Historical Reliability of the
High-Pressure Core

Spray System, 1987-1993

J. P. Poloski
G. M. Grant
C. D. Gentillon
W. J. Galyean

9707080322 970702
FDR ORG EXIINEL
PDR

INEL-95/0133

June 1997

DRAFT




INEL-95/0133

Historical Reliability of the
High-Pressure Core
Spray System, 1987—1993

J. P. Poloski
G. M. Grant
C. D. Gentillon
W. J. Galyean

Published June 1997

Idaho National Engineering Laboratory
Nuclear Risk Management Technologies Department
Lockheed Martin Idaho Techno' ~oies Company
Idaho Falls, Idaho 83415

Prepared for the
Reliability and Risk Assessment Branch
Safety Programs Division
Ofiice for Analysis and Evaluation of Operatior.al Data
U.S. Nuclear Regulatory Comu.izswon
Washington, DC 20555
Under DOE Idaho Operations Office
Contract DE-AC07-941ID13223

Job Code E8246




ABSTRACT

This report documents an analysis of the safety-related performance of the high-
pressure core spray (HPCS) system at U.S. commercial boiling water reactor plants during
the period 19871993, Both a risk-based analysis and an engineering analysis of trends and
patterns were performed on data from HPCS system operational events to obtain insights
nto the performance of the HPCS system throughout the industry and at a plant-specific
level. Comparisons were made to probabilistic risk assessments and individual plant
examinations for the eight plants to indicate where operational data either support or fail to
support the assumptions, models, and data used to develop the HPCS system unreliability
estimates.
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EXECUTIVE SUMMARY

This report presents a performance evaluation of the high-pressure core spray (HPCS) system at eight
U.S. commercial boiling water reactors (BWRs). The evaluation is based on the operating experience from
1987 through 1993, as reported in licensee event reports (LERs). The objectives of the study were (a) to
estimate the system unreliability based on operational experience and to compare these estimates with the
assumptions, models, and data used in Probabilistic Risk Assessments and Individual Plant Examinations
(PRA/IPEs) and (b) to review the operational data from an engineering perspective 1o determine trends and
patterns in the data and obtain insights into the failures and failure mechanisms associated with the HPCS
system.

The study used LERs identified using the Sequence Coding and Search System (SCSS). The SCSS
database was only used to identify LERs for review and classification for the study. The reportability
requirements of 10 CFR 50.73 (LER rule) were not used to define or classify any events used in the study.
The full text of each LER was independently reviewed by a team of experienced U.S. commercial nuclear
power plant engineers fiom a risk and reliability perspective. Each event was either excluded from the

study or classified and subsequently used in the study based on this independent review of the full text of
the LER.

The HPCS 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 mode, and then estimating the corresponding number of demands (both success and
failures). Seven plant risk reports (i.e., PRAs, IPEs, and NUREGs) were used for comparison with the
HPCS reliability results calculated in this study. The information extracted from the source documents
contain data for the eight plants that have an HPCS system.

Two sets of unreliability calculations were made using the operational experience data. The first set.
referred to as the operational-mission unreliability, is based on the demands placed on the HPCS system as a
result of the circumstances typically seen in the operating experience data, that is, an unplanned reactor trip
leading to a demand for the HPCS system without much in the way of complicating factors (i.e., other
system failures). The second set of calculations, referred to as the PRA-mission unreliability, is based on
the assumptions typically seen in most PRA/IPEs. PRAs typically assume the need for the HPCS
emergency power system to operate and the necessity for the HPCS system to operate (run) for 24 hours. A
summary of the major findings in this section of the report are as follows:

