ID: 261/87-020 Power Level: 72%
Event Date: 07/16/87 Trip Type: Auto

BOPSystem: Feedwater
BOPSubsystem: Feedwater Control
BOPComponent: Feedwater regulator valve

Cause I: Component Failure: Feed reg valve

Event Description:On July 16, 1987, the reactortripped on low SG level
coincident with Steam/Feedwaterflow mismatch caused by
the failure of the same Feedwater'regulator valve as
described in the 7/10/87event. This time, the valve
failurewas caused by the impairedfunctionof the valve
positioner.
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*** BOPRELATEDEVENT***

Form: 278
Plant Name: Robinson 2

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

BOP System: Turbine Generator
BOPComponent: Regulator valve

Cause I: Surveillance
Cause 2: Component Failure: Regulator valve

Event Description: Normal surveillance testing of the turbine was conducted.
Due to wear and tear, an air operated pressure regulator
valve did not function properly and was unable to
withstaTJ the back pressure after the turbine was
returned to service. A pressure loss in the turbine
caused the turbine to trip, which subsequently caused a
reactor trip.

*** BOPRELATEDEVENT***

Form: 280
Plant Name" Monticello

Event ID: 263/85-008 Power Level: 100%
Event Date: 04/11/B5 Trip Type: Auto

BOP System:AC Power
BOP Subsystem:High VoltageOffsite
BOP Component:Transformer

Cause I: Human Related:Maintenance

Event Description: A phase fault occurred while _ transformer was being
restored from maintenance. The fault was caused by a
"non-plant" worker who forgot to remDve grounding cable
after the completion of the work. Because the tripping
control system was not yet in service, the turbine
control system initiated reactor scram.
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*** BOP RELATEDEVENT ***

Form: 281_+
Plant Name: Monticello

Event ID: 263/85-010 Power Level: 100%
Event Date: 06/12/85 Trip Type: Auto

BOP System:Main Steam
BOP Component:Human

Cause I: Human Related:Surveillance

Event Description:During surveillance testing of the main steam low
pressure instrumentation,a human error contraryto the
approvedprocedurewas committedleadingto MSIV closure,
which then lead to a reactor trip. The technicianfailed
to properly valve in and out the appropriate pressure
switch channels.

*** BOP RELATEDEVENT ***

Form: 368
Plant Name: Salem I

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

BOP System:TurbineGenerator
BOP Subsystem:T/G Instrumentation& Control

Cause I" Environment"Lightning

Event Description:A turbine/reactortrip occuredwhen lightningstruck in
the vicinity of the DEANS switchingstation 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 potentialgeneratorinstabilityat Salem I.
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*** BOP RELATEDEVENT ***

Form: 370
Plant Name: Salem 1

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

BOP System:TurbineGenerator
BOP Subsystem:T/G Instrumentation& Control
BOP Component:Indicator

Cause I: ComponentFailure: Indicator
Cause 2: Human Related:Operations

Event Description:During full power operation,EHC pump 12 tripped and the
standby EHC pump 11 failedto auto start. With both
pumps failed, the controloil systempressure decreased
and the turbinegovernorvalves drifted closed. The
reactor was then manuallytripped due to increasing T
avg. Prior to the event,the EHC oil had been leaking,

and constant refillwas required. However the level
indicatormalfunctionned,ap,a constantlyindicatednormal
or full level, althoughoil level was actually at the
pump low level lockoutsetpoint. Thus the lack of
communicationand level instrumentationfailure were the
root causes of this event.

*** BOP RELATEDEVENT ***

Form: 371
Plant Name: Diablo Canyon I

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

BOP System:Main Steam
BOP Subsystem:Steam Relief
BOP Component:Circuitcard

Cause 1: ComponentFailure:Circuitcard

Event Description:A failed pressure controlmodule in the steam dump
control systemallowedseveral40% steam dump valves to
open, initiatinga high steam flow coincidentwith LO-LO
Tavg that tripped the reactor. This event occurred
during startup.
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Form: 374
Pldnt Name: Diablo Canyon I

Event ID: 275/B4-030 Power Level: 21%
Event Date: 11/24/84 ' Trip Type: Auto

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

Cause I: Human Related:Construction
Cause 2: ComponentFailure:Valve

Event Description:This event was caused by a loose wire in the turbir_e
control system, causing the system to malfunction.
Additionally, the 40% condenserdump valves failed to
open resultingin a turbine/reactortrip. The cause for
the dump valve failure to open was traced to the
installationof controlwiring accordingto an incorrect
drawing of the electricalconnections.

*** BOP RELATED EVENT ***

Form: 471
Plant Name: Prairie IslandI

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

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

Cause I: Human Related:Maintenance

Event Description:During troubleshootingof the turbine EHC, a multichannel
event triggeredrecorderwas being connectedto the EHC
cabinet. Incorrectuse of this device caused a turbine
trip/reactortrip.
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*** BOP RELATEDEVENT***
nNgIMunMunm_nBmw_

Form: 475
Plant Name: Fort Calhoun 1

Event ID: 285/86-004 PGwer Level: 085%
Event Date: 08/01/86 , Trip Type: Manual

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

Cause I: ComponentFailure:Bus duct
Cause 2: ComponentFailure:Bus duct insulation

i

Event Description:An operatornoticedsmoke coming from the plant isolated
phase bus duct. During the following controlled
shutdown,the conditionworsened (the smoke intensified).
The operatorsmanually scrammedthe reactorat 85% power,
The arcing of the bus duct was due to a breakdownof the
insulationon the bus duct.

*** BOP RELATED EVENT ***

Form: 477
Plant Name: Indian Point 3

Event ID: 286/84/005 Power Level: 90%
Event Date: 02/20/84 Trip Type: Auto

BOP System:Feedwater
BOP Subsystem'FeedwaterControl
BOP Component:Solenoid valve

Cause I" ComponentFailure:Solenoidvalve

Event Description:A Steam/Feedwaterflow mismatchcaused a reactor trip.
The flow mismatchwas caused by closure of a Feedwater
regulator valve due to failureof a trip solenoid. The
solenoid failure was caused by water leakage into the
solenoidterminalbox.
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*** BOP RELATEDEVENT ***

Form: 893
Plant Name: Duane Arnold

Event ID: 331/86-0],7 Power Level: 5%
Event Date: 06/13/86 Trip Type: Manual

BOP System:Air
BOP Component:Air Iine

Cause I: ComponentFailure:Air line
Cause 2: Environment:Contamination

Event Description:Dessicantmaterial in instrumentair flow lines caused a
fluctuationin the positionof Feedwatercontrol valves,
which caused a trip of Feedwaterblock valves. This led
to a loss of Feedwater,which led to a manual reactor
trip on low reactorwater level.

*** BOP RELATEDEVENT ***

Form: 896
Plant Name: Fitzpatrick

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

BOP System:Feedwater
BOP Component:Pump

Cause I: ComponentFailure:Pump

Event Description:Fai_lureof a Feedwaterpump bearingcaused a loss of the
Feedwater pump which led to a loss of Feedwater. This
resulted in a reactortrip on low reactorwater level.
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*** BOP RELATEDEVENT ***

Form: 897
Plant Name" Fitzpatrick

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

BOP System" Feedwater
BOP Subsystem:FeedwaterControl
BOP Component:Controloil

Cause I: ComponentFailure:Controloil

Event Description:Control oil leakageresultedin a loss of Feedwater due
to a Feedwaterpump trip. This lead to a reactor trip on
low reactorwater 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:TurbineGenerator
BOP Subsystem:T/G Instrumentation& Control
BOP Component:Weld

Cause I: Human Related:Maintenance

Event Description"A weld failureresultedin low EHC oil pressure which
caused a turbinetrip and reactortrip. Review revealed
an inadequateweld.
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*** BOP RELATEDEVENT ***

Form" 1075
Plant Name" Hope Creek I

Event_ID: 354/86-034 Power Level: 003%
Event Date" 07/12/86 Trip Type: Manual

BOP System"Main Steam
BOP Component" Pressuretransmitter

Cause I" ComponentFailure:Pressuretransmitter
Cause 2" ComponentFailure"Pressuretransmitter

;vent 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.

i

*** BOP RELATED EVENT ***

Form: 1192
Plant Name: Arkansas Nuclear One - 2

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

BOPSystem: Turbine Generator
BOPS_system: T/G Instrumentation & Control
BOPComponent: Human

Cause 1: Human Related: Maintenance

Event Description:Improper calibrationsettings in the turbine vibration
trip system resulted irta spurioushigh vibration signal
(in the turbinejournal bearingvibration trip logic)
that led to a turbine trip and a subsequentreactor trip.
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*** BOP RELATEDEVENT ***

Form: 1196
Plant Name: McGuireI

Event ID: 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 I" ComponentFailure"Computer
Cause 2: DesignRelated

Event Description:After' correctivemaintenance,the restarted switchyard
computer openedpower circuitbreakers,causing a reactor
and turbinetrip.

*** BOP RELATED EVENT ***

Form: 1316
Plant Name: Waterford 3

Event ID: 382/87-028 Power Level: 90%
Event Date: 12/11/87 Trip Type: Auto

BOP System'Main Steam
BOP Component:Solenoid valve

Cause I: ComponentFailure:Solenoidvalve

Event Description:During MSIV testing,one MSIV went partiallyshut due to
a failed solenoidvalve. This resulted in a reactor

trip.
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*** BOP RELATEDEVENT ***

Form" 1317
Plant Name: SusquehannaI +

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

BOP System:TurbineGenerator
BOP Subsystem:Thrust BearingWear Detector
BOP Component:Thrust bearingwear detector

Cause I: SpuriousSignal

Event Description:During weekly preventive maintenance activities, the
turbine trippedon a spurioustrip of the TBWD pressure
switches. The reactor tripped following the fast
closureof the turbinecontrolvalves. The cause of the
turbinetrip was not determinedand is consideredto have
been a spurious occurrence.

*** BOP RELATEDEVENT ***

Form: 1764
Plant Name: Clinton I

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

BOP System:DC Power
BOP Component:Human

Cause I" Human Related:Operations

Event Description:An operator incorrectlyopened a crosstie breakerbetween
2 non-class IE 125VDCdistributionchannels. The reactor
tripped on a reactorhigh water level signal.
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*** BOP RELATEDEVENT ***
:Iii_ B m I=Il:II_--.Imm I:1:I_ _ L'_:_I:=II::SI::I"_

Form: 1768
Plant Name: Wolf Creek I

Event ID: 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 I: Human Related:Surveillance

Event Description:Level_oscillationscaused by a steam dump control system
test resulted in a low SG level and a subsequent reactor
trip.

*** BOP RELATED EVENT ***

Form" 1851
Plant Name' Palo Verde I

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

BOP System: Feedwater
BOP Subsystem:FeedwaterControl
BOP Component:Circuitcard

Cause I" ComponentFailure:Circuitcard

Event Description:A failedcontrolboard in the Feedwater control system
resulted in a temporaryinabilityof the operators to
control Feedwater pump speed from the control room,
Loss of manual Feedwatercontrol'ledto a Low SG Level
that subsequentlytripped the reactor.

q
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APPENDIXB

BOP Trips per Calendar¥ear by Plant

(RawData, 1984-1988)



TableB.I
BOP TripsBy Year - Babcockand WilcoxUnits

OL BOP TRIPS.....
__E _ '8___55_8_ _ _ TO--TAL---_

ARKANSASNUCLEARONE I DEC 74 3 8 I 2 0 14

CRYSTALRIVER3 DEC 76 2 8 0 2 2 14

DAVISBESSE APR 77 2 4 1 4 2 13

OCONEEI FEB 73 2 4 2 0 I 9

OCONEE2 OCT 73 0 3 3 2 i 9

OCONEE3 JUL 74 3 2 2 0 2 9

RANCHOSECO AUG 74 S 3 . - 3 11

TMI I APR 74 - I 4 3 2 10

TOTALS 17 33 13 13 13 B9

MATUREUNITS AVG 2.43 4.13 1.86 1.86 1.62
(OLBEFOREJAN 83)
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iableB,2
BOP TripsBy Year - CombustionEngineeringUnits

OL BOPI_S_UJ_LL! _ _ _ _ 'B_ ]IOTALS

ARKANSASNUCLEARONE 2 JUL 78 5 4 1 2 0 12

CALVERTCLIFFSI JUL 74 4 6 2 5 3 20

CALVERTCLIFFS? AUG 76 I I 3 4 2 11

FORTCALHOUNI MAY 73 0 0 ] 0 0 I

MAINEYANKEE JUN 73 6 8 6 2 3 25

MILLSTONE2 AUG 75 2 0 4 S 0 11

PALISADES OCT 72 I 2 2 4 0 9

PALOVERDEI DEC 84 - 5 6 2 4 17

PALOVERDE2 DEC 85 - . 6 2 I 9

PALOVERDE3 JAN 88 .... 0 0

SAN ONOFRE2 SEP 82 I 4 3 3 0 11

SAN ONOFRE3 SEP 83 3 2 3 2 0 10

ST. LUCIEI MAR 76 I 0 2 5 4 12

ST, LUCIE2 APR 83 7 5 3 5 0 20

WATERFORD3 DEC 84 - 19 ? 5 I 27

TOTALS 31 56 44 46 18 ig5

(9)MATUREPLANTS AVG 2.33 2.78 2.67 3.33 1.33
(OL BEFOREJAN B3)

NEW PLANTS AVG 5,00 7,75 4.00 3.20 1,00
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TableB,3
BOP Tripsby Year- GeneralElectricUnits

OL BOp TRIPS
UNXT 'B TOTALS:

BIG ROCKPOINT AUG 62 2 2 0 0 2 6

BROWNSFERRYI DEC 73 2 I I - - 4

BROWNSFERRY2 AUG 74 I .... I

BROWNSFERRY3 AUG 76 2 I - - - 3

BRUNSWICKI NOV 76 3 I 5 I I 11

BRUNSWICK2 DEC 74 I I I 2 3 8

CLINTONI APR 87 - - - 7 2 9

COOPER JAN 74 2 I 2 6 2 13 ,

DRESDEN2 DEC69 2 4 3 5 0 14

DRESDEN3 JAN 71 7 3 4 7 I 22

DUANEARNOLD FEB 74 3 0 I 0 I 5

FERMI2 MAR 85 - 5 4 6 5 20

FITZPATRICK OCT 74 3 5 2 3 0 13

GRANDGULFI JUL 82 7 13 3 2 2 27

HATCHI AUG 74 3 2 I 4 5 15

HATCH2 JUN 78 2 2 5 3 6 18

HOPECREEKI JUL 86 .... 7 4 5 i6

LA SALLEI APR 82 6 4 0 6 0 16

LA SALLE2 DEC B3 B 0 4 I 0 13

LIMERICK OCT 84 - 2 I 2 0 5

MILLSTONEI OCT 70 0 2 3 3 I 9
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TableB,3
BOP Tripsby Year - GeneralElectricUnits(Continued)

OL BOP TRIP_$.____.
_ _ _ _ __B,7._.B_ _OTALS

MONTICELLO SEP 10 0 2 I 3 2 B

NINEMILE POINTI AUG 69 I 6 I 2 0 10

NINEMILE POINT2 OCT B6 - - - 5 10 IB

OYSTERCREEK APR _9 2 4 3 I I 11

PEACHBOTTOM2 AUG 73 0 4 3 0 I B

PEACHBOTTOM3 JUL 74 2 I 8 2 0 13

PERRYI MAR 86 - - I B 4 13

PILGRIM JUN 72 I 2 3 - 0 6

O'JADCITIESI OCT 71 2 0 3 I I 7

QUADCITIES2 APR 72 I 2 0 4 4 11

RIVERBENDI NOV85 - 3 13 2 4 22

SHOREHAM (I) I

SUSQUEHANNAI JUL82 4 2 0 I 2 9

SUSQUEHANNA2 MAR 84 4 3 2 I 0 10

VERMONTYANKEE FEB73 2 0 0 3 3 8

WPPSS2 DECB3 20 3 5 2 0 30

TOTALS 93 82 90 97 68 430

MATUREPLANTS AVG 2.35 2,54 2.04 2.26 I.46
(OLBEFOREJAN 83)

