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ABSTRACT

This report summarizes a study performed by Brookhaven National Laborarary
for the Office of Nuclear Regulatory Research, Reactor and Plant Safety Issues
Branch, Division of Reactor and Plant Systems, U.S. Nuclear Regulatory Commis-
sion. This study was requested by the NRC in order to provide a technical
basis for the resolution of Generic Issue 105 "Interfacing LOCA at LWRs."

This report deals with pressurized water reactors (PWRs). A parallel reportc
was also accomplished for beiling water reactors. This study focuses on three
representative PWRs and extrapolates the plant-specific findings for their
generic applicabllity. TIn addition, a gemeric analysis was performed to
investigate the cost-benefit aspects of imposing a testing prograa that would
require sone minimum level of leak testing of the pressure isolation valves on
plants that presently have no such requirements.
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EXECUTIVE SUMMARY

This study was performed by the Risk Evaluation Group, Department of
Nuclear Energy, Beookhaven NWatiomal Laboratory for the Reactor and Plant
Safety Issues Branch, Office of Nuclear Regulatery Research, USNRC. The
objecrives of this study are t¢ investigate the vulnerability of current
pressurized water reactor designs to an interfacing systems LOCA (ISL),
identify any improvements thar would significantly reduce the frequency of
ISLs, determine the cost-benefir aspect of the improvements, and determine the
effects and the cost-benefit relationship of instituting leak testing programs
of the pressure isolation valves for those plants that do not currently have
such a requirement.

The study is based upon the detailed examination of three plants (Indian
Point 3, Oconee 3, and Calvert Cliffs 1) with the goal of taking the
plant—specific findings and extrapolating the results to aid in the resolution
of NRC Generic Issue 105. The exapination applied 2 more advanced approach to
the ISL analysis than any previous one performed with PRA methodology.

Qverpressurization of low pressure systems due to reactor coolant system
boundary failures may result in rupture of low pressure piping. This event,
if combined with failures in the emergency core cooling systems (ECCS) and
other systems that may be used to provide makeup to the reactor cocolant system
(RCS), could result in a core melt aceident with the potential for release of
radfoacrtiviry outside the contaimment. Some ECCS failures may be a direct
result of the initial rupture and/or its environmental effects.

The resulrs of the BNL core damage frequency (CDF) calculations indicate
that the contriburions from two groups of pipe lines, namely, the Residual
Heat Removal suction and Low Pressure injection lines, dominate the CDF due ro
ISLs. The total contribution of ISL events to CDF is generally less than a
few percent of the overall CDF. lHowever, they can potentially be important
contributions to risk if core damage occurs because ISLs may bypass the
containment and allow fission product release directly to the enviromment.

A plant specific analysis of the effect of various corrective actions such
as {a) application of continuous pressure (leak) monitoring devices and (b)
increased frequency of valve leak testing Indicates that they are capable of
reducing the CDF due to ISLs by a factor of =2 ro 5.

One of the primary goals of the present study was to determine the
cost=benefit relationship associared with requiring plants thar do nor
currently have leak testing requirements on their pressure isolation wvalves to
institute such a program. Core damage frequencies have been calculated to
analyze the effect of leak testing of the pressure Isolarion valves. Large
core damage and risk reductions due toc a judiciously selected leak testing
scheme have been calculated. The obtained cost-benefit relationship shows
that the benefits derived from such testiug schemes are cost-effective.

The most significant findings of this study ares
e Inscitution of a leak testing program of the pressure boundary isolation

valves at plants that do not currently have such 2 requirement results in a
definite net henefit in overall risk reduction. Based upon the results of a



sensitivity study, it <ould appear sufficient that such leak testing be per-
formed at each refueling as well as after individual valve maintenance. 1In
addition, the leak tests may be performed during descending fron power at
the beginning of the refueling period without significantly increasing the
risk of an ISL event. This specific leak testing program was calculated to
be capable of reducing the CDF by almost two orders of magnitude as compared
to an assumed case without any provisions for leak testing.

The offsite risk benefit-to—cost ratlo was calculated to be within the range
of 78 to 46 depending on whether or not the break in the low pressure systen
was submersged under water. A submerged break would result in trapping of
the aerosoel fission products in the water and thus lower offsite conse-
quences aad hence a lower benefit-to—-cost ratio. This indicates that in
spite of uncertainty in predicting fission product release the benefits in
risk reduction outweigh the cost of implementing such a leak testing pro-—
Zram.

+« The root cause analysis of experienced accumulator inleakage events revealed
that the accumulator outlet check valve is rather prone to the "Failure to
operate (reseat) on demand” failure mode. Therefore, the preferred direc-
tion of an interfacing LOCA is expected to be through the acecumulator and
not through the LPI/HPI pathways. This is a particularly significeat find-
ing as the accumulator pathway represents an 18L inside containment.

In addition, the following technical results have been found:

- The results of this study with respect te initiator Erequencies support the
insight obrained b% Pickard, Lowe & Garrick in their Seabrook EPZ
sensitivity study,- that the relief valves of the low pressure systems have
a definite role in reducing the frequency of overpressurization of lov pres-
sure piping.

+ The failure analysis of low pressure niping performed by BNL indiciates that,
at least for the plants selecred, ziven a breach of the pressure boundary
between high and low pressure systems, hoop stresses are at yield stress or
above in the low pressure piping. In certain pipe segments, the stresses
are found to be near the ultimate material stress. At such stress levels

. cq et ) 3 s .
pipe failure probabilities range from 2x107° at yield to almost certalnty at
the ultimate stress.

References

1. "Seabrook Station Risk Management and Emergency Planning Study,” PLG=0432,
Decenber 1985.



l. INTRODUCTION

l.1 Scope/Objective

The term "intecfaciang system LOCA" (LSL) refers to a class of nuclear
rlant loss—of—conlant accidents in which the Reactor Coolant System (RCS)
pressure boundary (isolation valve, piping wall, etc.) interfacing with a sup-
porting system of lower design pressure is breachad. A subclass of these ac-
cidents takes on special concern when the pastulaced flow path affects the
avallabilicy of a safery system needed to mitigate the accident. This can
occur by overpressurizing the system of lower design pressure and may further
induce secondary ruptures outside the contalnment, thus establishing discharge
of coolant directly to the environment. Depending on the configuracion and
accident sequence, the Emergency Core Cooling System {ECCS) as well as other
injection paths may fail, resulting in a core melt with containment bypass.

The Reactor Safety Study, HASH-MOO,1 pointed out that a subclass of
these types of accidents, called V-events, can be significant contributors to
the risk resulting from core dapage. (The V-events were defined for PWRs and
involved the fallure of two check valves in serles or two check valves in
series with an open motor—operated valve.) Further evaluastions of ISL events
in subsequent PRAs have found that their relative contribution ro public
health risk is even more pronounced compared with other sequences, because ia
recent PRAs more credit has been giveun to radiomuclide retention in the con-
tainment for scenarios other than 1S5Ls.

In spite of numerous analyses conducted in various PRAs, both the
probability and the consequence estimates for interfacing system LOCA (ISL)
sequences are subject to substantizal uncettainties. Depending on assumed
valve failure modes, common cause contribution, valve monitoring, test and
rmaintenance strategies, and statiscical data handling methods, the total core
danage frequency due to ISL acecidenrs may vary from 10~ to 1073/ ceactor
year. The radioclogical consequences are also subject to large variatioans due
to plant-specific features, the location of the secondary break, and the
radionuclide behaviour under the particular ISL sequence (e.g., break is below
or above water level).

The ISL sequences have been a long standing coucern for the NRC because
of the considerable risk potential and the above-mentioned uncertalnties. The
NRC has taken steps to lmpose requirements to reduce the frequency of ISLs and
has conducted a number of programs {analytical, experimental, iaspection) to
study varlous aspects of I8L accidents. Currently, intersystem LOCA at LWRs
1s a Generic Issue. The primary goals of the present project are (a) provide
techaical support to NRC, Reactor and Plant Systems Branch to resolve chis is-
sue, (b} invesrtigate the frequency and the effects of ISLs, (c) identify any
improvements that would significantly reduce the frequency of ISLs, (d) deter-
mine the cost-bencfit aspect of the luprovements, and (e) determine the ef-
fects and the cost-beneflt relationship of instituting leak testing programs
of the pressure isolation valves for those plants that do not curreatly have
‘such a requicement. In order to accomplish these goals, a detailed analysis
was conducted to:
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» better understand the progression and effects of ISLs at PWRs,

¢ identify principal system dependencies involved in the ISL accident se-
quences,

- more realistically assess the initiating frequencies of ISLs at
PWRs,

« identify corrective acticns or methods for prevention, recovery cr
mitigation of ISLs with minimum change of existing design features,

¢ determine the correspoisding core damage frequency and health risk
reductions for each corrective measure, and

e evaluate the associated costs and benefits.