e The HPCS system unreliabilities (including recovery) for an operational-based and a PRA-based
mission estimate calculated from the operating experience are 0.075 and 0.23, respectively. The
difference in the operational-based mission estimate and the PRA-based mission estimate is
attributed mainly to the inclusion of the HPCS emergency power unreliability [(0.10) assuming a
loss of offsite power] and failure of the suction transfer from the condensate storage tank to the
suppression pool for the PRA-based mission (i.~., mission time of 24 hours). If recovery is ignored,
the operational mission estimate is unaffected, since no failures could be recovered. For the PRA-
based mission estimate, the potential for failure recovery exists; however, the HPCS unreliability
estimate (0.23) essentially remains unchanged. The PRA-mission results, based on the operating
experience and on data extracted from PRA/IPEs, are plotted in Figure ES-1.
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Figure ES-1. Plot of the PRA/IPE and operating experience estimates of HPCS unreliability and
uncertainties based on system operation for 24 hours. (No plant-to-plant variation was observed in the
operating experience data; therefore, the industry average operating experience mean and uncertainty
applies to all plants.)

For the operational mission unreliability, maintenance-out-of-service is the leading contributor
(67%) followed by failure of the injection valve (27%). For the PRA-based mission, the leading
contributors to overall HPCS unreliability are maintenance of the injection subsystem (22%),
maintenance of the emergency power subsystem (21%), failure to run of the Division Il diesel
generator {(19%), failure to run of the injection subsystem (16%), and failure of the suction transfer
from the condensate storage tank to the suppression pool (15%). 1

The HPCS system mean unreliability estimates approximated from the PRA/IPE are lower than the
mean estimates derived from the operating experience data. Part of this result may be due to the
PRA/IPE estimates being approximated from the limited information provided in the PRA/IPEs.



However, five of the eight plants lie within the operating experience uncertainty interval. The three
remaining plants lic outside the operating experience lower 5% unccrtainty interval.

The HPCS system contributors to unreliability calculated from the PRA/IPE information are not
consistent with those calculated from the operating experience. The PRA/IPE estimates resulted in
the HPCS emergency power subsystem being the leading contributor (75%), with the HPCS
injection sabsystem contributing 25% to overall HPCS unreliability. For the estimate calculated
from the oporating experience, the HPCS injection subsystem accounted for roughly 60% of the
total unrciiability. There exists a factor of five difference between the average of the PRA/IPE
values (0.028) and the operating experience mean (0.14) for the injection subsystem unreliability.
A major difference was identified between the operating experience (a factor of 33 larger) and the
PRA/IPE values in the injection subsystem failure to run probability due to components other than
the suction transfer capability. The primary reason for this difference is that the PRA/IPEs average
hourly failure vate for the HPCS motor-pump is 3E-3 per hour compared to the operating experience
mean of 1.6E-3 per hour.

There were no trends identified in HPCS unreliability when plotted against calendar year or plant’s
low-power license data (see Figures E-2 and ES-3).

Unplanned demands exhibit a decreasing trend (see Figure ES-4); however, this trend is not
statistically significant. More data (i.c., years of experience) are needed to either verify or disprove
the existence of this trend. There is no significant trend in the failure frequency for the system over
the study period (Figure ES-5).

The engineering analysis of the operational data reveals that the injection subsystem accounted for
63% (10 of 16) of the total number of observed failures, with the emergency power subsystem
accounting for 25% (4 of 16) and the service water subsystem accounting for 12% (2 of 16). Further
analysis of the data produces the following observations:

1. Malfunctions associated with motor-operated valves accounted for half of the injection
subsystem failures, which is approximately one-third of all failures. However, the data are
very sparse.

The cause of the failures observed in the operational data was approximziely evenly
distributed between hardware-related malfunctions and personnel error.

2

3. The classification of the failures was approximately evenly distributed between failures to
start and failures to run.

4. Fourteen of 16 faiiures were observed other than during an unplanned demand, half of which
were discovered during routine surveillance testing.

