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Attached for your use and information is the final repor: on the reactor core isolation cooling
(RCIC) system reliability. This is the fourth in a series of system reliability study reports which
focus on using operational data to determi e the reliability of the risk significant systems in U.S
commercial reactors. The results are compared with Probabilistic Risk Assessments (PRAs)
and Individual Plant Examinations (IPEs) Insights from an engineering analysis of the data are
also included. Earlier drafts of this report were provided to NRR, RES and the Regions for
review and comment. These comments were resolved in meetings with the commentors, and

the results incorporated into this final report.

The operating experience covers the period from 1987 through 1993 and was obtained
primarily from Licensee Event Reports. Notable findings and observations include

. The RCIC system unreliability (including recovery) was 0.04 for short-term missions of
less than 15 minutes and 0.08 ‘or missions of 15 minutes or longe:. The short-term ) (.,
unreliability improved over the seven-year study oeriod, but the long-term unreliability )1 =~
remained tair'ly constant. The annual failure rate remained fairly steady, while the
annual unplanned demaiid rate exhibited a signifivant decrease. No significant trends
were identified in the RCIC system unreliability relating to plant age | ,
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Failures to start not associated with the injection valve were the leading contributors to
the short-term unreliability. These failures were primarily caused by mechanical
problems with the turbine speed control that were not easily recovered by simple
operator actions. For long-term unreliability, failures to restart were the prirne
contributors. Three of the four failures observed during the long missions were
hardware problems associated with valve cycling that wes not easily recovered.

Generally, the RCIC system unreliability estimates approxinated from the PRA/IFcs
were slightly lower but within the uncertainty intervals of ihe cbserved operational
demand-based unreliability. The plants for which the IPE va'ues were completely
outside the uncertainty bounds of the operating data used turbine-driven pump failure
rates that were at least an order of magnitude different than the average hourly rate
calculated from the operating evparience.

The modeling of RCIC operation in PRA/IPEs does not appear to be consistent with the
operational experience. Restarts and/or recirculation are generally either not modeled
or are modeled using nominal failure probabilities associated with initiai operation.
Thus, care should be exercised when relying on PRA/IPE results that are significantly
influenced by RCIC modeling or failure probabilities.

The operational data contained five instanzes where multiple systems either failed or
had the potential to fail concurrentiy with an RCIC failure indicating potential common
cause failure mechanisms. In two of the five instances, the RCIC a «d high pressure
coolant injection systems were affected during an unplanned demand.

Although the components involved varied, the nature of the failures experienced during
actual demands was generally similar to those experienced during surveillance tests.
This is unlike the operational reliability experience found during studies of the high
pressure coolant injection and emergency diesel generator systems.

These findings are discussed in more detail in the report. Graphical and tabular displays, along
with specific discussions, are included so that individual plant strengths and weaknesses can be

seen. Specific failures and failure mechanisms are identified and characterized.

Upcoming reports in this series include the high pressure core spray (HPCS) systems at boiling

water reactors (BWRs), and the auxiliary/emergency feedwater (AFW/EFW) systems at

pressu-ized water reactors (PWRs). We are also developing simplified models of the reactor
protection systems (RPS) for both PWRs and BWRs to estimate their reliability based on actual

operating expenence.
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ABSTRACT

This report documents an analysis of the safety-related performance of the
reactor core isolation cooling (RCIC) system at U.S. commercial boiling water
reactor plants from 1987 to 1993, Both a risk-based analysis and an engineering
malysisofumdsmdpunmuwmpafomedonRClCopa:ﬁngdmwp’ovide
insights into the performance of the RCIC system throughout the industry and at a
plant-specific level. Comparisons were made to Probabilistic Risk # viessments
and Individual Plant Evaluations (PRA/IPEs) for the 29 plants hav.ug a RCIC
system to indicate where operating data either support or fail to support the
assumptions, models, and data used to develop the RCIC system unreliability
estimates provided by the PRA/IPEs.

Job Code Number E8246—Technical Assistance in Reliability and Risk Analysis
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EXECUTIVE SUMMARY

This report presents a performance evaluation of the reactor core isolation cooling (RCIC) system at
29 U.S. commercial boiling water reactors (BWRs). The evaluation was based on the operating expenence
from 1987 through 1993, as reported in Licensee Event Reports (LERs). The objectives of the study were:
(1) to estimate the system unreliability based on operating experience and to compare these estimates with
the assumptions, models, and data used in Probabilistic Risk Assessments and Individual Plant Evaluations
(PRA/TPEs), and (2) to review the operating data from an engineering perspective to determine trends and
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 unreliabilities were estimated using a fault tree model to associate 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, categorizing each
event by failure mod nd then estimating the corresponding number of demands (both successes and
failures). Twenty-one plant risk source reports (i.c., PRAs, IPEs and NUREGs) were used for comparison
with the RCIC reliability 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 unrel.ability (including recovery) calculated based on the operating experience
data in which RCIC is required to inject to the reactor vesse! for short term missions (less than 15
minutes) is 0.04. The short term missions tvpically follow a reactor scram where feedwater is
available and the main stean isolation valves are open. If recovery is excluded, the short term
mission unreliability is 0.06. This unreliability is primarily attributed to failures to start, typically as
a result of problems in controlling turbine speed where the problem is caused by either personne!
error or hardware problems that result in turbine overspeed trips.