Methodology

The overall methodology of the project includes the following elements:

-« From all the potential flow paths (at three representative PWR planrs),
pathways were identified by certain selection criteria, as candidates
where 1ISLs may occur. The plants selected were: Indian Point 3 -
representative of a Westinghouse plant, Oconee 3 -~ represeniative of a
Babcock & Wilcox plant, and Calvert Cliffs 1 - representative of a
Combustion Engineering plant.

*» For the selected pathways, ISL imitiator frequencies were calculated by
utilizing all available information, including plant visits and new
failure data obtained from root cause analysis of experienced pressure
isolation valve failures.

» In the analysis, the relief valve capacitles were considered in
classifying 1SL initlators leading to overpressurization of low
pressure piping and small LOCAs,

» For each of the {dentified pathways, event trees were constructed
assuming two types of iniriators: overpressurization events leading to
small or large LOCA and events without overpressurizarion resulting in
small LOCA. The event trees describe the immediate plant response
(status of frontline safety systems and support systems), the accident
management (thermal hydraulic features of the accident and operator
responses) and plipe rupture probabilities. The end states of the event
trees were connected to plzant specific PRA event trees through a
conditional core damage frequency multiplier. Speclal attention was
given to the estimate of pipe rupture probability.

= All accident scenarios resulting in core damage were computed,
Scenarios leading to ISLs bypassing containmwent were furrher evaluated
for health risk by using "scrubbed" and "nonscrubbed" source terms
characterizing pipe ruptures below or above water level.

+» The sensirivities of core damage frequency and corresponding risks were
calcularted for each of the scenarios assuming wvarious corrective
actions such as:

a. more frequent leak tescing of check valves and MOVs,

b. application of permanent pressure sensors in the piping between
valves,

¢. ensuring the availability of alternate injection sources in addicion
to the standard ones (RWST, etc.),

d. improved operator training, and

e. implemenration of all of the above {a. through d.).
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« The sensicivities of core damage frequency and corresponding risks were
calculatedl for each of the reference plants by removing the benefits of
leak testing over a protracted period of time.

» Cost~benefif calculations were performed for each of the corrective
actions using the risk data obrained with scrubbed and nonscrubbed
source terms. Comparing the results strategies were suggested for
derermining the optimum method to decrease the occurrence of ISLs and/
or mitlgate their risk effects.

= A generic cost-benefit calculation was also performed to investigate
the effect of instituting a leak testing program for plants that do not
curreantly have such a requirement.

l.3 Organization of the Report

Section 2 provides detailed information on the Interfacing lines (piping
layouts, valve arrangements. immediate plant response) for three PWR plants
specifically selected for the analysis. Gection 3 summarizes the results of
a2 Licensing Event Report (LER) survey conducted for ISL precursor events
(overpressurization of interfacing lines or leakage through iscolation boundary
of RCS/support system of lower design pressure) which have occurred ac PWRs.
Section 4 contains the details and results of initiator frequency calculacions
for each of the potential ISL pathways identified in Section 2. Section 5 de—
scribes the event trees and provides the ccre damage frequencies corresponding
the present status of operational conditrions and valve testing policy of the
selected reference plants. Section 6 discusses the sensitivicy analysis of
the core damage frequency for various cocrrective actions and for the generic
"base case," when valves in the ISL pathways remain untested for leak failure
over protracted periods of time. A generic "base case" was developed to
represent plants that do not currently have specific requirements concerning
leak testing pressure isolation valves (PIVs). This model had to be derived
as all of the three reference plants do perform some level of leak testing.
Section 7 presents the risk-based cost and benefit estimates for the proposed
corrective acticns and the generic base case., Sectlon 8 summarizes the
results obtained and the most important conclusions.

Numerous appendices contain the rather extensive support material for the
main report. Appendix A describes the analysis of valve failure data. Appen-
dix B contains rhe basic pethod and formalism for the initiator frequency cal-
cularion. Appendix C discusses the aperator responses {accident diagrosis and
post diagnosis performance of the operators). Appendix D presents the ther-
mal-hydraulic aspects of ISLs. Appendix E contains the data analysis for the
event trees based on the reference plant PRAs. Appendix F details a new ISL
plpe break analysis with a critical review of previocusly performed work on
this subjecc.-. Appendix G summarizes the sensitivity of core damage frequency
on pipe break probability. Finally, Appendix H provides the results of the
consequence analysis due to an ISL accident using the CRACZ code.

l.4 References

l« ™"Reactor Safety Study - An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants,' WASH-1400 (NUREG-75/914), USNRC, October 1975.
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2. SURVEY OF POTENTIAL ISL PATHWAYS AT REPRESFENTATIVE PWR PLANTS

2.1 Selection of Representative PWR Plants

In order to analyze the progression ¢f ISL scenarios ar PWR plants of
different design, three representative PWRs were selected:

e Indian Point 3, a Westinghouse (W) design,
¢« Oconee 3, a Babcock & Wilcox {B&W) desiagn, and
- Calvert Cliffs 1, a Combustion Engineering {(CE) design.

Table 2.1 preseats some useful characteristics of these plants with
regard to ISL analysis.

The design features of the Emergeacy Core Cooling Systews have only minor
differences, mainly in the design of the safety injection lines to the reactor
vessels; in the B&W design, the Low Pressure Injection and Core Flooding
Systems inject directly into the reactor vessel and not into the cald legs.

Most of the major components of the High and Low Pressure Injection
Systenms are Ltocated im the Auxiliary Buildings, except the LPI/RHR Heat
Exchangers at Indian Point 3, which are inside the contalnment.

Since the detailed system designs vary from plant to plant, necessitating
attention ta specific plant features, a survey was carried out to identify
potential ISL pathways at the selected plants.

The approach and criteria used to identify interfacing lines are
discussed in Section 2.2. Sectiocons 2.3, 2.4, and 2.5 contain the detailed
information on the interfacing linas identified for Indian Point 3, Oconee 3,
and Calvert Cliffs 1, respectively. These sections describe the piping
layouts, valve arrangements and controls in the potential ISL pathways and the
indication of overpressurization or pipe bdbreak.

Section 2.A1 summarizes the additional information found necessary to
assess overpressurization frequencies anmd to calculate the conditional ISL

core damage probabilities.

2.2 1dentification of Interfacing Lines in Selected PWRs

The plant surveys focused on all intersystem pathways where the boundary
is represented by a high pressure/low pressure valve arrangement. Pathways,
In which the isolation boundary i{s a pipe or coll wall (e.g., in heac
exchangers or in reactor cooling pumps ar seal conling coils, etc.) were not
considered,

The interfacing lines were ldentified as potential [SL pathways if they
sarisfied all af the following crireria:

= the line connects to the RCS,
= the interfacing system has a design pressure lower than that of the
RCS,
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* the path could be overpressurized by introduction of primary system
pressure due to inadvertent valve opening or valve failure from any
cause, and

= if so overpressurized, the path could preduce a leakage rate of primary
system coolant of sufficient magnitude to cause significant risk.

Note, chat zmong the criterla there is none which would expiicitly
require that the lines penetrate the containmment. Thus, this survey went
beyond the identification precesses that have been used in past studies, which
involve the requirement for containment penetration.

The interfacing pathways were identified through a review of zll the
systems interfacing directly with the RCS. As part of the review process, all
the containment piping penetrations were also surveyed, as a crcsscheck to
insure that at least all the interfacing systems having containmenr
penetrations were not wmissed.

The main sources of information were the FSARs for the three plants.l"z’3
Additional information was gained from the detailed system descriprions
provided by the respective utilities. Useful information was also found in
the PRAS*=>~® of these plants, as well as in 2 study7 of light water reactor
safety systems conducted at the Oak Ridge Nationmal Laboratory in 1981. The
results of a recent V-event inspection® of the major “as built” interfacing
paths at Tndian Point 2 and Calvert Cliffs 1 plants conducted by NRC Region 1
personnel, alse proved to be very helpful.