NEW PLANTS AVG 10.67 2,83 4,63 3,80 3,00
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TableB,4
BOP Tripsby Year- WestinghouseUnits

OL BOPTRIP_,

BEAVERVALLEYI JAN 76 3 5 I 3 2 14

BEAVERVALLEY2 AUG B7 - - - 10 2 12

BRAIDWOODI MAY B7 - - (I) 6 2 g

BRAIDWOOD2 DEC B7 .... 10 10

BYRONI FEB B5 - 14 2 2 2 20

BYRON2 JAN B7 - - - g 4 13

CALLAWAYI JUN 84 10 12 4 I 6 33

CATAWBA_ JUN B5 - 9 4 B 0 IB

CATAWBA2 MAY B6 - - B 7 6 21

CONNYANKEE JUN 67 I 2 5 I I 10

COOK I OCT 74 3 0 5 2 0 10

COOK2 DEC 77 5 4 4 5 0 18

DIABLOCANYONI SEP 81 4 5 2 4 3 IB

DIABLOCANYON2 AUG 85 - 7 9 3 2 21

FARLEYI JUN 77 I 3 2 3 1 10

FARLEY2 OCT BO 2 3 2 0 0 7

GINNA SEP 69 I 5 3 0 2 11

INDIANPOINT2 SEP 73 5 8 6 0 4 23

INDIANPOINT3 DEC 75 5 6 6 5 4 26

KEWAUNEE DEC 73 4 6 2 2 2 16

McGUIRE] JUN 81 I 4 3 I 2 11

McGUIRE2 MAR 83 10 7 4 4 2 27
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TableB,4
BOP Tripsby Year - WestinghouseUnits(Continued)

OL BOPTRIPS,

MILLSTONE3 JAN B6 - - 11 7 4 22

NORTHANNA ! NOV II 5 J 4 2 4 16

NORTHANNA 2 AUG BO 2 2 3 0 0 7

POINTBEACHI OCT 70 0 I 2 0 0 3

POINTBEACH2 MAY 72 0 I I 0 I 3

PRAIRIEISLANDI AUG 73 2 l I 0 I 5

PRAIRIEISLAND2 OCT 74 0 0 I 0 0 I

ROBINSON2 SEP 70 0 7 3 2 3 ]5

SALEMI AFR 77 7 I 7 I 3 19

SALEM2 AUG Bl 7 7 9 3 5 31

SANONOFREI MAR 67 0 ! I I O, 3

SEQUOYAHI SEP BO 3 1 - - 2 6

SEQUOYAH2 SEP 81 4, 3 - - 4 11

SHEARONHARRISI JAN 87 - - - 18 3 21

SOUTIITEXAS MAR 88 .... 3 3

SUMMERI AUG B2 8 3 5 3 0 19

SURRYI MAY 72 3 3 3 1 0 10

SURRY2 JAN 73 9 i 3 I 3 17

TROJAN NOV 75 4 3 2 3 0 12

TURKEYPOINT3 ,]UL72 7 3 3 4 0 17

TURKEYPOINT4 APR 73 5 5 2 0 I 13

VOGTLEI JAN 87 - - - 14 7 21
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Table B,4
BOP Trips by Year - Westinghouse Units (Continued)

OL BOP TRIPS
U_B.LI _ _ .L_I_ 'B6 _ '8._._BB'TOTALS

WOLF CREEK I MAR 85 - 12 6 6 0 24

YANKEE ROWE JUL 60 I 0 3 I 4 g

ZION I APR 73 5 3 I I 4 14

ZION 2 NOV 73 4 I 3 I, 2 11

TOTALS 131 160 147 142 111 691

33) MATUREPLANTS AVG 3,36 3,00 _!,97 1.52 1,76OL BEFOREJAN 83)

NEWPLANTS AVG I0.00 I0,20 6,00 7.08 3,53
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Table B.5
S,ummary Tables

AverageBOP Trips per CalendarYear (1984Through 1988)

MATURE UNITS
(OL BEFOREJAN 83) '84 '85 '66 '87 '88

B&W (8 UNITS) 2.43 4.13 1.86 1.86 1.62

CE (9 UNITS) 2.33 2.78 2.67 3.33 1.33

GE (25 UNITS) 2.35 2.54 2.04 2..26 1.46

W (33 UNITS) 3.36 3.00 2.97 1.52 1.76

NEW UNITS
(OL BEFOREJAN 83) '84 '85 '86 '87 '88

B&W (NONE) .....

CE (2 TO 6 UNITS) 5.00 7.75 4.00 3.20 1.00

GE (3 TO 11 UNITS) 10.67 2_83 4.63 3.80 3.00

W (2 TO 15 UNITS) 10.00 10.20 6.00 7.08 3.53
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APPENDIXC

BOP Trips per Critical Year by Plant

(NurmalizedData, 1984-1988)
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APPENDIXD

BOP TripsperCriticalYear by Plant

(CumulativeAverage,1984-]988



Table D. I

• List of BOPTrip_ by Plant per Critical Year: Cumulative Average for B&WUnits

Plant Nam OL Date Critical BOP Tri_ 5-Yr Average

Years 1/84 - BOP Trips per

12188 Critical Year

Arkansas Nuclear One - 1 12101174 3.70 14 3.78

Crystal River 3 12/03/76 3.33 14 4.20

Davis Besse 04/22/77 2.06 1] 6.31
Oconee 1 02/06/73 4.28 9 2.10

Oconee2 10/06/73 4,38 9 2.05

Oconee 3 07119174 3.86 9 2.33

Rancho Seco 08/16/74 1.57 11 7.01

Three Mile IslandI 04/19/74 2.46 10 4.07

*** Subtotal *** 8 Units 89 31.86

All plants*: Average= 3.98 Sigma= 1.7548

* Ali B&W plants are in the "Mature"category,OL before 111183



TableD.2

List of BOP Trips by Plant per CriticalYear: CumulativeAveragefor CE Units

Plant Name OL Date Critical BOP Trll:_ 5-Yr Average

Years 1/84 - BOPTrips per
12/88 Critical Year

Arkansas Nuclear One - 2 07/18/78 3.89 12 3.08

Calvert Cliffs 1 07/31/74 3.74 20 5.35

Calvert Cliffs 2 08/13/76 4.08 11 2.70

Fort Calhoun 1 05/24/73 3.82 1 0.26

Maine Yankee 06/01/73 3.90 25 6.41

Millstone 2 08/01/75 3.97 11 2.77

Palisades 10/01/72 2.25 9 4.00
Palo Verde 1 12/31/84 2.04 17 8.33

Palo Verde 2 12/09/85 1.71 9 5.26

San Onofre 2 09/07/82 3.59 11 3.06

San Onofre 3 09/16/83 3.38 10 2.96

St. Lucie 1 03/01176 4.06 12 2.96

St. Lucie 2 04/06/83 4.37 20 4.58

Waterford 3 12/18/84 2.59 27 10,42

*** Subtotal *** 14 Units 195 62.15

Ali Plants: Average= 4.44 Sigma= 2.5069

Mature Plants*: Average= 3.40 Sigma= 1.64

New Plants**: Average= 6.31 Sigma= 2.69

* 9 plantswith OL before 1/183

** 5 plants with OL after I/I/83

D-2



Table D.3

BOP Trips by Plant per Crtttcat Year: Cumulative Average for BE Units

Plant Name OL Date Critical BOP Trips 5-Yr Average

Years 1/84 - BOP Trips per

12/88 Critical Year
,

Big Rock Point 08130162 3.94 6 1.52

Browns Ferry 1 12/20/7] 1.11 4 3.60

Browns Ferry _ 08/02/74 0.67 1 1.49

Browns Ferry 3 08/18/76 0.25 3 12.00

Brunswick 1 11/12/76 3.56 11 3.09

Brunswick 2 12/27/74 3,19 8 2.51

Clinton 1 04/17/87 0.94 9 9.57

Cooper 01118/74 3.30 13 3.94

Dresden 2 12/22/69 3.57 14 3.92

Dresden 3 01/12/71 3.07 22 7.17

Duane Arnold 02/22/74 3.53 5 1.42

Fermi 2 03/20/85 1.26 20 15.87

Fitzpatrick 10/17/74 3.78 13 3.44

Grand Gulf 1 07/01/82 2.88 27 9.38

Hatch I 08106/74 3.57 15 4.20

Hatch 2 06/13/78 3.63 18 4.96

Hope Creek I 07/26/86 1,90 16 8.42

LaSatte 1 04/17/82 2.96 16 5.41

LaSalle 2 12/16183 2.67 13 4.87

Limerick 10/26/84 2.82 5 1.77

Millstone I 10/07/70 4.36 9 2.06

Monticello 09/08/70 3.64 8 2.20

Nine Mile Point I 08/22/69 3.30 10 3.03

Nine Mile Point 2 10/31/86 0.53 15 28.30

Oyster Creek 04/09/69 2.55 11 4.31

Peach Bottom 2 08/08/73 1,65 8 4.85

Peach Bottom 3 07/02/74 2.23 13 5.83

Perry I 03/18/86 0.88 13 14.77

Pilgrim 06/08/72 1.15 6 5.22

Quad Cities 1 10/01/71 3,88 7 1.80

Quad Cities 2 _ 04/06/72 3.77 11 2.92

River Bend 1 11/20/85 2.17 22 10.14

Susquehanna 1 07/17/82 3.77 9 2.39

Susquehanna 2 03/23/84 3.41 10 2.93

Vermont Yankee 02/28/73 3,83 8 2.09

WPPSS2 12/20/83 2.99 30 10.03

*** subtotal *** 36 Units 429 211.43

Ali plants: Average= 5.87 Sigma= 5.2893

Mature plants*: Average= 4.02 Sigma= 2.44

New plants**: Average= 10.67 Sigma= 7.31

* 26 plants with OL before I/I/83

** 10 plants with OL after I/I/83
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Table D,4

BOPTrips by Plant per Critical Year= Cumulative Average for Westinghouse Units

Plant flame OL Date Critical BOPTrips 5-Yr Average
Years 1/84 - 80P TP_PS per

12/88 Critical Year

Beaver Valley 1 01/30/76 4,03 14 3.47

Beaver Valley 2 08/01/37 1.05 12 11.43
Braidwood 1 05/21,t87 0.75 9 12.00

Braidwood 2 12/18/67 0,17 10 58.82

Byron 1 02/14/85 2.49 20 8,03

Byron 2 01/30/87 1.25 1] 10.40

Callaway 1 06/11/84 3,44 33 9.59
Catawba 1 06/01/85 2.53 18 7.11

Catawba 2 05/01/86 1.72 21 12.21

Connecticut Yankee 06/30/6r 3.55 10 2.82

Cook 1 10/25/74 ],72 10 2.69

Cook 2 12/23/77 2.94 18 6.12

Diablo Canyon1 09/22/81 3,01 18 5.98

Diablo Canyon2 08/26/85 2,33 21 9,01

Farley 1 06/25/77 4.28 10 2.34

Farley 2 10/23/80 4.35 7 1.61
Ginna 09/19/69 4.34 11 2.53

indianPoint 2 0?/28/73 3.67 25 6.27

Indianpoint 3 12/12/75 3.68 26 7.07

Kewaunee 12/21/73 4.34 16 3.69

McGuireI 06/29/81 3.60 11 3.06

McGulre2 03/01/83 3.62 27 7.46

Millstone3 01/31/86 2.16 22 10.19

North Anna I 11/26/77 3.63 16 4.41

North Anna 2 08/21/80 4.28 7 1.6J,

Point Beach 1 10/05/70 4.17 ] 0.72

Point Beach 2 05/25/72 4.30 3 0.70

Prairie islandI 08/09/73 4.41 5 1.13

Prairie Island2 10/29/74 4.54 I 0.22

Robinson2 09/23/70 3.16 15 4.75

Salem I 04/06/77 3.59 19 5.29

Salem 2 08/18/81 3.04 31 10.20

San Onofre 1 03/27/67 2.49 3 1.20

Sequoyah 1 09/17/80 1.18 6 5.08

Sequoyah 2 09/15/81 1.92 11 5.73
Shearon Harris 1 01/12/87 1.26 21 16.67

South Texas 1 03/22/88 0.28 3 10.71

Summer1 08/06/82 3.73 19 5.09

Surry 1 05/25/72 3.35 10 2.99

Surry 2 01/29/73 3.55 17 4.79

Trojan 11/21/75 3.36 12 3.57

Turkey Point 3 07/19/72 3.09 17 5.50

Turkey Point 4 04/10/73 2.92 13 4.45

Vogtle 1 01/16/87 1.24 21 16.94



Table D,4

BOPTrips by Plant per Crtttoat Year= Cumulative Average for Westinghouse Untts
(Continued)

Plant Name OL Date Crtttcat BOPTrips 5-Yr Average

Years 1/84 - BOPTrips per
12/88 Critical Year

Wolf Creek 1 03/11/85 2.46 24 9.76

Yankee-Rowe 07/09/60 4.23 9 2.13

Zion 1 04106173 3.50 14 4.00

Zion 2 11/14/73 3.71 11 2.96

*** Subtotal *** 48 Units 691 334,52

Al[ plants: Average= 6.97 Sigma= 8.5381

Mature ptant_*: Average= 3.76 Sigma= 2.12

New plants**: Average= 14.02 Sigma= 12.29

* 33 plants with OL before 1/1/83

** 15 plants with OL after 1/1/83
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APPENDIXE

BOPTrips by Systems and Subsystems



Reactor Tr4ps Counted by BOPSystem8 and Subsystems

BOPSyBtem BOPSusbsyatem No, of TrqpB

AC Power 4

AC Power Htgh Voltage 77

AC Power H4gh Voltage Offstte 3

AC Power Low Voltage 6

AC Power MedtumVoltage 31

AC Power VttaL AC (120v) 47

Subtotal= 168

AC Power, Feedwater Low Voltage 1

Subtotal: 1

Atr 42

Atr Compressor 1
Atr Preftlter System 1

Subtotal: 44

Air, Feedwater 1

Subtotal= 1

Auxiliary Feedwater 2

Auxiliary Feedwater AFWInitiation and Control 2

Subtotal= 4

Circulating Water 24

Circulating Water Lube Ott 2

Circulating Water Lube OIL cooling Water 1

Subtotal: 27

Conm_ntcattons 1

Subtotal: 1

ComponentCooltng Water 1

Subtotal: 1
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Reaotor Trlpe Counted by ir_ liymtem _d llubeymtem

BOPSystmn BOPSubeystei_ No. of Irlpll

Computer I

Subtotat I 1

Cmxten.ate Storage 1

Subtotatz 1

Containment Isolatto_ Feedwater 2

Subtotat= 2

Coottng Water 1

Subtotatz 1

DC Power 1_

DC Power Inverter 2

subtotal: 18

Dralns 2

Subtotal= 2

Feedwater 135

Feedwater Condensate 26

Feedwater Condensate Pottaher 1

Feedwater Containment llolet(on I

Feedwater Demtnerettzed Wmter 10

Feedwater Drain ]

Feedwater Feedwater Controt ]44

Feedwater Feedwater Drain I

Feedwater Feedwater Heater 2]

Feedwater Feedwater |hd(cation 1

Feedwater Feedwater Iru=trumentltton I

Feedwater Feedwater Isotatto_ 4

Feedwater Feedwater Lube Oil 3

Feedwater Heater Drain 2

Feedwater Lube Oil 5

Feedwater Steam Rettef 1

Subtotal: 561
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Reactor Tripe Oo_,'_tedby BOPBy,creme and U_yeteme

BO¢_ Symte_ BOPsubayate_l No, of Trtp.