* The estimate 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 missions typically follow a reactor scram where
feedwater is not available and/or the reactor vessel is isolated. If recovery is excluded, the long
term mission unreliability 1s 0.16. The difference in the unreliability estimate calculated for the
long term missions as compared to the short term missions is attributed mainly to restarting the
turbine and maintaining reactor vessel water level. This unreliability is primarily due to hardware
failures associated with restarting the turbine or the cycling of motor-operated valves.

® The estimate of RCIC system unreliability for the 24-hour missions typically modeled in PRAs is
0.18. If recovery is excluded, the mission unreliability is 0.43. The unreliability is dominated by
failure tc 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 unreliability for three
specific sets of mission 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 with separate estimates for short term (shorter than 15 minutes in duration)
and long term (longer than |5 minutes) missions.

For the short term mission unreliability, failures attributed to the start sequence (other than injection
valve) are the leading contributor (48%). The leading contributor to the long term mission
unreliability is the failure to restart the RCIC system for subsequent injection of coolant (41%).
Failure to run (FTR) is the largest contributor (36%), based on a 24-hour mission time, for the
RCIC system PRA-based unreliability. For the failure to run failure mode, the failures found
during unplanned demands were the result of personnel errors in operation of the flow ceatroller
and a spurious isoiation of the turbine steamn supply. The spurious isolation of the turbine steam
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 unreiiability caiculated from the information contained in
PRA/IPE:s to the estimates (with recovery) calculated from the operating experience data revealed
that most (approximately 75%) of the PRA/IPE point estimates lie within the uncertainty interval
associated with the operating experience estimate. However, about 21% of the PRA/IPE estimates
predict better performance tiian identified by the estimatec calculated from the operating experience
data. These plants fall below the 5th percentile of the distribution computed from the operating
experience data.

Jt was found that most of the PRA/IPEs do not model the RCIC system in the way it is observed to
be operated in 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 too optimistic. For example, the
initial failure to start (other than the injection valve) probabilities and the restart failure probabilities
differ by about a factor of 2.6 according to the operating experience data. However, the PRA/IPEs
use the same probabilities for restart as for initial start. According to the operating experience data,
the failure to restart contribution to overall unreliahility is about a factor of two greater than the
failure to start (other than the injection valve) contributi-n (27% versus 12%, respectively).

The operating data contained five instances where multiple systems (RCIC, high pressure coolant
injection, and sometimes reactor water cleanup) either had failed or had the potential to fail
concurrently; these instances may be common cause failures. The events involved motor-operated
valves, the steam leak detection circuitry, and the turhine 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 R( 1C svstem unreliability for 24-hour missions derived from
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For the short term missions, a decreasing trend in RCIC system unreliability with respect to
calendar year was identified by statistical analysis of the opeiating data. In addition, some
indication of a trend was identified in the short term unreliability with regard to low-power license
date, but i is not a strong indication. More data (i.e., more operating experience) are 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

nnreliability.

When plotted against plant oper:ting vear (see Figure ES-5), the unplanned demand frequency
exhibits 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 plctted 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
operating vear (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.
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reduced unreliability), but the trend is not statistically significant (P-value = 0.15).
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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 rusult of a scheduled (i.e., surveillance test) or an unscheduled (i.e., unplanned)
demand. An unplanned demand is either a manual or automatic start as a result of an actual low RPV water
level condition. Engineered safet) 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 inoperability in which the injection function was lost For estimating the operational
unreliability, a subse: of the failures was used. (That is, only those that occurred on unpianned actuations Or
cyclic surveillance tests were used.)

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-1 7)—A FTR with a mission time of al least 15 minutes for RCIC

Failure to run (FTR)—Any failure 10 complete the mission after a successful start. This includes
obvious cases of failure to continue running and also cases when the system started and injected, 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 1o injection

Failure to restart (FRS)—¥ailure to restan oceurs if, during an unplanned demand, after a successful
start and run to restore RPV level the RCIC system is shut down (manually or as a result of a high level
trip), and subsequently the system IS demanded to restart (automatically on low vessel ley el or manually)
and fails to restart. The failure to restari can occur on any restart attempt

Failure to transfer during recirculation (FRC)—¥Failure © 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
1o the CST and subsequently fails to close. or the injection valve fails to re-open, resulting in no flow to the

vessel for level restoration

Failure to start- Failure of the system to star and inject coolant into the RPV on a valid demand

signal

Fault-—An inoperability mn which the injection function of the system was not lost This includes
administrative technical specifications violations such as late performance of a surv eillance test

If restart (IFRS) - Probability that a RCIC maission requires the RCIC system 1o restart (se€ Failure 1
restart)




Inoperabiliny—An event affecting the RCJ( System such that it did not meet the Operability
requirements of plant technical specifications and therefore was required to be reported in 4 LER

.’uumtenanum‘u1-<'/'—.scr\ ice (MOOS)—RCI( system failure attributed to the system being out of
service for either preventive Or corrective maintenance at the time of the unplanned demand

Maintenance un.zuz/u!w/z/v~.Pmbahaht\. that the system is out of service for Mmaintenance at any
moment in time

Mission time—The elapsed clock t; from the first demand for the System until plant conditions are
such that the System is no longer required. PRAs typically assume thar RCIC is needed for mjection
throughout the entire mission time. In the plant Operating experience, this period includes not only injection
but recirculation through the test return line or system shut down and restart

