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ABSTRACT

Thus report documents an analysis of the safetv-related performance of the
reactor core isolation cooling (RCIC) system at US commercial boiling water
reactor plants during the penod 1987-1993  Both a nsk-based analysis and an
engineering analysis of trends and patterns were performed on data from RCIC
system operational events to provide wnsights into the performance of the RCIC
system throughout the industry and at a plant-specific level Compansons were
made to Probabilistic Risk Assessments and Individual Plant Evaluations for the

29 plants having a RCIC system to indicate where operational data either support
or fail to support the assumptions, models, and data used to dev elop the RCIC
system unrehability estimates

umber E8246—Technical Assistance in Reliability and Risk Analvsis




IV



EXECUTIVE SUMMARY

Thus report presents a performance evaluation of the reactor core isolation cooling (RCIC) system at
29U S commercial boiling water reactors (BWRs) The evaluation was based on the operating experience
from 1987 through 1993, as reported in Licensee Event Reports (LERs). The objectives of the study were:
(l)tounnmeﬂwsystcmumehabﬂnybasedonopcmﬁonalcxpcnmcemdtocompmﬂwsemteswith
the assumptions, models, and data used in Probabilistic Risk Assessments and Individual Plant Evaluations
(PRA/IPE:),M(Z)mmwthcopenﬁmddamﬁanmengmemngpmpecnvewdcwmmndsmd
patterns seen in the data and provide insights into the failures and failure mechanisms associated with the
operation of the RCIC system

The RCIC system unrehiabilities were estimated using a fault tree model to associate event
occurrences with broadly defined failure modes suc' . failure to start or failure to run. The probabilities
for the individual failure modes were calculated by reviewing the failure information, categonzing each
wmtbyfailmcmodcanddmeﬂkmﬁngthewrmpoumnguumbcrofdamnds(bmhsuwessam‘l
failures). Twenty-one plant nsk source reports (i ¢, PRAs, IPEs and NUREGs) were used for comparison
with the RCIC rehability results obtained in this study. The information extracted from the source
documents contain RCIC statistics for all but one of the 29 plants. The major findings are:

¢ The RCIC system unreliability (including recovery) calculated based on the operating experience
data i which RCIC is required to inject to the reactor vessel for short term missions that are less
than 15 minutes is 0.04 The short term mussions typicall follow a reactor scram where feedwater
is availavlc and the main steam isolation valves are open. If recovery is excluded the short term
mussion unrehability 1s 0.06 Thus unrehability is primarily attributed to failures to start typically
as a result of problems i controlling turbine speed caused by either personnel error or hardware
problems that result in turbine overspeed trips

® The esumate of RCIC system unreliability calculated based on the operating experience data in
which RCIC is required to inject to the reactor vessel for missions that are longer than 15 minutes
and up to several hours is 0. 08 The long term mussions typically follow a reactor scram where
feedwater 15 not available and/or the reactor vessel s isolated If recovery is excluded the long
term russion unreliability 1s 016 The difference in the unrehability estimate calculated for the
long term nussions as compared to the short term mussions is attributed mainly to restarting the
turbine and maintaining reactor vessel water level This unrehability is primarily due to hardware
failures associated with restarting the turbine or the cycling of motor-operated valves

¢ The estimate of RCIC system unrehability for the 24-hour missions typically modeled in PRAs is
0.18. If recovery is excluded the mission unreliability is 043 The unreliability is dominated by
failure to run (24-hour mission time), failure to restart, and failure during the recirculation mode of
operation.




Figures ES-1 and ES-2 display plant-specific estimates of RCIC system unrehability for three
specific scts of mussion requirements  Figure ES-1 estimates are based on the operating experience
data extrapolated to the 24-hour mission typically modeled in PRA/IPEs. Figure ES-2 displays
plant-specific estimates based on the missions observed in the operating experience, which as
described above, are classified as either short term (shorter than 15 minutes in duration) ur long
term (longer than 15 munutes)

For the short term operational unreliability, failures attributed to the start sequence (other than
injection valve) is the leading contributor (48%) The leading contributor to the long term
operational unreliability 1s the falure to restart the RCIC system for subsequent jection of
coolant (41%). Failure to run 1s the largest contributor (36%), based on a 24-hour mussion time,
for the RCIC system PRA-based unreliability. For the failure to run (FTR) failure mode, the
failures found during unplanned demands were the result of personnel errors in operation of the
flow controller and a spurious isolation of the turbine steam supply. The spunious solation of the
turbine stcam supply was a failure mechanism not identified as a major contributor to the system
failure probability in the PRA/IPEs

Comparing the estimates of RCIC system unreliability calculated from the information contained in
PRA/IPEs to the estumates (with recovery) calculated from the operating expenence data revealed
that approximately most (75%) of the PRA/IPE point estimates lie within the uncertainty interval
associated with the operating expenience estimate However, about 21% of the PRA/IPE estimates
predict better performance than identified by the estimates calculated from the operating experience
data. These plants fall below the 5th percentile of the distribution computed from the operating
expenence data.

It was found that most of the PRA/IPEs do not model the RCIC system in the way it is observed to
be nperated based on the operating experience data  Specifically, the maintenance of reactor vessel
water level by either restart and/or recirculation following initial injection, is generally not
modeled For the PRA/IPEs that model the system with the restart and/or recirculation modes of
RCIC, the failure probabilities assigned to these modes of operation appear to be optimistic. For
example, the inmal failure to start (other than the injection valve) probabilities and the restart
failure probabilities differ by about a factor of 2.6 based on the operating experience data.
However, the PRA/IPEs use the same probabilities for restart as for initial start. Based on
operating expenence data, the failure to restart contribution to overall unreliability is about a factor
of 2 greater than the failure to start (other than the injection valve) contribution (27% versus 12%.
respectively)

The operational data contained five instances where multiple systems (RCIC, high pressure coolant
ijection and sometimes reactor water cleanup) either had failed or had the potential to fail
concurrently that may be common cause failures. The events involved motor-operated valves, the
steam leak detection circuitry, and the turbine governors. In two of the five instances the RCIC
and high pressure coolant injection systems were affected during an unplanned demand. The other
events were discovered during surveillance testing (2) and other routine plant operations (1).
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Figure ES-1. Plant-specific estimates of RCIC system unreliability for 24-hour mussions derived from
PRA/IPE assumptions and information, and operating experience data
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Figure ES-4. RCIC system unrehability for a short term mission by calendar year which includes recovery
actions. The plotted trend 1s statistically significant (P-value = 0 03)
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Figure ES-5. RCIC unplanned demands per plant operational year, with 90% uncertainty intervals and
confidence band on the fitted trend.  The trend is statistically significant (P-value = 0.003).



* A decreasing trend in RCIC system unreliability based on a short term mission with respect to
calendar year was identified by statistical analysis of the operational data. For the short term
mussion, some indication of a trend was identified in RCIC system unreliability with regard to low-
power license date, but it is not a strong indication. More data (i.¢., more operating experience) is
needed before this trend can be statistically verified or disproved  No statistical trends were

identified with regard to long term RCIC unreliability. Figures ES-3 and ES-4 provide plots of the
short term RCIC unreliability .

¢ When plotted against plant operating year (see Figure ES-5), the unplanned demand frequency
extubits a statistically significant decreasing trend.  This is likely a result of a corresponding
decrease in unplanned plant trips, which typically include a RCIC system actuation. Failure
frequency exhibits no trend when plotted against plant operating year (Figure ES-6). There was no
correlation observed between the plant's low-power license date and the frequency of failures per
operational year (Figure ES-7) The average number of failures per operating year was 0 62 This
average frequency was observed for plants licensed from 1970 through 1990 Two plants licensed
in the 1970s and two plants licensed in the 1980s had relatively high failure frequencies.

% Plant-specific unveliablity & uncertainty interval

= 90% conf. band on the fitted trend ~ Fitted trend line
0.20 l
048 [ 111 T
|1 - T |
£ il
1} e |
g o 1] 1
Ile r!"' |
5 L [41e LI

-tbl BB | 4
0.08 rL_.,r;_;_[-15“’!r'---¢—~-_4—-‘-_ -

o e —

'--fr$4- B T T
| ]

S | ‘
000 ——= ' -
1970 1974 1878

Low-power license date

Figure ES-3. Plant-specific RCIC system unrehiabilities for a short term mission which includes recovery
actions plotted agamst low-power license dates. The plotted trend indicates some increase in rehability
(1.e., reduced unrehiability) but 1t 1s not statistically significant (P-value = 0.15)
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Figure ES-6. RCIC failures per plant operational year, with 90% uncertainty intervals and confidence
band on the fitted trend. The trend 1s not statistically significant (P-value = 0.74).
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TERMINOLOGY

Demand—An event requiring the RCIC system to inject coolant to the reactor pressure vessel
(RPV). This event may be the result of a scheduled (ie. surveillance test) or an unscheduled (ie.,
unplanned) demand.  An unplanned demand is either a manual or automatic start as a result of an actual
low RPV water level condition. Engineered safety feature (ESF) actuations of portions of the system (e.g.,
steam supply isolation valve closures for containment isolation) were not considered as demands

Failure—An moperability n which the injection function was lost. For estimating the operational
unrehiability, a subset of the failures was us=d, those that occurred on unplanned actuations or cyclic
surveillance tests.

Failure to run-short term (FTR-ST)—A FTR with a mission time of less than 15 minutes for RCIC.

Failure to run-long term (FTR-LT)—A FiR with a mussion time of at least 15 minutes for RCIC.

Failure to run (FTR)—Any failure to complete the nussion after a successful start This includes
obwouscasesoffadurctoconﬁnuemnnmg,andalsocaseswhmdwsyswmstanedandmjected, tripped
off for a valid reason, and then could not be restarted. Excluded from the failure to run events were
failures to restart and failures to transfer during recirculation to injection.

Failure to restart (FRS)—Failure to restart occurs if, during an unplanned demand, after a
successful start and run to restore RPV level, the RCIC system is shutdown (manually or as a result of a
high level trip), and subsequently the system is demanded to restart (automatically on low vessel level or
manually) and fails to restart. The failure to restart can occur on any restart attempt

Failure to transfer during recirculation (FRC)—¥ailure to transfer during recirculation occurs if,
during an unplanned demand of the system the test return-line MOV is opened to divert flow from the RPV
to the CST and subsequently fails to close, or the injection valve fails to re-open, resulting i no flow to the
vessel for level restoration

Failure to start—Failure of the system to start and inject coolant into the RPV on a valid demand
signal

Fault—An moperability in which the injection function of the system was nor lost. This includes
admumstrative techmcal specifications violations such as late performance of a surveillance test

If restart (IFRS) - Probability that a RCIC nussion requires the RCIC system to restart (see Failure
to restart)



Inoperability—An event affecting the RCIC system such that it did not meet the operability
requirements of plant technical specifications and therefore was required to be reported in a LER

Maintenance out of service (MOOS)—RCIC system failure attributed to the system being out of
service for either preventive or corrective maintenance at the time of the unplanned demand

Maintenance unavailability—Probability that the system is out of service for maintenance at any
moment in tine.

Mission ime—The elapsed clock time from the first demand for the system until plant conditions are
such that the system is no longer required. PRAs typically assume that RCIC is needed for imjection
throughout the entire mission time  In the operational experience, this penod includes not only injection but
recirculation through the test return line or system shutdown and restart

Opera‘ing conditions—Conditions in which technical specifications require RCIC operability,
typically with the reactor vessel pressunzed

Operational data—A term used to represent the industry operating expenience as reported in LERs.
It 1s also referred to as operational experience or industry experience.

PRA/IPE—A term used to represent the data sources (PRAs, IPEs and NUREGS) that describe
plant-specific system modeling and nsk assessment, rather than a simple focus on operational data.