Feedwater', Maln Steam Feec_ater control 1

subtotals 1

Feed_atere Steam Generator Feedwater Control 1

8ubtotaLx 1

_tre Protection 4

SubtotaLs 4

HVAC

HVAC Battery RoomCooLing 1
HVAC Cabinet CooLing 1

subtotall 5

HVAC(Building) 2

SubtotaL= 2

HVACTurbine butldtnQ I

Subtotal= 1

Instrumentation and control 7

lnatrLmentatlon and control control RoomInatrLxnentatton 1

Instrumentation and Control Feedwater,Control 3

Instrumentation and control NucLear Instrumentation 3

Instrumentation and Control Po_er Range lf_strument.tton 3

Instrumentationand Control RCP Trip Circuit 2

Instrumentation and Control Radiation 2

Instrumentation and Control Safeguards kogtc 1

Instrumentation and Control Steam Oenerator Control 2

Subtotatz 24

Main Steam 47

Main Steam Drain 1

Main Steam Excess Steam Vent 1

Maln Steam MSLB Log4c 2
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Non.oonden_IbleOaeeB Extraot, I

Bubtotnls I

Non.nuaLearlnetrunntat4on _i

SubtotaLs 5

N_mLe_r lnet rumontat ton 2

SubtotnL 1 2

Pnneta/Oablneta 1

Subtotal = 1

Power Conversion 1

Subtotal: 1

Primary@yBtemDrain 1

@ubtotnl| 1

RWCUOralna 1

Subtotal= 1
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Reactor TP_pa Counted by BOPBy,tem a_ S_.y.te_

BC_ sy, t_ BOPSuLmy,tam No. of Trlp_

Roa_tor CooLant P_J I&C I

8_totntl I

Renotor Cootnnt PumpOtt 1

8ubtotat, 1

Bel,mlo Trip I

9ubtotatl 1

Serv4oe Water 1

8ubtotatl 1

Steam Generator 1

Steam Generator In, trumentat_on 1

Steam Generator SO BtowdownDrain 1

Steam Generator SO Low Lever Trip 1

Ste_ Generator Ste_bmGenerator'A_noni_Suppty I

Steam Generator Steam Generator Controt 2

St_totatl 7

TurblneGenerator 87

Turbine Generator Condenser 33

Turbine Generator Coottng Water 1

Turbtne Generator Drain 1

Turbine Oen_rator Exciter 1

Turbine Generator Generator 9

TurblneGenerator GeneratorCoottng Water' 2

Turb4neGenerator GeneratorHydrogenControt I

Turbine Generator Genor.tor Hydrogen Seal Ott 2

Turbtne Generator Generator starer Cooling 1

Turbine Generator L_m Ott 8

Turbine Generator Pressure Regutator 3

Turbine Generator Steam Jet ^4r Ejector 1

Turbine Generator Steam Rotter 1

Turbine Generator Steam Seattng 1

TurbineQenerator T/Q Instrumentation& Controt 250

Turbtne Generator Thrust Bearing Wear Detector 1

TurblneGenerator Turbine 3

TurbineGenerator TurblneBypns_ 2



Reaator Tr4ps Counted by B04)Syatem_ _nd Bubsyatmnn

BOPllyotm BOP8ubmyatem No, of Tripe

Turbine Oenerator Turbine _ontrot 011 1

Turb4ne Oenerstor Turbine _Coot_ngW_ter 2

Turbine Oenerator Turbtr_ Ormtn I

TurbineOenermtor Turblne_Lul_Oil 3

TurbqneOenermtor Turbine_Lubeoll Cooler I

Turbtne generator Turbine titeem Beal Ing 3

S_t,otal' 419

Turbine Oenermtore Feedwater T/O lnetrumentatlon & Control 1

Subtotalt I

llubtota(I I

Total No, of Tr1_l 1605

E-6



APPENDIX F

BOP Trips by Systemsand Components



Reactor. Trips Counted by BOP Components and Systems

BOP System BOP Component No. of Trips

AC Power 3

AC Power 345 Kv test block stud 1

AC Power Auxiliary transformer 4

AC Power ,, Bus 5

AC Power Bus duct 4

AC Power Cable 1

AC Power Capacitor 2

'AC Power Circuit breaker 10

AC Power, Circuit card 5

AC Power Computer 1

AC Power Conduit 1

AC Power Connection 3

AC Power Connector 1

AC Power Control circuit 1

AC Power Fuse 5

AC Power Human 50

AC Power Human (other unit) 1

AC Power Input filter 1

AC Power insulation 6

AC Power Inverter 7

AC Power Inverter, Fuse 2

AC Power Lightning arrestor I

AC Power Main transformer 3

AC Power Multiplexer 1

AC Power Oscillator' 1

AC Power Oscillator, Voltage controller 1

AC Power Rectifier, Fuse 1

AC Power Relay 7

AC Power Switch .1

AC Power Switchgear cabinet 1

AC Power Test switch 1

AC Power Transformer 23

AC Power Transmission line ,2

AC Power Unknown 8

AC Power Wire 3

Subtotal: 168

AC Power, Feedwater Circuit breaker, Pres regulator valve I

Subtotal: I

Air Air control valve, Air Line 1

Air Air dryer 2

Air Air line 14

Air Air line moisture trap 1

Air Compressor 2



k

Reactor Trips Counted 'by BOP Component and Systems

BOP Syste m BOP Component No. of Trips

Air Compressor, Pressure switch 1

Air Fastener, Pressure transmitter ' I

Air Human 11

Air Insulation 1

Air Pipe 3

Air Relay I

Air Solenoid valve I

Air Unknown 2

Air Unknown (Contaminant) 2

Air Valve I

Subtotal: 44

Air, Feedwater Air line, Feedback arm I

Subtotal: I

Auxiliary Feedwater Human 2

Auxiliary Feedwater Pipe I

Auxiliary Feeclwater Transmitter/Receiver I

Subtotal: 4

Circulating Water Circuit card I

Circulating Water Human 5

Circulating Water Isolation valve I

, Circulating Water Jet pump I

Circulating Water Motor operated valve I

Circulating Water Multiplexer I

Circulating Water Pump 3

Circulating Water Relay I

Circulating Water Screen I

Circulating Water Strainers I

Circulating Water ,Transmitter I '

Circulating Water Traveling screen 5

Circulating Water Unknown I

Circulating Water' Valve 4

Subtotal: 27

Communications Hand held radios 1

Subtotal: 1



Reactor Trips Counted by BOP Co,point and Systems

BOP System BOP Con_onent No. of Trips

Coe_nt Coeling Water Human I

Subtotal: I

I
Computer Inverter

Subtotal: I

Condensate Storage Human I

Subtotal: I

Containment Isolation Fuse I

Contai_t Isolation Solenoid valve I

Subtotal" 2

Cooling Water Human I

Subtotal: I

DC Power Bus 2

DC Power Circuit card I

DC Power Control circuit I

DC Power DC power source I

DC Power Human 10

DC Power Interlock I

DC Po_er Unknown I

DC Power Wire I

Subtotal: 18

Drains Pipe 1

Drains Weld 1

Subtotal: 2

Feedwater Air operated valve 2

Feedwater Air regulator 1

Feedwater Bistable 1

Feedwater Bypass valve 2

Feedwater Capacitor 1



Reactor Trips Counted by BOPComponentand Systems

BOPSystem BOPComponent No, of Trips

Feedwater Check valve 6

Feedwater Check valvee Circuit breaker 1

Feedwater Check valve, Pump 1
Feedwater Ctrcu4t breaker 1

Feedwater Circuit card 29

Feedwater Circuit card, Valve 1

Feedwater Computer 1
Feedwater Condensate dem_neraltzer 1

Feedwater Condensate polisher programmer 1
Feedwater Connection 1

Feedwater Control circuit 10

Feedwater Control oil 2

Feedwater Control valve 11

Feedwater Current-pressure converter 2

Feedwater DC power source 1

Feedwater DC power source, FWht tev cntrl switch 1
Feedwater Deaerator tank 1

Feedwater Delta P controller 1

Feedwater Dt_phrem , 1
Feedwater Drain tank 1

Feedwater FWPdelta P controller meter 1

Feedwater Feed regu!ator valve, bypass 1
Feedwater Feedwater control valve 3

Feedwater Feedwater heater 1

Feedwater Feedwater regulator valve 38

Feedwater Feedwater regulatorvalve, Block valve 1

Feedwater Feedwater square root extractor 1
Feedwater Flow controtter 3

Feedwater Flow recorder 2

Feedwater Flow transmitter 5

Feedwater Ftybatl governor 1
Feedwater Fuse 13

Feedwater Heat exchanger 1
Feedwater Heater Drain Tank 1

Feeck_a'ter High signal selector 1

Feedwater Human 213

Feedwater Indicator 2

Feedwater Level controller 6

Feedwater Level recorder 1

Feedwater Level sensor 2

Feedwater Level switch 2

Feedwater Level transmitter 1

Feedwater Limit switch 4

Feedwater Lube oil seperator 1

Feedwater Manual isol valve, air operated valve 1
Feedwater Manual valve 1

Feedwater Motor operated valve 1
Feedwater Nozzle 1

Feedwater Oil filter I
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Reactor Trips Counted by BOP Comlx_nt and SYstems

BOP System BOP Component No. of Trips

Feedwater Oil Line 3

Feedwater Oil t4ne, Wire 1

Feedwater Oil seal 1

Feedwater OIL/water separator 1

Feedwater P|pe 9
Feedwater Pneumat|c valve 1

Feedwater Potent]o_ter 1

Feeck_ater Power sup1_ty 1

Feedwater Pressure Control 1

Feedwater Pressure switch 3

Feedwater Pressure transmitter 5

Feedwater Pump 31

Feedwater RectrcuLat'_on valve 1

Feedwater Regulator valve 2

Feedwater Relay 10

Feedwater Relay contacts 1

Feedwater Relief valve 2

Feedwater Rupture disk 1

Feedwater Seal 2

Feedwater Servo control motor 1

,Feedwater Solenoid valve 12

Feedwater Solenoid valve, isolation valve 1

Feedwater Speed controller 5

Feedwater Speed indication 1

Feedweter Steam/Feed mismatch summator 1

Feedwater Strainers 2

Feedwater Switch 5

Feedwater Tachometer 1

Feedwater Thrust bearing wear detector 1

Feedwater Transmitter 1

Feedwater Trip circuit I

Feedwater Trip switch I

Feedwater Tube 3

Feedwater Turbine governor , 2

Feedwater Turbine pump 2

Feedwater Unknown 21

Feedwater Valve 23

Feedwater Valve operators, Relays, Solenoid valve 1

Feedwater Vent line 1

Feedwater Vibration detector 1

Feedwater Wire 6

Subtotal: 561

Feedwater, Main Steam Human 1

Subtotal: I
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Reactor Trips Counted by BOPComponentand Systems

BOPSystem BOPComponent No,, of Trips

Feedwatere Steam Generator Level controller 1

Subtotal= 1

Fire Protection Human 2

Fire Protection Pressure regulatore Sensing header pipe 1

Fire Protection Unknown 1

Subtotal: 4

HVAC Fan 1

HVAC Human 2

HVAC Unknown 2

Subtotal: 5

HVAC(Building) Fan 2

Subtotal: 2

HVACTurbine building Human 1

Subtotal: 1

Instrumentation and Control Amplifier 1

Instrumentation and Control Capacitor 2

Instrumentation and Control Circuit card 1

Instrumentationand Control Connection 2

Instrumentationand Control Human 7

Instrumentation and Control Instrumentation 1

Instrumentation and Control Inverter 2

instrumentation and Control Level transmitter pressurizing valve 1

Instrumentation and Control Power supply 1
Instrumentation and Control Radiation monitor 2

Instrumentation and Control Relay 1

Instrumentation and Control Static inverter, Switches 1

Instrumentation and Control Transformer 1

Instrumentation and Control Unknown 1

Subtotal: 24

Main Steam Air operated check, valve 3

Main Steam Bypass valve 1
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Reactor Trips Counted by BOPComponentand Systems

BOPSystem BOPComponent No, of Trips

Main Steam Check valve 1

Ma_n Steam Circuit card 3

Main Steam Control circuit 3

Main Steam Drain tank 1
Main Steam Drain valve , 1

Main Steam Gasket 3

Main Steam Human 33

Main Steam HumaneUnknowtl 1

Main Steam Insulation ' 1

Main Steam Level controller 2

Main Steam Level switch 2

Matn Steam Limit switch 1

Main Steam Main Steam Isolation Valves 2

Main Steam Pipe 2

Main Steam Pneumatic valve 1

,Main Steam Pressure control valve 1

Main Steam Pressure switch 2

Main Steam Pressure transducer 1

Main Steam Pressure transmitter 3

Main Steam Pump 1

Main Steam Relay 2
Main Steam Relief valve 3

Main Steam Solenoid valve 3

Main Steam Trip circuitry I

Main Steam Trip switch I

Main Steam Trip valve I

Main Steam Unknown 3

Main Steam Valve 6

Main Steam Vent Line I

Subtotal: 90

Non-condenslbleGases Extract.Human I

Subtotal: I

Non-nuclearInstrumentation I

Non-nuclearinstrumentation FLow switch I

Non-nuclearInstrumentation Fuse holders I

Non-nuclear Instrumentation Human 1

Non-nuclearInstrumentation Valve I

Subtotal: 5

NuclearInstrumentation Human 2

Subtotal: 2



Reaotor Tr|ps Counted by BOPComponentand Systems

BOPSystem BOPComponent No. of Trips

Pane{s/Cabt nets Human 1

SubtotaL: 1

Power Conversion Ptpe 1

SubtotaL: 1

Primary System Drain Valve 1

Subtotal: 1

RWCUDta|ns Pipe 1

Subtotal: 1

Reactor Coolant Pump l&C Relay 1

' Subtotal: 1

Reactor Coolant PumpOi[ Level swttch 1

Subtotal: 1

Seismic Trip Coil, relay 1

Subtotal: 1

Service Water Human 1

Subtotal: 1

Steam Generator Bypass valw 1
Steam Generator Control circuit 1

Steam Generator Flow transmitter I

Steam Generator Human 2

Steam Generator Relief valve 1

Steam Generator Valve 1

Subtotal: 7
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Reactor Trtp4 Counted by BOPC_t and Syste_ls

BOPSystem BOPComponent No, of Tr4ps

Turbtne Oenerator 2

Turblne Generator AmplIf Ier I

Turb4neGenerator Bearlng 3

TurblneOenerator Bal lows 3

Turbine Generator Brush Assembly Enclosure 1

Turbtne Generator Brush collector r4ng 1

Turb]ne Generator Bushing 2

Turb4ne Generator Button 1

TurbineOen_rator Bypass valve 4
Turbtne Generator Cable 1

Turbtne Generator Oapec1tor 1
Turbtne Generator Check valve 1

Turbtne Generator Ct rcU4t breaker 2

Turb]ne Generator Ct rcutt card 17

, Turbtne Generator condenser water box 1
Turbtne (lenerator Connect ton 3

Turbine Generator Control elrcutt 4

Turb]ne Generator Control o{ l 1'
Turbtne Generator Control valve 10

Turbine Generator Fan I

Turbine Generator Ft lter , 2

Turbtne Generator Flow swttch 1

TurbineGenerator Fluid cooler I

TurblneOe_erator Fluld f11ter I

TurbineGenerator Fuse 2

Turbine Generator Gasket 4

Turbtne Generator Generator conformable layer 1
Turbtne Generator Generator exct tar 8

Turbtne Generator Generator starer coils 1

Turbtne Generator Governor 1

Turbine Generator Hatch 1

Turbine Generator Human 128

Turbine Generator Hydraul4c control system 2

Turbtne Generator Impel Let 1

TurbineGenerator Indicator 2

Turbtne Generator Inst rumantat t on 1

Turbtne Generator Insu[ at ton 1

Turbine Generator Level controller 1
Turbtne Generator Level swttch 1

Turbine Generator Level transmitter 3

TurbineGenerator Llmlt _ttch 4

Turbine Generator Main steam line instrument rack 1

Turbtne Generator Manual valve 1

Turbtne Generator Motor operated disconnect 1
Turbine Generator Otl ltne 1

TurbineGenerator Ortftce l_

Turbine Generator' Pi lot valve 1

Turbine Generator ptpe 9

Turbine Generator Potent fometer 4
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ReactorTripe Countedby BOP Componentand By_to,m

BOP8yet_ _ Covenant No, of Trtp,

Turbine generator Power .uppty 3

Turbine Oener.tor Power supply+ Cll.cult o.rd 1
Turbinegenerator Pressureoontrolvalve I

Turblnogenerator Pressure tlmiter I

Turblnofloner_tor Pressureregulator 4

TurbineOenerator Pressureregulatorvalve I

Turbinegenerator Pressure.ansor I

Turblnegenerator Pressure mwltoh 4

TurblneGenerator Pressuretran_duoer I

Turbine(_enerator Pressuretransmitter 4

Turblnegenerator Pump 7

Turbinegenerator Reclroutatlonvalve I

Turbine generator Rectifier' banks cooler I

Turbine generator Regulator valve 1

Turbine generator Relay 9

Turbine generator' Relay contaots 4

Turbine Oenerator ReLay contacts+ Roller wheel 1

Turbine generator Relays+ Circuit card 1
Turbinegenerator Relief device I

, Turbtne generator Relief valve 4

Turbine generator Rotor collector' ring 1

Turbtne generator Rubber expansion joint 1
Turbine generator Seal 2

Turbine generator Senuor 2

Turbine generator Solenoid valve 4

Turbinegenerator Speedcontroller I

Turbine generator Slater coil 1

Turbinegenerator Stop va(re 2

Turbine Generator Strainer, Ortflce 1

Turbinegenerator switch 3

TurbineGenerator Switch,gauge i

Turbinegenerator TemperaturecontroLLer I

Turbinegenerator Temperaturesensor I

Turbine Generator Temperature switch 1
Turbine Generator Test switch 1

Turbine generator Thrust bearing wear detector 3

TurbineGenerator Transducer 2

Turbine Generator Transfer valve I

Turbinegenerator Transformer 6

TurbineGenerator Trip Latch I

Turbine Generator Trip circuit 1

Turbine generator Trip switch 1

Turbine Generator Tube 9

TurbineGenerator Turbine 5

TurbineGenerator Turbinebearing I

TurbineGenerator Turblnebearingwear detector I

TurbineGenerator Turbinebypass valve 5

TurbineGenerator Turbinecontrolvalve I

TurbineGenerator Turblnogovernor 4
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RenotorTrlpuCountedby@Or _ompormntundsy.tomu

BOPOyetem BO_Co#_onent No,of Trlp.