Uperating conditions-— onditions in which technical specifications require RCI( Operability
typically with the reactor vesse! pressurized

Uperating datg—A term used 1o represent the industr Operating experience as reported in LERs. It is

also referred to as Operating experience or industry experience

PRA/IPE—A term used to represent the data sources (PRAs. IPEs and N1 'REGs) that describe plant-

specific system modeling and risk assessment, rather th-,: a simple focus on Operating data

P-value—The probability that the data would be as extreme as L 15, assuming the model or hypothesis
IS correct. It is the significance level (0 U5 for this study) at which the assumed mode| or hypothesis is
statistically rejected

Recovery—An act that enables the RCIC & Stem 10 be recovered from 1 failure without maintenance
intervention. Generalj fecovery of the RCI( System was only considered in the unplanned demand
events. Each failure repoited during an unplanned demand was evaluated 1 determine whether recovery of
the system by Operator actions had occurred T'ypically a failure was recoy ered if the Operator was able to
reposition a switch Open a valve or reset the governor to restore injection to the RPV. Evenrs that required
replacing components were not considered as recoveries In addion, recoy ery was not considered during
the performance of a surveillance test

Unreliabilin Probability that the RCIC system wil) not perform its required mission. This happens
if the system is out of service for Mmaintenance, or if the RCIC system fails to start, run, restart or transfer
during recirculation modes of operation




Reactor Core Isolation Cooling
System Reliability, 1987-1993

1. INTRODUCTION

The U.S. 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 is implemented i a
consistent and predictable manner. As part of this effort, the AEOD Safety Programs Division has
undertaken to monitor and report upon the functional reliability 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 experience. The first phase of the review involves the identification of risk-
important systems from a PRA perspective and the performance of reliability and trending analysis on these
identified systems. As part of this review, AEOD sponsored the Idaho National Engineering Laboratory
(INEL) in conducting a risk-related performance evaluation of the reactor core isolation cooling (RCIC)
system in the U.S. commercial boiling water reactors (BWRs) that have a RCIC system. This report
documents the results of that evaluation.

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
isolation event. To perform this evaluation and make risk-based comparisons to the relevant information
provided in the PRAs, the unreliability estimates provided in this study are based on the RCIC system
performing its risk-significant function. The estimates of RCIC system unreliability were based on data
from unplanned demands, as a result of transient response, and from full system functional tests that best
simulate 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 did not
result in a loss of injection function of the system were not included.

Failures and associated demands that occurred during tests that are intended only to demonstrate
operability of portions of the system were also excluded. These types of partial system tests do not
challznge the system as a whole. A complete system response is required for accident mitigation.
Therefore, only tests that challenge the entire system are included.

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

e Estimate unreliability based on operational data, and compare the results with the assumptions,
models, and data used in PRAs and Individual Plant Examinations (IPEs).

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



The report is arranged as follows. Section 2 describes the scope of the study and includes brief
descriptions of the RCIC system. the data collection, and analysis methods. Section 3 presents the results of
the reliability analysis of the operating datz and the comparisons to the PRA/IPE information Section 4
provides the results of the engmneering analysis of the Operating data. “ ection 5 lists references

Appendix A provides a detaijed explanation of the methods used for data collection, characterization
and analysis. Appendix B gives summary lists of the data Appendix C summarizes the detailed staustical
analyses used to determine the results presented in Sections 3 and 4 of the body of the report




2. SCOPE OF STUDY

This study documents an analysis of the operating experience of the 29 BWR:s listed in Table 1, all of
which have a RCIC system. The analysis focused on the ability of the RCIC system to start and provide
adequate core cooling flor for its required mission time The containment isolation function associated
with the RCIC system is not within the scope of this study The system description and boundaries, data

\lection, failure categorization, and limitations of the study are briefly described in this section

The data used in this report were limited to the set of plants listed in Tabie |. For the newer plants,
data started from the low-power license date. Browns Ferry I, Browns Ferry 3, and Shoreham were
excluded even though they are BWRs with RCIC systems, because these plants did not operate during the
siudy period

Table 1 also provides the docket number for each plant and the number of operating years during the
study period. The number of operating years for a plant was estimated by calendar time minus all periods
when the main generator was off-line for more than two calendar days. LER data were not collected for a
given calendar year if there was no operating ime in that year. Details of the calculation of operating time
are provided in Appendix A, and plant data results are pros ided w Appendix B

Table 1. BWR plants with a RCIC system selected for the study and the operating years during the 1987

through 1993 timeframe

Plant Name Docket Operating Plant Name Docket Operating
years years

Browns Ferry 2 260 2.3 Limerick 2 353 3.8
Brunswick | 325 3.8 Monticello 63 6.3
Brunswick 2 3 4.6 Nine Mile Pt. 2 4.5
Clinton 46) 49 Peach Bottom 2 ' A
Cooper 208 5.6 Peach Bottom 3