P-value—The probability that the data would be as extreme as it is, assuming the model or

hypothesis is correct. It is the significance level (0.05 for this study) at which the assumed model or
hypothesis 1s statistically rejected.

covery—An act that enables the RCIC system to be recovered from a failure without maintenance
intervention.  Generally, recovery of the RCIC system was only corsidered in the unplanned demand
events. Each failurc reported during an unplanned demand was evaluated to determuine whether recovery of
the system by operator actions had occurred  Typically a failure was recovered if the operator was able to
reposition a switch, open a valve or reset the governor to restore injection to the RPV. Events that required
replacing components were not considered as recoveries. In addition, recovery was not considered during
the performance of a surveillance test

Unreliability—Probability that the RCIC system will not perform its required mission. This
happens if the system 1s out of service for maintenance, or if the RCIC system fails to start, run, restart or
transfer duning recirculation modes of operation

XX



Reactor Core Isolation Cooling
System Reliability, 1987-1993

L0 INTRODUCTION

The US Nuclear Regulatory Commission (NRC), Office for Analysis and Evaluation of
Operational Data (AEOD) has, in cooperation with other NRC Offices, undertaken an effort to ensure that
the stated NRC policy to expand the use of probabilistic risk assessment (PRA) within the agency 1s
implemented in a consistent and predictable manner As part of this effort, the AEOD Safety Programs
Division has undertaken to monitor and report upon the functional rehiability of risk-important systems in
commercial nuclear power plants. The approach is to compare the estimates and associated assumptions as
found in PRAs to actual operating expenience. The first phase of the review involves the identification of
rnsk-important systems from a PRA perspect:ve and the performance of reliability and trending analysis on
these identified systems  As part of this review, a risk-related performance evaluation of the reactor core
isolation cooling (RCIC) system 1n the U.S. commercial boiling water reactors (BWRs) that have 2 RCIC
system was undertaken

The evaluation measures RCIC system unreliability using actual operating experience under
conditions most representative of circumstances that would be found in response to a postulated vessel
1solation event. To perform this evaluation and make risk-based compansons to the relevant information
provided in the PRAs, the unrehiability estimates provided in this study are based on the RCIC system
performing its risk-significant function. The estimates of RCIC system unrehiability were based on data
from unplanned demands, as a result of transient response, and from full system functional tests that best
sumulate system response in a vessel isolation event. The data from these sources are considered to best
represent the plant conditions found during accident conditions. Data from component failures that diu not
result in a loss of injection function of the system were not utilized

Failures and associated demands that occurred dunng tests that are intended only to demonstrate
operability of portions of the system were not used to estimate the reliability of the RCIC system. These
types of partial system tests do not challenge the system as a whole. A complete system response 1s
required for accident mutigation. Therefore, only tests that challenge the complete system are included

This study was based upon the operating experience during the period from 1987 through 1993, as
reported n Licensee Event Reports (LERs) found in the Sequence Coding and Search System (SCSS) The
objectives of the study were to

* Estimate unreliability based on operational data, and compare the results with the assumptions
models, and data used in Probabilistic Risk Assessments and Individual Plant Fxaminations
(PRA/IPEs)

Provide an engineering analysis of the factors affecting system unreliability and to determine if
trends and patterns are present in the RCIC system operational data




The report is arranged as follows. Section 1 provides the introduction. Section 2 describes the scope
of the study, describes the RCIC system, and briefly describes the data collection and analysis methods
Section 3 presents the results of the rehability analysis of the operational data and the comparisons to the
PRA/IPE information Section 4 provides the results of the engineering analysis of the operational data.
Section 5 contamns the references

Appendix A provides a detailed explanation of the methods used for data collection, characterization,
and analysis. Appendix B gives summary lists of the data. Appendix C summarizes the detailed statistical
analyses used to determune the results presented in Sections 2 and 4 of the body of the report



2.0 SCOPE OF STUDY

Thisnudydocumcntsananalysnsoft}wopcrwomlcxpmenceofthcw BWRs listed in Table 1, all
of which have a RCIC system This analysis focused on the ability of the RCIC system to start and
provide adequate core cooling flow for its required mussion time The containment isolation function
associated with the RCIC system is not within the scope of this study. The system description and
boundanes, data collection, failure categonization, and limitations of the study are briefly described in this
section

Tbedatausedmthisreponwerelnmtedtothesetofplamshstedin'l‘ablel For the newer plants,
data started from the low-power license date  Browns Ferry 1 and 3, and Shoreham were excluded even
thoughtbcyareBWRsm’thRCleystcxnsbecauseﬂmcplan..wcrenotopemuonaldunngthcsmd_v
period.

Table 1 also provides for each plant the docket number and the number of operating vears dunng the
study period Operatmgycarsforaplantwascstimatedbycalmdarumcnnnusallperiodswhmthema'm
generator was off-line for more than two calendar days. LER data were not collected for a given calendar
year if there was no operat'onal time in that vear. Details of the calculation of operational time are
provided in Appendix A, and plant data results are provided in Appendix B.

Table 1. BWR plants with a RCIC system selected for the study and the operational years during the 1987
through 1993 timeframe

Plant Name Docket Operating Plant Name Docket Operating
years years
Browns Ferry 2 260 23 Limerick 2 353 38
Brunswick | 325 38 Monticello 263 6.3
Brunswick 2 324 46 Nine Mile Pt. 2 410 45
Clinton 461 49 Peach Bottom 2 277 40
Cooper 268 56 Peach Bottom 3 278 35
Duane Arnold 331 56 Perry 440 50
Fermi 2 341 56 Pilgnm 293 39
FitzPatnick 333 45 Quad Cities | 254 55
Grand Gulf 416 6.1 Quad Cities 2 265 54
Hatch 1 321 59 River Bend 458 53
Hatch 2 366 60 Susquehanna 1 387 57
Hope Creek 354 62 Susquehanna 2 388 6.1
LaSalle | 373 54 Vermont Yankee 271 62
LaSalle 2 374 52 Wash. Nuclear 2 397 51

Limenck 1 352 57




2.1 System Operation and Description

The RCIC system 1s a single train standby system required by plant technical specifications (see
References | through 6) for safe shutdown of the plant. The system is not considered to be part of the
emergency core cooling system (ECCS), and does not have a loss of coolant accident (LOCA) function.
The RCIC system 1s designed to assure that sufficient reactor water inventory is maintained in the vessel to
permit adequate core cooling ” This prevents the reactor fuel from overheating in the evert that:

1. A complete plant shutdown occurs under conditions of a loss of the feedwater system before the
reactor 1s depressurized to a point where the shutdown cooling system can be placed into operation

2. The reactor pressure vessel (RPV) is isolated in conjunction with a loss of coolant flow from the
feedwater system

Following a normal reactor shutdow:, steam generation continues at a reduced rate due to core
fission product decay heat During this time, the turbine bypass system diverts the steam to the main
condenser, and the RCIC system supplies the makeup water required to maintain reactor vessel inventory
(note that the RCIC system is just one of a number of systems capable of performing thus function). The
turbine-driven pump supplies makeup water from the condensate storage tank (CST) to the reactor vessel
An alternate source of water 15 available from the suppression pool. The turbine is driven with a portion of
the decay heat and exhausts to the suppression pool This operation continues until the vessel pressure and
temperature are reduced to the point that the residual heat removal (RHR) system can be placed into
operation

2.1.1 System Operation

Based on the operational data reviewed for this study, the RCIC system was found to have two
operational missions.  These two missions can be categorized as either, short term or long term based on
the plant conditions associated with the need for RCIC to provide coolant flow to the reactor pressure
vessel (RPV). The distinction between the two operational missions is based on the time the system was
operated for the particular event. The short term mussions were defined as those missions where the use of
RCIC for coolant mjection was required for less than |5 minutes These short term missions were typically
only a few muinutes in duration. The long term missions were defined as those missions where the need for
RCIC operat.on was required beyond 15 minutes. Long term mussions may have required RCIC operation
for several hours

The short term mussions observed in the operational data required either; the RCIC svstem to start
automatically on a low RPV water level signal, or for operators to manually start the system to mitig-te a
RPV water level transient. For both of these cases, the need for RCIC was observed following a reactor
scram from hugh power operations and may have either, involved a RPV level coatrol probiem or a closure
of the turbine stop valves In these events the RCIC system was started. quickly restored RPV water level
and was subsequently shutdown In a few cases the system was restarted a second time to restore RPV
water level Overall, the use of the system was only required for a few minutes. In these short term



mussions, feedwater was available or was restored within a few munutes to provide normal RPV water level
control

In some of the short term nussions the plant expenienced a reactor scram during power operations
without a loss of normal feedwater or a closure of the turbine stop valves. In these cases the void collapse
associated with the scram caused a demand for RCIC njection, the high-pressure core spray (HPCS) or
high-pressure coolant injection (HPCI) systems (depending on plant design) also automatically initiated to
supply makeup water to the reactor vessel In these cases the systems were shutdown after RPV water
level was restored to the normal operating band

The long term mussions observed in the operational data, were events where the plant would
expenence a reactor scram during power operations either as a result of a loss of normal feedwater or an
isolation of the reactor vessel In either case, RCIC would operate to provide adequate RPV water level for
periods of time up to several hours. For these long term mussions either the control room operator would
manually mitiate the RCIC system, or the system would automatically start at the predetermined low
reactor water level setpownt. At this point the system would inject until the system was shutdown by the
operator or the hugh level trip setpoint was reached, at which time the RCIC turbine steam supply and
coolant mjection valves were closed With the continued decay heat generation and corresponding lowering
of vessel level (as a result safety relief valve or turbine bypass valve operation), the svstem would be re-
started during the event and the cycle repeated one or more times

As an alternative to having the system either, manually or automatically cycled on and off between
high and low vessel level setpoints, the system can be used to raise level to the normal operating level band
and then control room operator could open the test-retumn-line motor -operated valve (MOV) and divert
RCIC flow back to the CST This would minimize repeated restarts of the system, and 1s simular to the
pressure control mode of operation of the HPCI system The RCIC system would operate continuously
throughout the event by providing flow to the vessel when needed and when not needed by recirculating
flov back to the CST through the test-return-line. In these events the imjection and test-return-line MOVs
are cycled for the duration of the event which could last several hours If the RCIC svstem were to fail
during the event, the HPCS/HPCI system could provide adequate vessel coolant inventory

ko some BWR designs, to remove decay heat during a planned 1solation event, assuming that the
nain coudenser 1s not available, the RCIC system would operate in conjunction with the RHR system in the
steam condensing mode In this mode, condensed steam is delivered from the RHR heat exchangers
through an interconnection to the RCIC pump suction for return to the RPV. Thus. closed loop cooling is
provided by this mode This mode of operation was not observed in the operational data selected for thus
study

2.1.2 System Description

The RCIC system is a single tramn standby system that consists of a single 100% capacity steam
turbine-dnven pump. The RCIC system 1s capable of delivering reactor grade water from the CST to the
RPV using reactor-decay-heat-generated steam as a source of energy to drive the turbine-driven pump. In




the event that CST water is not available, an alternate source of water is available from the suppression
pool. Figure | provides a simplified diagram of a typical RCIC system

The RCIC system steam turbines (at all p)ants) are Dresser-Rand Terry-Turbodyne (Terry) turbines
designed for constant capacity over varving ran :es of inlet steam pressure, typically 1040 psig to 50 psig
These turbines have horsepower ratings that vi ry from 460 1o 875 with associated pump flow rates froin
400 to 800 gpm depending on plant design.  All Terry turbines that drive RCIC pumps use Woodward
governors (type EG-M with EGR actuators) for speed control, including prevention of overspeed during
“cold quick-starts ” The ratings for the RCIC system varnes by plant design class with the older Design
Class II plants having the smaller capacity systems and the newer Design Class VI plants having the higher
capacity systems However, because of the overall similarities of the system in the vanous design classes
(same equipment manufacturer), no distinction was made in this report between the different design classes

Turbine “cold quick-starts” are required to meet pump starting time lumits in Safety Analysis
Reports, and other requirements specified to meet the reactor safety analyses of the nuclear steam supply
system vendcr. A cold start is considered to be a start that oecurs when a turbine has not been operated for
at least 72 hours. Turbine “quick-starts” occur when the turbing is required to reach rated speed and pump
flow in 30 to 120 seconds Since standby turbines are idle for extended periods of time, lubricating oil
drains from the turbine bearings, leaving the bearings vulnerable to excessive wear Standby turbines
supphed by Terry typically also use turbine lubnicating o1l as the hydraulic operating fluid for the
governors and actuators. To provide bearing lubrication and governor oil on quick starts, a pressunized
lubnication o1l system is provided that utilizes a shafi-driven lubrication oil pump The shaft-dnven
lubrication oil pump provides lubrication oil to the turbine bearings and governor assembly as soon as the
turbine begins to roll, enhancing both turbine lubrication and governor response