There was no correlation observed between the plant-specific frequency of failures and low-power
license date. The average frequency of failures was 0.29 failures per year. The frequency was
based on an average of two failures per plant over the study period and varied from a low of one to
a high of three failures per plant over the study period. The results are plotted in Figure ES-6.
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Figure ES-2. HPCS system unreliability by calendar year, which includes recovery actions. The plotted
trend is not statistically significant (P-value = 0.91).
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Figure ES-3. Plant-specific HPCS system unreliability for an operational mission plotted by low-power
license dates. The plotted trend is not statistically significant (P-value = 0.71).
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Figure ES-4. HPCS unplanned demand events per year, with 90% uncertainty intervals and confidence
band on the fitted trend. A slight decreasing trend is visible, but it is not statistically significant (P-value
=(.18).
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Figure ES-5. HPCS failure events per year, with 90% uncertainty intervals and confidence band on the
fitted trend. The trend is not statistically significant (P-value = 0.54).
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Figure ES-6. Plant-specific HPCS system failures per operating year plotted against low-power licence
date. The trend is not statistically significant (P-value = 0.55).

Xiv



ACKNOWLEDGMENTS

This report benefited from the questions and comments of P. W. Baranowsky, S. E.
Mays, and T. R. Wolf of the Nuclear Regulatory Commission.

Technical reviews by J. H. Bryce, T. J. Leahy, and C. L. Atwood of the INEEL: D. C.
Biey of Buttonwood Consulting; G. W. Parry of the NUS Corp.; A. M. Kolaczkowski of
SAIC; and F. H. Rowsome of FHR Associates contributed substantially to the final report.

Technical contributions by A. J. uptak, W. S. Roesener, and D. A. Prawdzik of the
INEEL contributed to the final report.

Xv



m il

m:F.Jiu-flllh‘.'n. in =

' i .o
|-d|| '-L.‘-lu" i




ACRONYMS

ADS automatic depressurization system

AEOD Analysis and Evaluation of Operational Data (NRC Office)
ASP Accident Sequence Precursor (database)

BWR boiling water reactor

CCDP conditional core damage probability

CST condensate storage tank

ECCS emergency core cooling system

EDG emergency diesel generator

ESF engineered safety feature

FTR failure to run

FTRD failure to run emergency power subsystem

FTRI failure to run injection subsystem

FTRT failure to run transfer

FTS failure to start

FTSB failure to start due to the output breaker

FTSD failure to start other than the output breaker for the emergency power subsystem
FTSI failure to start other than injection valve for the injection subsystem
FTSV failure to start because of injection valve

HPCS high-pressure core spray

HVAC heating, ventilating, and air conditioning

INEEL Idaho National Engineering and Environmental Laboratory
IREP Interim Reliability Evaluation Program

IPE individual plant examination

LER licensee event report

LOCA loss-of-coolant accident

LPCS low-pressure core spray

LPC] low-pressure coolant injection

MOOS maintenance-out-of-service

MOOSD maintenance-out-of-service of the emergency power subsystem
MOOSI maintenance-out-of-service of the injection subsystem
MOV motor-operated valve

NPRDS Nuclear Plant Reliability Data System
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PRA
RCIC

SCSS
SFL

probabilistic risk assessment
reactor core isolation cooling
reactor pressure vessel

sequence coding and search system
safety function lost
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TERMINOLOGY

Cyclic surveillance test—A test of the system typically performed once per operating cycle and required
to be performed at least every 18 months.

Event frequency—The number of events of interest (failures, demands, etc.) divided by plant operating
time.

Fatlure—An event in which the safety injection function is lost for the injection subsystem. For the
emergency power subsystem, it is the loss of the ability 1o supply power to the Division 111 electrical bus.

Failure to run (FTR)—A failure of the HPCS injection subsystem after the subsystem starts injecting
coolant to the reactor pressure vessel (RPV) or test return line, or a failure of the HPCS emergency
power subsystem to continue to supply power to the Division 11l electrical bus.

Failure to start (FTS)—A failure of the HPCS injection subsystem prior to the subsystem reaching rated
coolant flow or a failure of the HPCS emergency power subsystem up to and including the closing of the
output breaker. The FTS for the HPCS injection subsystem is sometimes divided into failure 1o start
because of injection valve problems (FTSV) and failure to start for other reasons (FTSI). For the HPCS
emergency power subsystem, FTS is somnetimes divided into a failure of the output breaker to shut
(FTSB) and a failure to start for other reasons (FTSD).