The major ISL pathways have been identified as the Low Pressure
Injection/Residual Heat Removal, the High Pressure Injection and the Core
Flooding Systems (see Table 2.1).

Isolable interfacing lines with diameters ranging up to two inches were
not analyzed further. Thelr contribution to core damage was considered to be
too small. This is because the expected flow through these lines is so
limited that it is within the capacity of the normally operating charging
and/or HPI pumps. Break sizes smaller than two inches were also not
considered to have the potential for core uncovery in the FSAR's, for the
three plants {see Chapter 14, Results of Small Break LOCA). Such lines were
part of the RCS Drain, or RCS Sampling Systems.

The interfacing lines identified by the selection criteria and survey of
available sources of infarmation are described in the follawing sections. For
each of the interfacing lines, the piping and instrumentation drawings (P&IDs)
of the appropriate system were used to review the valve arrangements and the
pipe sections that potentially can be overpressurized.

The type of {aformation given for each of the lines is detailed below:

1. Line and pressure isolarion valve characteristics (size, location,
type, operator, normal and failed position).

2. Automaric and manual control of PIVs and the system they belong to.

3. Monitoring. .

4, Surveillance requirements.
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5. Boundaries (valves) of overpressurized pipe sections after failure of
PlVs.
6. Porential alarms and indications of overpressurization or ISL.

2.3 Interfacing Lines at Indian Point 3

The interfacing lines satisfying all the selection criteria given in
Section 2.2 at Indian Point 3 were the following: )

1. Low Pressure Injectrion (LPI) Lines

2. Residual Heat Removal (RHR) Suction Line

3. High Pressure Injection (HPI) Lines

4. Core Flooding Tank (Accumulator) Outiet Lines

S. Letdown Line

6. Excess Letdown Line

The schematics of these lines are shown on Figures 2.3.1 through 2.3.6.
Tables 2.3.1 through 2.3.6 provide additiounal information 2bout the components

involved.

2.3.1 Low Pressure Injection Lines

2.3.1.1 Gemneral

The LPI system at Indian Point 3 is designed to maintain core cooling
during medium and large LOCAs. Following plant shutdown, when the pressure
and temperature of the RCS are less than 450 psig and 350°F, respectively, its
function is to remove residual heat (Residual Heat Removal, RHR Systeam) from
the core and reduce and maintain the temperature of the RCS. Figure 2.3.1
shows the flow paths during normal reactor operation, when the system
configuration 1s that of the standby LPL system. The system fulfills its
wission if at least one of the two pump-trains provides sufficient flow to
keep the core covered after a large LOCA given that the two of three intact
legs deliver flow te the core.

2.3.1.2 Operation and Control

In the standby configuration the valves of the system are lined up for
auromatic injection of borated water into the core from the RWST upon
initiation of an ST signal.

The Technical Specificarions require that:

a. Valves 882 and 744 in the suction and discharge lines, respectively,
be open and their power supplies deenergized.

b. One LPL train {(pump, heat exchanger with associate piping and valves)
be operable.

c. Valve 883 in the RHR return line to the RWST be deenergized in the
closed position.

d. The miniflow line (back to the suction of the LPI pumps) should be
open with valves 1870 and 743 being open and their power supplies
deenergized.
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The RHR system purification path hand control valve (to the CVCS) HCV-133
is closed. The containment spray supply valves (f{rom the RHR loop), 889A and
B are closed. Similarly, the MOVs (18024 and B) to the recircularion pumps
are closed. The recirculation path te the HPL suction (MOVs 888A and B), and
to the containment suction (MOVs 885A and B) are closed. The RHR suction from
the hot leg (loop 32) with MOVs 730, 731, and double disk valve 732 are also
closed. The hydraulic control valves 638 and 640 are normally open. A
crosstie ensures the balanced flow distribution to the four branch lines.
These lines feed the discharge lines of the core [lood tanks, which feed the
four cold legs. The check valwes in the core flood rank discharge lines
{Series: B97A, B, C, D) and in the branch lines (Series: 838A, B8, C, D)
isolate the LPI from the RCS. There are zlso two normally open MOVs in each
of the two trains (MOV B885A, MOV 746, MOV 893B, and MOV 747), which in
principle can be closed by the operator if the PIVs fail. However, given PIV
failure, the SI signal first opens these valves and during the resetting time
(=3 minutes) the valves cannot be closed. The valves are of high pressure
design so thar they will withstand the full RCS pressure. 1f the valves can
be closed, an IS5L event would be stopped.

FEach of the trains have a relief valve (RV733A, RV7333) set at 600 psig.
The relief valve discharge Is routed to the Pressurizer Relief Tank (PRT)
which is inside the containment. Both relief valves are expected to lift
together because of 2 crosstie. The aim of the design is to relieve low or
medium sized leakage through the PlIVs,

2.3.1.3 Indications of Overpressurization or ISL

A. Overpressurization

If a pair of check valves (from the groups 897 and 838) leaks moderately,
that part of the LPI which is in the containment before check valve 741, will
be overpressurized. The pressure would lift the relief wvalves and the
discharge would flow to the PRT. Through HPI recirculation and the RHR
miniflow lines the reactor coolaat can bypass the contalnment and arrive to
the LPI suction side.

Indication: a. "Auxiliary Building and Piping Treach Area High Temperzture
and Radiation (R-14) Alarms.” )
h. PRT level, temperature, pressure increase.
¢. RHR heat exchanger outlet temperature increase.

B. TIaterfacing System LOCA

L. 1f the PIVs rupture, the pressure will, with high probability, break
the heat exchangers or check valve 741 aund 1ift the relief valves and thus
become 2 LOCA inside the containment.

2. Tf the piping la the containment is resillent enough, the most sevara
scenario would be when the disk of check valve 741 ruptures and the pressure
wave causes an [5L at the LPT punmps.

Indication: 1. There is an SI signal and injections from the HPI and soon
from the LPI systems. The water level in the RUWST decreases.
1f the sump warer level increnses and there are erratie LPL
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branch line flow readings, the ISL is in the LPI system within
the containment.

2. If the increase of the sump wster level is not evident but the
water level in the RWST decreases and also iadications similar
to a. and b. of case A occur with erratic LPI branch line flow
readings the 1SL is in the LPL system and the containment is
bypassed.

3. The alarm indicating the start of rhe Auxiliary Building Sump
Pump and high plant vent readings provide direct evidence for
the ISL outside the conrtainment.

Operator Actions: The operator would try to close MOV 744, then MOV 882 (to
prevent draining RWST), and MOV 1869A and B (to isolare the
HPT recirculation line with the miniflow to the LPI suction).
The closing of RHR heat exchanger valves (MOV 747, MOV 8998,
MOV 746, and MOV 899A) would also be attempted. {If the break
is not isolared promptly, the motors for the isolation valve
operator may overheat.) The RHR pumps would be shut off,
Further actions would depend on system and plant responses.

If an ISL occurred which bypassed the contalnment through the pathway
discussed above, the break would be above the flood level unless it were at
the LPL pumps. Since the pumps are at the lowest level of the Auxiliary
Building at elevation El.15'-0", a break at the pumps themselves would be
flooded.

2.3.2 Residual Heat Removal Suction Line

2.3.2.1 General

The function of the RHR system during cold shutdown operations is
described in Section 2.3.1.1. When the RHR system is lined up for these
operations, the reactor coolant flows from the hot leg of loop 32 of the RCS
to the RHR pumps through the RHR heat exchangers and back to the RCS through
loops 31, 32, and/or 33 and 34. The heat load is transferred by the RHR hezt
exchangers to the Component Cooling Water System.

The RHER suction llne has two MOVs: MOV-731l and MOV-730 and a double disk
manual (Nz operated) valve 732. These should be open under cold shutdown when
the RHR i{s operating but should be rightly closed under normal reactor
operation or hot shutdown. Figure 2.3.2 shows the valve arrangemest under
these operations. Table 2.3.2 gives some additional information on the
valves.

2.3.2.2 Operation and Control

When these valves isolate the RHR suction line from the RCS (during
normal reactor operation or hot shutdown), both of the MOVs are kept closed
with the corresponding motor control center breaxers locked in the off
position. In addition, these valves are pressure Interlocked. They get an
actomatic ~lose signal if the RCS pressure ilncreases to 530 psigz. The motor
of these valves is also specially designed. The motors are undersized such
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that these valves cannot open against the large differential pressure which
exlists across the valve seat at power operztion.