To control turbine speed, a governor valve is provided for the turbine which is tvpically supplied by
Terry. The governor valve 1s fully open at the beginning of a quick-start and 1s designed to assume speed
control duning the startup when the turbine speed reaches the govermors nmummum speed setting
(approximately 2000 rpm) During a quick-start the turbine accelerates rapidly to the minimum speed
setting. At that time, the governor vaive begins to close to control turbine speed. The turbine, however,
overshoots the mumimum speed (if a turbine accelerates too fast. it could ov erspeed at this time before the
governor can slow the turbine down), starts to slow down (as the governor valve closes) and then
accelerates again as the governor valve opens in response to the governor’s controlled increase to rated
speed. To reduce the possibility of turbine overspeed at this time governor o1l flow 1s restricted through
the use of a ramp-generator  The ramp generator controls and limits the time for the turbine to reach rated
speed to approximately 30 seconds after the governor gains control. If inlet steam flow is excessive during
a quick start, the governor valve can not close sufficiently to limit speed before the turbine over speeds
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The RCIC system instrumentation and control consists of system iitiation and containment isolation
arcuitry. These two circuits provide different functions, both of which can contribute to system
unreliability  The purpose of the iitiation circuitry 1s to iutiate actions to ensure adequate core cooling
when the reactor vessel 1s isolated from its pnimary heat sink and normal coolant makeup flow from the
feedwater system 1s wnsufficient or unavailable The purpose of the containment isolation circuitry is to
initiate closure of appropriate primary containment isolation valves to limit fission product release should a
RCIC steam line rupture occur

The RCIC system imtiation circuit allows for manual and automatic mitiation of the system
Automatic mtiation occurs for conditions of low reactor water level The low reactor water level
parameter 1s monttored by four transmutters that are connected to relays whose contacts are arranged in a
one-out-of-two taken twice logic arrangement. Once initiated, the RCIC logic seals in and can be reset by
the operator only when the reactor vessel level signals have cleared Upon system initiation, the turbine
steam supply valve opens to supply steam to the turbine, and the suction valve from the CST and mjection
valve open to supply coolant flow to the RPV. In addition, the test-return line isolation valve is closed to
allow full system flow and maintain primary containment isolation. Failure of any one of these valves to
function duning an imitiation results in a failure of the system

The RCIC system containment 1solation circuitry typically provides automatic closure of the RCIC
turbine steam supply 1solation valves and turbine exhaust valve in the event of a steam line failure (hugh
energy line break) The parameters monitored typically include high steam flow, low steam line pressure,
high room delta-temperature, and high area temperature. Isolation of these valves disables the RCIC
injection function, however, failure of this circuit to close these valves would not preclude operation of the
system.  Duning standby operation a spurious 1solation of the steam supply line caused by this circuit
contributes to system unavailability, and during system operation the spurious 1solation can contribute to
system unrehability

2.1.3 System Boundaries

The RCIC system for this study was partitioned wnto three subsystems for analysis purposes. These
subsystems are, (1) the Turbine and Turbine Control Valves, (2) Coolant Piping and Valves, and (3)
Instrumentation and Control. These three subsystems are comprised of the following

® The Turbine and Control Valves subsystem includes the turbine and governor assembly and
associated controls. Also included with this subsystem are, all steam piping from the main steam
line penetration to the turbine, the turbine exhaust piping to the suppression pool with associated
valves, and the turbine control and steam line 1solation valves and valve operators

® The Coolant Piping and Valve subsystem includes the turbine-driven pump assembly and
associated flud piping, including the normal (from the CST) and alternate (from the suppression
pool) pump suction sources and the pump discharge up to the reactor pressure vessel penetration or
main feedwater line, depending on plant design Included with this subsystem are the associated
valves and valve operators. The suppression pool and the CST are not included in the system
boundanes

* The Instrumentation and Control subsystem includes the circuits for system initiation, operation,
and containment 1solation of the RCIC steam lines. However, each failure of these circuits was




screened to ensure that the component report identified in the circuit was dedicated to the RCIC
system before including 1t in ths report

Additional components that were considered to be part of the RCIC system were the circuit, breakers
at the motor control centers (MCCs) (but not the MCCs themselves), the dedicated DC power system that
supplies RCIC system power and the associated inverters. Heating, ventilating, and air conditioning
(HVAC) systems and room cooling associated with the RCIC system were included, with the exception of
the service water system that supplies cooling to the room coolers Only a specific loss of service water to
individual RCIC room coolers was included and not the entire service water system

Support system fuilures were considered for possble inclusion in this RCIC study. However,
examnation of the operational data found no cases when support system failures clearly caused a RCIC
system failure. In addition, the support system failure contribution to the overall RCIC system failure
probabilities in the PRAs was found to be small Therefore, support systems were treated as outside the
scope of this study

2.2 Operational Data Collection

The source of RCIC system operational data utilized in this report was LERs found using the
Sequence Coding and Search System (SCSS) database The SCSS database was searched for all RCIC
records for the years 1987 through 1993 To ensure as a complete data set as possible given the LER
reporting requirements for RCIC, a search was conducted of all the immediate notification reports required
by 10 CFR 50 72 for the same time period that identified the RCIC system The immediate notification
report search results identified fewer events than the SCSS LER search results, and the events identified in
the immediate notification reports were captured in the LERs.  Also, the immediate notification reports did
not contain the necessary detail about the RCIC event to conduct a reliability analysis. As a result only the
LER data was used in this report

2.2.1 Inoperability Collection and Characterization

Because RCIC is a system required by technical specifications to be operable when RPV pressure 1s
above 150 psig (some plants have a 90 psig requirement), all occurrences that resulted in the system not
being operable as defined by the respective plant technical specifications (for example, see References 1-5)
are required by 10 CFR 50.73(a)(2)(1)(B), “operation or condition prohibited by technical specifications,”
to be reported in LERs. In addition, 10 CFR 50.73(a)(2)(v1i) requires the l'sensee to report all common
mode failures resulting in a loss of capability for safe shutA~'m Therefore, the SCSS LER database
should include all occurrences when the RCIC system was n able

In thus report, the term inoperability 1s used to describe any RCIC malfunction or situation in which
a LER was submutted in accordance with the requirements identified in 10 CFR 50 73(a)(2)(1}B) or
(a)(2)(vu). The inoperabilities were subsequentiy classified as fau/ts and failures for the purposes of this
study  The classification of faults and failures was based on an independent review of the events, and was
not related to the reportability requirements identified in the LER. The term failure 1s used to 1dentify the
subset of the inoperabilities for which the coolant injection function of the RCIC system is lost. The term
fault 1s used to describe the subset of inoperabilities that were not classified as failures



Failure Classification—Each of the LERs identified in the SCSS database search were reviewed by
a team of U.S. commercial nuclear power plant expenenced personnel, with care taken to properly classify
cach event and to ensure consistency of the classification for each event. Because the focus of this report 1s
mnskandrelnbihty,nmwmm-ﬂwﬁ:ﬂmafwwkmdchssifymcxcmdcmbased
on the available information reported in the LER  Specifically, the information necessary for determination of
rehability, such as, classification of RCIC failures and faults. failure modes, failure mechanisms, causes,
etc. n thus report were based on the independent review of the information provided in the LERs. The
SCSS data search was only used to identify LERs for screenung for this study, no data characterization,
evaluation of, or reliability analysis was performed on the information encoded 1n the SCSS database

Two engineers independently evaluated the full text of each LER from a risk and reliability
perspective At the conclusion of the independent review, the data from each independent LER review were
combmned and classification of each event was agreed upon by the engineers The events that were
identified as failures that could contribute to system unreliability were peer reviewed by the NRC technical
monitor and technical consultants that have extensive experience in reliability and risk analysis. The peer
review was conducted to ensure consistent and correct classification of the failure event for the reliability
estimation process.

Failure classification of the inoperability events was based on the ability ¢¢ the RCIC system to
function as designed for at least a 24 hour mission or until the system was no long needed for actual
mussions longer than 24 hours Each LER was reviewed to determine if the system would have been
reasonably capable of performing its design function  Examples of the types of mnoperabilities that are
classified as failures include: (1) malfunctions of the nitiation circuit that prevents the system from starting
in automatic, (2) malfunction of the ijection MOV to open with the turbine operating properly and RPV
water level at or below the imtiation setpoint; (3) RPV waicr 'evel at or below the initiation setpoint and the
system out of service for pre-planned maintenance, and (4) malfunction of the flow controller that either,
prevents the system from providing flow to the RPV, or requires the operator to place to controller in
manual because of erratic operation

The RCIC events identified in this study’ as failures, represent actual maifunctions that prevented the
successful operation of the system. When the RCIC system receives an automatic start signal as a result of
an actual low RPV water level condition or a manual start, the system functions successfully if the turbine
starts and obtains rated speed and pressure, the injection valve opens, and coolant flow is delivered to the
RPV until the flow 1s no longer needed. Failure may occur at any pont in this process. For the purposes
of this study, the following failure modes werc observed in the operational data

* Maintenance out of service (MOOS) occurs if, due to mantenance, the RCIC system is prevented
from starting during an unplanned demand

* Failure to start (FTS) occurs 1if the system 1s in service but fails to automatically or manually start,
obtain rated speed in the turbine, develop sufficient injection pressure and flow to the reactor

pressure vessel

e Failure to run (FTR) occurs if, at any time after the system 1s delivering sufficient coolant flow, the
RCIC system fails to maintain this flow to the RPV while 1t 1s needed
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* Failure to restart (FRS) occurs if, during an unplanned demand and after a succes ful start and run
to restore RPV level, the RCIC system is shutdown (manually or as a result of a high level trip),
and subsequently 1s demanded to restart (automatically on low vessel level or manually) and fails
to restart.  The failure to restart can occur on any restart attempt

Failure to transfer during recirculation (FRC) occurs if during an unplanned demand of the system
the test return-line MOV 1s opened to divert flow from the RPV to the CST and subsequently fails
to close, or the jection valve fails to re-open, resulting in no flow to the vessel for level
restoration

Recovery of failures 1s important and was considered when estimating system unreliability. To
recover from a failure, operators have to recognize that the system 15 1n a failed state, restart it without
performing maintenance (for exampie, without replacing components), and restore coolant flow to the RPV
An example of such a recovery would be an operator (a) noticing that the injection MOV had not opened
duning an automatic start of the system, and (b) manually operating the control switch for this valve,
thereby causing the MOV to open fully and aliow coolant flow to the RPV Recovery for the other failure
modes 1s defined in a sumilar manner Each failure was evaluated to determine whether recovery by an
operator occurred

The analysis section of each LER was used to determine if the system would have been able to
perform as required even though the system was declared not operable as defined by plant technical
specifications. As an example, the LER may have been submitted for the late performance of a technical
specification required surveillance test. This event would be classified as a fault and not a failure in this
study. Ths classification i1s based on the judgment that given a demand, the system would still be capable
of functioning as designed Moreover, plant personnel typically would state in the LER that the system
was available to respond and that the subsequent surveillance test was performed satisfactorily. If the
system failed the subsequent surveillance test the event .vould have been :lassified as a failure In addition,
admunistrative problems associated with RCIC were also classified as faults. given the system had
successfully passed a recent surveillance test or remained capable of injecting water into the RPV. As an
example, the discharge piping was found the to have the required number of seismic restraints However,
the results of an engineering analysis for the mussing restraint provided by the plant in the safety analysis
section of the LER indicated that the existing system configuration would successfully complete the
nussions postulated in this report. As a result, the event would be classified as a fault

2.2.2 Demand Collection and Characterization

For the reliability estimation process, the total number of demands associated with a specific set of
failures must be known. Two cntena are important in selecting data sets for rehability analysis  First,
useful data must, of course, be countable. Reasonable assurance must exist that the number of failures and
demands can be estimated, that all failures will be reported, and that sufficient detail will be present in the
failure reports to match the failures to the applicable demand estimates

The second criterion 1s that the demands must reasonably approximate the conditions being
considered in the unreliability analysis. The unplanned demands or tests must be ngorous enough that
successes as well as failures provide meaningful system performance information The determination of
whether each demand reasonably approximates conditions for required accident/transient response depends
in turn on the mssions being modeled by each failure probability estimate
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Unplanned demands—LERs can be used to provide information on unplanned demands following
plant transients that resulted in an actual low RPV water level condition, that 1s, an actual need for the
RCIC system. These unplanned demands were identified by searching the SCSS database for all LERs
containing scrams while the reactor was critical for plants having a RCIC system during the 1987-1993
study period These critical reactor scram events are reportable under 10 CFR 50 73(a)(2)(iv) and provide
the basis for determuming if the RCIC system was used to mutigate the consequences of a RPV water level
control transient during the scram. In addition, unplanned HPCI and HPCS engineered safety feature
(ESF) actuations are reportable under the same reporting requirements as reactor scrams. The HPCI and
HPCS ESF actuations on low RPV water level are typically at the same setpoint as for the RCIC system
In almost every case that there was a HPCI or HPCS actuation a RCIC actuation was also identified by the
plant. Also, for the critical reactor scram events that identified a feedwater problem, or 2 main steam line
isolation valve closure, or turbine supply valve closure, the use of the RCIC system was also identified in
the LER. Therefore, identification of RCIC demands is possible, even though the system s not normally a

10 CFR 50.73 reportable system, by a search for critical reactor scrams and HPCI and HPCS ESF
actuations which are reportable

The LERs that contamed RCIC actuations were screened to determine the nature of the RCIC
actuation. The RCIC actuations identified in the LERs that were classified in this study as RCIC
unplanned demands were events that resulted in coolant flow to the RPV. Some of the actuations were
demands of only a part of the system The partial demands did not exercise the RCIC system in response
to an actual need for injection because RPV water level was restored using another source (typically
feedwater) prior to the injection valve opening. Therefore, these records were excluded from the count of
RCIC unplanned demands.