Fauli—The term fawit is used in this study to refer to the subset of inoperabilities that were not classified
as failures. Specifically, when considering all the data provided in the full text of the LER, the system is
Judged to have been able to complete a postulated risk-based mission.

HPCSE emergency power subsystem—The portion of the HPCS system consisting of the dedicated
emergency diesel generator up to and including the output breaker to the dedicated Division Il electrical
bus.

HPCS injection subsysiem—Ail the HPCS system except for the dedicated HPCS emergency power
subsystem.

Inoperability—The term inoperability is used to describe any HPCS malfunction or situation, except an
engineered safety feature actuation, in which a LER was submitted in accordance with the requirements
identified in 10 CFR 50.73. Inoperabilities include both failures and faults.

Maintenance-out-of-service (MOOS)—A failure of the HPCS system owing to the HPCS system heing
out of service for maintenance when an unplanned demand of the system occurs.

P-value——The probability that the data set would be as extreme as it is, if the assumed model is correct.
It is the significance level at which the assumed model would barely be rejected by a statistical test. A
small P-value indicates strong evidence against the assumed model.

Recovery—The overcoming of a prior failure solely by operator actions without the need for any
maintenance action or repair.

XIX



Reliability—Probability that the system/train/component/etc. will successfully complete its required
mission (however that mission might be defined).

Safety function lost (SFL)—Same as failure.

Sequential loss of offsite power—A complete loss of offsite power that occurs over a period of time. An
example would be a partial loss of offsite power (loss of one incoming iine) followed by a complete loss
of offsite power a few minutes later (second/remaining incoming line fails sometime after the first line
failed).

Unplanned demand—An automatic or manual engineered safety feature actuation for the HPCS system
to start.

Unreliability—Probability that the system will fail to complete its required mission when demanded.
This includes the contributions of maintenance unavailability, failure to start, and failure to run identified
in the operational data. Recovery may or may not be included, depending on the context.



Historical Reliability of the High-Pressure
Core Spray System, 1987-1993

1. INTRODUCTION

The U.S. Nuclear Regulatory Commission, Office for Analysis and Evaluation of Operational Data
(AEOD), in cooperation with other NRC Offices, has undurtaken an effort to ensure that the stated NRC
policy to expand the use of probabilistic risk assessment (PRA) within the agency is implemented
consistently and predictably. As part of this effort, the AEOD Safety Programs Division has undertaken to
monitor and report on 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 revievv, a risk-related performance evaluation was undertaken of the high-pressure core spray
(HPCS) system in the U.S. commercial boiling water reactors (BWRs) that have an HPCS system.

The evaluation estimates HPCS system unreliability using actual operating experience. To perform
this evaluation and make risk-based comparisons to the relevant information provided in the PRAs,
unreliability estimates are presented in this study for two conditions. First, estimates are made of the
reliability of the HPCS system in performing its routine mission resulting from unplanned actuations
occurring in the operational experience. Second, the operational experience data arc used to predict the
reliability of the HPCS system in performing the risk-significant safety function postulated in probabilistic
risk assessments and individual plant examinations (PRA/IPEs). The estimates of HPCS system
unreliability were based on data from unplanned demands and system functional tests that best simulate
system response to a low reactor vessel water level transient. The data from these sources are considered to
best represent the plant conditions found during emergency conditions. Data from component malfunctions
that did not result in a loss of safety function of the system were not used. The objectives of the study were
to:

e Estimate unreliability based on operational experience data and compare the results with the
assumptions, models, and data used in PRA/IPEs.

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




2. SCOPE OF STUDY

This study documents an analysis of the operational experience of the eight BWRs listed in Table 1,
all of which have an HPCS system. The analysis focused on the ability of the HPCS system to start and
provide its associated emergency core cooling function for the required mission. The system boundaries,
data collection, failure categorization, and limitations of the study are briefly described in this section.