Duane Amold 5.6 Perry

Fermi 2 41 5.6 Pilgrnim

FitzPatrick 4.5 Ouad Cities |

Grand Gulf 416 , Quad Cities 2

Hatch 1 321 5 River Bend

Hatch 2 , 3. Susquehanna |

Hope Creek 35¢ 2 Susquehanna 2

LaSalle | 373 5.4 Vermont Yankee

LaSalle 2 . 5.2 Wash. Nuclear 2

Limerick 1 3 S 7




2.1 System Operation and Description

The RCIC system is a single train standby System required by plant technical specifications (see
References | through 6) for safe shut down 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 is designed to ensure that sufficient reactor water inventory 1s maintained in the vessel to
permit adequate core cooling.” This prevents the reactor fuel from overheating in the event ihat

A complete p shut down occurs under conditions of a loss of the feedwater system before the
reactor is depre: .urized to a point where the shut down cooling system can be placed into operation

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

Following a normal reactor shut down, core fission product decay heat causes steam generation to
continue, albeit at a reduced rate 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 inventor
(Note that the RCIC System is just one of a number of Systems capable of performing ()i function.) The
turbine-driven pump supplies makeup water from the condensate storage tank (CST) to the reactor vessel
An alternate source of water js available from the suppression pcol. The turbine is driven by a portion of
the steam generated by he decay heat and exhausts to the suppression pool. This operation continucs until
the vess i pressure and temnerature are reduced to the point that the residual heat removal (RHR) svstem
can be placed into Operation

2.1.1 System Operation

Based on the operating data reviewed for this study, the RCIC System was found to have two
Operational missions. We categorized these two missions as either short term or long term, depending on
the plant conditions associated with the need for RCIC to provide coolant flow to the RPY The distinction
between the two Operational missions is based on the time the sysiem was operated for the particular event
The short term missions were defined as those missions where the use of RCIC for coolant injection was
required for less than 15 mi
The long term missions were def IS : J i peration was required
beyond 15 minutes Long te ired RCIC operation for sey eral hours

The short term missions observed in the Operating data were of two types: either they required the
RCIC system to start automatically on a low RFV water level signal, or they required operators to manually
start the system to mitigate a RPV water level transient. For both of these cases. the need for RCIC was
observed following a reactor scram from high power Operations and may have involved either a RPV Jleve|
control problem or a closure of the turbine =top valves. In these ey ents the RCIC system quickly restored
the R?V water level. In a few cases the System was restarted a second time to restore RPV water level
Overall, the use of the system was required for only a few minutes. In these short term missions, feedwater
Was available or was restored within a few minutes to provide normal RPV water level control




In some of the short term missions the plant experienced a reactor scram during power operauons
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 injection; the high-pressure core spray (HPCS) or
high-pressure coolant injection (HPCI) systems (depending on plant design) also automatically initiated to
supply makeup water « the reactor vessel. In these cases the systems were shut down after RPV water
level was restored to the normal operating band

The \ong term missions observed in the operating data were events where the plant would expernence
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 missions, either the control room operator would manually titiate
the RCIC system, or the system would automatically start at the predetermined low reactor water level
setpoint. At this point the system W suld inject until the system was shut dovn by the operator or the high
level trip setpoint was reached, at which time the RCIC turbine steam supply and coolant mjection valves
were closed. With the continued steam generated by decay heat and corresponding lowering of vessel level
(as a result of safety relief valve or turbine bypass valve operation), the system 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 avtomatically cveled on and off between
high and low vessel level setponts, the svstem can be used 1o raise level to the normal operating level band
and then the control room operator can Open the test-return-line motor-operated valve (MOV) and divert
RCIC flow back to the CST. This practice, similar 10 the pressure control mode of operation of the HPCI
system. wouid minimize repeated restarts ol the system. The RCIC syste n would operate continuously
throughout the event by prov iding flow to the vessel when needed and by ecirculating flow back to the
CST through the test-return line when not needed. In these events the injection and test-return-line MOVs
are cycled for the duration of the event. which could last several hours. If the RCIC system were to fail
during *he event, the HPCS HPCI svstem coulid provide adequate vessel coolant inventor)

For some BWR designs there is another option av ailable for removing decay heat during a planned
isolation event when the main condenser 15 not av ailable. With this option, the RCIC system would operate
in conjunction with the RHR. svstem in the steam condensing mode. In this mode. condensed steam 1S
delivered from the RHR heat exchangers through an interconnection to the RCIC pump suction for return to
the RPV. Thus, closed loop cooling 1s prov ided by this mode. This mode of operation was not observed n
the operating data reviewed in this study

2.1.2 System Description

I'he RCIC system 1s a singie train standby systern that contains a single 100% capacity steam turbine-
ariven 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 availabie from the suppression pool
Figure simplified diagram of a typical RCIC system

[he RCIC svstem steam turbines (at all plants) are Dresser-Rand Terry-Turbodyne (Terry) turbines
designed for constant capacity over Varying ranges of inlet steam pressure typically 1040 psig to 50 psig
These turbines have horsepower ratings that vary from 460 to 875 with associated pump flow rates from




400 to 800 gpm, depending on plant design. Al Terry turbines that dri e RCI( pumps use Woodward
govemors (type EG-M with EGR @%.uators) for speed control including prevention of overspeed during
“cold quick-starts.” The ratings for the RCIC System varies by plant design class, with the older Design
Class II plants has Ing the smaller Capacity systems and the newer Design Class V] plants having the higher
Capacity systems However because of the oy erall similarities of the system i, the various design classes
(Same equipment manufacturer). no distinction was made in this report between the different design classes