Surveillance Test Demands—A review of several plant technical specifications indicated that plants
are required to simulate an actuation of the automatic start of the RCIC system with a penodicity of once a
fuel cycle, or once every 18 menths (referred to as cyclic tests). These tests typically start the system by a
cold quick-start of the turbine-driven pump; however, flow to the vessel is not required to be demonstrated.
Because of the completeness of the cyclic surveillance test as compared to other tests, the cyclic
surveillance test data were included in the systam unreliability calculation However. because the injection
valve is not tested under the conditions the valve would expenence during an unplanned demand (flow to
the vessel), data from cyclic tests were not used to estimate the failure probability for this valve. For more
details on the counting of unplanned demands and surveillance test demands, see Section A-12 in
Appendix A

Less complete demonstrations (e g, quarterly or monthly surveillance testing) of the system'’s
operability were not included in the analyses performed for this report. Data from the testing that were
judged as not demonstrating the injection function or did not result from a cold quick-start of the system
were not utilized in the assessment of RCIC reliability Some BWR plants initiate quarterly surveillance
tests with a hot or cold turbine quick-start, while others may use a slow start with the turbine speed imtially
brought to the slow speed stop. The hot quick-starts and slow starts are judged not representative of the
type of demand the system would expenence during a low vessel level transient. Moreover, any condensate
that may have collected in the steam: line would be dratied during these tests, and the system is warmed up
and possibly checked for factors that could cause a cold quick-start to fail Therefore, the data from these
tests were excluded from the system reliability analysis; however, information on the types and causes of
failures observed during these tests were reviewed in the engineering analysis section of this report
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2.3 Methodclogy for Operational Data Analysis

The nsk-based and engineenng analysis of the operational data are based on two different data sets

The Venn diagram in Figure 2 illustrates the relationship between these data sets. Data set A represents all
the LERs that identificd a RCIC system inoperability from the above-mentioned SCSS database search
Data set B represents the mnoperabilities that were classified as failures of the RCIC system. Data set C
represents those actual failures identified from LERs for which the corresponding demands (both failures
and successes) could be counted. It is data set C that provides the basis for estimating the unreliability of
the RCIC system Data set C contains all relevant failures that occurred during either an unplanned full
demand or a cyclic surveillance test (full demands) The only criteria are the occurrence of a real failure
and the ability to count all corresponding full demands (ie., both failures and successes). Data set C
represents the miamum requirements for the data used in the risk-based analysis of the operational
expenence.

To eliminate any bias m the analysis of the failure and demand data in data set C and to ensure a
homogeneous population of data, three additicnal seiccuon citteria on the data were imposed.  These
critena were. (1) the data from the plants mast be reported in accordance with the same reporting
requirements, (2) the data from each plant must be statistically {-om the same population, and (3) the data
must be consistent (1.¢, from the same population) from an enginc=ring perspective. Each of these three
criteria must be met or the results of the analysis would be incorrectly influenced. As a result of these three
cntena, the faillure and demand data that compnse data set C were not analyzed strictly on the ability to
count the number of failures and associated demands for a nsk-based mission, but also to ensure each of
the above three critena were met.

The purpose of the engineenng analysis was to provide qualitative insights into RCIC system
performance and not calculate quantitative estimates of unreliability.  Therefore, the engineering analysis
used all of the RCIC mnoperabilities appearing in the operational data. That 1s, the engineering analysis
focused on data set A which includes data set C with an engineering analysis of the factors affecting RCIC
- system rehability. However, the MOOS events were excluded from the engineering analysis because
although they result in the inability of the RCIC system to supply coolant to the vessel, they do not always
nvolve an actual failure of the system An unplinned full demand of the RCIC system while maintenance
was being performed on that system during power operating conditions was considered in estimating
unrehability, but was not part of the engineering analysis.

A The RCIC system: was inoperable as defined by
applicable technical specifications

The injection function of the RCIC system
was lost (failure).

C The imjection function of the RCIC system
was lost (failure) and the demand count could
be determined or estimated.

Figure 2. {llustration of the relationship between the data sets
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3.0 RISK-BASED ANALYSIS OF THE OPERATIONAL DATA

In this section, the data pertaming to the capability of the RCIC system to inject water into the
reactor pressure vesse! [referred to as operating expenience data for the purposes of this section of the
report| were assembled from LERs and analyzed in two ways. First, estimates of RCIC unreliability were
calculated from the operating experience data. These unreliability estimates are based on the operational
rmussions that RCIC encounters during transients that include a reactor trip, reactor vessel isolation and a
demand for coolant mjection by high pressure makeup systems (i.e., RCIC or HPCU/HPCS) Generally,
these transients can be categorized as either a short or long term operation of RCIC. For example, a
transient that results in reactor trip with a loss of feedwater, with no immediate recovery of feedwater,
would demand (but not necessarily require since HPCI/HPCS would normally be available) the operation
of RCIC for high pressure makeup to restore and maintain RPV water level (ie., long term operation of
RCIC). A reactor trip, with feedwater available, would not require long term RCIC operation (RCIC
operates in the short term restoring RPV water level). For the purposes of this study, estimates of RCIC
operational unreliability were calculated for thesc two types of transient categories resulting in two
different operational missions for the RCIC system

For the short term operation category, (i.e, where feedwater is available), the need for long term
RCIC 1s not necessary since feedwater (and additional makeup by HPCIVHPCS) can supply makeup water
to the reactor vessel For this case, RCIC intially receives an actuation signal in response to a low water
level caused by shrink/void collapse. However, the low water level is restored immediately since feedwater
15 available and RCIC 1s only operated for a short period of time before it is secured.

In the case of the long term operational mussion (i.e., where feedwater is not available), the need for
RCIC 1s greater since high pressure makeup to the reactor vessel is limited In this case, RCIC (as well as
HPCU/HPCS) imtially receives an actuation signal in response to a low reactor water level Since
feedwater 1s not available, operation of RCIC 1s used to restore and maintain reactor wa*zr level Generally,
in this category of transients, following intial restoration of water level, RCIC is operated intermittently to
myect water for maintaining reactor water level

Additionally, the estimates of RCIC system unreliability are analvzed to uncover trends and patterns
in RCIC system performance in U.S. commercial nuclear power plan.. Plant-specific and industry-wide
trend and pattern analyses provide insights into the rehability performance of the RCIC system.

Secondly, companisons are made between the RCIC unreliabilities based on operating experience
data and those reported in selected Probabilistic Risk Assessments (PRAs), Individual Plant Examinations
(IPEs), and NUREGs To provide an appropnate comparison, the conditions typically postulated in the
PRA/IPEs were also assumed for quantifying the RCIC unreliability model. The comparisons provide an
indication of the extent that unreliabilities based on operating experience data are consistent with those
reported in the PRAs, [PEs, and NUREGs.

RCIC unrehiability information was extracted from 21 plant risk information reports (1¢, PRAs,
IPEs and NUREGs) and used for companson with the RCIC unreliability results calculated for this study.
These reports document nsk information for 29 BWR plants. However, one report (Monticello) did not
contain sufficient information to estimate RCIC unreliability based on the extracted data. For the purposes
of this study, the risk information reports will be referred to collectively as PRA/IPEs
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RCIC system unrchabilities were estimated using fault tree logic to associate fault event occurrences
with broadly defined failure modes such as failure to start or failure to run  The probabilities for the
individual failure modes were calculated by reviewing the failure information (see Appendix C)
categonzing cach failure event by failure mode and then estimating the corresponding number of demands
(both success and failures) RCIC system unrehability was also estimated from PRA/IPE information
Generally, the system fault logic models were not available in the PRA/IPE submittals However, the
component failure probabilities used in calculating the unavailability of the RCIC system were available
In order to provide a companison of PRA/IPE estimates of unrehabibity to those calculated Som the
operational data, estimates were made from the relevant information contained in the PRA/ZIPEs  The
component failure probabilities were extracted and linked to the corresponding system failure modes
identified in the fault tree developed for the analysis of the operating expenence data. The component
failure probabilities extracted from the PRA/IPEs are those identified as the major contributors to RCIC
unavatlability Therefore, the PRA/IPE estimates approximated for this study should be different, but not
significantly, from those used in PRA/IPE quantification

A summary of the major findings in this section of the report are

® The RCIC system unreliability (including recovery) for the short term. long term, and PRA based
russions calculated from the operating experience data are 0 04, 0.08. and 0 18. respectively. The
difference in the unreliability estimates calculated for the operational and PRA-based mussions is
attnbuted maunly to the inclusion of additional modes of operation (subsequent restart of RCIC for
maintamng RPV water level and/or recirculation of RCIC flow back to the CST) for long duration
russions. If recovery is excluded, the short term, long term, and PRA-based estimates of RCIC
system unreliability are 0.06, 0.16, and 0 43, respectively

* For the short term operational unreliability, failures attributed to the start sequence (other than the
injection valve) are the leading contributors (48%). The leading contributor to the long term
operational unreliability 1s the ability to restart the RCIC system for subsequent injection of
coolant (41%). Failure to run 1s the largest contributor (36%), for the PRA-based 24-hour
nussion time unreliability

* A decreasing trend in RCIC system short term mission unreliability when plotted against calendar
year was 1dentified by statistical analysis of the operational data For the short term mission. no
clear trend was identifiea in RCIC system unreliability with regard to low -power license date. No
statistical trends of RCIC unreliability were idenafied with regard to long term muission
unrehability of RCIC

¢ Comparing the estimates of RCIC system unrehability calculated from the information contained in
PRA/IFEs to the estimates calculated from the operating experience data revealed that
approximately 75% of the PRA/IPE pomnt esumates lie within the 90% uncertainty interval
calculated from the operating expenence data However, most of the PRA/IPE estimates that are
outside the uncertainty band on the operating experience data based estimate fall below the Sth
percentile (1.¢, predicting better RCIC performance that indicated by the operational data)

* Most of the PRA/IPEs do not model the RCIC system in the way it is observed to be operated
based on the operating experience data Specifically, the maintenance of RPV water level by either
restart and/or recirculation following initial injection 1s generally not modeled. For the PRA/IPEs
that model the system with restart and/or recirculation mode of RCIC, the failure probabilities
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assigned to these modes of operation appear to be optimustic. For example, based on the operating
expenience data the initial failure to start (other than the injection valve) probabilities and the
restart failure probabilities differ by about a factor of 2.6, However, the PRA/IPEs use the same
fatlure probabilities for restart as for nitial start. The restart contribution to overall unreliability 1s
a factor of 2 greater than the imtial fail to start contribution, 27% versus 12%, respectively based
on the operating experience data

3.1 Estimates of RCIC System Operational Unreliability

Estimates of RCIC train unreliability were calculated using the unplanned demands and cyclic tests
reported in the LERs. The failure data were used to develop failure probabilities for the observed failure
modes defined in Section 2. The types of data (1.¢., cyclic test and unplanned demands), failure counts and
demand counts used for estimating probabilities for each of the RCIC system failure modes are identified in
Table 2. The contributions to the unreliability of the RCIC system from support systems outside the RCiC
boundary defined in Section 2 1 3 are excluded from the failure counts

Table 2. Failure data sources and counts used for estimating RCIC failure mode probabilities

Unplanned demands Cyclic tests

Failure mode faily es demands failures demands
Maintenance out of service (MOOS)* 1 133 -— —
Failure 10 start, other than injection valve 7 132 3 142
(FTSO)
Failure to recover from FTSO (FRFTS) 4 7 — —
Failure to start, injection valve (FTSV) 0 128 — —
Failure to run (FTR)

Short term operation (FTR-ST) 0 56 — —_

Long term operation (FTR-LT) 2 72 0 141
Failure to recover from FTR (FRFTR) 1 2 — —
Failure to restart (FR3) 4 18" —_ -
Failure to recover from FRS (FRFRS) 2 4 —- —
Failure to transfer during recirculation (FRC) 2 72 — —
Failure to recover from FRC (FRFRC) 0 2 — -

@ In this report, the MOOS contribution to RCIC system unreliability was determined using the unplanned demand failures
that resulted from the RCIC system being unavailable because preventive or corrective maintenance was being performed at
the time of the demand and with the plant not shutdown

b Number of long term operation missions requiring RCIC to re-start. During these 18 missions there were approximately
46 restart demands.