Toble | presents each plant’s docket number, the report used to obtain the PRA/IPE estimates of plant
specific sysizm unreliability (used for comparison purposes) and other risk-related information, aud the
configuration of the cooling water system 1or HPCS. Also included in the table are the operating years used
in the study for the eight plants. The operating years are the calendar time minus all periods when the main
generator was off-line for more wan two calendar days. Licensee event report (LER) data were not
collected for a given calendar year if there was no operational time in that year. Appendix A details the
calculation of operational time. Appendix B presents the plant data results discussed in Sections 3 and 4 of
this report.

2.1 System Operation and Description
2.1.1 System Operation
The emergency core cooling system (ECCS) in the BWRs studied typically consists of the automatic
depressurization system (ADS), the HPCS system, the low-pressure core spray (LPCS) system, and the low-
pressure coolant injection (LPCI) mode of the residual heat removal system. The purpose of these systems

is to reestablish adequate core cooling and maintain continuity of core cooling subsequent to the entire
spectrum of postulated loss-of-coolant accidents (LOCAs).

Table 1. BWR plants with an HPCS system.

Plant Docket Years Report Water System
Clinton 461 49 IPE Yes

Grand Gulf 416 6.1 NUREG/CR-4550 Yes

LaSalle 1 343 54 NUREG/CR-4832 Yes

LaSalle 2 374 $2 NUREG/CR-4832 Yes

Nine Mile Pt. 2 410 45 IPE No

Perry 440 50 IPE Yes

River Bend 458 53 IPE No

Wash. Nuclear 2 397 5.0 IPE Yes




If a LOCA should occur, a low reactor water level signal or high drywell pressure signal initiates the
HPCS system and its support equipment. The system can also be placed in operation manually. If the leak
rate is less than the HPCS system flow rate, the HPCS system automatically stops when a high reactor water
level signal shuts the HPCS injection valve. The injection valve will automatically reopen upon a
subsequent low water level signal. Should the leak rate exceed the HPCS system capacity and not result in
rapid depressurization of the vessel, the ADS will actuate on a lower water level signal and depressurize the
vessel for the LPCS and LPCI systems to provide adequate core cooling. Should the HPCS system fail to
initiate during a LOCA, the ADS vessel depressurization and subsequent LPCS and LPCI system initiations
will provide adequate core cooling as a backup for the HPCS system.

The HPCS system also serves as a backup to the reactor core isolation cooling (RCIC) system in the
event the reactor becomes isolated from the main condenser during operation and feedwater flow is lost.
Operational transients that may require HPCS are transients that include a reactor trip and a demand for
coolant injection by high-pressure makeup systems (RCIC or HPCS). For example. a transient that results
in a reactor trip without a loss of feedwater may require short-term operation of the HPCS and/or other high-
pressure makeup system o restore reactor pressure vessel (RPV) water level. For a transient that includes a
reactor trip and a loss of fecdv.ater, with no immediate recovery of feedwater, high-pressure makeup is
required to restore and maintain RPV water level. The latter type of transient would require longer
operation of high-pressure makeup compared to the transients that do not lose feedwater.

2.1.2 System Description

The primary function of the HPCS system is to maintain reactor vessel inventory for line breaks up to
l-in. nominal size. The HPCS system also provides spray cooling heat transfer during breaks in which
uncovering of the core is assumed. The HPCS system pumps water through a peripheral ring spray sparger
mounted above the reactor core and can supply coolant over the entire range of system operation pressures.

The HPCS system consists of a single motor-driven centrifugal pump located outside primary
containment, an independent spray sparger in the reactor vessel located above the core, and associated
piping, valves, controls, and instrumentation. Figure 1 is a simplified schematic of the system. The system
is designed to operate using normal offsite auxiliary power. Should a loss of offsite power occur, a
dedicated backup .>urce of power is available from a diesel generator. The backup source of power (diesel
generator) only affects the unrehability of the HPCS system when a loss of offsite power occurs as an
initiator or during an HPCS system demand.