In order to secure the isolation of the RHR line, the double disk hand
operated stop valve 732 is also locked. To avoid pressure buildup in the low
pressure piping section, there is a relief valve (RV-1896) on a pipe segment
of 2" diameter. The relief valve setpoint is at 600 psig. Its discharge is
routed to the PRT.

The two MOVs are of crucial importance for the plarnt safety. Both these
valves could conceivably be spuriously opened if individual shorts {e.g.,
because of fire) occur in the control cables of each MOV breaker that run
between rthe respective motor control centers {2FM on MCC 364 and RFM on MCC
36B at E1.55"-0" of the Auxiliary Buildiang for MOV-730 and MOV-731,
respectively) aund the controcl roem. To avoid this spurious operation, the
fuse disconnect of both valves - normally kept open during normal plant
operation, isolating the 480V ac powe- ar the respecrive MCC cubicle. These
valves are operated locally to align the RHR system for cold shutdown
operacion.

2,3.2.3 Indication of Overpressurization or ISL

A. Overpressdrization

In the case that the isolation valves MOV-730, MOV-731l, and manual (N,
operated) valve 732 are leaking; the overpressurized zone will be that piping
section which is boundad by the LPI pumps and check wvalve 881 in the line to
the RWST. However, through the miniflow line, that part of the LPT system
which is in the coutainment up to check valve 741 would also be
overpressurized. The overpressurization may induce unstable conditions at the
seating of the isolation check valves in the injection lines of the LPI.

These conditions may then initiate an ISL.

The leakage is expected to lifr the relief valve inside the containment.
Indication: The same as Indicatlion a, and b. in Section 2.3.1.3.
B. 1Interfacing System LOCA

In the case where isolation valves MOV-730 and MOV-731 rupture or becoae
fully opea, an ISL can accur bypassing the containmant at normally closed
valve 732. If the body of this valve survives, an ISL can aecur at the seals
of the LPL pumps {assuming that the disk of check valve 881 is ruptured). In
both cases a massive flood would occur in the auxiliary building, which would
be exacerbated by an additional flow from the RWST.

Indication: Similar to that discussed in Section 2.3.1.3, Indieation b.

1t is expected that only breaks at the LPI pumps would be under flood
level.



2.3.3 High Pressure Injection Lines

2.3.3.1 General

The HPI system at Indiaan Poinr 3 is designed to provide cooling water to
the RCS in case of a small (less than two inches), c¢r a2 medium (two to six
inch) LOCA. It is also used in the case of a steam iine break accident.
While rhe design pressure {1500 psig) of irs piping is significanrly higher
than that of the LPI (600 psig), it is nevertheless, only 60% of the design
pressure of the RCS piping (2500 psig). The design pressure of the suction
side piping of the HPI pumps is only 210 psig. Since the HPL has a very
important tole in the safety of the plant, it has been included in the
analysis.

During normal reactor operation the system is lined up for safery
injection. Figure 2.3.3 shows the flow paths for this ecase. The system
fulfills its mission {medium LOCA) if two of three pumps provide ceooling water
to two of four injection legs. Two of *he four injection paths are required
to deliver water to the core. The system design incorporated the ability to
isolare the safety injection pumps on separate headers such thar full flow
from at least one pump is ensured should a braach line break.

2+343.2 Operation and Control

The motor—operated valve to the RWST, MOV-1810 is normally open and kept
deenergized. The MOVs in the discharge lines (series of MOV-856) to the cold
legs are maintained in the open position. The motor-operators of
MOV-856A,D,F, and K are electrically disconnected. Upon actuation of the SI
signal, the valves MOV-856C,E,H, and J receive an open signal. The MOVs to
the hot legs of RCS loop 1 and loop 3, MOV-856G and MOV-856B are sigunaled to
open. Motor—opperated valves MOV-1835A and B, as well as, MOV-1852A and B, on
the Botron Injection Tank (BIT) line are also signaled to open. FPressure and
flow indications, decreasing tank levels and alarms indicate the status of the
system. There is a test line (diameter 3/4") relief valve (RV-855) to relieve
any pressure above design to the PRT. The relief valve can pass about 15 gpm.

Each of the branch limes (diamerer 2") of line 56 (except the hor leg
line) feeds an accumulator discharge line. Thus, on each of these lines there
ate three isolation check valves (one 897 and two 857; e.g., to the cold leg
of loop 1, 8974, B857A, and 857G). The cold leg branch lines {diameter 1.5")
of line 16 join directly to the cold legs. On these lines there are only two
isolation check valves (two from the series 857, e.g., to loop l, 857E and
857L).

On each of the two branch lines feeding directly the hot legs (diameter
2") there are two 857 check valves and a closed MOV (a 856 valve).

Upon an SI signal, all the three HPI pumps start and the valves in line
16 open to allow flow through the BIT.



2.3.3.3 1Indication of Overpressurization or ISL

A. Overpressurization

In the branch lines of line 56, three PIVs have to fail to cause
overpressurization or ISL. These are either the rhree check valves in series
(on the lines to cold legs) or the two check valves and a closed MOV (cn the
line to the hot leg). 1In this case the overpressurized part of HPI would be
those pipe sections which are bounded by check valves B858B, 8524, 849A, and
the locked closed valve 859A on the test line back te the RWST. The relief
valve RV-855 will be opened, discha-ging to the PRT. The overpressurization
disables only line 36 of the LPI.

In the branch lines of line 16, two PIVs have co fail to cause
overpressurizarion. The overpressurized section would be limited by two
normally closed MOVs (1235A and B}, the locked closed manual valve 859A and
the normally closed manual valve 1833A. The relief valve (RV-855) would also
be lifred.

Indication: PRT level, temperature and pressure increase.
B. Interfacing System LOCA

In order to obtain an ISL a. HPT pumps 31 or 32 via line 56, an
addirfonal check valve has ro fail. 1If either check valve 852A or 894A
failed, there would be an [SL in the auxiliary building. The relief valve
RV-855 would be lifted. The pumps are at the E1.34"-0" of the auxiliary
building, so the flooding would be drained to lower elevations. The
environmental conditions in the puap room, however, may fail the pumps.

Indication: SI signal. Erratic HPI branch liune flows. RWST level
decrecases. No increase in containment sump water level. High
temperature and radiation alarm in the piping trench area and in
the auxiliary building. PRT level, temperature and pressure
inerease. High radiaton readings at the plant vents. Start of
the automatic sump pump in the auxiliary building.

Operator Actions: Operator will try to isolate the line which has the break.
Further accions depend on system and plant responses.

2.3.4 GCore Flopding Tank (Accumulator) Outlet Lines

2.3.4,1 General

The core floocding tanks are pressure vessels filled with borated water
and pressurized with nirtrogen gas. They are designed to provide enough flow
to initiacte recovery of the core In the case of 2 large LOCA before the LPI
starts to deliver flow. Injection occurs when the RCS pressure drops below
the nitrogen gas pressure (650 psig) in the tanks. Each Core Flooding Tank
Ourlet Line is connected to an RCS cold leg pipe. The pressure In each tank
is monitored by two pressure sensors. Low and high level azlarms annunciate
out—of-limit water levels. There is also z pressure relief valve for each
accnmulator. The relief valvas discharge to the containment.
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2.3.4.2 Operation and Control

There are two isolation check valves and a motor=operated valve im each
outlet line (e.g., in loop 1; check valves 8974, 895A, and HMOV-894A). The
MOVs are normally deenergized open “hen the RCS pressure (s higher tham 1000
psig and receive signals to open upon a safeguards actuation signal. The
valve arrangements of the lines are shown in Figure 2.3.4. Should the RCS
pressure fall below the tank pressure, the chieck valves open after about 25
seconds and borated warer is forced into the RCS5. The check valves are
specially made for boric 2acid operation. The check valves operate in the
closed position with a nominal difEerential pressure across the disc of
approximately 1650 psi.

2.3.4.3 Indicztion of Overpressurization or ISL

If tha isolation valves in an accumulactor outlet iine fail, the line and
the tank will be overpressurized. The liquid level will also increase .
(Small leakage can be detected by chemical analysis of rthe boron
concentration. The allowed leakage for an accumulator check valve is
2ce/hr/in of nominal pipe size.) The accumulator relief valves will first
pass nittogen gas and at higher inleakage would also pass water.