Turbine “cold qQuick-starts” are required to meet pump starting time limits in Safety Analysis Reports,
and other requirements specified to meet the reactor safety analyses of the nuclear steam supply system
vendor. A cold start is considered to be a start that occurs when a turbine has not been operated for at least
72 hours. Turbine “quick-starts” occur when the turbine is required to reach rated speed and pump flow in
30 to 120 seconds Since stzndby turbines are idle for extended periods of time. lubncatmg oil drains from
the turbine bearings, leay ing the bearings vulnerabje 10 excessive wear Standby turbines supplied by Terr
typically also use turbine lubricating oil as the hydraulic operating fluid for the governors and actuators. To
provide bearing lubrication and governor oil on quick starts, a pressurized lubrication oi} cystem 1s provided
that uses a shaft-driven lubrication oi] pump. The shaft-driven pump provides lubrication oil to the turbine
vearings and governor assembly as soon as the turbine begins to rol|. enhancing both turbine lubrication and
governor response

To control turbine speed, a gevernor valve s provided for the turbine: the valve is typically supplied
by Terry. The govemor valve is fully open at the beginning of a quick-start and s designed to assume
speed contro! during the startup when the turbine speed reaches the governor’s minimum speed setting
{approximately 2000 rpm) During a quick start the turbine steam admission valve opens fully and ti,e
turbine accelerates rapidly to the governor’s minimum speed semng. At the minimum Speed setting the
EOVernor starts to control turbine speed by throttling closed the governor valve. This limits the acceleration
of the turbine to prevent an overspeed trip of the turbine. The closing of the governor valve slows the
turbine to a speed Jess thai the minimum speed. At this point the BOvemnor in conjunction with the ramp-
generator increases turbine Speed in a controlled manner to rated speed by “lowly opening the governor
valve. The ramp-generator controls and limits the ume for the turbine to reach rated speed to approximately
30 seconds after the EOvernor gains controi. [f injet steam flow is excessive during a quick start the

governor valve cannot ¢lose sufficiently to limit speed before the turbine overspeeds
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The RCIC system instrumentation and control consists of system initiation and containment isolation
circuitry.  These two circuits provide different functions, both of which can contribute to system
unreliability. The purpose of the initiation circuitry is to initiate actions (that is, start up the RCIC system)
to ensure adequate core cooling when the reactor vessel is isolate . from its prii. .ry heat sink and normal
coolant makeup flow from the feedwater system is insufficient or unavailable. The purpose of the
containment isolation circuitry is to initiate closure of appropriate containment isolation valves to limit
fission product release should a RCIC steam line rupture occur.

The RCIC system initiation circuit allows for manual and automatic initiation of the system.
Automatic initiation occurs for conditions of low reactor water level. The low reactor water level parameter
is monitored by four transmitters 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 injection valve and the suction valve from the CST 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
during an initiation 1esults in a failure of the system.

The RCIC system containment isolation circuitry typically provides automatic closure of the RCIC
turbine steam supply isolation valves and turbine exhaust valve in the event of a steam line failure thigh
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 vaives would not preciude operation of the
system. During system standby a spurious isolation of the steam supply line caused by this circuit
contributes to system unavailability, and during system operation the spurious isolation can contribute to
system unreliability.

2.1.3 System Boundaries

The RCIC system for this study was partitioned into three subsystems for analysis purposes. These
subsystems are; (1) the Turbine and Turbine Control Valves, (2) Coolant Piping and Vaives, and (3)
Instrumentation and Control. These three subsystems are composed 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 steamn
line penetration to the turbine, the turbine exhaust piping to the suppression pe ol with associated
valves, and the turbine control and steam line isolation valves and valve operators.

* The Coolant Piping and Valves subsystem includes the wrume-driven pump assembly and
associated fluid piping, including the normal (from the CST) and alternate (from the suppression
pool) pump suction sources and the pump discharge to the reactor prassure 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
boundaries.

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



screened to ensure that the component identified in the circuit was dedicated to the RCIC system
before it was included in this 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 failures were considered for possible inclusion in this RCIC study. However,
examination of the operating data found no cases where 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 Collection of Plant Operating Data

The source of RCIC system overational data used in this report was LERs found using the Lequence
Coding and Search System (SCSS) database. The SCSS database was searched for all RCIC records for the
years 1987 through 1993. In addition, to ensure as complete a data set as possible, a search was conducted
of all the immediate notification reports (required by 10 CFR 50.72) that idertified 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. Thus, only the LER data were used in this report.

2.2.1 Inoperability Data Collection and Characterization

The LER rule (10 CFR 50.73) specifies when events are to be reported to the NRC. The section most
relevant to the reporting of RCIC systern inoperabilities is 10 CFR 50.73(aX2Xv): Any event or condition
thar alone could have prevented the fulfillment of the safety function of structures or systems that are
needed to: (A) Shut down the reactor and maintain it in a safe shutdown condition; (B) Remove residual
heat,; (C) Control the release of radioactive material, or (D) Mitigate the consequences of an accident.
However, RCIC is not part of the emergency core cooling system (ECCS) nor is it normally classified as an
engineered safety feature (ESF). Therefore, it is not clear that RCIC is relied upon to perform a safety that
would be directly reportable. Nevertheless, all plants with RCIC systems have submitted LERs
documenting RCIC inoperabilities, with the majority being reported under section (a)(2)v).