The principal active HPCS equipment is located outside the primary containment. Suction piping for
the HPCS pump is provided from the condensate storage tank (CST) and the suppression pool. Such an
arrangement provides the capability to use reactor-grade water from the CST when the HPCS system
functions to back up the RCIC system. In the event that the CST water supply becomes exhausted or is not
available, automatic switch-over to the suppression pool water source ensures a cooling water supply for
long-term operation of the system.
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Figure 1. Simpiified schematic of the HPCS system.



2.1.3 System Boundaries

The HPCS system consists of a motor-driven centrifugal pump located outside the primary
containment, a spray header located in the RPV, and associated piping, valves, controls, and
nstrumentation. The HPCS system also includes a dedicated backup power source consisting of a diesel
generuior and its support systems, including lubricating oil, furl oil and transfer, air start, control, and
engine cooling water. In addition, all the power supply components from the dedicated Division Il bus to
the pumps, valves, controls, and instrumeniation are also considered in this study. The normal power supply
to the dedicated Division III bus is considered to be outside the scope of this study; however, a risk-based
discussion of the effect of a loss of offsite power on the system is included. The HPCS system is supported
by a dedicated” cooling system consisting of a cooling pump and associated valves and piping. Two plants,
Nine Mile Pt. 2 and River Bend, do not have a dedicated HPCS cooling water system. These two plants use
the standby service water system to supply HPCS cooling water needs. The dedicated portions of the piping
and valves are included in this study; the remainder of the system and the ultimate heat sink are considered
outside the scope of this study. The portion of the heating, ventilating, and air-conditioning (HVAC) system
directly supporting the HPCS system is also included in this study.

2.2 Operational Data Collection

The source of HPCS system operational data used in this report is LERs identified by the Sequence
Coding und Search System (SCSS) database. The SCSS database vas searched for all HPCS records for the
years 1987 through 1993. To ensure as complete a data set as possible given the LER reporting
requirerients for HPCS, a search was conducted of al! the immediate notification reports required by 10
CFR 50.72 for the same time period that identified the HPCS system. The immediate notification report
search resuits identified fewer events than the SCSS LER search results, and all of the events identified in
the imimediate notification reports were captured in the LERs. Also, the immediate notification reports did
not contain the necessary detail about the HPCS event to conduct a reliability analysis. As a result, only the
LER data were used in this report.

2.2.1 Inoperability Characterization

Because the HPCS is an ECCS system required by technical specifications to be operable,” all
occurrences that resulted in the system not being ope-able as defined by the respective plant technical
specifications (for example, see References 1 and 2) are required by 10 CFR 50.73(a)2Xi)B). “operation or
condition prohibited by technical specifications,” to be reported in LERs. In addition, 10 CFR
50.73(a)(2)(vii) requires the licensee to report all common mode failures resulting in a loss of capability for
safe shutdown. Therefore, the SCSS LER database should include all occurrences when the HPCS system
was not operable.

In this report, the term inoperability is used to describe any HPCS malfunction cr situation in which a
LER was submitted in accordance with the requirements identified in 10 CFR 50.73(a)}2)iXB) or
(aX2)(vii). The inoperabilities were subsequently classified as faults 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

a. The ultimate heat sink for the cooling system is not dedicated to the HPCS system
b. Except where the reactor vessel head is removed, the cavity is flooded and the spent fuel gates are removed, and water level
maintained with the limits defined by tevhnical specifications




not related to the reportability requirements identified in the LER. The term failwre is used to identify the
subset of the inoperabilities for which the coolant injection function of the HPCS system is lost. The term
Sfaudt is used to describe the subset of inoperabilities that were not classified as failures.

Because the HPCS system includes a dedicated diesel generator, it is necessary to define the term
Jailure for this portion of the system separately from the coolant injection portion of the system. For the
HPCS diesel generator, a failure is defined as any inoperability for which the ability to supply emergency
power to the Division III clectrical bus is lost.