TurblneOenerator Turbqnegovernorvalve 9

?urb(neGenerator Turb(negovernorvalve,byp_u_vulva 1
Turbine generator Turbine headerpre,,, hand/auto,tartan 1
Turbine 6enerator Turbine atop valve 3
Turbine generator Unknown _5
Turbine Oenerator VaLve 7
Turbine Qeneretor Vibration deteator 1
Turbine generator Vibration tndiomtor 1
Turbine generator Voltage regulator 2
Turbine generator Weld I

TurblneQeneretor WIre 4

t_ubtotalI 419

Turbine generator. Feedwater Retay. Turb+nefeedpumpaoupl+ng 1

Subtotal= 1

Unknown Unknown i

Subtotalt I

Total No. of Trlpaz 1405
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APPENDIXB

MaturePlants'FeedwaterPumpingCapacity



MATURE PLANTS_ FEEDWATERPUMPINGCAPACII'Y

Trips per CriticalYear
"N-I" Jan, ], 1984-early 1988
Capacity Number of FW Pumps

Dresden 2 I00 3M 5 0 2,1 2,1
Dresden3 I00 3M 8 9 3,4 3,0
Ft, Calhoun I00 3M 0 3 0 0
Nine Mile i 100 3(M/l') 3 0 0,9 0,9
North Anna I I00 3H 4 4 2,2 1,5
North Anna 2 I00 3M I B 0 0
Zion I i00 3(M/T) 3,6 1 1 0 7
Zion 2 I00 3()M/T 3.1 i 4 1 0
Millstone I 87 3M 2,4 0 6 0 3
ANO-I BO 2T 4,6 3 0 3 0
Rancho Seco 80 2T 8,5 4 3 3 2
Sequoyah I 78 2T 3 5 0 9 0 9
Sequoyah 2 78 2T 5 3 3 8 1 5
Peach Bottom 2 72 3T 4 2 I 8 I 2
Peach Bottom 3 72 3T 5 B 2 7 I 3
DC Cook 1 70 2T 3 6 2 2 i 8
DC Cook 2 70 2T 6 8 2 3 I 9
Trojan 70 2T 3 6 I 5 0 9
Duane Arnold 68 2M 1 4 0 4 0
Grand Gulf 67 3T 12 6 5 2 1,0
V,C, Summer 67 3T 6 3 2 7 0,7
SusquehannaI 67 3T 2 5 0 4 0,4
Prairie IslarldI 65 2M 1 I 0 B 0,6
Prairie Island? 65 2M 0 3 0 0
ANO 2 60 2T 4 6 1 2 1 2
Robinson 2 60 2M 4 8 2 0 2 0
TMI I 60 2T 4 7 1 2 1 2
Turkey Point 3 60 2M 6 9 0 8 0 7
Turkey Point 4 60 ?M 5 I 0 8 0 4
Indian Point 2 55 2T 6 8 3 9 3 6
Millstone2 55 2T 3 5 1 9 1 3
St, Lucie I 55 2M 2 5 1 9 1 6
Surry I 55 2M 3 4 1 4 0
Surry 2 55 2M 5 2 2 6 1 5
Beaver Valley I 50 2M 3 7 0 6 0 6
Conn, Yankee 50 2M 3 2 I 8 0 7
Davis-Besse 50 2T 4 9 3 8 2 7
Diablo Canyon I 50 2T 6 4 2 I I 3
Farley I 50 2T 2 6 1 4 1 2
Farley 2 50 2T 2 i I 5 0 9
Fitzpatrick 50 2T 4 2 1 6 0 3
Ginna 50 2M 2 6 0 3 0 3
Indian Point 3 50 2T 7 7 4 9 3 5
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MATUREPLANTSFEEDWATERPUMPINGCAPACITY(Continued)

Tripsper CriticalYear
"N-I" Jan, I, 19B4 - early1988
Capacity Numberof FW Pump_

P.]__I11.__ _ _'(%):.... (M-motorlT-turb_n_o_)__ _ Z_WC___GgtZLt_CQI

Kewaunee BO 2M 4,1 1,8 I,B
Palisades 50 2T B,4 0,6 0
PointBeachI 50 2M 0,7 0,0 0,0
PointBeach2 BO 2M 0,7 0,0 0,0
SalemI BO 2T B,8 3,6 2,2
Salem2 BO 2T 12,3 5,5 4,7
San OnofreI BO 2M 1,B 0 0
SanOnofre2 BO 2M 3,8 2,3 0,4
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APPENDIX H

BOP Trips by Plant with NSSS Vendor and A/E



Reactor Tr|l_ Counted by Plant

(with Associated NSSS Vemtors

and by A/E Firms

Plant Name NSSS Vendors AlE F_rms No. of Trips

Arkansas Nuclear One - 1 B & g Bechtel 14

Arkansas Nucl.ear One - 2 CE Bechtel 12

Beaver Valley 1 W Duquesne Light/Stone & Webster 14

Beaver Valley 2 W Duquesne Light/Stone & Webster 12

Big Rock Point GE Bechtel 6

Braidwood 1 W Sargent & Lundy 9

Braidwood 2 W Sargent & Lundy 10

Browns Ferry 1 GE TVA 4

Browns Ferry 2 GE TVA 1

Browns Ferry 3 GE TVA 3

Brunswick 1 GE United Engineers 11

Brunswick 2 GE United Engineers B

Byron 1 W Sargent & Lurch/ 20

Byron 2 W Sargent & Lundy 13

Callaway 1 W Bechtel 33

Calvert Cliffs 1 CE Bechtel 20

Calvert Cliffs 2 CE Bechtel 11

Catawba 1 W Duke Power Company 18

Catawba 2 W Duke Power Company 21

Clinton 1 GE Sal'gent & Lundy 9

Connecticut Yankee g Stone & Webster 10

Cook 1 W American Electric Power 10

Cook 2 W American Electric Power 18

Cooper GE Burns & Roe 13

Crystal River ] B & W Gilbert 14

Davis Besse B & g Bechtel 13

Diablo Canyon 1 g Pacific Gas & Electric 18

Diablo Canyon 2 W Pacific Gas & Electric 21

Dresden 2 GE Sargent & Lundy 14

Dresden ) GE Sargent & Lundy 22

Duane Arnold GE Bechtel 5

Farley 1 W Southern Company and Bechtel 10

Farley 2 W Southern Company and Bechtel 7

Fermi 2 GE Detroit Edison and S & L 20

Fitzpatrick GE Stone & Webster 13

Fort Calhoun 1 CE Gibbs and Hilt 1

Ginna W Gilbert 11

Grand Gulf 1 GE bechtel 27

Hatch 1 GE Southern Company and Bechtel 15

Hatch 2 GE Southern Company and Bechtel 18

Hope Creek 1 GE Bechtel 16

Indian Point 2 W United Engineers 23

Indian Point 3 W United Engineers 26

Kewaunee W Fluor Pioneer 16

LaSatle I GE Sargent & Lundy 16

LaSalle 2 GE Sargent & Lur_y 13

Limerick GE Bechtel 5



Reactor Trips Counted by Plant

(with Aasoc|ated NSSS Vendors

and by A/E F t ras

Plant Name NSSS Vendors A/E Ftrm No. of Tr4ps

Maine Yankee CE Stone & Webster 25

McOuire I W Duke Power Con_)any 11

McGuire 2 W Duke Power Company 27

Mi llstone 1 GE Ebasco 9

Mi llstone 2 CE Bechtel 11

Mi l lstone 3 W Stone & Webster 22

Monttcet lo GE Bechtel 8

Nine Mi le Point 1 GE Niagara Mohawk Power Corp. 10

Nine Mi le Point 2 GE Stone & Webster 15

North Anna I W Stone & Webster 16

North Anna 2 W Stone & Webster 7

Oconee 1 B & W Duke anti Bechtel 9

Oconee 2 B & W Duke aim Bechtel 9

Oconee ] B & g Duke and Bechtel 9

Oyster Creek GE Burns & Roe and GE (Turnkeyt) 11

Pat t sades CE Bechtel 9

Palo Verde 1 CE Bechtel , 17

Palo Verde 2 CE Bechtel 9

Peach Bottom 2 GE Bechtel 8

Peach Bottom 3 GE Bechtel 13

Perry I GE Gilbert 13

Pi Lgrim GE Bechtel 6,

Point Beach 1 W Bechtel ]

Point Beach 2 W Bechtel 3

Prairie Island I W Fluor Pioneer 5

Prairie Island 2 W FLuor Pioneer 1

Quad Ci ties 1 GE Sargent & Lundy 7

Quad Cit i es 2 GE Sargent & Lur_dy 11

Rancho Seco B & W Bechtel 11

River Bend 1 GE Stone & Webster 22

Robinson 2 W Ebasco 15

Salem 1 W Public Service Electric & Gas 19

Salem 2 W Public Service ELectric & Gas 31

San Onofre I W Bechtel 3

San Onofre 2 CE Bechtel 11

San Onofre 3 CE Bechtel 10

Sequoyah 1 W TVA 6

Sequoyah 2 W TVA 11

Shearon Harris I W Ebasco 21

Shoreham GE Stone & Webster I

South Texas 1 W Bechtel 3

St= Luc_e 1 CE Ebasco 12

St. Lucie 2 CE Ebasco 20

Summer I W Gilbert 19

Surry I W Stone & Webster 10

Surry 2 W Sto,'_ & Webster 17

Susquehanna 1 GE Bechtel 9



Reactor Trips Counted by Plant
(with Associated NSSSVendors

and by A/E Firms

Plant Name NSSSVendors A/E Firms No. of,Trips

Susquehanna2 GE Becht • t 10
Three HtLe island 1 B & W GiLbert 10

Trojan W Bechtel 12

Turkey Poin. 3 W Bechtel 17

Turkey Point 4 W Bechtel 1]
Vermont Yankee GE Ebasco '8

Vogtle 1 W Bechtel 21
WPPSS2 GE Burns & Roe ]0

Waterford ] CE Ebasco 27

Wolf Creek 1 W Bechtel and Sargent & Lundy 24
Yankee-Rowe W Stone &'Webster 9

Zion 1 W Sargent & Lur_dy 14

Zion 2 W Sargent & Lundy 11

Total No. of Trips: 1405



APPENDIX I

BOP Trips as a Functionof Power Level



L4st|ng of Reactor Trips by Power Level

PLant Name 0-5_ 5-25_ 25-50X 50-75X 75-100_ Total

Arkansas Nuclear One - 1 0 3 2 1 8 14

Arkansas Nuclear One - 2 2 1 0 1 8 12
Beaver Valley 1 0 ; 2 0 8 14

Beaver Valley 2 0 2 1 3 6 12
Big Rock Point 1 4 0 0 1 6

Braidwood 1 3 1 2 0 3 9

Braidwood 2 2 3 2 1 2 10

Browns Ferry 1 1 1 0 0 2 4

Browns Ferry 2 0 0 0 1 0 1

Browns Ferry 3 1 0 1 0 1 3

Brunswick 1 1 0 3 1 6 11

Brunswick 2 1 0 0 2 5 8

Byron 1 0 7 4 0 9 20

Byron 2 1 5 1 0 6 13

Callaway 1 7 4 4 3 15 33

Calvert CLiffs 1 1 2 2 1 14 20

Calvert CLiffs 2 0 1 1 0 9 11

Catawba 1 0 5 0 3 10 18

Catawba 2 1 7 4 2 7 21
Clinton 1 1 2 0 3 3 9

Connecticut Yankee 1 0 1 1 7 10

Cook 1 1 2 0 2 5 10
Cook 2 5 3 0 1 9 18

Cooper 1 2 3 3 4 13

Crystal River 3 1 4 0 3 6 14
Davis Besse 2 1 4 1 5 13

Diablo Canyon 1 1 6 5 1 5 18

Diablo Canyon 2 0 5 7 1 8 21

Dresden 2 3 0 2 2 7 14

Dresden 3 2 4 3 1 12 22

Duane Arnold 1 0 0 1 3 5

Farley 1 0 1 1 0 8 10

Farley 2 0 2 1 1 3 7
Fermi 2 8 7 3 1 1 20

Fitzpatrick 0 2 1 2 8 13

Fort Calhoun 1 0 0 0 0 1 1

Ginna 2 1 1 0 7 11

Grand Gulf 1 3 4 1 8 11 27

Hatch 1 0 1 1 3 10 15

Hatch 2 1 1 3 0 13 18

HopeCreek 1 3 1 1 1 10 16

indian Point 2 5 4 3 1 10 23

Indian Point 3 2 5 1 3 15 26

Kewaunee 4 4 0 2 6 16

LaSatle 1 1 0 1 6 8 16

LaSalte 2 1 2 1 3 6 13

Limerick 1 0 1 0 3, 5

Matrm Yankee 1 6 0 5 13 25

McGuire 1 0 0 0 2 9 il



Listing of Reactor Trips by Power Level

Plant Name 0-5_ 5-25_ 25-50_ 50-75_ 75-100_ Total

McOutre 2 0 3 1 0 23 27

M_t[stone I I I I I 5 9

MILlstone 2 0 2 1 1 7 11

Millstone 3 0 10 2 1 9 22

Monticello 1 0 0 1 6 B

Ntne Mt[e Potnt 1 3 1 0 0 6 10

Nine Mile Point 2 3 1 6 2 3 15

North Anna 1 0 4 0 0 12 16

North Anna 2 I 0 0 I 5 7

Oconee I 0 I 2 I 5 9

Oconee2' 0 0 I I 7 9

Oconee 3 0 2 I 2 4 9

Oyster Creek 3 I I 0 6 11

Palisades 0 0 3 3 3 9

Palo Verde 1 1 3 2 4 7 17

Palo Verde 2 0 2 2 I 4 9

Peach Bottom 2 I 0 2 I 4 8

Peach Bottom 3 3 0 2 1 7 13

Perry 1 3 1 3 4 2 13

Pilgrim I 2 I 0 2 6

Polnt Beach I 0 0 0 0 3 3

Point Beach 2 I 0 0 0 2 3

P_'atrte Island 1 1 2 0 0 2 5

Prairie Island 2 0 0 0 0 1 1

Quad Cities 1 1 1 0 2 3 7

Quad Cities 2 1 0 1 0 9 11

Rancho Seco 0 3 1 3 4 11

River Bend I 6 3 2 6 5 22

Robinson 2 I 4 0 4 6 15

Salem I 0 3 0 3 13 19

Salem 2 3 7 2 6 13 31

San Onofre I 0 0 0 0 3 3

San Onofre 2 I 0 0 I 9 11

San Onofre 3 0 ,2 I 0 7 10

Sequoyah I 0 I 0 I 4 6

Sequoyah 2 0 4 I I 5 11

Shearon Harris I I 3 5 3 9 21

Shoreham I 0 0 0 0 I

South Texas 1 0 1 0 0 2 3

St. Lucie I I 2 I 0 8 12

St. Lucie 2 0 6 3 I 10 20

Summer I 0 6 _ I 11 19

Surry I 0 4 I 0 5 10

Surry 2 I 8 I 0 7 17

Susquehanna I 0 I I 2 5 9

_usquehanna 2 2 0 2 1 5 10

Three Mile Island I I 3 0 I 5 10

Trojan 0 I 2 I 8 12

Turkey Point 3 I 2 4 I 9 17
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Listing of Reaotor Trtps by Power Level