Indication: Accumulator pressure and level alarms. High radicactivity alarm
in containment. Increasing containment sump level.

Rupture of rhe check valves would cause the loss of a tauk and a large
ISL in the containment.

2.3.5 Lerdown Line
2.3.5.1 General

During plant startup, normal operation, load reductions and shutdowns
reactor coolant flows through the letdown line from the cold leg of reactor
coolant loop 1 wia the CVCS volume control tank and holdup tanks to the
suction side of the charging pumps. An excess letdown line is also provided
{see Secrion 2.3.6).

The normal ietdown line (diameter 3") is a normally open pathway
penetrating the contafinment. It branches into three orificed lines (diameter
2") after going through rhe regenerating heat exchanger (to preheat incoming
charging water). The reactor coolant pressure drops from 2235 psig to about
275 psig, when flowing ro one of the orifices. The design pressure of the
piping downstream of the orifices is 600 psig. The schematics of the line is
shown on Figure 2.3.5.1.

2.3.5.2 OQperation and Control

Each of the branch lines contains an air operated valve, inside the
containment (200A, 200B, 200C). There are also two solenoid operated valves
outside the ccitainment, which are automatically closed by a containment
isolation signal. The line has two remotely controlled air operared valves
(LCV459, LCV460) and a relief valve (RV-203) with setpeint at 500 psig.
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2.3.5.3 1Indication of Overpressurization or ISL

If air operated valves 201 and 202 clese (e.g., fire energizes the
coils), coolant pressure downstream of the orifices will increase. This will
1ifr the relief valve 203 which discharges ro rhe PRT. TIf valves LCV-459 and
LCV-460 camnot close and the low pressure piping breaks, the result would be
an ISL within the coatalament.

Indication: Letdown Relief Valve High Temperature Alarm. PRT level,
temperature and pressure increase. Automatic close signal on low
pressurizer level to LCV-459 and LCV-460. SI signal.

If a rupture of the letdown line occurred outside the containment, the
leakage would be restricted to the piping trench area and the auxiliary
building. Any leakage would be collected by the building radicactive drains.
The leakage would be within the makeup capacity oif the charging pumps and
conld be readily isolated and the excess letdown line could be placed in
service.

Indicarion: Auxiliary Building and Piping Trench Area High Temperature and
Radiation Alarms. Start of Auxiliary Building Sump Pump.

2.3.6 Excess Letdown Line

2.3.6.1 General

Under certain plant conditions or when the normal letdown line is
isclated, the excess letdown would be in service and it would transport
reactor coolant o the CVCS volume control tank, via the RCP seal leakoff
return path.

2.3.6.2 Operation and Control

The excess letdown line (diamerer 1") is normally closed. The pipe
arrangemeat is shown on Figure 2.3.6. There are three valves on the line
(that fail in the closed position). One of the valves (HCV-123) utilizes an
analog instrument signal for operation of the valve. This valve contains an
orifice thar regulates flow through the valve. The piping design pressure
changes at the outlet of the valve.

2.3.6.3 Indication of Overpressurization or ISL

In order to spuriously open the valves, application of sustained voltage
(hot shorts) would be required. The event is very unlikely. However, if
spurious operation of these valves does occur, the low pressure piping would
be overpressurized (leakage to the reactor ¢oclant drain tank) or broken ar
valve 215, This latter event may cause RCP seal cooling loss.

Indication® Increasing level and pressure of reactor coolan:t drafn rank.
Typical signals of small LOCA within the containment.
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2.4 Interfacing Lines at Oconee 3

The fcllowing lines have been identified ar Oconee 3 that may be
subjected to an interfacing system LOCA:

l. Low Pressure Injection Liaes

2. Decay Heat Removal Suctioun Line

3. Core Flood Tank Qutlet Lines

4. Low Pressure Auxiliary Pressurizer Spray Line
5. RCS Letdown to Coolant Treatment System

These lines are shown schematically in Figures 2.4.1 through 2.4.4 and
Tables 2.4.1 through 2.4.5 list additional information.

2.4.1 Low Pressure Injection Lines

2.4.1.1 General

Under normal circumstances, the main purpose of the LPI system 1s to
remove decay heat from the reactor core during shutdown. In emergency
operation, the LPL is designed to maintain core cooling for large LOCA and to
control boron concentration in the reactor vessel. There are two separate
flow paths, as indicated on Figure 2.4.l; each includes one pump, one heat
exchanger, and isolation valves.

2.4.1.2 Operation and Control

In the emergency mode, the LPI is automatically initiated by low reactcr
coolant system pressure or high containment pressure. Inirially, the system
is aligned such that the LPI pumps take suction from the borated water storage
tank and the norwally c¢losed isolarion valves LP-17 and LP-18 automatically
open, allowing water to be injected into the reactor vessel. Afrer the
initial injection phase the LPI system is switched over to the recirculation
mode by connecting the suction side either to the containment building
emergency sump or to the normal decay heat suction line.

In the decay heat removal mode, after the RCS pressure is reduced to 255
psi, the LPI pumps are connected to the RC hot leg and discharged through the
heat exchangers and the open isolation valves LP-17 and LP-18.

The LPI lines are connected to the reactor vessel and each injection loop
is isolated by two check valves {CF-12, LP-47, and CF-14, LP-48) and normally
closed MOVs (LP-17 and LP-18}.

2.4.1+3 Indications of Overpressurization or ISL

In case the isolation valves fail, the low pressure piping downstream of
LP-17 and LP-18 will be overpressurized. The low pressure piping includes the
decay heat cooler and is bounded by valves LP-31, LP-33, LP-9, LP-10, LP-15,
LP-16. A pressure rellef valve is included in each injection line against
relatively small leakages from the HPl system.

1f overpressurization or interfacing LOCA occurs at the LPL lines, the
following indications will be available to the operator:



l. High DHR Pump Dischacge Pressure

2. High DHR Cooler Qutlet Temperature

3. Injection Line Flow Indications

4. Auxiliary Buildinz Vent High Radiation Alarm
5. RCS Pressure Indication

2.4.2 Decay Heat Removal Suction Llne

2.4.2.1 General
The LPT sysrem [s used in normal operation to remove decay heat from the
reactor core during shutdown. DHR cooling is initiated when the reactor

pressure 1s below the suction piping design pressure.

2.4.2.2 Operation and Control

The system is connected to the RC not leg line (see Figure Z.4.2) by
opening LP-1, LP-2, and LP-3 and delivers the water back to the reactor vessel
through the LPI pumps and coolers. The isolation valves can be manually
operated from the main control room. In additiomn, isolation valves LP-1 and
LP-2 have interlocks to prevent their opening whenever the RCS pressure 1s
above the design pressure of the suction piping. The motor—operated isolation
valves are stroke Lested at least guarterly in cold shutdown condirions.

2.4.2.3 Indications of Overpressurization or ISL

If the isolation valves fail, the low pressure piping that will be
overpressurized, Ls bounded by the LPl pumps, vaives LP-29, LP-30, LP-19,
LP-20, BS5-7, BS-9, and rhe RB spray pumps. There are two relief valves in the
suction pipe. One inside rhe contaiament discharging to the emergency sump,
and the other outside in the auxiliary building that discharges to the high
activity waste tank.

The following indications will be available to the operator if
overpressurization or interfacing LOCA occurs.

1. LP Suctlion Line Pressure and Temperature Indicztions
2. RB Normal Sump Level Indicacion/Alarm

3. High Activity Waste Tank Level Indication/Alarm

4¢ Auxilizry Building Vent Radiation Alarm

5. RCS Pressure landications

2.4.3 Core Flooding Tank Qutlet Line

2.4.3.]1 General
The core floading system is designed ro provide core cooling in case of
intermediate or large RCS pipe breaks. The system automatically floods the

core when the RCS pressure drops below 600 psig.

2.4.3.2 Operation and Control

Each core Flood tank outlet line is connacted to the reactor vessel core
flooding nozzle, and each line contalns two isolation check valves (CF-11,12
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aud CF-13,14) and one MOV (CF-l and CF-2), which is fully open during normal
operation (see Figure 2.4.3). No operator action o- automatic signal is
required to initiate the operation of the core flooding system. The check
valves are leak tested at each c¢old shutdown utilizing che test rig indicaced
on Figure 2.4.3. The stop MOVs are stroke tested simultameously with the
check valve leak test.