Failure Classification—Each of the LERs identified in the SCSS database search was reviewed by a
team of U.S. commercial nuclear power plant experienced personnel. Care was 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
determining reliability such as classification of HPCS failures and faults, failure modes, failure mechanisms,
causes, etc. in this report was based on the independent review of the information provided in the LERs.
The SCSS data search was only used to identify LERs for screening; no data characterization, evaluation, or
rewbility 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 were combined, and classification of
each event was agreed upon by the engineers. The events identified as failures that could contribute to
systern unreliability were reviewed by the NRC technical monitor and technical consultants with extensive
experience in reliability and risk analysis. The review was conducted to ensure consistent and correct
classification of the failue event for the reliability estimation process.

Failure classification of the inoperability events was based on the ability of the HPCS 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 (a) malfunctions of the initiation circuit that prevents the system from starting
automatically, (b) malfunction of the injection motor-operated valve (MOV) to open with the pump
operating properly and RPV water level at or below the initiation setpoint and (c) RPV water level at or
below the initiation setpoint and the system out of service for preplanned maintenance.

The HPCS events identified as failures in this study represent actual malfunctions, which prevented
the successful operation of the system. When the HPCS injection subsystem 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 HPCS motor-pump starts and obtains rated pressure, the injection valve opens, and
coolant flow is delivered to the RPV until the flow is no longer needed. railure may occur at any point in
this process. For the purposes of this study, the foliowing injection subsystem failure modes were observed
in the operational data:

¢ Maintenance-out-of-service (MOOS) occurs if, owing to maintenance, the HPCS subsystem is
prevented from starting during an unplanned demand.



* Failure to start (FTS) occurs if the subsystem is in service but fails to automatically or manually
start, develop sufficient injection pressure, and flow to the reactor pressure vessel.

 Failure to run (FTR) occurs if, at any time after the sulsystem is delivering sufficient coolant flow,
the HPCS injection subsystem fails to maintain this flow to the RPV while it is needed.

Whenever the HPCS system receives an automatic start signal, the emergency diesel generator (EDG)
is demanded to start. If the automatic start is the result of a low-voltage condition on the Division 1II
electrical bus, or if an under-voltage condition occurs following a reactor coolant low-level or high-drywell

pressure signal, then the EDG output breaker will shut. Emergency power subsystem failure modes include
the following:

* Maintenance-out-of-service of emergency power subsystem (MOOSD) occurred if, because of
maintenance, the HPCS emergency power subsystem was prevented from starting automatically
during a demand

® FTS occurred if the subsystum was in service but failed to automatically start and, if demanded, the
breaker failed to close and energize the Division III bus

¢ FTR occurred if, at any time after the EDG had started, it failed to power the Division IIl bus. or
would have failed to do so had the output breaker been shut.

Recovery of failures is important and was considered when estimating system unreliability. To
recover from a failure, operators have to recognize that the system is 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) noticing that the injection MOV had not opened
during an autoniatic start >f 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 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 a fault, not a failure. This
classification is 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 would have been classified as a failure. In addition, administrative
problems associated with HPCS were also classified as faults, given the system had successfuily passed a
recent surveillance test or remained capable of injecting water into the RPV. As ar example, the discharge
piping was found to not have the required number of seismic restraints. How-. @, the results of an
engineering analysis in the safety analysis section of the LER indicaica that tie existing system
configuration would successfully complete the missions postulated in this report. As a resuit, the event was
classified as a fault. -