Since it is not normally classified as an ESF, RCIC system actuations are not specifically covered by
the event reporting rules [i.e., section (a)}2)(iv)]. However, the RCIC shares low-low reactor water level
actuation setpoints with the ESF high pressure coolant injection or high pressure core spray systems
(HPCIHPCS). Event reporting requirements, state that each LER (i.e., HPC/HPCS actuation report) shall
contain a clear, specific, narrative description of what occurred so that knowledgeable readers not familiar
with the details of a particular plant can understand the complete event. Thus, any unplanned actuation of
RCIC from low-low reactor water level will also result in a reportable actuation of HPCI/HPCS and the



report on the HPCI/HPCS should also describe the RCIC System actuation. All HPCIUHPCS actuations
were reviewed in order to verify and count the number of RCI( unplanned demands

RCIC is commonly included in piant technical specifications (TS) because of its similar function to
the ECCS. Therefore. RCIC system failures are directly reportable if the system function is lost for a period
that exceeds the TS Lamiting Condition for Operation (LCO) or if the reactos completes a shutdown in order
10 correct a RCIC malfunction [1.e., section (a)(2)i )]

A full function test of the entire RCIC system is nommally to be conducted every 18 months
(typically required by TS). This is the basis for estimating RCIC test demands Corrections to this 18
month cycle are based on information provided in monthly operating reports, and are included to account
for shorter of longer operating periods. As mentioned above, RCIC failures in general, might not
necessarily be required to be reported under section (a)2)v) However, the LERs reviewed for this study
(1.e., 1987-1995) identified three instances where failures of RCIC were reported during the cyclic tests. An
engmeening and statistical comparison of these failure data (failures and demands) with those identified
during unplanned demands indicated that the two data sets were similar and because of this. the cyclic test
data were used and pooled with the demand data in the analysis of RCIC reliability. The net effect of not
including the cyclic test data due 10 concerns relating to reportability of failures increases the uncertainty of
the failure probability estimates without changing the mean value for the system appreciably. These
reporting requirement, in combination with the other reporting criteria and the knowledge of RCIC
actuations concurrent with reportable HPCI/HPCS actuations. provides a sufficiently accurate sample of
RCIC demands and associated failures to make meaningful RCIC demand reliability estimates

In this report, the term inoperabilisy is used to describe any reported RCIC malfunction. The
inoperabilities were subsequently classified as fauits and failures for purposes of computing reliability
estimates. The fault and failure classifications were based on an independent review of the events The
term failure is used to identify the subset of the inoperabilities for which the coolant injection function of
the RCIC system is lost. The term fault is used to describe the subset of inoperabilities that are not
classified as failures

Failure Classification—Al| of the LERs identified in the SCSS database search were independently
reviewed by a team of US commercial nuclear power plant experienced personnel, with care taken to
properly classify each event and to ensure consistency of the classification for each event. Because the
focus of this report is on risk and reliability, it was necessary to review the full text of each LER and
classify or exclude events based on the available information reported in the LER. Specifically, the
information necessary for determination of reliability, such as, classification of RCIC failures and faults.
failure modes, failure mechanisms, causes, etc. in this report, were based on the independent review of the
LERs. The SCSS data search was used only to identify LERs for screening for this study; no data
characterization, evaluation. or reliability analysis was performed on the information encoded in 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 fror each LER review were combined,
and classification of each event was agreed upon by the engmneers. 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 exiensive experience in reliability and risk analysis. The peer review was
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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 of the RCIC system to
function as designed for at least a 24 hour mission or until the system was no longer needed (for actual
missions 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 inoperabilities that are
classified as failures include: (1) malfunctions of the initiation circuit that prevent the svstem from starting
in autornatic: (2) malfunction of the injection MOV to open with the turbine operating properly and RPV
water level at or below the initiation setpoint; (3) RPV water level 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 10 place the controller in
manuz) because of erratic operation

The RCIC events identified in this study as failures represent actual malfunctions 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 is no longer needed. Failure may occur at any point in this process. For the purposes of
this study, the following failure modes were observed in the operating data

e Maintenance-out-of-service (MOOS) occurs if, because of maintenance activities the RCIC system
is prevented from starting during an unplanned demand

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

Failure to run (FTR) occurs if, at any time after the system is delivering sufficient coolant flow, the
RCIC system fails to maintain this flow to the RPV while it is needed

Failure to restart (FRS) occurs if, during an unplanned demand and after a successful start and run
to restore RPV level, the RCIC system is shut down (manually or as a result of a high level trip),
and subsequently 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) occurs if, during an unpianned 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 n no flow to the vessel for level
restoration