Plant Name 0-5_ 5-25X 25-50_ 50-75_ 75-100_ Total

Turkey Point 4 0 1 1 0 11 13
Vermont Yankee 1 2 0 0 5 8

Vogtle 1 2 5 1 0 13 21
WPPSS2 3 13 6 2 6 30

Waterford 3 2 8 0 3 14 27

Wolf Creek 1 3 4 4 1 12 24

Yankee-Rowe 2 0 0 1 6 9

Z4on 1 3 4 2 1 4 14

Zion 2 4 3 0 0 4 11

Total No. of Trips: 137 261 i48 148 711 1405
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LISTINGOF OPERATINGNUCLEARPOWER PLANTS

NAME OF PLANT OL DATE POWER NSSS A/E T/G MFG,

Arkansas NuclearOne I 12/01/74 836 B & W Bechtel W

Arkansas NuclearOne 2 07/IB/78 BSB CE Bechtel GE

Beaver Valley I 01/30/76 810 W Duquesne W
Light &
Stone &
Webst

Beaver Valley 2 08/01/87 830 W Duquesne W
Light/Stone
& Webster

Big Rock Point 08/30/62 69 GE Bechtel GE

Braidwood I 05/21/87 1120 W S & L W

Braidwood2 12/18/87 1120 W Sargent & W
Lundy

Browns Ferry I 12/20/73 1065 GE TVA GE

Browns Ferry 2 08/02/74 1065 GE TVA GE

Browns Ferry 3 08/18/76 1065 GE TVA GE

Brunswick I 11/12/76 790 GE United GE
Engineers

Brunswick2 12/27/74 790 GE United GE
Engineers

Byron I 02/14/85 1120 W S & L W

Byron 2 01/30/87 1120 W S & L W

Callaway I 06/I1/84 1150 W Bechtel GE

CalvertCliffs i 07/31/74 845 CE Bechtel GE

CalvertCliffs 2 08/13/76 B45 CE Bechtel W
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LISTINGOF OPERATINGNUCLEAR POWER PLAN'rS

NAME OF PLANT OL DATE POWER NSSS A/E T/(_MFG,

Catawba I 06/OI/aB l14B W Duke Power GE
Company

Catawba2 OB/OI/B6 II4B W Duke Power GE
Company

Clinton I 04/17/87 gao GE Sargent& GE
Lundy

ConnecticutYankee 06/30/67 B82 W Stone & W
' Webster

Cook I I0/2B/74 1030 W American GE
Electric
Power

Cook 2 12/23/77 1100 W American Brown Boveri
Electric
Power

Cooper 01/18/74 778 GE Burns & Roe W

CrystalRiver 3 12/03/76 837 B & W Gilbert W

Davis Besse 04/22/77 906 B & W Bechtel GE

DiabloCanyon I 09/22/81 1086 W PacificGas W
& Electric

DiabloCanyon 2 08/26/85 1119 W PacificGas W
and Electric

Dresden2 12/22/69 794 GE Sargent& GE
Lundy

Dresden3 01/12/71 794 GE Sargent& GE
Lundy

Duane Arnold 02/22/74 538 GE Bechtel GE

Farley I 06/25/77 829 W Southern W
Companyand
Bechtel
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LISTINGOF OPERATINGNUCI,EAR POWERPI.ANTS

NAMEOF PLANT OL DATE POWER NSSS A/E 'I'/GMFG,

Farley2 10/Z3/BO B2g W Southern W
Companyand
Bechtel

Fermi2 03/20/55 1093GE Detroit English
Edisonand S Electric
&L

Fitzpatrick 10/11/74 816 GE Stone& GE
Webster

FortCalhoun 05/24/73 492 CE Qibbsand GE
Hill

Ginna 09/19/69 470W Gilbert W

GrandGulf I 07/01/52 1250GE Bechtel Allis-Chalmers

HatchI 05/06/74 786 GE Southern GE
Companyand
Bechtel

Hatch2 06/13/78 795 GE Southern GE
, Companyand

Bechtel

Hcp_CreekI 07/26/56 1067GE Bechtel GE

IndianPoint2 09/28/73 873 W United W
Engineers

IndianPoint3 12/12/75 965 W United W
Engineers

Kewaunee 12/21/13 535 W Fluor W
Pioneer

La Crosse 11/01/69 50 Allis Sargent & Allis Chalmers
Chalmers Lundy

La Salle I 04/17/82 1078 GE S & L GE

La Salle 2 12/16/83 1078 GE S & L GE
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LISTINGOF OPERATINQNUCLEARPOWER PLANTS

NAME OF PLANT OL DATE POWER NSSS A/E T/G MFG,

Limerick ]0/26/84 I055 GE Bechtel GE

Maine Yankee 06/01/73 B2B CE Stone & W
Webster

Mcguire I 06/2g/81 1180 W Duke Power W
Company

Mcguire 2 03/01/83 1180 W Duke Power W
Company

Millstone I 10/07/70 660 GE Ebasco GE

Millstone 2 08/01/7B 870 CE , Becht'el GE

Millstone3 01/31/86 1150 W Stone & GE
Webster

Monticello 09/08/70 536 GE Bechtel GE

Nine Mile Point I 05/22/69 610 GE Niagara GE
Mohawk Power
Corp,

Nine Mile Point 2 10/31/86 1080 GE Stone & GE
Webster

North Anna I 11/26/77 915 W Stone & W
Webster

North Anna 2 05/21/B0 915 W Stone & W
Webster

Oconee I 02/06/73 860 B & W Duke and GE
Bechtel

Oconee 2 10/06/73 860 B & W Duke and GE
Bechtel

Oconee 3 07/19/74 860 B & W Duke and GE
Bechtel

Oyster Creek 04/09/69 620 GE Burns & Roe GE
and GE - TURNKEY i
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LISTINGOF OPERATINGNUCLEAR POWER PLANTS

NAME OF PLANT OL DATE POWER NSSS A/E T/G MFG,

Palisades 10/01/72 777 CE Bechtel W

Palo Verde I 12/31/84 1270 CE Bechtel GE

Palo Verde 2 12/Og/BB 1270 CE Bechtel GE

Palo Verde 3 03/2B/Bl 1270 CE Bechtel GE

Peach Bottom 2 08/08/73 1065 GE Bechtel GE

Peach Bottom 3 07/02/74 1065 GE Bechtel GE

Perry I 03/1B/B6 1205 GE Gilbert GE

Pilgrim 06/08/72 670 GE Bechtel GE

Point Beach I 10/05/70 497 W Bechtel W

Point Beach 2 05/25/72 497 W Bechtel W

PrairieIsland I OB/Og/73 B20 W Fluor W
Pioneer

PrairieIsland 2 10/29/74 520 W Fluor W
Pioneer

Quad Cities I 10/01/71 789 GE S & L GE

Quad Cities 2 04/06/72 789 GE S & L GE

Rancho Seco 08/16/74 916 B & W Bechtel W

River Bend I 11/20/85 940 GE Stone & GE
Webster

Robinson 2 09/23/70 665 W Ebasco W

Salem i 04/06/77 1090 W Public W
Service
Electric &r

Gas

Salem 2 08/18/81 1115 W Public W
Service

m
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LISTINGOF OPERATINGNUCLEARPOWER PLANTS

NAME OF PLANT OL DATE POWER NSSS A/E T/G MFG.

San Onofre I 03/27/67 436 W Bechtel W

San Onofre 2 09/07/82 1070 CE Bechtel GEC Turbine
Generators,
Ltd.

San Onofre, 3 09/16/83 1080 CE Bechtel GECTurbine
Generators,
Ltd.

Sequoyah I 09/17/80 1148 W TVA W

Sequoyah 2 09/15/81 1148 W TVA W

ShearonHarris I 01/12/87 860 W Ebasco W

Shoreham 12/31/99 809 GE Stone & GE
Webster

South Texas I 03/22/88 1250 W Bechtel W

St Lucie I 03/01/76 810 CE Ebasco W

St. Lucie 2 04/06/83 810 CE Ebasco W

Summer I 08/06/82 900 W Gilbert GE

Surry I 05/25/72 781W Stone & W
Webster

Surry 2 01/29/73 781W Stone & W
Webster

SusquehannaI 07/17/82 1050 GE Bechtel GE

Susquehanna2 03/23/84 1050 GE Bechtel GE

Three Mile Island I 04/19/74 792 B & W Gilbert GE

Trojan 11/21/75 1130 W Bechtel CE

Turkey Point 3 07/19/72 728 W Bechtel W

Turkey Point 4 04/I0/7_ 728 W Bechtel W
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LISTINGOF OPERATINGNUCLEAR POWER PLANTS

NAME OF PLANT OL DATE POWER NSSS A/E T/G MFG.

Vermont'Yankee 02/28/73 514 GE Ebasco GE

Vogtle I 01/16/87 1160W Bechtel GE

WPPSS 2 12/20/83 1150 GE Burns & Roe W

Waterford3 12/18/84 1165 CE Ebasco W

Wolf Creek 03/11/85 1150 W Bechtel and GE
Sargent &
Lundy

Yankee-Rowe 07/09/60 175 W Stone & W
Webster

Zion I 04/06/73 1040 W, S & L W

Zion2 11/14/73 1040 W S & L W
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Listing of Critical Hours for Each Plant

During 1984 - 1988 Period

Plant Name Critical Critical Crltlcat Cri'tlcalCritical 5-Yr Total

Hours Hours Hours Hours Hours Critical

1984 1985 1986 1987 1988 Years

Arkansas Nuclear One - I 6222.4 7005.4 5536.5 7855.7 6156.60 ._.70

Arkansas Mucl_:ar One - 2 7631.9 6377.4 6370.0 7715.4 6032.00 _.89

Beaver Valley I 6476.3 8245.3 6243.8 7339.4 7066.70 4.03

Beaver Valley 2 0.0 0.0 O.O 965.5 8283.8/3 1.05

Big Rock Point 6981.9 6539.5 8387.3 6214.6 6394.2_) 3.94

Braldwood I 0.0 0.0 0.0 3059.7 3510.4(J 0.75

Braidwood 2 0,0 0.0 0.0 O.O 1517.20 0.17

Browns Ferry I 8067.4 !647.7 0.0 0.0 0.00 1.11

Browns Ferry 2 5895.7 0.0 0.0 0.0 0.00 0.67

Browns Ferry 3 700.7 1517.5 0.0 0.0 0.00 0.25

Brunswick I 7023.8 3409.6 8317.6 5788.7 6660.70 3.56

Brunswick 2 2650.1 7134.8 4232.4 8328.4 5645.80 3.19

Byron I 0.0 1281.0 7820.9 6210.3 6485.10 2.49

Byron 2 0.0 0.0 0.0 2327.2 8676.00 1.25

Callaway I 302.5 8161.0 7306.6 6227.7 8202.10 3.44

Calvert Cliffs I 7531.0 5367.6 6906.2 6615.5 6398.50 3.74

Calver_.Cliffs 2 6630.2 6884.2 8443.0 5957.8 7827.10 4.08

Catawba I 0.0 3612.4 5425.2 6076.4 7070.30 2.53

Catawba 2 0.0 0.0 1392.9 7212.8 6496.80 1.72

Clinton I 0.0 0.0 0.0 898.3 7399.40 0.94

Connecticut Yankee 6515.6 8682.4 5050.9 4728.9 6177.00 3.55

Cook I 8085.9 2595.6 7536.4 6000.6 8433.80 3.72

Cook 2 5294.8 5948.8 5560.5 6283.1 2715.50 2.94

Cooper 5952.6 2057.5 6570.I 8424.2 5967.90 3.30

Crystal River 3 8346.5 4385.3 3691.4 5333.6 7457.30 3.33

Davis Besse 5529.0 2846.6 178.0 7425.7 2126.70 2.06

Diablo Canyon I 967.0 5295.6 5967.4 8475.7 5682.30 3.01

Diablo Canyon 2 0.0 1361.0 6857.0 6058.8 6190.70 2.33

Dresden 2 6511.4 4961.6 7110.1 5763.7 6974.90 3.57

Dresden 3 3889.0 6718.8 2756.8 7208.7 6346.30 3.07

Duane Arnold 6627.1 4733.2 7350.2 5668.3 6609.90 3.53

Farley I 7005.8 7504.1 7276.4 8307.2 7428.30 4.28

Farley 2 8375.7 6888.1 7549.7 6537.7 8784.00 4.35

Fermi 2 0.0 0.0 869.8 5147.8 5022.50 1.26

Fitzpatrick 7087.2 5799.6 8075.8 6151.3 6060.60 3.78

Fort Calhoun I 5386.3 6466.1 8485.2 6608.3 6510.00 3.82

Ginna 6848.7 7838.5 7716.7 8014.5 7679.20 4.34

Grand Gulf I 1010.1 2883.4 5624.6 7203.3 8498.10 2.88

Hatch I 5638.7 6907.5 5521.2 7191.7 6008.80 3.57

Hatch 2 3108.7 7373.1 6451.7 8519.6 6359.20 3.63

Hope Creek I 0.0 0.0 2037.9 7570.1 7089.50 1.90

Indian Point 2 4718.4 8504.1 5101.7 6347.3 7492.10 3.67

Indian Point 3 6941.6 5901.1 6581.6 5496.5 7312.70 3.68

Kewaunee 7570.5 7266.5 7584.3 7860.9 7755.60 4.34

LaSalle I 6280.0 5757.5 2396.6 5609.1 5931.10 2.96

LaSalle 2 1611.8 3777.5 6613.9 4781.4 6648.20 2.67

Limerick 0.0 3420.1 6717.0 6127.0 8476.30 2.82

Maine Yankee b666.8 7037. i 7790.5 5724.4 6949.70 s.gG
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Listing of Critical Hours for Each Plant
During 1984 - 1988 Period

Plant Name Critical Critical Critical Critical Critics[ 5-Yr Total

Hours Hours Hours Hours Hours Critical

1984 1985 1986 11987 1988 Years

NcGutre 1 6090.8 6842.4 5022,2 6835.7 6783,80 3.60

McGutre 2 6138.3 5490.5 5770.4 7046.9 7313.50 3.62

Mit/stone I 6990.2 ?324.4 8276.5 6970.7 8661.60 4.36

Millstone 2 8596.8 4460.7 6599.6 8242.0 6953.10 3.97

Millstone 3 0.0 0.0 5412.8 6350.7 7196.30 2.16

Mont_cetto 810.6 8163.0 6984.9 7173.6 8768.70 3.64
Nine Mile Potnt 1 6414.0 8524.0 5823.5 8171.2 0.00 3.30