2.2.2 Demand Colleciion and Characterization

For the reliability estimation process, the total number of demands associated with a specific set of
failures must be known. Two criteria are important in selecting data sets for reliability analysis. First, useful
data must, of course, be countable. Reasonable assurance must exist that the number of failures and
demands can be estimated, that al! 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 is that the demands must reasonably approximate the conditions being
considered in the unreliability 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—{_ERs can be used to provide information on unplanned demands following
plant transients that resulted in an actual low RPV water level condition, that is, an actual need for the
HPCS system. These unplanned demands were identified by searching the SCSS database for all LERs
containing critical reactor scrams for plants having an HPCS system during the 1987—1993 study period.
The critical reactor scram events are reportable under 10 CFR 50.73 {a)2)iv). Critical reactor scram events
provide the basis for determining if the HPCS system was used to mitigate 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 LERs that contained HPCS actuations were screened to determine the nature of the HPCS
actuation. The HPCS actuations identified in the LERs and classified in this study as HPCS 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 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 HPCS 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 HPCS system with a periodicity of once a
fuel cycle, or once every 18 months (referred to as cyclic tests). These tests typically simulate automatic
actuation of the system throughout its emergency operating sequence and that each automatic valve actuate
to the correct position. Because of the completeness of the cyclic surveillance test compared to other tests,
the cyclic surveillance 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.

In addition to the cyclic surveillance tests, quarterly surveillance tests of the injection pump that are
required to be performed per ASME Section XI can also be utilized to estimate unreliability. Because of the
completeness of the cyclic and quarterly (for the injection pump only) surveillance tests compared to other
surveillance tests (weekly, monthly, etc.), only these surveillance tests were used to estimate unreliability.
For more details on the counting of unplanned demands and surveillance test demands, see Section A-1.2 in
Appendix A.




2.3 Methodology for Operational Data Analysis

The risk-based and engineering analyses 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 identified an HPCS system inoperability from the previously mentioned SCSS database
search. Data set B represents the inoperabilities that were classified as failures of the HPCS 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 HPCS system. Data set C contains all relevant failures that occurred during either an
unplanned full demand, a cyclic surveillance test, or for the injection subsystem FTR failure mode. quarterly
surveillance tests. The only criteria are the occurrence of a real failure and the ability to count all
corresponding demands (that is, both failures and succesees). Data set C represents the minimum
requirements for the data used in the risk-based analysis of th . operational experience.

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 requirements, (2)
the data from each plant must be statistically from the same population, and (3) the data must be consistent
(that is, from the same population) from an engineering perspective. Each of these three criteria must be
met, or the results of the analysis would be incorrectly influenced. As a resuit of these three criteria. the
failure and demand data that constitute 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 each of the above
three criteria was met.

The purpose of the engineering analysis was to provide qualitative insights into HPCS system
performance, not to calculate quantitative estimates of unreliability. Therefore, the engineering analysis
used all HPCS 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 HPCS system
reliability. However, the MOOS events were excluded from the engineering analysis because, though they
result in the inability of the HPCS system to supply coolant to the vessel, they do not always involve an
actual failure of the system (that is, they could be preventative rather than corrective). An unplanned
demand of the HPCS system while maintenance was being performed on that system during power
operating conditions was considered in estimating unreliability but was not part of the engineering analysis.

A The HPCS system was inoperable as defined
by applicable technical specifications.

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

C The injection function of the HPCS system
was lost (failure), and the demand count could
be determined or estimated-

Figure 2. [llustration of the relationship between the inoperability and failure data sets.




3. RISK-BASED ANALYSIS OF THE OPERATIONAL DATA

The data pertaining to tw- apability of the HPCS system to inject water into the RPV (referred to as
operational experience data for .he purposes of this section of the report) were assembled from LERs and
analyzed in two ways. First, est.mates of HPCS unreliability were calculated directly from the operating
experience data. These unreliability estimates are based on the operational missions that HPCS encounters
during transients that include a reactor trip and = deinand for coolant injection by high-pressure makeup
systems (RCIC or HPCS). For example, 2 tansient that results in a reactor trip without a loss of feedwater
may require short-term operation of the HPCS and/or another high-pressure makeup system to restore RPV
water level. For a transient that includes a reactor trip and a loss of feedwater, with no immediate re: . very
of feedwater, high-pressure makeup is required to restore and maintain RPV water level. The latter t pe of
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