The demand counts identified in Table 2 represent opportunities for RCIC system success. Each
failure observed in a RCIC operational phase that was not recovered takes away an opportunity from a
following phase. With this in mind, the counts in Table 2 are based on the following logic:

1 For the RCIC system to have the opportunity to start, the system could not be inoperable due to
mauntenance at the time of the demand. If so, then there 1s no opportunity for RCIC to start The
opportunities to start consist of the number of initial demands minus any MOOS failures observed

There were 132 unplanned demand opportunities (133 unplanned demands minus 1 MOOS failure)

for the system to start. The cyclic tests accounted for an additional 142 demands. Three failures

were identified for FTSO as the result of cyclic testing. The failure to start of the RCIC system
was partitioned into FTSO and FTSV to gain additional insights into the reliability for this
operational phase and to use as much of the cyclic test data as possible
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2. The next operational event in a RCIC system response deals with FTSV, Therefore, any FTSO
failure eliminates an opportunity for FTSV. The opportunities for FTSV consist of 132 demands
minus any failures that were not recovered from FTSO. There were four non-recovered FTSOs
thereby reducing the FTSV demand count to 128 The FTSV unplanned demand counts differ
from the FTSO demands since the injection valve only receives a permussive signal to open if
adequate pump discharge pressure is present and the low RPV water level signal 1s locked in Since
the injection valve 1s not tested under the conditions experienced dunng an unplanned demand,
cychic test data were not used for FTSV

3. For the unplanned demands there were 7 FTSO events, three of which were recovered. The three
failures observed during testing are not included in the estimation of recovery (neither as demands
nor as failures) since if any failures occur, the test is terminated and no immediate effort is mzde to
recover from the failure.

4. For the run phase of RCIC system operation, there were a total of 128 successful starts (125 plus 3
recovered FTSO events) based on the unplanned demands. The FTR counts based on unplanned
demands were classified as either short term or long term operational missions. A short term
mussion is defined as a mission where RCIC operated for less than 15 minutes. There were 56
short term mussions with no corresponding failures. A long term nussion is defined as a mission
where RCIC operated for 15 minutes or more. There were 72 long term missions with 2 failures
wdentified. The cyclic tests accounted for an additional 141 opportunities for RCIC to run. As
stated earlier, tests are generally termunated at the time of failure. Then the failure is repaired and
the test is rescheduled. To capture as much of the test performance data as possible, if the LER
indicated that the failure mechamism (in this case for FTSO) would not have affected the “run”
phase of the RCIC system, and the run segment was performed at the conclusion of the repair
(FTSO), then the test demands were included in the FTR counts as opportunities for success. Two
of the three FTSO failures fail into thus category. Therefore, two additional test demands are
included in the FTR category. The cyclic tests are classified as long term mission since the
duration of the run segment of the test is typically greater than 15 minutes.

5. For the unplanned demands, the failures observed during the run phase have the opportunity to be
recovered. For the unplanned demands in which two failures resulted (1.¢., long term failures), one
was recovered. Failures observed during the run phase of the test generally result in the test being
termunated and no effort to recover the failure 1s attempted. Therefore, no fail to recover entnies for
the test-related events would be tabulated even if failures had occurred.

6 The FRS data consists of the number of events that identified restarts of the RCIC system for
subsequent coolant injection to the RPV (i.¢, long term events) and any failures observed during
this operational phase. Of the long term mussions, 25% required the RCIC system to restart an
average of 2 5 times per mussion.

7. Two of the 4 FRS failures were recovered.

8 The remamming operational phase of the RCIC mvolves the recirculation mode. The number of
cycles (1.e, transfer during recirculation to injection and back to recirculation) were not provided in
the LERs Additionally, no method to estimate the number of valve cycles was identified that
would be defensible Therefore, the demand count correspoids to the number of missions that
stated RCIC operated in the recirculation mode




9. All of the FRC failures were recovered

In calculating the failure probabilities for the individual fa:lure modes, the operating experience data
were analyzed and tested (statistically) to determine 1f significant variability was present in the data All
data were mally analyzed by plant, by year, and by source (ie., unplanned and cvclic test demands).
Each data set was modeled as a binomual distribution with confidence intervals based on sampling
uncertainty Varnious statistical tests (Fisher's exact test, Pearson chi-squared test, etc.) were then used to
test the hypothesis that there 1s no difference between the types and sources of data

Because of concerns about the appropriateness and power of the various statistical tests and an
engineering belief that there are real differences between groups, an empirical Bayes method to model
vanation was attempted regardiess of the results of the statistical tests for differences. The simple Bayes
method was used if no empinical Bayes could be fitted. [For more information on this aspect of the data
analysis, see Appendixes A and C (Sections A-2.1 and C-1.1)). In the simple Bayes case, the uncertainty
in the calculated failure rate is dominated by random or statistical uncertainty (also referred to as sampling
uncertamnty). The simple b .yes method essentially pools the data and treats this as a homogeneous
population. If, on the other hand, an empincal Bayes distribution was fitted then the uncertainty is
domunated by the plant-to-plant (or year-to-year) vanability. That is, the data were not pooled, and
individual plant (or vear)-specific failure probabilities were calculated based on the factor that produced the
vanability

The failure to start mode was partitioned into two categories to allow the use of the cyclic test data
along with the unplanned demand data in the evaluation of FTSO. The cyclic test data were not used to
estimate the FTSV probability because the mjection valve i1s not tested under the same conditions seen
dunng unplanned demands. Section 4 of this report contains the engineering nsights into this aspect of the
data. Data from both cyclic tests and unplanned demands were used in estimating the FTR probability

There 1s no estimate for the probability of not recovering FTSV failures. This event was left as an
undeveloped event since no failures and hence no demands for recovery were observed Since FTSO and
FTSV mvolve different components of the system, it was deemed inappropriate to consider FTSV recovery

the same as FTSO and apply the recovery probability for FTSO at a higher level (i, FTS) in the fault
tree.

For the MOOS failure mode, pooling of the unplanned demand data with cvclic test data was not
done since plant personnel are unlikely to initiate an RCIC system test if the RCIC system is out of service
for maintenance. Only MOOS events that resulted from an unplanned demand while the plant was not
shutdown are included in the unrehability estimates. No statistical plant-to-plant variability exists for the
MOOS failure mode

3.1.1 RCIC System Unreliability For a Short Term Operational Mission

The unrehiability of the RCIC system for conditions requiring short term operation of RCIC was
calculated using the system fault tree model shown in Figure 3. Thus particular operational mussion is for
conditions that do not rely solely on RCIC for maintenance of RPV water level Typically, these events are
associated with conditions that result in a reactor trip with feedwater being available as the primary source
of water for RPV. Therefore, RCIC is not needed for RPV water level maintenance. Transients of this
nature where RCIC is imitially demanded, with feedwater available to restore RPV water level, generally
are of very short duration. For these transients, RCIC is started and runs for a short period of time before



it 1s exther automatically or manually stopped. Based on the operational data, the time of RCIC operation
for these types of missions is generally in the 5 to 10 minute range and 1s less than 15 minutes. These types
of demands will be referred to as short term.

Estumates of RCIC unrehability for the short term operation are calculated from the operating

expenience data The following failure modes were used in estimating RCIC system unrehability for the
short term mussion:

Maintenance Out Of Service (MOOS)

Failure To Start—Other than the Injection Valve (FTSO)
Failure To Start—Injection Valve (FTSV)

Failure to Recover from FTSO (FRFTS)

Failure To Run—short term (FTR-ST)

Table 3 contains the probabilities and associated uncertainty intervals calculated from the operating
expenience data for each of the failure modes for the short duration mission of the RCIC system. The
cyclic test data are not included for estimating the FTR-ST probability, since the run times associated with
the cyclic tests are greater than the typical run time for the short term mussion Table 4 contains the
estimated RCIC unrehability and associated uncertainty intervals resulting from quantifying the fault tres
depicted in Figure 3 and using the operating experience estimates in Table 3. For the purposes of
quantifying the fault tree, the following conditions were assumed:

A demand to inject coolant to the RPV 1s received by the RCIC system
RCIC 1s required to restore RPV water level

* Feedwater and/or other high pressure makeup systems are also available to restore and maintain
RPV water level.

¢ RCIC operation is only required for the short term (i.¢., less than 15 munutes).

The recovery probability for FTSO is included in the overall estimate of RCIC unreliability for the
system short term mussion since the operating expenence data show the RCIC system was recovered from
certain falures. However, this estimate is calculated from sparse data The non-recovery probabilities
calculated tend to be relatively high compared to the recovery probabilities stated in the PRA/IPEs. With
only one or two opportunities, the current operational data gives little evidence to support a lower failure to
recover probability In addition, more opportunities are needed in the operational data to reduce the
uncertainty associated with the failure to recover estimates. No recovery probability is calculated for a
failure mode 1f no failures were observed for the particular failure mode
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Also included in Table 4 are the probabilities for the failure combinations that make up the
unrehability for short term operation along with their percentge contribution. The unreliability
estmate include the failure to recover probability. The mean estimate of RCIC unreliability
without the recovery probabilities included is 0.06 for short term missions. The effect of recovery
on the estimate of RCIC unreliability 1s about a factor of 1 5 improvement

Table 3. RCIC system failure mode data and Bayesian probability information relevant to short

term operational unreliability.

Failure mode ftoat Modeled Distnibution Bayes mean and

variation 90% interval®

h(::glgsnmouwfsennoe 1 133 Sampling Beta (1.5, 132.5)  (1.3E-3, 1.1E-2, 2.9E-2)
)

Failure to start, other than 10 274 Plant-to-plant  Beta (0.7, 17.5) (5.4E-4, 3.7E-2, 1.2E-1)

the injection valve (FTSO)

Failure to start, injection 0 128 Sampling Beta (0.5, 1285)  (1.5E-5, 3. 9E-3, 1 SE-2)

valve (FTSV)

Failure to recover from B 7 Sampling Beta (4.5,3.5) (2.8E-1, 5.6E-1, 8.3E-1)

FTSO (FRFTS)

Failure to run-short term 0 56 Sampling Beta (0.5, 56.5) (3.5E-5, 8 8E-3, 3 4E-2)

(FTR-ST)

a. f, failures; ¢, demands

b _The values in parenthesis are the 5% uncertainty limit, the Bayes mean, and the 95% uncertainty limit.

Table 4. Estimates of RCIC unreliability for short term operation.

Contributor Contributor Percentage
probability contribution

MOOS 0.011 25
FTSV 0.004 9
FTSO*FRFTS 0.021 48
FTR-ST 0.009 20
RCIC Unrehability (mean) 0.044
90% Uncertainty Interval 0.0082, 0.10

3.1.2 RCIC System Unreliability For a Long Term Operational Mission

The unreliability of the RCIC system for conditions requiring long term operation of RCIC
was calculated using the system fault tree model shown in Figure 4 The model reflects the
operational mussion of RCIC for conditions that rely on RCIC for maintenance of RPV water level.
Typically, transients associated with these conditions result from a reactor trip and feedwater being
unavailable as the pnmary source of water for RPV. Therefore, RCIC is needed for RPV water
level maintenance. Transients of this nature where RCIC 1s initially demanded, with feedwater
unavailable to restore water RPV level, generally are of longer duration than the short term mission
discussed in the nrevious section  For these transients, RCIC is started/1estarted and runs fer the
duration of the event. Based on the cperational data, the time of RCIC operation for transients of
this nature exceeds 15 munutes These types of demands will be referred to as long term missions.