Nine Mtts Point 2 0.0 0.0 0.0 1638.9 2982.30 0.53

North Anna 1 4759.9 6938.8 7560.0 4585.4 8019.50 3.63

North Anna 2 6136.0 8534.4 7301.3 6842.2 8734.90 4.28

Oconee 1 7452.4 8453.3 5948.7 6913.9 8769.00 4.28

Oconee 2 8784.0 6740.3 7253.7 8604.9 6989.20 4.38

Oconee3 6520.7 6140.9 7835.4 6142.2 7229.70 3.86

Oyster Creek 1700.0 6818.5 2389.1 5620.0 5789.00 2.55

Palisades 1550.5 7490.2 1490.5 4226.6 4990.40 2.25

Palo Verde I 0.0 2450.7 5112.5 4589.7 5762.90 2.04

Palo Verde 2 0.0 0.0 2217.9 6984.2 5750.00 1.71

Palo Verde 3 0.0 0.0 0.0 726.9 8201,70 1.02

Peach Bottom2 2583.9 2910.6 7272.8 1729.8 0.00 1.65

Peach Bottom3 7757.7 4055.7 5929.6 1823.2 0.00 2.23

Perry 1 0.0 0.0 0°0 81'1.3 6939.10 0.88
Pilgrim 170.3 8159.0 1715.5 0.0 0.30 1.15

Point Beach 1 6420.1 6974.4 7905.4 7389.4 7847.70 4.17

Point Beach 2 ?544.2 7576.2 7262.7 7583.1 7707,80 4.30

Prairie Island 1 8321.3 7363.2 7898.1 7287.6 7835.60 4.41

Prairie Island 2 7844.0 7408.6 7972.1 8760.0 7813.90 4.54

Quad Cities 1 4766.9 6339.0 6151.3 6251.6 8477.90 3.88

Quad Clties2 6988.6 6361.8 6448.0 6941.4 6292.80 3.77

Rancho Seco 5338.8 2874.6 0.0 0.0 5543.80 1.57

River Bend 1 0.0 0.0 4777.5 5995.1 8279.80 2.17

Robinson 2 616.1 7859,8 7118.3 6354.3 5791.40 3.16

Salem 1 2672.3 8361.9 7097.2 6412.5 6937.10 3.59

Salem 2 3386.0 5231.2 5629.4 6423.0 5992.80 3.04

San Onofre I 888.6 6783.8 2975.3 7382.9 3817.70 2.49

San Onofre 2 5272.4 5235.8 6479.1 6192.5 8286.30 3.59

San Onofre 3 4395.2 4789.9 7402.2 7135.2 5930,80 3.38

Sequoyah I 6206.I 3797.2 0.0 0.0 379,50 I.18

Sequoyah2 6334.0 5289.4 0.0 0.0 5202.10 1.92

ShearonHarris I 0.0 0.0 0.0 4449.9 6585.10 1.26

South Texas I 0.0 0.0 0.0 0.0 2496.90 0.28

St. Lucie I 5555.2 7134.7 8424.0 6971.6 7554,30 4.06

St. Lucie2 7379.2 7442.7 7326.7 7382.3 8784.00 4.37

SummerI 5553.4 6439.9 8453.2 6222.4 6067.70 3.73

Surry I 5293,7 7935.4 6233.2 6178.3 3755,20 3.35

Surry 2 7435.3 5936.5 6171.1 6555.2 5028.30 3.55

SusquehannaI 6549.3 5598.5 6196.3 6464.6 8289.70 3.77

Susquehanna2 2145.9 7121.2 5946.6 8484.0 6156.90 3.41

Three Mile IslandI 0.0 2084.8 6268.6 6435.2 6760.90 2.45
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Listing of Critical Hours for Each Plant

During 1984 - 1988 Period

Plant Name CriticalCritical CriticalCriticalCritical 5-Yr Tots(

H_urs ,Hours Hours Hours Hours Critical

'1984 1985 1986 198T 1988 Years
i

/

Trojan / 4895.4 6804.T 7064.1 4730.5 5925.30 3.36
TurkeyPoint 3 736_.6 5405.0 6988.1 1909.7 5408.10 3.09

TurkeyPoint 4 5079.8 7916,8 3048.1 4503.2 5050.10 2.92

VermontYankee 7115.2 6297.2 4359.6 7374.6 8404.40 3.83

Vogtle I 0.0 0.0 0.0 4048.1 6822.30 1.24

WPPSS 2 416.5 6899.7 6391,5 6199.4 6310.90 2.99

Waterford3 0.0 1868.7 7011.6 7224.3 6624.50 2.59

Wolf Creek I 0.0 2790.3 6523.6 6152,6 6117.60 2.46

Yankee-Rowe 6398.6 7598.3 8343.5 7248.2 7486.70 4.23

Zion I 6319.8 5321.2 5491.0 6877.3 6723.90 3.50

Zlon 2 6285,2 5909.2 7783.5 5569.7 7004.60 3.71

*** Total *** 315.17
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APPENDIXL

SOURCESOF INFORMATION

This study of the safety significanceof balance-of-plantsystems failures

drew upon a broad range of informationsources, The primarysource for

quantitativeanalyseswas the LicenseeEvent Report (LER)data base

sponsoredby NRC and currentlymaintainedby Oak Ridge National Laboratory,

The LER data base was used to developa study data base of BOP-related

reactortrips. The developmentand use of the BOP data base are described,

respectively,in Sections 2 and 3 of the report,

In addition,the study includedan extensivereview of other studies and

activitiesby the NRC, its contractors,and nuclear industryorganizations,

In this appendix,synopsesare providedof the documentsreviewed for the

study. Summariesof activitiesthat also served as informationsources are

also included,

The material presented in this appendix is organized in eight subsections:

I. NUREGReports and Inspection Reports

2. Information Resulting from NRCRequirements and Requests

3 Unresolved Safety Issues and Generic Issues

4 Maintenance Rulemaking Activities

5 The Precursor Identification Program

6 ACRSInformation and Meetings
7 AEODActivities

8 Efforts by Utilities and Industry Groups,

L.I .NUREGReportsand InspectionReports

Following are synopses of the NUREGsand Inspection Reports reviewed in

preparation for the analyses conducted in this study.

NUREG-1115,"Categorizationof ReactorSafety Issues from a Risk

Perspective,"March 1985

NUREG-1115reports on the results of a categorization and ranking of

reactor safety issues based on risk considerations. With regard to the
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portions of the program relevantto BOP systems,the risk-based

importancerankingwas generallyconsistentwith importanceranking

of data derived from LicenseeEvent Reports (LERs),i.e,, hardware

failuresand human errors were highly ranked, Other issue areas with

high rankingswere initiatingevents, system responses,and accident

sequenceanalysis.

NUREG-1206,"Analysisof French (Paluel)PressurizedWater Reactor

Design DifferencesComparedto CurrentU.S. PWR Designs,"June 1986

The NRC staff identified25 differencesb(_tweenthe French r design

and the U.S. SNUPPS plant, of which four to six issues a_e perceived

as BOP-related. Three issueshave a "moderate"impact on safety

significance: the capabilityto resupplythe Condel,sateStorageTank,

the use of self-cooledsafety-relatedpumps, and the improvementin the

DC power supplysystem.

NUREG-1217,:'Evaluationof Safety Implicationsof Control Systems in

LWR Nuclear Power Plants;TechnicalFindingsRelatedto Unresolved

Safety Issue A-47_" Draft Report for Comment, April 1988

NUREG-1217reports the technicalfindingsof an evaluationof

UnresolvedSafety Issue (USI)A-47 concerningthe safety implications

of controlsystem failuresin nuclearpower plants. "[hereport

concludesthat with the exceptionof the specificevents stated below,

transientsor accidentsresultingfrom or caused by control system

failuresare less severe than, and thereforebounded by, the transients

and accidents identified irl the FSAR. The exceptions are reactor

vessel (BWR) or steam generator (PWR) overfill events, core overheat

events, and primary system overpressure events.

NRC recommendationsfor actionsto deal with these events are given in

a companiondocument,NUREG-1218,"RegulatoryAnalysis for Proposed

Resolutionof USI A-47, Safety Implicationsof Control Systems,"April

1988. An evaluationof the risk implicationsof controlsystem

failuresshould thereforefocus on the adequacy and implementation

effectivenessof the actionsrecommendedin NUREG-1218.
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NUREG-1218, "Regulatory Analysis for Proposed Resolution of USl A-47,

Safety Implications of Control Systems," Draft report for Comment,

April 1988

NUREG-1218 presentsthe regulatoryanalysisrelated to the proposed

resolutionof USI A-47, "SafetyImplicationsof Control Systems." ,

TechnicalfindingsregardingUSI A-47 are given in NUREG-1217,Although

the scope of USI A-47 is quite large,the proposed resolutionis quite

limited, addressingprimarilythe need to improveprotectionagainst

overfill events (steamgeneratorsfor PWRs, reactorvessel for BWRs)

for selectedtypes of reactors,

Many of the events of interest to the BOPproject relate to feedwater

system failures, but most of these are not overfill events. Thus, the

resolution of USl A-47 is of limited interest in the larger context oF

the risk implications of BOPfailures.

NUREG-1272,"Reportto the U,S. NuclearRegulatoryCommission on

Analysis and Evaluationof OperationalData .-1986," May 1987

NUREG-1272is the 1986 annual report of the NRC's Office of Analysis

and Evaluationof OperationalData (AEOD). This NUREG covers a wide

range of activities,some of which parallelthe BOP project. "These

activities includethe evaluationof initiatingsystemsof plant trips

that occurredduring 1984-1986,which could be used to check the

methods employed for the BOP study.

NUREG-1275,"OperatingExperienceFeedbackReport - New Plants,"July 1987

Newly licensed commercial reactors have always exhibited a higher

operational event frequency than mature plants. NUREG-1275concludes

that this behavior should not be accepted as inherent in the process of

debugging a new plant. Early increased attention to operations,

aggressive root cause analysis, enhanced training, and emphasis on BOP

systems that have historically caused many events will significai_tly

reduce new plant trips, Emergency Safety Features actuations, and

violations of Technical Specifications.
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NUREG/CR-3541, "Measures or_ t,he Risk Impacts of 'resting and Maintenance

Activities," NoVenlbel' 1983

No information of' direct applicability to the BOP study was found,

" December 1983"llandbook for Value-lmpact Assessment,NUREG/CR-3568,

No information of direct applicability to the BOPstudy was found,

NUREG/CR-3591, "Precursors to Potential Severe Core DamageAccidents: 1980-

1981, A Status Report," July 1984

An evaluation of about 8400 Licensee Event Reports for 1980..1981 was

performed to evaluate precursors to potential severe core damage
accidents, In general, reductions in the frequency and safety

significance of initiating events were observed when compared to the

1969-1979 period which was previously analyzed, A significant number
of events were initiated or exacerbated by failures of BOP systems that

could have resulted in severe core damage. This substantiates the

importance of BOPsystems in nuclear power plant safety,

NUREG/CR-3762,"Identification of Equipment and Components Predicted as

Siqnificant Contributors to Severe Core Damage," May 1984

NUREG/CR-3762describes work performed to identify equipment and

components whose failure would make a significant contribution to

severe core damage probabilities, based on predictive methods

(probabilistic risk assessment) and performance data (Licensee Event

Reports), The results are qualitative and not directly useful in

developing quantitative data on the Impact of BOPfailures on safety
systems,

NUREG/CR-3922, "Survey and Evaluation of System Interaction Events and

Sources," January 1985

NUREG/CR-3922identifies adverse systenl interactions from the body of

documentation available from the NRCand industry. From some 4000
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events during the years lg6g to 1983, 235 were identified as adverse

system interactions;these were put in 23 categories,

This documentwas preparedas the first phase of a project to identify

and evaluate adversesystem interactionsfor the UnresolvedSafety

Issue A-17, "Systems Interactionsin NuclearPower Plants," The

documentdraws some conclusionsabout the cha_'acteristicsof the

resultantdata, but providesno conclusionsabout systemsinteractions

on the whole,

NUREG/CR-3958,"Effectsof ControlSystem Failureson Transients,Accidents

and Core-MeltFrequenciesat a CombuslionEngineeringPressurizedWater

Reactor,"March 1986

PacificNorthwestLaboratoryperformeda study of the dominant control

system failure scenariosdefinedby Oak Ridge NationalLaboratoryfor

the CalvertCliffs-1nuclearpower plant, l'hisstudy used an existing

probabilisticrisk assessmentto evaluate the value or impact of

proposedcol'rectiveactionsin reducing public risk from these

postulated,:vents,Two of the three postulatedevents Involvefailures
i

in the main feedwatersystem,a BOP system, These events result in

overfillingtilesteam generatorwith a potentialmain steam line break

and steam generatortube ruptureas consequences, The most promising

correctiveaction to mitigate these events is a high steam generator

level trip of the main feedwaterpumps and/or feedwaterblock valves,

NUREG/CR-4103,"Uses of Human ReliabilityAnalysis ProbabilisticRisk

AssessmentResultsto Reso'ivePersonnelPerformanceIssuesThat Could

Affect Safety," October 1985

No information provided in this report had direct relevance to the BOP

study.

NUREG/CR-4281,"An EmpiricalAnalysisof SelectedNuclear Power Plant

MaintenanceFactors and Plant Safety,"July 1985

NUREG/CR-4281examines the relationship between five maintenance

program attributes and the intermediate and final safety indicators,

L-5



The five programattributesare relatedto the size and organizationof

the maintenanceprogram and the experienceof the top-levelmanagers in

the maintenanceprograms, The intermediatesafety indicatorsincluded

the number of maintenance-relatedLERs, SystematicAnalysis of Licensee

Performance(SALP)ratings,and the number of maintenance_related

instancesof noncompliance, The final safety indicatorswere all

related to radiologicalreleasesand occupationalexposures.

The study found a relationshipbetweenthe maintenanceprogram

resourcesand the safety indicators, There was some indicationthat

smaller,less hierarchicalmaintenanceprograms,with separateunits

for mechanical,electrical,and instrumentationand control

maintenance,result In better performanceas rated by the intermediate

safety indicators. However,programswith combinedmechanical,

electrical,and instrumentationand controlunits tended to perform

better when the final safety indicatorswere used.

The correlationsfound were not always as expectea and in some cases

were not in the directionexpected. A possible explanationsuggested

by the authorsis thatthe safety indicatorsmay not have been

complete. Suggestedadditionsincludedmaintenance-relatedtrips and
outages,

NUREG/CR-4314,"BriefSurvey and Comparisonof Common Cause Failure

Analysis,"June 1985

NUREG/CR-4314presentsa summaryof the methods and models available

for the evaluationof common cause and common mode failures. This

report provides informationon the general approachesto modeling

common cause events,but does not deal with the causes of such events,

nor does it addresspossible solutions. The methodsidentified for

common cause analysis include: boundingtechniques,a Beta-factor

model, a BinomialFailureRate model, a C-factormodel, and common load

models. Computercodes that can be used as aids to common cause

analysiswere also discussed.
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Recommendations for the improvement of commoncause analysis techniques

were presented:

o Develop a standard terminology,

o Develop criteria for comparative assessments of proposed

methodologies.

o Develop credible data bases designed to answer the relevant

estimationquestionsraised by systemdesigners,performance

analysts,and decisionmakers.

None of the methods summarizedin NUREG/CR-4314was found to include

all three of these features,

NUREG/CR-4372, "Probabilistic Risk Assessment (PRA) Applications,"

January 1986

NUREG/CR-4372reportsthe resultsof a study to correlate system

reliabilityinsightsFrom a specific PRA (LimerickGeneratingStation)

with utility surveillanceprogramsand test procedures,and with NRC

inspectionprocedures. A similarprogram could be performedto

correlatePRA risk and reliabilityinsightswith utilitymaintenance

and surveillancetestingprograms for BOP systemsand components. Such

a study would be one way of distinguishingBOP-relatedrisk concerns

from BOP-relatedreliabilityconcerns. The results could also help

provide assurancethat the utilitymaintenanceand surveillancetesting

programscontain sufficientdetail to cover the more common failure

modes expected in BOP componentsand systems.