Recovery of failures is important and was considered when estimating system unreliability. To
recover from a failure, operators have to recognize that the system 1s in a failed state, restart it without
performing maintenance (for example, without replacing components), and restore coolant flow to the RPV
An example of such a recovery would be an operator (a) noucing that the injection MOV had not opened
during an automatic start of the system, and (b) manually operating the control switch for this valve, thereby
causing the MOV to open fully and allow coolant flow to the RPV. Recovery for the other failure modes is




defined in a similar manner Each failure was ey aluated 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 . ugh the system was declared not operable as defined by plant technical
specifications. As an e~ mpl . “.2 LER may have been submitted for the late performance of a tecknical-
specification-required sun eilance test. This event would be classified as a faujt and not a failure in this
study. This classification s based on the Judgment that given a demand, the system would still be capable
of functioning as designed. Moreover. plant personne| typically would state in the LER that the system was
available to respond and that the subsequent surve:'lance test was performed satisfactorily. If the system
failed the subsequent surveillance test. the event would have been classified as a ailure la addition,
administrative problems associated with RCIC were also classified as faulits, given that the system: had
successfully passed a recent surveillance test or remained capable of imjecting water into the RPV, As an
example, the discharge Piping was found not to have the required number of seismic restraints. However,
the results of an engineering analysis for the missing restraint provided by the plant in the safcty analysis
section of the LER indicated that the existing system configuration would successfully complete the
missions postulated in this report. As a result, the event would be classified as a fault

2.2.2 Collection and Characterization of Demand Data

For the reliability estimation process, the total number of demands associated with a specific set of
failures must be known I'wo criteria ar~ ‘mportant in selecting data sets for reliability analysis. First,
useful data must, of course. be Counta’ ... K-as nable assurance must exist that both the number of failures
and demands can be consistently e-.0 ated, and that sutficient detail will be present in the failure reports to
match the failures to the applicable de nand estimates

The second criterion is that ihe demands must reasonably approximate the conditions being
considered in the unrehiability analysis. The unplanned demands or tests must be rigorous 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 missions being modeled by each failure probability estimate

Unplanned demands—LERs can be used to provide information on unplanned demands follow ng
plant transients that resulted in an actual low RPV water Jevel condition, that is, 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 hay ing a RCIC system during the 1987-1993 study period
These critical reactor scram ey ents are reportable under 10 CFR 50 73(a)2Xiv). The textual description in
the LER provided the basis for determining if the RCIC System was used to mitigate the consequences of a
RPV water level control transient during the scram. In addition, unplanned HPC] and HPCS engineered
safety feature (ESF) actuations are reportable under the same Feporting requirements as reactor scrams The
HPCI and HPCS ESF actuations on low RPV water leve] are typically at the same setpoint as for the RCIC
system. In almost every case that there was a HPCI or HPCS act
identified by the plant. Also, for the critical feactor scram events that identified either a feedwater problem
a main steam line isolation valve closure. or a turbine supply valve closure, the use of the RCIC system was
also identified in the LER Therefore, identification of RCIC demands is possible, even if the system is 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 LERSs that described RCIC actuations were screened to determine the nature of the actuation
The RCIC actuations identified in the LERs thet were classified in this study as RCIC unpianned demands
were events that resulted in the RCI” system actually providing 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) before the imjection valve opened. 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 actuaton of the automatic start of the RCIC system once a fuel cycle, or once
every |8 months (referred to as cvelic tests). These ssts 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 sur eillance test data were
included in the system unreliability calculation However. because the injection valve is not tested under
the conditions the valve would experience 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-1.2 in Appendix A

Less complete demonstrations (e.g., quarterly or monthly surveillance testing) of the system s
operability were nct included 1n the analyses performed for this report. Data from testing that was judged as
not demonstrating the injection function or did not result from a cold quick-start of the system were
excluded. 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 initially brought to the slow speed stop. The hot

quick-starts and slow st.rts were judged not representative of *he type of demand the system would
experience during a low vessel level transient. Moreover, any ¢ 1densate that may have collected in the
steam line is drained during these tests, and the system 1S 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

2.3 Data Analysis Methods

The risk-based and engineering analysis of the plant operating 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 identified a RCIC system inoperability from the above-mentioned SCSS
database search. Data set B represents the inoperabilities that were classified as failures nf 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 cr a cyclic surveillance test (full demands). The only criteria are the
occurrence of a real failure and the ability 1o count all corresponding full demands (i.e., both failures and
successes). Data set C represents the minimum requirements for the data used in the risk-based analysis of
the operating €xXperienee

To eliminate any bias in the analysis of the failure and demand data in data set C and to ensure a
homogeneous population of data. three additional selection criteria on the data were imposed. These
criteria were: (1) the data from the plants must be reported in accordance with the same reporting
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requirements, (2) the data must be staustically from the same POpulation, and (3) the data must be consistent
(Le., from the same population) from an engneering 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 criteria_ the failure
and demand data that comprise data set C were not analyzed strictly on the ability to count the number of
failures and associated demands for a risk-based mission, but also to ensure that each of the above three
criteria were met

The purpose of the engineering analysis was to provide qualitative insights into RCIC system
performance and not to calculate quanutative estimates of unreliability. Therefore, the engineering analysis
used all of the RCIC inoperabilities appearing in the operational data. That is. the engineering analysis
focused on data set A, which includes data set C. with an engineering analysis of the factors affecting RCIC
system reliability. However, the maintenance-out-of-service (MOOS) ey ents were excluded from the
engmeering analysis because although they result ii; the inability of the RCIC system to supply coolant to
the vessel, they do not always involve an actual failure of the system. An unpianned full demand of the
RCIC system while Mmaintenance was being performed on that system during power Operating conditions
was considered in estumating unreliability, but was not part of the engineering analysis