21



RCIC system fails to inject water to ]

the RPV for transients reguiring |
. long-term operation of RCIC [
L
l
| | | | |
; . . . : i : . — . - . ‘ : ,
| RCIC 1s inopersble ‘ RCIC failed to start given the Non-recovered failure to l RC lC fails to transfer l
{__ due to mamtenance system was not n maintenance run given a successful _nmJ dunng recirculation mode |
( \ , (] (]
’ l System failed to start ! lr :[
MOOS for mitiaj inyection | i fmia o l [ — st "]'
[} R L i . i
t I ‘ RCIC failure to run i Faslure to recover I Failure to transfer } Failure to recover |
— el S VR . |_givenitstarted | {__fromFIR from recirculation | [ fromFRC |
LRI C ) C ) () C )
! on-recovered failure to M: \ \
{_due to the injection valve | FIR-LT FRFTR FRC FRFRC
L]
1-
i e i
[ 7 : o - . 7 l Nor reccvered failure to
f : Non-recovered failure to :;:il l ant for subsequent & ln_qecqu-s
| Failure to start due Failare to _other than the injection v 7 )
L_to ingection valve recover from . {1 ! |

. 1 , 1 Lot [
FTSV I ] ) ]
| Failure to start other Failure to recover RCIC faiture L —— recover|
{_than the injection valie fromFISO [ | torestast _from FRS !
i 4 N | Restartof | o ; Sy
( ) x ) l RCIC ' ( ) ( \
F1SO FRFTS FRS FRFRS

Figure 4. Unrchability model of RCIC system for a long term mission.

22



Estimates of RCIC unrehiability for the long term operation are calculated from the operating
expenence data  The following failure modes were used in estimating RCIC system unreliability
for the long term mission

Maintenance Oui Of Service (MOOS )

Failure To Start—Other than the Injection Valve (FTSO)
Failure To Start—Injection Valve (FTSV)

Failure to Recover from FTSO (FRFTS)

Failure To Run—ong term (FTR-LT)

Failure to Recover from FTR (FRFTR)

Failure to Restart (FRS-LT)

Failure to Recover from FRS (FRFRS)

Failure to Transfer Duning Recirculation (FRC-LT)
Failure to Recover from FRC (FRFRC)

Table 5 contains the failure mode probabilities and associated uncertainty intervals
calculated from the operating experience data and unique to the long term operation of the RCIC
system The FTR-LT demand probability in Table 5 reflects the failures that occurred for the long
term mussions, which ncludes the cyclic test data In addition to the failure mode probabilities
tabulated in Table 5, an add:tional probability was estimated to account for the restart contribution
to the long term mussion. This adjustment normalizes those events that entered into the restart
mode to the number of long term events. This was done since only about 25% of the long term
mussions resulted in the restart mode. Table 6 contains the estimated RCIC unreliability and
associated uncertainty intervals resulting from quantifying the fault tree depicted in Figure 4 and
using the operating experience estimates in Table 5. For the purposes of quantifying the fault tree,
the following conditions were assumed

* A demand to inject coolant to the RPV 1s received by the RCIC system.
o RCIC 1s required to restore RPV water level
Feedwater and/or other high pressure makeup systems are not available to restore and
maintain RPV water level
* Restart of the RCIC system is required for subsequent level restoration.
RCIC operation 1s required for long term maintenance of RPV water level.
RCIC operates in the recirculation mode following restart.

Also included in Table 6 are the probabilities for the faillure combinations that make up the
unrehability for the long term operation along with their percentage contribution. The estimates
nclude the probability of not recoverng the failures The mean estimate of RCIC unreliability
without the recovery probabilities included 1s 0.16 for the long term mussions The effect of
recovery on the estimate of RCIC unrehiability 1s about a factor of two improvement.

The plant-specific unrehability estimates for the short term and long term mussions of RCIC
are shown in Figure 5. The calculations for the results in Figure 5 are provided in Appendix C.



Table 5. RCIC system failure mode data and Bayesian probability information relevant to long

term operational reliability

Failure mode | sl i Modeled Distribution Bayes mean and 90%
vanation interval®

Maintenance out ot service 1 133 Sampling Beta (15 132.5) (13E-3, 1.1E-2, 2.9E-2)

(MOOS )*

Failure to start, other thanthe 10 274 Plant-to-plant Beta (0.7, 17.5) (54E-4, 3.7E-2, 1.2E-1)

injection valve (FTSO)°

Failure to start, injection valve 0 128  Sampling  Beta (0.5, 128 5)  (1.5E-5, 3 9E-3, 1 5E-2)

(FTSV)*

Failure to recover from FTSO 4 7 Sampling Beta (4 5,3.5) (2.8E-1, 5.6E-1, 8 3E-1)

(FRFTS)"

Failure to run—ong term 2 213 Sampling Beta(2.5,211.5) (27E-3, 1.2E-2, 2.6E-2)

(FTR-LT)

Failure to recover from FTR .2 Sampling Beta(1.5,15) (9.7E-2, 5.0E-1, 9.0E-1)

(FRFTR)

Probability restart required  18° 72 Plant-to-plant Beta (0.9, 2.5) (1.3E-2, 2 6E-1, 6.85-1)

(IFRS)

Failure to restart(FRS-LT) 4 18 Sampling Beta (4.5, 145)  (9.8E-2, 2 4E-1, 4 1E-1)

Failure to recover from FRS 2 4 Sampling Beta (25, 25) (1.7E-1, 5.0E-1, 8 4E-1)

(FRFRS)

Failure to transfer during 2 N Sampling Beta(25,70.5) (8.0E-3, 3.4E-2, 7.5E-2)

recirculation (FRC-LT)

Failure to recover from FRC 0 2 Sampling Beta (0.5,2.5) (8. 7E-4, 1.7E-1, 5.7E-1)

(FRFRC)

a. /, fallures, d, demands

b. The values in parenthesis are the 5% uncertamnty himut, the Bayes mean, and the 95% uncertamty limit.

¢. These failure modes are identical to those for the short term mission and are taken directly from Table 3

d. Thus entry corresponds to the nurrber of long term unplanned mussions that identified at least one restart of RCIC

Table 6. Estimates of RCIC unreliability for long term operation

Contributor Contributor Percentage
probability contribution
MOOS 0.011 14
FTSV 0 004 5
FTSO*FRFTS 0.021 28
FTR-LT*FRFTR 0.006 8
IFRS*FRS-LT*FRFRS 0031 41
FRC-LT*FRFRC 0 006 8
RCIC Unreliability (mean) 0076
90% Uncertainty Interval 002,016
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Figure 5. Plant-specific esumates of RCIC system unreliability for short and long term missions
calculated from the operating experience data




3.1.3 Investigation of Possible Trends

Short term unreliability on a per vear basis was calculated to reveal if any overall v-end exists within
the industry. Figure 6 displays the unreliability trend of the RCIC system for a shor¢ term mussion by
calendar year  The unreliability for each calendar vear was obtained using the constrained nomnformative
prior for each failure mode pooled across plants for each calendar year as described in Appendix C. The
calculated unrehabilities include operator action to recover from failures The slope of the trend line 1s
statistically significant (P-value = 0.03) A statistical analysis of the long term unrehability per calendar
year (not shown) revealed no trend (P-value = 0.86).

To determine if plant aging (i, older plants versus newer plants) has an effect on RCIC system
performance, plant-specific unreliability calculated for a short term mission was plotted against the plant
low-power license date.  The plot 1s shown in Figure 7 with 90% uncertainty bars plotted vertically As
with the trend in year, constrained noninformative priors were used in processing the data. A trend line and
a%%cmﬁdcnwbmdforﬂwﬁneduaxdhncarealsoshownmmcﬁgurc The slope of the trend line is

not statistically significant (P-value = 0.15) The corresponding trend of long term unreliability (not shown)
identified no trend (F-value = 0 23).

3.2 Comparison to PRA/IPEs

The fault tree model shown i Figure 4 provided the logic for calculating RCIC system unrehability
based on the postulated conditions stated in the PRA/IPEs. The logic model also provided the template for
mapping relevant PRA/IPE component failure probabilities into a RCIC system model The mapping
provides a relational structure for comparing PRA/IPE results to the various operating experience
estimates. The component failure probabilities were taken from 21 PRA/IPEs (References 9 through 30)
documenting 29 plants. Compansons of estimates of RCIC system unreliability were made for all of the

plants listed in Table 1, except Monticello (which did not report either basic event data nor system
reliability data in their IPE)

To provide consistency in the compansons of PRA/IPE results to the corresponding results of
operating experience data, the contributions to the RCIC unreliability from support systems outside the
RCIC boundary defined in Section 2 1.3 were also excluded from the PRA/IPE models. The recovery
events FRFTS, FRFTR, FRFRS and FRFRC are included in the unrehability analysis of the operating
experience data to provide a “best” estimate of unrehability The recovery failure modes identified in the
operating expenience data are of such a nature that actual diagnosis and repair of the RCIC system is not
required to make the system operational  Generally, the events listed in these categories require a restarting
of the system 1f the automatic initiation circuitry did not start the system. Hence the term “best” is used to
describe the estimates of RCIC unreliability with recovery included. PRA/IPEs may model this type of
event at the system level However, because of the summary nature of the information provided in many of
the PRA/IPEs (e g, the lack of information related to model/quantification assumptions) and the small
contribution this type of recovery (1.¢, failure to recover from an automatic initiation failure) has on the
final estimate, these actions are not explicitly accounted for in the PRA/IPE results
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Figure 6. RCIC system unreliability (includes recovery) for a short term mission plotted aganst calendar
year. The plotted trend 1s statistically significant (P-value = 0 03).
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agamnst low-power license dates.  The plotted trend indicates some increase in reliability (i ., reduced
unreliability) but it 1s not statistically significant (P-value = 0 15).
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Other types of recovery modeled in PRA/IPEs involve actual diagnosis and repair or bypass of the
components that experience a catastrophic failure. These types of recovery are generally modeled at the
accident scenario level (1.¢, accident sequence cut set) since diagnosis and repair of the failed equipment 1§
required  Evaluating the potential for recovery of the vanous system failures identified in the accident
sequence cut sef orovides for the optimum recovery strategy to be considered This type of recovery is
significantly difte. 1t from the recovery (i.e, no repair required) failure modes identified in the operating
experience data. « ly the recovery requiring no repair is used in the RCIC system calculations.

In contrast to the operational mussion unreliability estimates (i¢. short term and long term)
calculated in Section 3.1, the failure probability estimates associated with the PRA mussion for the FTR
and FRC modes of RCIC operation were not calculated on a per demand basis Hourly failure rates were
used to quantify the probability of failure to run and the probability of failure to transfer in and out of the
injection phase and recirculation mode. Hourly failure rates are typically used in PRA applications for the
fallure to run probability calculations For the recirculation failure mode, it was not possible to estimate
the number of demands (valve cycles) Therefore, the FRC calculation is based on hours of RCIC
operation for the long term mussions

For the FTR and FRC calculations, the njection and recirculation run times stated in the LERs for
the unplanned demands were used Approximately half of the run times, however, were not specified in the
LERs. The run times were separated into those known or believed to be greater than or equal to 15
munutes, called long, and those that were less than |5 munutes, called short The 15 munute limit
corresponds to the natural breakpoint identified in the data and also correlated to the short and long term
operation regumes defined by the operational data The short run times were applied just to the failure to
run mode, and not to the recirculation failure mode, under the assumption that only the long term mussions
would use the RCIC recirculation mode. The long run times were applied to both the failure to run and
fallure to transfer during recirculation modes. For both sets of demands, an average run time was
calculated based on the known run times. The duration of the unknown run times were approximated using
these averages. Thus approach resulted in 0.06 hours per unspecified short run time and 2.5 hours per
unspecified long run time

A total of 179 unplanned demands (calculated from the 133 unplanned start demands and the 46
additional demands for restarts) were evaluated in the iitial data set for the run time data. Of the total 179
demands, one was lost because of a MOOS and six were non-recovered failures to start or failures to
restart. Table 7 provides a summary of all but one of the run times assoctated with the RCIC unplanned
demands. The table accounts for 171 demands

The single run time not included in Table 7 was an event with several restarts for which the total
event ime was known but some individual run times were not known For thus event, which included
several short run times and one long run time, the single unknown long demand run time was estimated to
be 3 6 hours (the difference between the total event time stated in the LER and the total of the estimated
short run times) Including this event, the total long demand run time is estimated to be 208 3 hours
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Table 7. Run times (hours) estimated from the RCIC unplanned demands.