NUREG/CR-4385,"Effectsof ControlSystem Failureson Transients,Accidents

and Core-MeltFrequenciesat a WestinghousePWR," November 1985

Although a number of control system failures (some involvingthe BOP)

can lead to previouslyunanalyzedeventswith a risk of core-melt,the

magnitudeof this risk is small as comparedto the overall plant risk.

The relativemagnitudeof this risk is exaggerateddue to the inherent

conservatismsused for those areas in which there is considerable
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phenomenologicaluncertainty. The relativebenefitof proposed

correctiveactions cannotbe justifiedsolely on value impact (i.e.,

cost-benefit). The role of the operatoris crucialin reducing both

the frequency and consequencesof theseevents. The BOP

components/systemswere involvedin Steam generatoroverfillingand

reactorcoolant system (RCS) overcoolingscenarios,but not in RCS

overpressurizationand steam generatortube rupturescenarios. The

conclusionsof the study pertainspecificallyto the WestinghousePWR

design and were obtainedfrom modeling of the H.B. Robinson 2 power

plant by the Idaho NationalEngineeringLe.boratory.

NUREG/CR-4386,Effectsof ControlSystem Failureson Transients,Accidents,

and Core-MeltFrequenciesat a Babcock and Wilcox PressurizedWater

Reactor,"December 1985

The relevanceto the BOP project is in the analysisof the plant risk

causedby failuresof BOP systems and componentssuch as main feedwater

(MFW) pumps and valves, or the integratedcontrolsystem (ICS).

For the steam generatoroverfillscenarios,the initiatingevent is

postulatedas a combinationof an ICS failurethat causes a feedwater

increaseand an undetectedfailure of the high-levelMFW pump trip.

The accident is then postulatedto progressto a transientor a main

steam line break event, which then results in a core-meltaccident.

For the ICS-relatedpower failureswhich lead to overfill and undercool

events,two cases were identified: (I) loss of ICS hand power, and (2)

loss of ICS auto power. For case I, it is assumedthat continuousMFW

pump operationat minimumspeed would preventoperationof the

emergencyfeedwater(EFW) system, since no trip signalwould be

generated. Steam generatordryout would occur unless the oper_t,._r

manually initiatedthe EFW system within 30 minutesor high pressure

injectionwithin 60 minutes.

For case 2, the outcomedependson whether the operatordetects the ICS

auto power failure beforean upset conditiondevelops. If the operator

detectsthe failure early enough, he or she will be able to control the

event before the plant trips. If the conditionis not detected, the
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plant will eventuallytrip due to perturbationsin the systemcaused by

the ICS power failure.

NUREG/CR-4387,"Effectsof ControlSystem Failureson Transients,Accidents,

and Core-MeltFrequenciesat a GeneralElectric BoilingWater Reactor,"
December 1985

The relevanceto the BOP projectis in the analysis of the risk to the

plant causedby BOP systemfailuressuch as condensateboosterpump

failuresthat cause reactorvessel overfill,and failuresthat initiate

reactorvessel overfill'andalso defeat thehigh level feedwatertrip.

The four failuremodes leadingto failureof level indicationand the

high level trip are all relatedto the water level sensorsor sensor

circuitry.
i

The failuremodes associatedwith the condensate boosterpump may be

summarizedas follows: any of the feedwaterpump dischargevalves, or

their bypassvalves, fails open; or the condenserbypass valve used to, ,

recirculateexcess condensateflow back to the condenserfails closed.

NUREG/CR-4611,"Trendsand Patternsin MaintenancePerformancein the US

NuclearPower Industry 1980-1985,"October 1986

NUREG/CR-4611presents an analysisof maintenanceperformancein the US

nuclearpower industryfor the years 1980 through 1985. The analysis

addressedthe impact of maintenancepractices,not the specificsof the

programsthat may cause the trends and patterns identified. The

analysisfocused on five performancecategoriesthat are directly

influencedby the maintenancefunction: (I) overall system/component

reliabiility,(2) overall safetysystem reliability,(3)challenges to

safety systems, (4) radiologicalexposure,and (5) regulatory

assessment. Trends and patternsover the 6-year period were explored.

The most significantfindingwas that, althoughoverallplant

performanceimproved,the number and proportionof maintenance-related
events increased. This was attributedto either a decrease in

attentionto this type of event by both the NRC and the nuclear

industryor an actual decline in maintenanceprogrameffectiveness.
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The effects of BOPsystems were not explicitly identified in this

report. From the information provided in the report it is not possible

to separate the impact of BOPmaintenance programs from the impact of

safety-related system maintenance programs.

NUREG/CR-4674,"Precursors to Potential Severe Core DamageAccidents" 1985
A Status Report," December 1986

Of the 10 most serious severe accident precursor events identified in

this study, several involved or were initiated by BOP

systems/components"

o Failure of an electric pressure regulator resulted in the closure

of a main steam isolation valve and reactor trip. Subsequent

multiple failures resulted in equipment overheating, high reactor
vessel water level, and loss of the isolation condenser function.

o Following a loss of power to safety-related buses, the failure of

five check valves in the main feedwater system prevented auxiliary

feedwater flow to the steam generators, caused a damaging water

hammer in the feedwater piping system, and resulted in an

unisolatable leak in that system.

o An auxiliary transformer cooling system-initiated trip resulted in
the temporary loss of all auxiliary feedwater.

o Several reactor trips initiated by loss of main feedwater were

followed by further degradation due to failures in the auxiliary

feedwater system, the reactor core isolation cooling system, or

the high pressure cooling system.

NUREG/CR-4783, "Analysis of Balance of Plant Regulatory Issues,
January 1987"

The "information in this report was used w;idely in the BOPproject,

and is reflected throughout this report.

L-lO



The followingNRC InspectionReportsand documentsregardinginspections

providedbackground informationfor the BOP study:

o Letter from R M. Gallo, USNRC Region I, to C.A. McNeill, Jr.,

Senior Vice President- Nuclear, Public ServiceElectric and Gas

Company, "CombinedInspection50-272/87-18and 50-311/87-20."

(Salem I and 2), August 13, 1987.

o SECY-86-349,from V. Stello,Jr., to the Commissioners,"Balance

" November21, 1986of Plant,

o Inspectionand EnforcementManual, TemporaryInstruction2515/83,

"Balanceof Plant Trial InspectionProgram(FeedwaterSystem),"

February 26, 1987.

o InternalNRC memo from R.P. Correiato distribution,"BOP

InitiatedTrips Data," (undated)CIRCA lateMarch 1987.

o Letter from A.R. Herdt, USNRC Region II, to J.P. O'Reilly,Senior

Vice President- Nuclear Operations,Georgia Power Company, "NRC

Special InspectionTeam ReportsNos. 50-321/87-17and 50-366/87-

17," (Hatch I and 2), September2, 1987.

o Letter from J.J. Harrison,USNRC Region III, to C. Reed, Senior

Vice President,CommonwealthEdison Company, (No Subject), (Re"

Zion I and 2 BOP Inspection),November25, 1987.

o Letter from A.R. Herdt, USNRC Region II, to W.L. Stewart, Vice

President,Virginia Power Company, "NRC Special InspectionTeam

Reports Nos 50-280/88-02and 50-281/88-02"(Surry I and 2), March

15, 1988.

L.2 InformationResultingFrom NRC Requirementsand Requests

Informationsources in this category are Generic Letters,Bulletins,and

Notices. NRC Circularswere not investigatedin detail because they

generallycovered less significantissuesand events, and the issuanceof

circularswas terminatedin 1981.
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Titles of Generic Letters, Bulletins, and Notices were reviewed to identify

those with generic implications and potential relevance to the BOP study.

Documents describing failures of specific pieces of BOPequipment or

specific plant events were generally net selected for further review.
Selected Generic Letters, Bulletins, and Notices were reviewed for input

into the BOPproject. Relevant documents are grouped by subject and

summarized below. (Note' for Notices and Bulletins, the first _wo digits

of the identification numbers indicaLe the year of issue.)

Electrical Systems - Failures/Problems (Information Notices 83-80, 84-76,

84-80, 85-28, 86-70, and 87-24)

Electrical system problems were expE,cted to be a significant

contributor to BOPchallenges to safety systems. The Information

Notices on this topic gave information on problems with inverters, lead

acid batteries, non-nuclear instrument power, and elevated DC control

voltage. As a result of these notices, some of the electrical problems

have been resolved.

Instrument Air System Failures/Problems (Information Notices 81-38, 87-28,

and 87-28 Supplement I; Generic Letter 88-14)

Because of the number and pei_sistence of instrument air problems, and

because of their poLential effects on safety systems, instrument air

failures leading to reactor trips were flagged as an item of particular

interest in the analysis of Licensee Event Reports performed during

this study.

HumanError (Information Notices 84-58, 87-25)

Information Notices 84-58 and 87-25 are devoted to human error as it

appears in the so-called wrong unit, wrong train, or wrong component
events. Between the two t_otices, 15 events are described, and

reference is made to an AEODreport which identified some 200 such

events. Clearly, wrong unit, wrong train, and wrong component errors

are relatively frequent, apply to both BOP and safety systems, and are

a problem which could have serious ramifications. Humanerrors have
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been a recognized concern for some time, as evidenced by the two

Generic Safety Issues on human factors.

Instrumentation and Controls(Information Notices 84-86, 85-51, and 85-89)

Information Notices 84-86, 85-51, and 85-89 cover three independent

problems in the area of instrumentation and control: inadequate signal
isolation, detrimental removal of fuses, and total loss of control room

cooling. Of the three, only detrimental removal of fuses seems to have

precedents and might be considered a generic problem. The other two

incidents appear to have been isolated cases.

Six events of detrimental removal of fuses were reported to have

occurred between 1981 and 1984. However, only one of the six of these

human errors was on BOPequipment. This area does not seem to be a

significant contributor to BOPchallenges to safety systems.

Fire Protection (Informatiosi Notice 83-41)

Information Notice 83-41 describes 11 cases of fire suppression

actuation causing inoperability of safety-related equipment and

indicates that many other cases were reported. Additionally, the

Notice extrapolates some of these events to more serious situations.

In spite of the fact that only one Information Notice has been issued

on the subject, actuation of fire suppression systems can pose a

serious and unpredictable challenge to safety systems. Because the

systems interactions from such events are sometimes hard to identify

before they occur, there are potentially many such problems existent

yet undetected, many of which could challenge safety systems.

The thrust of the BOP study, however, was not to find system

interactions; so, although the information in notice 83-41 is relevant,

it is not applicable within the study scope.
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Flooding (InformationNotice 83-44)

InformationNotice 83-44, titled "PotentialDamage to RedundantSafety

Equipmentas a Result of BackflowThrough the Equipmentand Floor Drain

System," later becamepart of UnresolvedSafety Issue A-17, "Systems

Interaction." This issue was reviewedfor the BOP study and is

summarizedin Section2.3 of this report.

Auxiliary Equipment (Information Notice 83-56)

Information Notice 83-56 gives the specifics of one case where the

auxiliary equipment required to support operation of the Emergency Core

Cooling System was too narrowly defined. This is an isolated case and

has no generic conclusion applicable to the BOP study.

Service Water (Bulletin 81-03)

The increasingly wide distribution of Asiatic clams and their ability

to live in freshwater piping systems, as well as the growth of mussels

in saltwater systems was the topic of Bulletin 81-03. The Bulletin

required licensees to look for clams and mussels and to set up ongoing

programs to detect their establishment, and to eliminate them if
detected.

Although this problem does have some safety significance, it is
difficult to see how it could create a challenge to the safety systems.

In addition, the programs required by the Bulletin should have

mitigated the problem, lt was concluded that this issue required no

fnllow-up in this study.

Gas Entry into Solid Systems (Information Notice 83-77)

Entry of gas into normally solid systems has caused multiple incidents

of system failures, as presented by Information Notice P_3-77. Gas-

bound pumps in the BOPcould cause safety problems, and some situations

could result in challenges to the safety systems. The Information

Notice gives details on four such gas entrainment events, one of which

was on a BOP system (service water). In spite of this, however, the
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root causes of these events seem scattered, with no apparent generiz

lesson to be addressed by the BOPproject. Therefore, due to the

limited number of reported events, and the variable root causes, there

was no purpose in considering this issue further. Note, however, that

gas (steam) binding of auxiliary feedwater pumps was dealt with

elsewhere (Notice 84-06 and Bulletin 85-01).

Main and Auxiliary Feedwater System Problems (Information Notices 84-06, 86-

14, 86-14 Supplement i, 87-34, and 87-53; Information Bulletins 85-01

and 85-03)

These Information Notices and Bulletins point to some repetitive

prablems experienced in the feedwater systems, especially in auxiliary

feedwater systems. The role of these systems in the BOP-related

reactor trips was addre"sed in the analysis performed in this study.

L.3 Unresolved Safety Issues and Nuclear Generic Issues

Two Unresolved Safety Issues (USls) and seven Nuclear Generic Issues (Gis)

were identified as being related to the BOP study. These nine issues _;,ere

reviewed in detail and applicable information was factored into the BOP

study. The nine issues are listed below, each with a summary of how it

relates to the BOP study.

USl A-17, "Systems Interactions in Nuclear Power Plants"

The class of adverse systems interactions that is the subject of USI A-

17 includes, as a subset, the BOP-related plant trips or safety system

degradations _i.at are under investigation in this study. The

resolution of the narrowly-defined USl A-17 is directed toward the risk

implications of specific external events, i.e., earthquakes and floods.

The documentation generated during the NRC/industry investigation of

USl A-17 did not provide significant BOP-related insights beyond those

obtained from examination of the LERs that reported on significant

systems interaction events.
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USI A-47, "Safety Implications of Control Systems"

Documentation related to the investigation and resolution of USl A-47

included two NUREGreports (1217 and 1218) and four NUREG/CRreports

(3958, 4385, 4386, and 4387). Tile resolution of USI A-47 focused

almost exclusively on the adequacy of steam generator (PWR) and reactor

vessel (BWR) overfill protection, with implications for reactor vessel

damage, steamline break, or steam generator tube rupture events. The
risk-related information in the USl A-47 documents reviewed was

reviewed concerning the estimation of the effects on public risk of BOP

challenges to safety systelns.

GI-23, "R_actor Coolant PumpSeal Failure"

GI-23 considered the causes and effects of reactor coolant pump (RCP)

seal failure and concluded that station blackout was the only probable

event that could cause a RCPseal failure severe enough to result in

leakage equivalent to a small-break loss of coolant accident. Hence,
the resolution of this issue was tied to station blackout (Unresolved

Safety Issue A-44).

The LER search done for the BOPstudy identified station blackout

events, but they were not included in the BOPdata base initiating
event for the blackout was onsite, e.g., transformer failure,

GI-65, "Component Cooling Water System Failures"

i

Generic Issue 65 identified reactor coolant pump seal failure in PWRs

as the primary safety concern resulting from total loss of component

cooling. This issue was therefore absorbed by G1-23, "Reactor Coolant

PumpSeal Failure." Consideration of G1-23 as part of this study
covered all issues raised by GI-65.

GI-93, "Steam Binding of Auxiliary Feedwater Pumps"

GI-93 raised a potentially serious BOP issue. The problem was

effectively solved in 1985 by increased operator surveillance of the

auxiliary feedwater line temperature and is no longer a regulatory or
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technicalissue. The BOP study thereforedid not considerGI-93, since

steam bindingof the auxiliaryfeedwaterpump should not be a future

concern.

GI-122, "MiscellaneousFeedwaterIssues"

GI-122 principallyinvestigatedthe reliabilityof auxiliaryfeedwater

systems, lt was concludedthat plantswith a two-trainauxiliary

feedwatersystemwere the most vulnerable. On a plant-by-plantbasis,

each of the seven two-trainplantswas evaluatedand recommendations

for changeswere made and implemented.

Since the reliabilityof the auxiliaryfeedwatersystemshad recently

been evaluatedand the least reliablesystemsimproved,the BOP study

did not concentrateon the auxiliaryfeedwatersystem.