2.4.3.3 Indications of Overpressurization or ISL

If che isolation check valves (CF-11,12 and CF-13,14) fail, the core
flood tank outlet line and the tank itself will be overpressurized. The flood
tank has a pressure relief valve, which would open and relieve the pressure by
discharging a portion of the nitrogen blanket to the atmosphere.

There are a number of indications avallable to the station operator
indicating overpressurization or interfacing LOCA at the core flcod system:

l. Core Flood Tank Level and Pressure
2. RCS Pressure

3. RB Emergency Sump Level

4. RB Vent High Radioactivity

2.4.4 Auoxiliary Pressurizer Spray Line

2.4.4.1 General
The auxiliary pressurizer spray line (see TFigure 2.4.3) is available to
contrel RCS pressure during low pressure operation. 1Irs use is limited and is

not presently specified in any operarional pracedure.

2.4.,4.2 Operation and Control

The auxiliary pressurizer spray line is normally closed off by two manual
isolation valves in addirion ro the isolation check valve (LP=45, LP-62,
LP-63, LP-46).

2.4.4.3 Indications of Overpressurization or Interfacing LOCA

The failure of the isolation check valve LP-46, together with manual
isolztion valves LP~62 or LP-63 would pressurize the LPT lines. If the
containment isolation walves on these lines also fail (either LP-17 or LP-18),
the LPI lines in the auxiliary building would be overpressurized. This is
identical with the LPI failure nmode discussed in Section 2.4.1.3. An
interfacing LOCA through the auxiliary pressurizer spray lines (1.5" diameter)
can be considered as a very small LOCA, not capable of core umcovery, since
the makeup capacity of one HPI pump is sufficient to malntain RCS inventory
with break sizes smaller than .04 ft2. Therefore, the line is not analyzed
further.
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2.4.5 Letdown Line
2.4.5.1 General

The function of the letdown flow 1s to accommodate RC volume changes due
to thermal expansion and the need for removing lmwpurities as well as
controlling boron comcentration in the coolant (see Figure 2.4.4). The
letdown flow is isolated from RCS pressure by a passive pressure reduclng
orifice.

2+.4.5.2 Operation and Gontrol

Each letdown cooler outlet line has one inboard motor-operated
containment isclation valve. One pneumatic outhoard containment isolation
valve is provided upstream of the pressure reducing orifice (HP-3, HP-L,
HP=5).

2.4.5.3 Indications of Overpressurization or ISL

Overpressurizatlon or interfacing LOCA can occur in the letdown line only
if a normally open valve downstream of tiz pressure reducing orifice (HP-8 or
HP-195) is accidentally closed averpressurizing the low pressure line. If the
line downstream of the pressure reducing orifice ruptures the result is a very
small LOCA with restricted ocutflow from the RCS. This interfacing LOCA is net
capable of core uncovery as was previously noted (see Sectlon 2.4.4.3).

Indications available to the operator include:
1. Letdown Storage Tank Low Level Alarm

2. RCS Pressure Indication

3. High Radioactivity in Auxiliary Building

2.5 Interfacing Lines at Calvert Cliffs 1

The interfacing lines identified according to the selection criteria
.listed in Sectlom 2.2 at Calvert Cliffs 1 are the following:

le Low Pressure Injection Lines

2. Residual Heat Removal (Shutdown Cooling} Suction Line
3. High Pressure Injection Lines

44 Core Flooding Tank (Safety Injection Tank) Qutlet Lines
5. Letdouwn Line

The schematlics of these lines are shown in Figures 2.5.1 through 2.5.5.
Tables 2.5.1 through 2.5.5 present additional information about the components
involved.

2.5.1 Llow Pressure Injection Lines

2.5.1.1 General

The LPI system Is designed at Calvert Cliffs 1 to provide core cooling
water during the Iinjection and recirculation phases of a large LOCA. A second
function of the system is to provide shutdown cooling flow through the core
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and shurdown cooling heat exchangers. During plant cperation with the RCS at
normal operating pressures and temperatures, the LPI is mainrained in a
standby mode with all of its cowmponents lined up for emergency injection. The
system lineup 1is shown on Figure 2.5.1. The success criterion of rthe system
is that at least one of the two pump .trains provides sufficient flow from thke
RWST via one or more of the four safety injection headers to keep the core
covered after a large LOCA.

2.5.1.2 Operation and Control

Each of the two LPI pumps take suction from separate suciion headers from
the RWST. The LPI pumps discharge through check valves to a common discharge
header (diameter 12"). The header pressure and flow are indicated iun the
control room (ranges: 0-600 psiaz for pressure and 0~6000 gpm for flow). There
is an air operated flow control valve on the header, SI-306 which is locked
open {(Technical Specification requirement because of lack of redundancy).
Relief valve SI—439 protects the header against overpressurization. The
relief serpoint is 500 psig, the design pressure of the LPI piping.

The LPT header splits into four injecrion lines (diameter ™). Each of
the LPI lines has an MOV isolatien valve controlled by a hand swirtch located
in the control room (SI-5615, 5I-625, $I-635, SI-645). These MOVs can be
throttled. Valve pogition indicators and line flowmeters are provided in rhe
control room. The valves are normally closed. They open automatically upon
receipt of aan SI signal. They fail "as is.”

After the MOVs there are two isolation check valves on each of the four
branch lines {e.z., SI-114, SI-118). The HPI lines join in these pipe
sections to form a common inlet to the outlet lines of the Core Flooding
Tanks. Thus, the three Iinjeccion systems, HPI, LPI, and the Core Flooding
Tanks share four common injection paths intoe the RCS via common final
isolation valves (see, e.g., $I-217). One isolation check valve on each
branch line (e.g., SI-118) is of the "weighted closed" type to ensure the
valve remains closed.

The LPI is automatically actuated by an SI signal. No operator action is
required in the injection phase; the discharge line isolation valves are
opened. If the RCS pressure drops below about 200 psig, the LPI starts
delivering flow. The miniflow line back to the RWST with normally open motor
operated valves (SI-659, SI-660) stays open during the injection phase (power
is normally removed from the valve operators).

2.5.1.3 Indication of Qverpressurization or ISL

In order toc have an overpressurization or ISL three check valves and a
motor operated valve have to fail. Due to the number of valves in series, the
probabllity of these fallures 1s very small. The overpressurized zone would
be the whole LPI system. The break [5 expected to occur at the LPTI pump
seals.

Indication: In the case of small inleakage, relief valve SI-439 would open.
In the case of an ISL, high teamperature and high radiation alarms
would be genarated from the piping tunnel area, or from the ECCS
pump rooms 1l and 12 in the auxiliary building.
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2.5.2 Residual Heat Removal Suction Line

2.5.2.1 General

Following reactor shutdown and cooldown the LPI is used in the shutdown
cooling mode for further cooling of the RCS when the coolant temperature drops
below 300°F and coolant pressure falls below 270 psig. The system in this
mode is called the Shurdown Cooling System ar Calverr Cliffs 1. TFor rhis
mode, the system is manually realizned and the LPI pumps take sucticon from the
hot leg of coelant lospg 2. The heat load is transferred by the shutdoum
cooling hear exchangers to the component cooling water system. The reactor
coolant returns to the RCS through the LP1 header.

The RHR suctlon line (diameter 14") has two motor operated isolation
valves: SI-652 and SI-651. The two isolatioan valves are shut during safety
injection operation, and are opened during shutdown cooling. The schematic of
the valve arrangement with the suction side piping of the shutdown cooling
system is shown in Figure 2.5.2.

2.5.2.2 Operation and Control

The first 1solation valve, SI-652, is located inside the containmenr and
is controlled by key operated hand-switch (1-HS-3652 on a control panel). The
second isolation valve, SI-651, is located outside the containment and is alse
controlled by a key operated hand-switch (1-HS-3651). These valves are
interlocked with pressurizer pressure such that the valves shut automatically
when the pressure rises above 300 psia. During normal operation the valves
are locked closed, both locally at the MCCs and on the control board. The
keys are kept under administrative control to ensure that the valves cannot be
opened inadvertently. In addition, with the help of newly installed redundant
pressure signal channels, the apening control circuit of each valve is also
interlocked. These interlocks represent independent and redundant means for
preventing the opening of the valves. TIn the event of main control room
evacuarion, rthe necessary control functions are transferable to the auxiliary
coatrol room. The position of the MOVs are continuously indicated with lights
on the control board.