Short run times Long run times
(less than 15 munutes) (at least 15 minutes)

Iniial start  Restart  Total Initial start  Restart  Total
Number known 38 B 42 35 10 45
Total known run time (hr) 22 04 26 68.1 456 113.7
Average known run time (hr) 06 0.09 006 19 46 25
Number unknown 28 20 48 27 9 36"
Projected total run time (hr) 39 2.1 55 1206 86.7 2047

a. Excluding a single long run time for which the total mission time was known.

One and one-half hours of running time were assumed for each cyclic test. The run time assumption
1s based on the information provided by a survey of INEL personnel (ex-plant operators, exarmuners,
maintenance, etc.) who have plant experience or knowledge of the cyclic surveillance test for RCIC. This
time was only used in estimating the failure rates for the failure to run mode. The 141 test demands
resulted in 2115 hours of run ime  These test hours were not used for the failure during recirculation
mode since the cyclic tests do not exercise the injection valve under the stresses expected under
transient/accident conditions

Based on the above discussions, the run time used in calculating the FTR failure rate was estimated
at 425 3 hours (1.¢, short plus the long demands plus the test demands) The recirculation mode time was
estimated at 208.3 hours.

The failure rate and probability estimates based on operating experience data that were used in the
unrehability calculations are listed in Table 8 Plant-specific estimates were calculated using an empirical
Bayes method for those failure modes identified with plant-to-plant variability. Appendix C contains the
result of the plant-specific analysis. If no vanability existed, the industry average probabilities (or rates
where applicable) for the respective failure modes were applied to all plants.

3.2.1 Estimates of RCIC System Unreliability for PRA Comparisons

Table 9 contains the esimated RCIC unreliability and associated uncertainty intervals resulting from
quantifying the fault tree using the operating experience estimates in Table 8 For the purposes of
quantifying the fault tree, the following conditions were assumed:

A demand to imect coolant to the RPV is recetved by the RCIC system.

RCIC 1s required to restore RPV water level.

The RCIC system 1s required to be operational for 24 hours

RCIC 1s secured at the predetermuned high level trip

Feedwater and/or other high pressure makeup systems are not available to restore RPV water level
One restart of the RCIC system is required for subsequent level restoration

RCIC operates in the recirculation mode for the remainder of the mission following restart

The FTR and FRC are calculated using an hourly failure rate and assuming a mission time of 24
hours.
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Also included in Table 9 are the probabilities for the failure combinations that make up the
unrehability along with their percentage contribution. The unreliability estimate includes the failure to
recover probabilities  The corresponding mean estimate and associated 90% uncertainty interval of RCIC
unrehability without the recovery probabilities included are 0.25, 043, 0.62. The effect of recovery on the
estimate of RCIC unreliability is about a factor of 2 4 improvement.

Table 8. RCIC system failure mode data and Bayesian probability information normalized for comparison
to PRA/IPE information

Failure mode ftoat Modeled  Distribution Bayes mean and 90%
variation interval”
Maintenance out of service MOOS) 1 133 Sampling Beta(l 5, 132.5) (1.3E-3, 1.1E-2, 2 9E-2)
Failure to start, other than the 10 274 Plant-to-plant Beta(0.7, 17.5) (54E4, 3. 7E-2, 1.2E-])
imjection valve (FTSO)
Failure to start, injection valve 0 128 Sampling  Beta(0. 5, 128 5) (1.5E-5, 3.9E-3, 1.5E-2)
(FTSV)
Failure to recover from FTSO 4 7 Sampling  Beta(4 5, 3.5) (2.8E-1, 5.6E-1, 8 3E-1)
(FRFTS)
Faiiure to run (FTR) 2 425° Sampling Gamma(2.5, 25.3) (14E-3, 59E-3, 1 3E-2)°
Beta(2.5, 17.0) (3.2E-2, 1.3E-1, 2.7E-1)
Failure to recover from FTR iy Sampling  Beta(1.5,15) (9.7E-2, 5.0E-1, 9.0E-1)
(FRFTR)
Failure to restart (FRS) 4 46 Sampling Beta(4 5, 42.5) (3.7E-2, 9.6E-2, 1.7E-1)
Failure to recover from FRS (FRFRS 2 4 Sampling Beta(2.5,2.5) (1.7E-1, 5.0E-1, 8 4E-1)
Failure to transfer during 2 208° Sampling Gamma(2.5, 2083) (2 8E-3, 1 2E-2, 2.7E-2)"
recirculation (FRC) Beta(2.5, 9.3) (6.4E-2, 2 4E-1, 4 7E-1)
Failure to recover from FRC 0 2 Sampling  Beta(0.5, 2.5) (8.7E4, 1.7E-1, 5. 7E-1)
(FRFRC)

a [/ failures, d demands

b The values in parenthesis are the 5% uncertainty limut, the Bayes mean, and the 95% uncertainty limit.

¢ This entry is the estimated hours of operation while in this mode.

d. The values for the Gamma represent hourly failure rates whereas the fitted Beta distribution is the failure probability based
on & 24 hour mission time

Table 9. Estimates of RCIC unreliability (with recovery and a 24-hour mission time) based on
the operating expenence data.

Contnbutor Contributor Percentage
probability contribution
MOOS 0011 6
FTSV 0.004 2
FTSO*FRFTS 0.021 12
FTR*FRFTR 0.064 36
FRS*FRFRS 0.048 27
FRC*FRFRC 004 22
RCIC Unrehability (mean) 018
90% Uncertainty Interval 0.068, 0.31
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3.3 PRA Insights

In addition to the overall RCIC system unreliability comparisons, the component failure probabilities
from the PRA/IPEs were grouped into the same system failure mode categones defined for the analysis of

the operating experience data. The component failure modes identified in the PRA/IPEs were grouped
according to the following breakdown

e FTSO Turbine-driven pump (TDP) failure to start, failure of steam supply valves to open
including 1solation MOV(s), tnp and throttle valve and governor valve failures, failure of motor-
driven auxihary lubrication o1l pump to start.

* FTSV. Failure of the injection valve to open.

* FTR: TDP failure to run, lubrication oil cooling water supply valve fails to open, and the
minunum flow valve rails to close.

¢ MOOS: RCIC system maintenance unavailability.

The majority of the PRA/IPEs stated that the failure of the minimum flow control valve to close
would not affect rated flow to the reactor vessel either because of the small size of line and/or because of
stalled flow limiting onfices. Therefore, for these plants, the minimum flow vaive failing to close was not
included in the PRA/IPE unrehability estimate.

While there might be additional component failure modes in a given PRA/IPE for the RCIC system,
the effect of not including these in the system failure probability estimate is judged to be small
Additionally, about 30% of the PRA/IPEs mention that either restart or recirculation mode of the RCIC
system was modeled. For these plants the RCIC system was quantified with the restart operation assumed.
However, because of the summary nature of the IPE submuttals, insufficient information was available to
reproduce that portion of the RCIC system model dealing with the recirculation mode of operation. The
failure modes FRS and FRC were not included for those plants not identifying these RCIC modes of
operation i the PRA/IPE. The FRS and FRC failure modes, although not explicitly modeled in a majority
of the PRA/IPEs, are discussed separately in section 3.3 4

The plant-specific estimates of RCIC unreliability based on operating experience data and the
approximate PRA/IPE estimates are plotted in Figure 8 for comparison. The PRA/IPE estimates of RCIC
unreliability range from 0.03 to 0.54 with an average unreliability of 0.12. The unreliability estimates
calculated from the operating experience data range from 0.17 to 022. The PRA/IPE estimates were
calculated according to the mussion times stated in the respective reports. These mission times range from
6 hours to 24 hours with the predominant run time being 24 hours. The plant-specific estimates of RCIC
unrehability are calculated to the mission times stated in the PRA/IPEs. A mission time of 24 hours is used
except for the following: 6 hours-Browns Ferry 2 and Nine Mile Pt. 2; 8 hours-Cooper and LaSalle 1 and
2, 10 hours-Peach Bottom 2 and 3; 20 hours-Limerick 1 and 2. Generally, the RCIC system unrehability
estimates (1.¢, means) approximated from the PRA/IPE are shightly lower than the estimates based on
operating expenence data but well within the uncertainty bounds. However, several plants fall ouiside the
uncertainty interval.
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Figure 8. Piot of the PRA/IPE and operating expenence estimates of RCIC system unreliability and
uncertamnties with recovery calculated for the missions postulated in the PRA/IPEs. (For some plants the
information documented in the PRA/IPEs was insufficient for generating uncertainty intervals )
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The Cooper IPE reported a mission time of 8 hours with an unrehability estimate of 0 54 The
operaung expenence estimate and associated uncertainty interval for Cooper based on a 8-hour mussion
time with recovery 1s 0.05, 0. 11, 0.19 The Cooper IPE estimate is about a factor of 3 hugher than the 8-
hour upper 95% uncertainty bound (0 19) The main reason for the large Cooper estimate 1s the hourly
failure -ate (8 7E-2 per hour) for FTR used in the IPE  The Cooper IPE estimate of FTR 1s stated as being
based on plant-specific information and not generic data No additional information 1s provided in the
Cooper IPE to understand the hugh failure rate for the RCIC pump

The plants 1dentified with a RCIC unrehability below the 5% uncertainty inters al used hourly failure
rates for the turbine-driven pump that were at least an order-of-magnitude lower than the average hourly
rate calculated from the PRA/IPE population The hourly rates for these plants ranged from about 2 2E-4
to 3. 8E-5 per hour. The average hourly rate calculated from the PRA/IPE information is 1E-3 per hour
The mean hourly rate calculated from the oOperating expenence data i1s 5 9E-3 per hour  Fuither nsights of
the failure to run mode are provided in Section 3 3 2

3.3.1 Failure to Start

As stated ecarlier, fallure to start was subdivided mnto two failure modes to use as much of the
unplanned demand and cyclic test data as possible and to provide additional insights into the reliability of
the RCIC system. Figure 9 is a plot of the probability of failure to start due to equipment other than the
injection valve (FTSO) for both the operating experien.: and the PRA/IPEs data The probability of
FTSO ‘Lo wii o uic PRA/IPESs lies within the uncertainty bounds generated from the operating expenence

data. The PRA/IPE estimates (based on averages) of FTSO have a tender y to be shightly larger than the
mean probability based on the operating experience data The average FTSO probability for the PRA/IPEs
is 3 6E-2 per demand, whereas the operating expenence mean is 3 3E-2 per demand

lhe operating expenence data used for estimating the FTSO probability includes a failure (see
Appendix B, Table B-7, Perry LER number 44087012) that lead to design change that should prevent an
operational valve alignment change, already in practice at many plants, that should prevent this particular
mode of valve failure from recurning  There are menits for including as well as excluding this failure from
the FTSO operating experience data. However, for the sake of completeness, the failure 1s included The
effect of this failure on the RCIC estimates is neghgible. The FTSO probability without the failure
included 1s 3 3E-2 per demand compared to 3 7E-2 with the failure included The RCIC unreliability
estmate of 1 8E-1 1s not affected by including or excluding this failure The effects of including this
tailure at the plant-specific level (1.¢ , Perry estimates) is sumular to those mentioned above (i ¢ negligible)

The Quad Cities 2 estimaie for FTSO (0 14) calculated from the operating expenence data falls
outside the 95% uncertainty hmit (0 12) for the overall population Quad Cities 2 accounted for three of
the ten failures for FTSO and nine of the 274 demands  Although the estimated mean for FTSO for Quad
Cities 2 1s greater than the 95th percentile of the genenc distribution estimated for FTSO. the finding 1s not
statistically sigmificant (P-value = 0 40) Further insights into the statistical analvsis of FTSO are provided
i Appendix C (Section C-11 2)
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For the FTSV failure mode, the average of the PRA/IPE values is 6 SE-3 per demand compared to
the mean estimate of 3 9E-3 per demand calculated from the operating expenence data. The uncertainty in
the operating experience data is dominated by sampling and not plant-to-plant vanability. Therefore, the
industry average estimate is applicable to all plants. Generally, the failure 1o start duc to the injection valve
failing to open (FTSV) estimates for the PRA/IPEs fall within the 90% uncertainty interval of the operating
expenience estimate. Only one PRA/IPE, LaSalle 1 and 2, had an FTSV estimate (0.045) that fell outside
the upper 95% uncertamnty bound (0 015). The LaSalle estimate is reported as being calculated from
genenic data and not plant-specific information but uses a very detailed fault tree modeling individual
relays  Figure 10 displays the PRA/IPE and the operating experience estimates for FTSV. The operating
expenience estimate with recovery for FTSV is not included since there were no FTSV failures and
therefore no opportur:ties for recovery