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

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

The injection 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




3. RISK-BASED ANALYSIS OF THE PLANT OPERATING DATA

In this section, the data pertaining to the capability of the RCIC system to inject w ater into the reactor
pressure vessel [referred to as operating experience 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 missions that
RCIC encounters during t-ansients that include a reactor trip, reactor vessel isolation, and a demand for
coolant injection by high pressure makeup systems (1.€., RCIC or HPCI/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 av ailable) the operation of RCIC for high
pressure makeup to restore and maintain RPV water level (i.e., long term operation of RCIC). A reactor trip
with feedwater available, however, 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 unreliability were
calculated for these two types of transient calegories, resulting in two different operational missions for the
RCIC system

For the short term operation category (1.€., where feedwater is available), the need for long term
RCIC is not necessary since feedwater (and additional makeup by HPCI/HPCS) can supply makeup water
to the reactor vessel. For this case, RCIC initially receives an actuation signal in response 1o a low water
level caused by shrink/void collapse However, the low water level is restored immediately since feedwater
i< available and RCIC is operated orly for a short period of time before 1t is secured

For the long term operation category (1.€ where feedwater is not available), the need for RCIC is
greater, since high pressure makeup to the reactor vessel is limited. In this case, RCIC (as well as
HPCI/HPCS) initially receives an actuation signal in response to a low reactor water level. Since feedwater
is not available, operation of RCIC is used to restore and maintain reactor water jevel. Generally, in this
category of transients, following initial restoration of water level, RCIC 1s operated intermittently to inject
water for maintaining reactor water level

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

Second, comparisons are made between the RCIC wnreliabilities derived from operaling €x erience
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data and those reported in selected Probabilistic Risk Assessments (PRAs), Individual Plant Examinations
APEs). and NUREGs. To provide an appropriate comparison, the conditions typically postulated in the
P : Y P
PRA/IPEs were also assumed for quantifying the RCIC unreliability model. The comparisons prov ide an
indication of the extent to which unreliabilities Hased on operating experience data are consistent with those
reported in the PRAs, IPEs, and NUREGs

RCIC unreliability information was extracted from 21 plant risk information reports (PRAs, IPEs,
and NUREGs) and used in the comparisons These reports document risk information for 29 BWR plants
However, one report (the Monticello IPE) did not contain sufficient information to estimate RCIC
unreliability. For the purposes of this study. the risk information reports will be referred to collectively as
PRA/IPEs




RCIC system unreliabilities derived from plant Operating data 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
T'he probabilities tor the individual failure modes were calculated by rey lewing the faiiure information (see
Appendix C) Categorizing each failure event by failure mode. and then estimating the corresponding
number of demands (both successes and failures). RCIC System unreliability 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 unay ailability of the RCI(
System were available. In order to provide a comparison of PRA/IPE estimates of unreliability to those
calculated from the Operational data, estimates were made from the relevant information contained in the
PRA/IPEs. The component failure probabilities were extracted and linked to the corresponding system
failure modes identified In the fault tree dey eloped for the analysis of the Operating experience data. The
component failure probabilities extracted from the PRA/IPEs are those identified as the major contributors
to RCIC unay ailability. 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 Jindings in this section of the report are

he RCIC system unreliabilit (including recovery) for the short term. long term, and PRA-based
(24-hour) missions calculated from the Operating experience data are 0.04, 0.08, and 0.18
respectively. The difference in the unreliability estimates calculated for the short and long term
Operational missions versus the PRA-based missions s attributed mainly to the Inclusion of
additional modes of Operation (subsequent restart of RCIC for Maintaining RPV water leve| and or
recirculation of RCIC flow back to the CST) for long duration missions 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 Séquence (other than the
imjecton valve) are the leading contributors (48%). The leading contributor 1o the long term
Opcrational unreliability is the ability to restart the RCIC system for subsequent injection of coolant
(41%). Failure to run is the largest contributor (36%) for the PRA-based 24-hour mission time
unreliability

A decreasing trend in short term mission unreliability when plotted against calendar year was
identified by stat’stical analysis of the Operating data. For the short term mission, no clear trend
was identified in RCIC Systemr unueliability when plotted against low-power license date. No
statistical trends of RCIC unreli, bility we » identified with regard to long term mission unreliability
of R(]L

Comparing the estimates of RCIC system unrelia oility calculated from the information contained in
PRA/IPEs to the estumates calculated from the Operating experience data revealed that
approximately 75% of the PRA IPE point rstimates lje within the 90% uncerrzinty interval
calculated from the Operating experiel ve dav:  Howey €r, most of the PRA/IPE estimates that are
outside the uncertainty band on the Oferating exvericnoe estimate fall below the 5th percentile (i.e.,
they predict better RCIC performance than ir.dicsted "y the plant operating data)

Most of the PRA/IPEs do not model the RCIC systera in the way it is observed to be operated the
Operating experience data Spevifically, the mantenance of RPV water level by either restart
and/or recirculatior following initia, uyestun is generally not modeled. For the PRA. 1PEs that
model the system with restart and/or recirculation mode of RCIC, the failure probabilities assigned
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to these modes of operation appear to be too optimistic. For example, according to the operating
experience 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
failure probabilities for restart as for initial start. The restart contribution to overall unreliability is a
factor of 2 greater than the initial fail to start contribution, 27% versus 12%, respectively, according

to the operating experience data.

3.1 Estimates of RCIC 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 (i.e., cyclic test and unplanned demands), failure counts, and
demand counts used for estimating probabiiities 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 fr<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>