The valves are specially made, double disk (flex wedge) MOVs with
undersized motor operators, such that these valves cannot be opened against
the large differential pressure which exists across the valve seat with che
reactor at power. A relief valve (51-469) is provided between the two valves
to protect the piping between rthe valves from sudden pressure changes {e.g.,
due to sudden temperature Iincrease in the containment). The setpoint is 2485
psig. A second relief valve (5I-468) is locared on the suction line, to
protect the line from overpressurization. The relief setpoint is 315 psig.
The design pressure of the suction line is 300 psig. (The valve was
originally sized to protect the line from overpressure due to simultaneous

operation of the charging pumps and shutdown cooling with the pressurizer in a
solid condicion.)



2.5.2.3 Indication of Overpressurization or ISL

A. Overpressurization

If the first isolation valve (5I-652) leaks, the operator is alerted by
the discharge through the first relief valve. If both isoclation valves
(S1-652 and SI-651) are leaking, an averpressurizatiocn zone would be
generated. The zone would be bounded by the normally closed manuai valves
SI-441 (for LPL pump 11) and $1-440 (for LPI pump 12), isolation valve SI-399
of the recirculation line from the LPI injection header {normally shut) and
manual (normally shut) isolation valve, Z6M3—-1 of the common inlet of the
lines from the CVCS and from the Spent Fuel Pool Cooling System.

Indication: Both relief valves would cause considerable leakage and high
temperature alarms would be triggered in the auxiliary building.

B. Interfacing System LOCA

If both of the MOVs rupture, 2 massive ISL would occur in the pipiag
trenches and/or in the auxiliary building.

Indication: The event would be an extra—containment LOCA, with the associated
consequences.

2.5.3 High Pressure Injection Lines

2.5.3.3 General

The HPI system at Calvert Cliffs 1 is designed to inject borated water
from the RWST into the RCS to prevent the uncovering of the core in case of
small or intermediate size LOCA. The system is capable of delivering borated
water at discharge pressures up to 1273 psia. The design pressure of its
piping (1600 psig) is much higher than that of the LPI {500 psia), but, it is
only 64% of the design pressure of the RCS piping (2485 psia). The design
pressure of the sucrion side piping of the HPI pumps is 300 psig. Thus, it
has been ing¢luded in the analysis.

The HPI system of Calvert Ciiffs 1 is a two-train, three pump systeu
which injects into the four RCS cold legs via four injection headers. Figure
2.5.3 shows the lineup of the system for injection. The system fulfills its
mission, 1f omne of three pumps provide flow through one of four headers to the
RCS.

2.5.3.4 Operation and Control

Two separate suction headers supply the three HPI pumps with water from
two possible sources: the RWST and the containment sump. The motor operated
valves are normally open to the RWST. The three HPI pumps discharge through
check valves to A common header. 1In this header there are two motor cperated
valves: 8I-655 (normally open) and $I-653 (normally closed). The valves allow
flexibility for pump realigument.

There are two HPL headers: the main header and the auxiliary header. The
motor operated isolation valve for the main header is cpen and receives an
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open signal when an SI signal is generated. Downstream of this valve there is
a relief valve (SI-409) which protects the header (against pressure developed
by a sudden temperature increase) and a pressure indicator (range = QO te 200
psig, the indicator is not showun in the figure). The setpoint of the relief
valve is 1485 psig.

The main header splits into four parallel lines. Bach of the limes has a
motor operated isolation valve (SI-616, SI-626, SI-636, SI-646) which is
normally closed. These valves open automatically upon receipt of an SI
signal. (These valves can be positioned from fully open to fully shut by hand
switches, in order to throttle the lines' flow. Position Ilndicators are
available.) Each of the main lines jolns to a respective auxiliary line
(dizmeter 2") to form a common line which passes through a check wvalve (SI-113
respectively) and flow elements (range: 0O to 300 gpm, not shown). This line

joins to a respective LPI line to form one of the four injection paths to the
RCS.

The valve/instrumentation arrangement of the auxiliary header is the
sawme.

The four injection paths enter the contalnment where they join the core
flooding tank inlets to the RCS could legs (via a check valve and isolation
valve, see Sections 2.5.1 and 2.5"')-

The system is actuated automatically upon receiving an 81 signal.
Operator action is required only for starting recirculation operation.

205435 Indication of Overpressurization or ISL

in any injection line three check valves and one motor operated valve
have to fall to generate an overpressurization or am ISL. The frequency of
these events is very small.

A. Overpressarization

In the case of overpressurlzation, it is expected that only one of the
two trains would be overpressurized, because the two trains are isolated.

Indication: The relief valve assoclated with the train which was
overpressurized would relieve. Pressure sensors would indicate
the pressure.

B. 1Interfacing System LOCA

In order to have an ISL at the suction side of an HPI pump, the shock
wave would have to brake an additional check valve. If this happens, the ISL
would be isolable, because the MOV (either SI-656 or SI-654} of the trala in
which the LOCA occurred, can be closed. This may succeed because the MOV
{51-656) Is located {n the high pressure sectlon of the piping and the flow is
limited by the size of the header branch lines (diameter is ounly 2").

Indication: The relief valve associated with the train would relieve.
Pressure seunsors would indicate the pressure. High temperature
and radlation alarms would be in the auxiliary bullding, with
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symptoms similar to a small-small LOCA. After an ISL one or two
HPI pumps would not operate, because three pumps are located in
two compartmerntse.

2.5.4 Core Flooding Tank Outlet Lines

2.5+4.1 General

The Core Flooding Tanks are called Safety Injection Tanks (SITs) at
Calvert Cliffs 1. They are sized to ensure that following an RCS
depressurization caused by a design basis accident, three of the four tanks
will Inject sufficlient borared warer ro cover the core until the safety
injection pumps can provide water for core cooling. CTuring normal plant
operation the SITs are approximately half filled (total volume per tank is
2000 £t3) with borated water and pressurized with nitrogen to between 200 and
250 psig. Each SIT is connected to an RCS loop cold leg through two check
valves in geries (see Figure 2.5.4) and are normally held shut by the higher
RCS pressure. A motor operated gate valve 1is provided between the two check
valves on the SIT outlet. This valve is normally open and Is shut to isolate
the SIT and prevent ewmptying it durlug plant cooldown and depressurization.
The SITs have instrumentation and alarms which provide indication of the SIT
level z2nd pressure. The 5ITs are alsc provided with relief valves and can be
vented to the atmosphere via air operated vent valves. The setpoint of the
relief valves is 250 psig. The vent valves are normally shut and the vent
lines are normally capped.

2.5.4.2 Operation and Control

The SITs are passive components and require no operator or control action
to actuate. During normal plant operation the MOVs are lecked open, their
agsociated circuit breakers deenergized, and their position indication is
checked by every shift from the coutrol room. The two check valves serve to
preveut the reactor coolant from entering the SITs.

A leakoff return line Is used to send any leakage between the two SIT
check valves to the reactor ccolant drain tauk or the RWST. Each SIT has an
air operated isclation valve in its leakoff return line. They are normally
shut and shut automatically (if open) for an SI signal. The four leakoff
return lines join in a common return line. The isolation valve to the RC
drain tank (S§I-661) is a normally open air operated valve, which shuts
automatically for an SI signal. To send leakoff flow to the RWST, two manual
containment isolarion valves ($I-463, SI-455) can be apened. There is a
relief valve (SI-446) which has a setpoint at 360 psig, to protect the line
from overpressurization during SIT check valve testing and relieves to the RCS
quench tank.

For filling, draining, sampling, and correcting the boron concentration
of the tanks additional miniflow lines are provided.

2.5.4.3 Indication of Overpressurization or ISL

In order to indicate potential isolation check valve failures, pressure
indicators are used in the outler lines between the isolation check valves and
the SIT outlet check valves. The range of the pressure indicators extends
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from O to 2500 psig. The pressure signal actuates an alarm ar a setpoint of
300 psig.