For the Susquehanna plants, it was not possible to break down the failure to start into FTSO and
FTSV due to the lack of detail in the PRA/IPE  Tte failure to start probability reported for Susquehanna 1
and 2 are 6 3E-2 and 9 8E-3 per demand, respectively No probabilities are entered for these two plants in
the FTSO and FTSV plots

3.3.2 Failure to Run

Failure to run is the largest contnibutor to RCIC unreliability based on the operating expenence data.
To allow compansons to be made independent of the assumed mission times, estimates of hourly failure
rates are provided in Figure 11 The hourly failure rates for the PRA/IPEs are those reported for the
turbine-driven pump failure to run.  Approximately 39% of the PRA/IPE estimates fall within the 90%
uncertainty interval of the operating expenence data (without recovery). The majonity, approximately
57%, use estimates that fall outside the 5% lower bound. However, the average of the PRA/IPE values
does not differ greatly from the mean estimate calculated from the operating experience data, 5. 1E-3 versus
5. 9E-3 per hour, respectively Cooper was the only IPE that used an hourly failure rate estimate that was
greater than the 95% uncertainty limit of the operating expenence estimate

A possible explanation for the low PRA/IPE hourly rates 1s the use of generic pump failure-to-run
data contained n sources such as the Accident Sequence Evaluation Program (ASEP) database (a
commonly used generic database) The ASEP estimates are based on plant operational hours, not pump
operatuig hours. Hence, the ASEP estimates represent a standby hourly failure rate. For the purposes of
esumating unrehability, the failure rate of interest 1s an operating failure rate. The Peach Bottom PRA
recalculated the genenc ASEP FTR based on actual pump run time.  The esulting estimate, normalized to
an operating hourly failure rate, 1s 5 3E-3 per hour The Peach Bottom updated estimate is approximately
the same as the mean estimate calculated from the operating expenence data.

Another 1ssue to note when comparing the FTR estimates in the PRA/IPEs relative to operating
expenence data 1s the influence of unknown run times identified in the operating expenence data To utilize
the operating expenence data completely, the average of the known run times was assumed for the
unknown times. The effect of substituting the average of the known times for the unknown times on the
hourly estimate has not been determuned The uncertainty associated with this 1s not accounted for in the
estimation process but 1s not expected to significantly broaden the uncertainty intervals  Further
information on the statistical treatment of the FTR data can be found in Appendix C
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No plant-to-plant variation observed in the operating experience data, therefore the industry average applies
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3.3.3 Maintenance Out of Service

The MOOS contribution to the total RCIC unreliability is about 7% (calculated on a 24-hour
mussion time and based on operating experience data), compared to the 18% contribution estimated from
the PRA/IPEs. The average MOOS probability for the PRA/IPEs is 2 1E-2 per demand, whereas the
operating experience mean 1s 1 1E-2 per demand. Several of the PRA/IPEs have MOOS being a major
contributor to RCIC system unreliability. However, the total reliability for the RCIC system at these plants
15 better than those at the remaining plants

A possible explanation for the larger contribution, based on PRA/IPE estimates, may be due to the
fact that RCIC 1s not a designated ECCS system The technical specifications for RCIC are not as
restrictive when considering the limiting condition of operation for the RCIC system as compared to an
ECCS system, such as HPCI Another reason may be due to the different methods used to calculate the
PRA/IPE and operating expenience estimates. In this study, maintenance failures and demands were based
only on when the RCIC system was required to inject water into the reactor (i.c.. a rehability parameter )
Risk analyses generally account for the MOOS probability as an unavailability estimate (1.e, fraction of
RCIC down time compared to total plant operating time) In theory (ie., infinitely large sample) these two
estimates should be equivalent For this reason, the reader is cautioned when making absolute comparnsons
of the PRA/IPE and operating expenence MOOS estimates.

Figure 12 plots the PRA/IPE estimates and the mean estimatz and associated uncertainty calculated
from the operating experience data. The range of MOOS estimates found in the PRA/IPEs is
approximately 4 2E-4 to 5 8E-2 per demand  Comparing this range of values to the uncertainty interval for
the MOOS failure probability reveals one plant lying below the lower 5% uncertainty bound The
probability of MOOS for thus plant is a factor of 50 lower than the PRA/IPE average for MOOS. Nine
PRA/IPEs used a mean probability of MOOS that was greater than the upper 95% uncertamnty bound
estimated from the operating experience data. The River Bend IPE reported the largest MOOS failure
probability  However, the River Bend MOOS contribution (25%) to the RCIC system failure probability
compares favorably to the MOOS contribution (27%) based on operating experience data.

3.3.4 Restart Failure and Failure to Transfer During Recirculation

Extracting the corresponding data from the PRA/IPEs to make comparisons to the FRS and FRC
failure modes was not possible for most plants due to the summary nature (ie., lack of details) of the
PRA/IPEs. For these reasons, the focus of the RCIC restart/recirculation discussion is based primarily on
the estimates for FRS and FRC denved from the operating expenience data

Not all plants entered into the restart mode given a long term operational mission of the RCIC
system. Approxamately 50% of the plants (11 of 23 plants) identified restarts of the RCIC in the LER text
Approximately 25% (18 of 72 long term mussions) of the RCIC system initiations resulted in entering the
restart mode of operation Based on the restart information contained in the LERs, the RCIC system was
restarted 46 times
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Estimates of the failure probability for FRC and associated 90% uncertainty bounds calculated from
the operating experience data are 2 8E-3, 1 2E-2, and 2 7E-2 per hour. The estimates are expressed in
hours because the number of cycles would be expected to increase as system operating time (ie.,

recirculation phase) increases, and there was no way 1o count the number of valve cycles duning this mode
of operation

However, two insights were gamned as a result of reviewing the PRA/IPEs for the relevant
information on RCIC system unreliability and associated failure data F irst, it was found that most of the
PRA/IPEs do not model the RCIC system in the way it is observed to be operated based on the operating
expenience data  Specifically, the maintenance of level following initial injection by either restart and/or
recirculation, which places extra demands on the hardware and operators, 1s generally not modeled
Collectively, FRS and FRC modes (operating experience data with recovery) contnibute approximately
50% to RCIC unreliability for a postulated PRA mission Based on the limited PRA/IPE information,
these two modes were either not modeled; or if modeled, were not identified as major failure modes of
RCIC operation. Only 8 of the 29 PRA/IPEs mentioned restart and/or recirculation modes as phases of
RCIC operation.  Further, for the PRA/IPEs identifving these modes, ro details on the quantification of the
failures modes were provided  For the purposes of thus study, the PRA/IPE resuits displayed are calculated
assuming one restart and no recirculation. Second, for the PRA/IPEs that model the system with restart
and/or recirculation mode of RCIC, the component failure probabilities assigned to these modes of
operation appear to be optimustic compared to the estimates calculated from the operating experience data
For example, the iitial failure to start (other than the injection valve) probabilities and the restart failure
probabilities differ from each other by about a factor of 2 6, based on the operating expenence data
However, the PRA/IPEs appear to use the same component failure probabilities for restart as for initial
start. As shown in Table 9, the restart contribution to overall unreliability is a factor of 2 greater than the
FTSO coutribution, 27% versus 12%, respectively  Although statistical analysis of the FTSO data (7
failures in 132 demands) and FRS data (4 failures in 46 demands) identified no statistical difference (P-
value = 0.41) between the two failure modes, however, the FTSO and FRS data sets were not pooled

because from an engineening perspective, based on the judgment that there 1s a difference between a cold
start and a hot-quick start of the system
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4.0 ENGINEERING ANALYSIS OF THE OPERATIONAL DATA

This section documents the results of an engneering evaluation of the RCIC system operational data
denved from LERs The objective of this analvsis was to analyze the data and provide insights into the
performance of the RCIC system throughout the industry and at a plant-specific level Unlike the nsk
assessment provided in Section 3, ali LERs submutted during the evaluation period and the Accident
Sequence Precursor (ASP) events that mentioned the RCIC system were considered as part of this analysis,
no data were excluded

The engineering data analysis provides qualitative msights into the performance of the RCIC system
throughout the industry and on a plant-specific basis. These qualitative insights characterize the factors
contributing to the quantitative estimates of RCIC reliability presented previously in Section 3. The reader
1s cautioned when comparing the individual plant data to the unreliability estimates provided in Section 3
A plant-specific estimate derived solely from the failure data at a particular plant may result in a different
estimate than one derived from the population as a whole, especially when the data are sparse. In addition,
the effects of recovery will influence any comparisons to the results shown in Section 3. Appendix A
provides additional information into the effects of performing plant or group-specific imnvestigations

The results of the operational data review were:

* The frequency of system failures per year showed no statistically significant trend. However, a
decreasing trend in the frequency of system unplanned demands per year was statistically
significant. The decrease in RCIC unplanned demands appears to be related to the decrease in the
average number of critical reactor scrams that have occurred over the same time peniod which
typically include a demand for RCIC injection.

¢ There were eight failures observed during short term missions, which directly affect system
unreliability. These failures included one maintenance out of service event and seven failures to
start. Three of the failures to start were recovered.

I. The one maintenance out of service event occurred as a result of routine instrumentation

surveillance testing when the system was demanded to restore reactor vessel level following a full
power reactor scram

2. For the failures to start, five were associated with turbine speed control, one was associated with
the operation of the automatic start circuit, and the remaining failure was associated with the
turbine steam supply valve These failures were caused by personnel error (2) and hardware
malfunctions (5). The two personnel error related failures and one hardware failure associated
with the turbine speed control were recovered by operator actions.

¢ In addition to the eight short term mussion failures, there were eight failures observed during long
term mussions. These failures included two failures to run, four failures to restart, and two failures
duning transfer from recirculation to reactor vessel injection. Five of these failures were recovered
by operator actions




For the failures to run, a personnel error in the operation of the flow controller and a spurious
1solation of the turbine steam supply were the contributors to this failure mode Only the personnel
error in operation of the flow controller was recovered by operator actions.

The four failures of the RCIC system to restart were the result of hardware problems. The failure
to restart probability was twice that of the failure to start probability and maybe the result of the
difference in failure mechamsm. Specifically, the failures that contributed to failure to start were
primanly turbme speed control problems while the restart faiiures were primanly related to cycling
valves. Two of the four restart failures were recovered by operator actions.

The two failures to transfer from recirculation to reactor vessel injection were the result of
hardware-related problems causing the test-return line MOV not to fully close on demand. Both of
these failures were recovered by operator actions (a second valve in the test return-line was closed)

During the performance of cyclic surveillance tests only three failures of the RCIC system were
observed These three failures were classified as failures to start and were the result of hardware
(2) and procedural (1) problems. Two of these failures were associated with the flow controller
and the remaining failure was associated with the turbine exhaust check valve

Failures detected by methods other than during the performance of a test or unplanned demand
were prnimanly (62%) associated with the instrument and controls subsystem, specifically the
isolation logic circuit. While a few isolation logic malfunctions were caused by procedural
problems or personnel error, the majority were the result of hardware failures (ie., detectors.
relays, transmutters, etc.)

The operational data contained five instances where multiple systems either had failed or had the
potential to fail at the same time, possibly as the result of a common cause mechanism. The events
nvolved motor-operated valves, the steam leak detection circuitry, and the turbine gOvernors.
These events are important because common cause failures across systems are generally not
modeled or considered in the PRA/IPEs  In two of the five instances the RCIC and HPCI systems
were affected dunng an unplanned demand The other events were discovered duning surveillance
testing (2) and other routine plant operations (1)

There was no correlation observed between the plant's low-power license date and the frequency of
failures per operational year. The average number of failures per operating year was 0.62, and this
average frequency was observed for plants licensed from 1970 through 1990 Two plants licensed
in the 1970s and two plants licensed in the 1980s had relatively high failure frequencies

The following subscctions provide a comprehensive summary of the operational data supporting the

above results as well as additional insights derived from: (a) an assessment of the operational data for
trends and patterns in system performance across the industry and at specific plants, /b) identification of
the subsystems and causes that contribute to the system failures, (c) a comparison of the failure
mechamisms found during surveillance tests and unplanned demands, (d) an evaluation of the relationship
between system failures and low-power license date, and (¢) Accident Sequence Precursor (ASP) events
mnvolving the RCIC system.
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4.1 Industr, -wide Evaluation
4.1.1 Trends by Year

Table 10 provides the RCIC system faults, failures. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>