GI-130, "EssentialServiceWater Pump Failuresat Multi.-PlantSites"

GI-130 deals with a narrow problemwhich can occur only in a small

populationof plants. 3he methods and ideas employed for the

investigationand resolutionof this issuewere found to be of little

relevanceto the BOP study since the conditionsanalyzedare

probabilistic. An event of the kind consideredin GI-130 has never
occurred.

GI-HF-01, "Human FactorsProgram Plan"

The Human FactorsProgram Plan providesa definitionof perceived

weaknesses in the human factorsengineeringof nuclear power plants,

goals to correctthose weaknesses,and outlinesof how to achievethose

goals. Reductionof human errorswas of interestto the BOP study and

was consideredby evaluatingtrends in human-error-relatedtrips.

GI-HF-02, "Maintenanceand SurveillanceProgramPlan"

Investigationsfor the Maintenanceand SurveillanceProgram Plan served

as a source for the maintenancepolicy and the proposed rule on

maintenanceprogrameffectiveness. Since the area of maintenance,as
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it appliesto the BOP, is believed to be an importantpart of the

problem of BOP challengesto safety systems,these efforts toward

improvingmaintenancemay be part of the overallsolution to the

problem at which the BOP study was aimed. Hence, this Generic Issue,

the documentspreparedfor it, and, perhapsmost importantly,the

proposed rule on maintenanceprograms,were all considered in the

study.

L.4 MaintenanceRu!emakinqActivities

The developmentof the Mai,ltenanceRule was reviewedfrom its inceptionas

the Maintenanceand SurveillanceProgramPlan in 1985, throughthe proposed

Rule on Maintenance(.November1988) and its subsequentdeferral in May 1989.

As part of the monitoringof the maintenancerulemaking,BOP project

personnelattendedthe NRC-sponsoredworkshopin November 1988, as well as a

meetingof the AdvisoryCommitteeon ReactorSafeguards(March 1989) and an

NRC meeting (May 1989) on this topic. The proceedingsof the workshop were

publishedas NUREG/CP-OOg9.

The maintenancerulemakingeffortsare the result of NRC concern that

inadequatemaintenanceon thepart of some licenseesis compromisingsafety.

The il,dustryh'_sresistedNRC attemptsat rulemakingin this area, citing

industryimprovementsthroughself-regulation.

Action on the proposed rule was deferred as of May 1989 to allow for further

study and monitoringof industryprogress. Initially,the proposed

maintenancerule was to cover essentiallyall BOP systems;the final rule,

as proposedby the NRC staff,was somewhat restrictedin scope,but still

relevant in its implicationsfor the BOP systems. All licenseeswere to

have a maintenanceprogramwith certainbroadlystated attributes.

L.5 Precursor IdentificationProqram

The Accident Sequence PrecursorProgramwas examined,principallyas it was

presentedin NUREG/CR-3591and NUREG/CR-4674. The resultsof this effort

are discussed in Section5.2 of this report.
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L.6 AC.RSInformationan_ Meetings

i

The activitiesof the Advisory Committeefor Reactor Safety (ACRS) and its

subcommitteeswere monitoredfor BOP-relatedinformation,which was utilized

in this study when it was applicable. The formerACRS subcommitteeon BOP

systemshas been discontinued,with its functionspicked up by t_!e

Subcommitteeon SecondarySystems. Other subcommitteesmonitoredwere:

o AC/DC Power Systems Reliability

o AuxiliarySystems

o Human Factors

o Instrumentationand ControlSystems

o MaintenancePracticesand Procedures

o ReliabilityAssurance

o SystematicAssessmentof Experience.

L.7 AEODActlvities

Relevantactivitiesfor the Office of Analysis and Evaluationof Operational

Data (AEOD)were monitored,primarilyby reviewingAEOD reports. Many of

the applicablereports are periodicreports (quarterly,annual,etc). Two

of these,AEOD/PS03 and AEOD/PS04,are summarizedbelow as examples:

AEOD/P503, "EngineeredSafety FeatureActuationsAt CommercialUnited States

Nuclear'Power ReactorsJanuary I ThroughJune 30, 1984"

p

AEOD/P503documentsan analysisof Licensee Event Reports of ESF

actuations. Many of'the events reported involvedor were influencedby

failures in BOP systems. One of the four problem areas identifiedfrom

this study that is of safety significance,involvingthe BOP, is

componentcooling water system interaction.

AEOD/PS04,"Trendsand Patterns Reportof UnplannedReactorTrips at U.S.

Light Water Reactors in 1984"

This report presentedfindingsthat were very relevantto the BOP

study, lt indicatedthat in 1984, about 59 percent of reactor trips

above 15 percentpower were relatedto BOP systems" feedwater (27
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percent),turbine (15 percent),condensate(6 percent),main generator

(6 percent),main steam (5 percent), lt was also identifiedthat 71

percent of the trips between2 perceptand 15 percentpower level were

associatedwith BOP systems: Feedwater(40 percent),turbine (18

percent), and main steam (13 percent). Most of these trips were caused

by hardwarefailure in BOP systems.

L.8 Effortsb.yUtilitiesand IndustryGroups

Numerous utilitiesand industrygroups have reactortrip reductionprograms,

almost alllof"which have a BOP component. Informatio,_labout these

programswas evaluatedfor the BOP study. Four categoriesof programswere

evaluated" utilityprograms,NUMARC/INPO/EPRIprograms,Owners Group

programs,and internationalprograms.

L.B.I Utility'Proqrams

NUREG/CR-4783,"Analysisof Balanceof Plant RegulatoryIssues,"contains a

detaileddiscussionand comparisorof reactortrip reductionprogramsor

performance/reliabilityimprovemeltprograms at six U.S. utilities. No

additionalir,.ormationon individualutility programswas reviewed;rather,

compositeinformationfrom sourcessuch as INPO, NUMARC,and the Owners

Groups was emphasized,

L.8.2 NUMARC/INPO/EPRI

The NuclearManagementand ResourceCouncil (NUMARC)has established

quantitativescram reductiongoals for the industry. The originalgoal was

set in 1984 and there h._vebeen yearly revisionsdownward since.

Establishingthe method_ to achievethe goals and tracking the resultswas

left to INPO and the Owners Groups.

The Institutefor Nuclear Power Operations(INPO) has defined areas for

specific scram reductionefforts, as detailed in INP0-85-011,"Scram

ReductionPractices,"May 1985. The areas are: administrative,

system/desien,maintenance,surveillancetesting, and operations.
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In the administYativearea, three effortswere urged: improved

communicationbetweenplants; improvedqualityof root cause evaluations,

and augmentedsharingof ideas to reduce reactortrip frequency. In the

system design/modificationcategory,three goals were defined: identify

common design problemsthat are reactortrip root causes, identifypossible

solutionsto the design problems,and focus on feedwater-relatedtrips. The

maintenancegoal is to initiateacc Ities to reduce on-line and outage

maintenanceerrors. Reducingsurveillancetest errors was the stated goal

in the surveillancecategory,and for operations,two goals were set:

identifyhuman factor root cau'sesof trips and identifypossible solutions.

The involvementof the ElectricPower Research Institute(EPRI) in the

effort to reduce scram frequencyhas been primarilythe productionof a

series of studiesof the effectson scram frequencyof trip setpoint

modifications. Four reportswere generated:

o "Reducing Scram Frequency by Modifying Reactor Setpoints for a

Westinghouse 4-Loop Plant," NSAC/94, April ]986.

o "Reducing Scram Frequency by Modifying Reactor Setpoints for a

Westinghouse 3-Loop Plant," NSAC/99, December 1988.

o "ScramReductionby RelaxingSetpoints,An Analysis of C-E PWR's

with DigitalControlsUsing RETRAN-02,"NSAC/93, January 1986.

o "Scram Reduction by Relaxing Setpoints, An Analyses of C-E PWRs

with Analog Controls Using RETRAN-02," NSAC/92, November 1985.

L.8.3 Owners Group Programs

The four nuclear steam supply system owners groups are very active in BOP-

related activities. Babcock and Wilcox (B&W) Owners Group activities

include the Safety and Performance Improvement Program (SPIP), the Trip

Reduction and Transient Response Improvement Program, and the Comparative

Study. Owners of B&Wplants are implementing the recommendations of these

programs through plant-specific modifications aimed at reducing the

frequency of reactor tri ps.



The CombustionEngineeringOwners Group (CEOG)consistsof a steeri,_ggroup

and severaltechnical subcommittees.The Scram ReductionProgram, initiated

in May 1985, is being implementedthroughthe OperationsSubcommittee. The

major thrust of this program is not .inthe balanceof plant. The only

significantBOP activity 'involvesan open interchangeof informationbetween

the memberCE utilitiesat meetings in which BOP-relatedtrips, root causes,

and experiencewith correctiveactions are discussed. The consensusamong

CE utilitiesis that the major contributorto E_OPtrips is feedwatersystem

malfunction,caused by eitherequipmentfailureoi'human error. Florida

Power and Light has installedthe CombustionEngineeringdigitalfeedwater

control system at St. Lucie and has reportedexcellentresults in terms of

low power feedwatercontrol,which is one problemarea causing frequent
trips. SouthernCaliforniaE_ison is looking into reducingthe_steam

generatorlow-leveltrip setpointby advanced analyses,anticipatingthat a

setpointreductionwould help reduce feedwater-associatedtrips. Combustion

Engineeringis preparingspecificproposalsto the CEOG regardingreduction

in the frequencyof trips, which will includeconsiderationof BOP systems

and components.

The General ElectricBoilingWater ReactorOwners Group (BWROG)isconducting

a Scram FrequencyReductionProgram (SFRP),which is subdivided into three

areas -- operations,systemsdesign, and maintenance. The operationsgroup

is establishinga data base on both automaticand manual reactor trips, with

root cause information,and is examiningthe questionof how best to perform

effecti_,eroot cause evaluations. The systemsdesign group is responsible

for maintainingthe reactortrip data base, for suggestingimprovementsin

root cause evaluationsand relatedtraining,and for trend analysis of the

data base. The maintenancegroup is examiningmaintenance-related

contributionsto reactortrips. Plans for the SFRP include identification

of the most critical BOP componentsin terms of trips and investigatingwhy

some BWRs are more resistantto trips than others,given the same BOP

componentfailure.

The WestinghouseOwners Group is conductinga Trip Reductionand Assessment

Program (TRAP). Based on operatingexperience,the initialemphasis is

being placed on the feedwatercontrolsystem configurationsat low powe,_and

on the steam generatorlow-leveltrip setpoints. Analyses indicatedthat a

steam generatorlevel trip modificationthat includedsensor inputs for
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containmenttemperatureand pressurecould allow up to a 15 percentwidening
i

of the level trip band. Feedwaterand steam generator level trip

modificationshave been made on severalWestinghouseplants. The TRAP also

includesexaminationof turbine-generatorand control systems,electrical

systems,maintenanceissues,and detailedcategorizationof the root causes

of trips.

L.8.4 InternationalP_rograms

The NuclearEnergy Agency of the Organizationfor EconomicCooperationand

Development(NEA/OECD)conducteda symposiumon scram reductionin Tokyo,

Japen, in April 1986. The proceedingsof this symposium,"Reducingthe

Frequencyof Nuclear ReactorScrams,"were reviewed for the BOP study. Ten

countriesparticipated: Belgium,Canada,France,West Germany,Great

Britain, Italy,Japan, Spain, Sweden,and the United States. All of the

types of commercialnuclear power plants foundamong the OECD nationswere

represented. Each country offered its experience,analysis,and philosophy

on scrams and scram reduction,includingdetailed scram statistics. Other

papers were given which outlinedthe processof scram cause identification

and correction,includingthe resultingdesign improvements. The Germans

made a presentationon their instrumentationand control system which helps

keep the German scram rate to aroundone per reactoryear. The Japanese

describedimprovementsthey have made to keep their scram rate to a similar

low number,which was approximatelyone,fifthof the scram rate of the U.S.

in ]985. Automatictesting devices,scram setpoint changes,operator and

maintenancetraining,preventivemaintenance,and improvementsin design and

constructionwere all discussedas methodsto reduce scram frequency.

L-23



i i iiiiiiilq

NRC t(jht_, 33b US NUCLEAR R[OUt AIORY COMMISSION t Hl PC)H! NUMB( R
(? _g, IAMlOned by NR(; Acid Vol,, Bul}¢J,,RIw,
NH(.M 11()? led AUdmfldgm Number=, )f =my.(

_;'"'_;'";' BIBLIOGRAPHIC DATA SHEET
/SPe mStrut l_cm_ (m th_' r_'verSl.)

I NUREG/CR-5622
2 T_ILE _fi_ j _UL"''L|

SAIC-_9/114,_3

Analysis of Reactor Trips Originating :, _,A_ER_r,O,_,u_,L,S,_I_
in Do'lance of Plant Systems '_'"'" I "_"

Sel_ternber 1990
4 FIN-OR GRAN1 NUMBI_Iq

.. D1313
...._,,, .......

b AUTHOR(S) f5 TYPE: OF REPORT

Fred T. Stetson
Daniel W, Gallagher Formal
Phuoc T. Le -t_'r.R,OC_COVERED,,,,,,,,,,,.,_,,,.,,
Martin W. Ebert January, 1984 thru

Decer!].berj 1988
PERFORMING ORGANIZAIlON NAME AND ADDRES.r'; II_ tv/_C _-(,vJ_ D,v,J.,,, ()H,cer,, _le_sr,,, U.', N.¢l.dt _h'euiJtu, r Cc,.,,,,.g..) *.rt,,,,_#rnv*dr/t_'JJ ,lconWt_lc., IJt(,vlde

Science Applications International Corporation (SAIC)
P.O. Box 1303
1710 Goodridge Drive
McLean_ Virqinia 22101

9 SPONSORING ORGANIZATION NAME AN[) ADDRESS H_ Nf_(' _t_N. St_ft_t• _J_txl¥|, t/{(,,,i,_hgt l,r¢,wdr Ntl{ _.,hvll,(,,,. OIh('e c_t/leg_on U ._" Nucl#_t R_'f_ulalot) Corr,rf,,l.ll(,n
#tl_ m411lng _lddtell, I

Division of Systems Technology
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission

I0 SUPPLI:M[NIARY NOl'E_i

11 ABSTRACT 12{_uwuru_ o_ _e.,

This r_p_rt documents l;he results (,f an analysis el' balarice-of-plal_t (BOP) related
reactor tripv at commercial U.S. nuclear power plants over a 5-year period, from
J=huary I, ].°L_4, through December ,_, ]988. The study was performed for the Plant
System_ Branch, Office of Nucltar Reactor R_gulation , U.S. Nuclear Regulatury Commission
The cb_ectives mi the study were"

]. to improve the level of understanding of BOP-relateo challenges to safety systems
by Imer,tifying and categorizing such events;

2, t(; prepare a culr,puterized _ata base of DOP-rel_t_,d reactor trip even%s and use the
d_ta bdSe to identify t_'_nn_ and patterns mn th_= population of these ev_i_ts'

3. %0 ihv_sticlate th_ risk Impli_atlons of BOP eve_1:s tllat challenge safety systems;

4. to provide recon_¢ndat_u_;s un how to address BOP-r_lated concerns In a regulatory
con_t.

2 K E Y WOR DS/DE SC R'I_'T OR S li ,_ ._u_d_ ot pt, rl_'_ fh#l will llltlf lt.le'IrE t'lerl I_'_lR lilt'l{/ the r_l_,tt I _] AVAI LAt|I t lT Y SI AT'[ Ml] NI

Balance of Plant (BOP) L!_ql_,r,_t_rl
_4 s_(]Ur_ii _ _TA_f _CA]tON

BOP-Related Reactor Trips r,,,,,,.,,,,,
Risks Related to BOP Systems
Risk ]mplicatior_s of BOP Systems ]_nclassified{ lhti Ne#(_ttl

Safety Sigrlificance of BOP Systerus
unclassi fied

15, NUMB[ R Ot PAC,[ 5

16 PRICE

i i
NRC FC_RM :13_.,(24_91