Indicarion: Overpressurizaticn of a SIT outler line is indicated by “SIT
Check Valve High Pressure” alarm. 1In leakage and/or
overpressurization of a tank is signaled by "SIT Pressure/Level
Hi" alarms (setpoints: 235 psig, 228 in). Check valve tuptures
would cause an ISL within the containment resulting in the usual
symptoms. A simulraneswme ruprurz 2f an isclatien chack valve and
an air operated valve failure on the leakoff return line may
cause also a small TSL iunside the containment.

2.5.5 Letdown Line
2.5.5.1 General

In order to ceoatrol coolant chemistry, minimize corrosion and compensate
for coolant expansion due to temperarure changes, during most of normal plaant
operations, coolant flows from the cold leg of a reactor coolant loop (loop
12=-A) to the suction side of the charging pumps.

The letdown line (diameter 2"} first passes though the tube side of the
regenerative hear exchanger (where the temperarture is reduced to 260°F) then
it flows through the letdown countrol valves, purification filters, iom
exchangers into the volume control tank of the CVCS. The charging pumps take
suction from the volume control tank. Figure 2.5.5 shows the fluw schematie
of the letdown line. The pressurizer level control system regulates the
letdown flow by adjuscing the ietdown c¢ontrel valves (I-CV-110P, I-CV-110Q),
so that the letdown flow plus Che reactor coolant pump controlled bleed off
matches the input from the operating charging pumps. The valves reduce the
pressure of the letdown fluid from the regenerative heat exchanger from about
2250 psig to 460 psig. The valves are pneumarically operated and fail
closed. Flashing of the hot liquid between the letdowm control valves and the
letdown heat exchanger is prevented by controlling back pressure with a
pressure control valve downstream of the letdown heat exchanger. The design
pressure of the piping downstream of the letdown contreol valves is 456 psig.

A spring loaced excess flow check valve (diameter 2") on the letdown line
inside the containment serves to shut in the event that the flow through the
letdown line reaches 200 gpm as would occur in the event of a ierdown pipe
break, thus limiting the letdown flow in the auxiliary building (its design
pressure is 2485 psig). There are also twe isolation valves (I-CV=515 and
I-CV-516) of the letdown line iaside the containment upstream of the
regenerative heat exchanger.

2.5.5.2 Indication of Overpressurizartion or ISL

A break or crack in the letdowm line will resulr in flashing of the
blowdown released in the piping penectration room (west) or lerdown heat
exchanger roeom in the auxiliary building. The ISL will cause cowpzciment
pressurization. TFour pressure sensors are iastalled in the west piping
penetration room and letdown heat exchanger room to detect the rise in ambient
pressure. The pressure signal generated by the sensors will automatically
close the letdown isolation valves. Pressure relief for the letdoun heat
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exchanger room is provided by an open blockout connecting to the west piping
peuetration room. Pressure in the penetration room will be gradually decay.
No excessive amounts of water will be celeased, because the excess £low check
valve will seat and terminate blowdowm. An ISL with more coolant loss may
oceur if

a) a break occurs in that part of the piping where feedback signals
cannot be generated to the isolation valves aud/or to the excess flow
check valve,

b} these valves are unavailable for some reascon, or

¢) charging pump{z) continue to work.

Following rupture of the letdows iine ia the auxiliary building, the
applicable emergency operating procedures would be implemented.
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Figure 2.4.3 Core flooding system, Oconee 3.
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Table 2.1
Characteristics of Selected PWRs

Indian Point 3

Qconee 3

Calvert Cliffs 1

Reactor Vendor Westinghouse
Cesign Power:

(MUe) 3025

(MWe) 965
Architectural WEDCO/United En-
Engineer gineers & Con-

structors

Commercial Operation 8/1976
Containment:

Free Vol. (ft3) 2.8x10°

Design Pres. (psig) 47

Cavity Condition Dry
Reactor Coolant System (RCS):

Loops 4

Operating Prassure 2250

{psia)

Low Pressure Injection
System, Residual Heat

Removal System (LPI/RHR):

Pumps

Pump Location

Injection Location

Recircularion, RHR
HEXRs

HEXR Location

2

Auxiliary Bldg.
Cold Legs, via
Injection Lines
Common With HPI,
CFS

2

Containment

Babcock & Wilcox

2568
886

Bechtel Power Co.
Duke Power Co.

12/1974

1.9x10%
59
Dry

2 Hot Legs

2 Parallel Cold
Legs Per Loop
2185

2 (a third pump

is available, it
1s normally valved
out and is load
shed)

Auxiliary Bldg.
Vessel, via 2

Core Flooding
Hozzles

Auxiliary Bldg.

Combustion En-
gineering

2700
80C

Bechtel Power Co.

5/1975

2.0x10°
65 (50)
Dry

2 Hot Legs

2 Parallel Cold
Legs Per Loop
2250

Auxiliary Bldg.

Cold Legs, via
Tnlers Common With
HPI, CFS

2 (Part of Zon-
taiament Spray
System}

Auxiliary Bidg.



Table 2.1 (Continued)

Indian Poipt 3

Qconee 3

Calvert Cliffs 1

LP1 Discharge Cross
Connection

Containment
Penetrations

LPI Injection

RHR Hot leg Sucrion
Lina Containment
Penetration

High Pressure Injection

System (HPI):

Pumps

Pump Location
Injection Location

Countainment
Penetrations

Actnarion

Yes

2 (1 for reeir-
culation)

Upon RCS pressure
below 450 psig

3

Auxiliary Bldg.

Cold legs, via 4
separate aund 4
common iaje<ction
line with LPI,
CSF. Also, 2 hot
leg injection
possibilities.

Upon RCS Pressure
of 1720 psig or
containment pres—
sure of 3 psig.

Core Flooding Syst=m (CFS):
&

Tanks
Injection Locaticn

Actuation

Chemical and Volume

Control System (CVCS,
Charging Mode) Charg-

ing Pumps

Cold legs, via
injection lines
common with HPI/
LPI.

Upon RCS pressure
below 650 psig.

3 (0Of three cylin-

der positive dis-
placement type)

No

Upon RCS pres-
sure below 500
psig

1

3

Auxiliary Bldg.

Cold Legs, via 4
injection line.

Upon RCS pressure
of 1500 psig or
containment pres-—
sure of 4 psig.

2
2 Vessel nozzles
common with LPI.

Upon RCS pressure
below 600 psig.

3 (HPI pumps
servicing also
for the Coolaat
Makeup System)

Yes

Upon RCS pressure
belaw 600 psig

3

Auxiliary Bldg.
Cold Legs, via in-
lets common with
LP1/CFS.

4 (Those of LPI)

Upon RCS pressure
below 1750 psig or
containment pres-
sure of 2.8 psig.

4

Cold legs, via
inlets common
with HPI/LPI.

Upon RCS pressure
below 200 psig.

3 (0f three eylin-—
der positive dis-
placement type)
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Table 2.1 (Continued)

Indian Point 3 Oconee 3 Calvert Cliffs 1
Maximum Makeup Flow 98 gpm =100 gpm in CMS 132 gpm
Rate Indepeundent of Mode
RCS Pressure
Containmentc 2 2 2
Penetrations
Table 2.3.1%
LPI (RHR) Injection Linest
Indian Poimt 3

Number of Lines 4
Line Size 6"
Valve Wumber 838A,B,C,D MOV899A,B MOV746,747
Valve Location L 1 L

Type Check MO Gate MO Gate

Operator -— AC AC

Normal Position Closad Open Open
Power Failure Position _— Opean Open
Automatic Signals -— Cpenad om Opened on 51 signaltt

SI Signaltt

Normal Flow Direction In In in
Surveillance Requirement % k% *x
Relief Valves 733A,B set at LPI design pressure: 600 psig.
Associated Pump Manually started monthly, flow tested at cold
Surveillance shutdown and refueling.

tInformation on check valves from the series 897 is

ttMay be closed manually for isolation.

*Flow and leak tested at each RCS depressurization.
every refueling and midway between refuelings.

given on Table 2.3.4.

Test for gross leakage at

**Pogition verification weekly, stroke tested quarterly, flow tested (holding

required position) at each shutdown and refueling.
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Table 2-3-2
Residual Heat Removal Suction Line
Iadian Point 3

Number of Lines 1

Line Size 14"

Valve Number MOV-731 MOV-730 732
Valve Location 1 1 ]

Type MO Gate MO Gate Manual Block
(special (special (double disk)
design) design)

Operator AC AC Manual, Locked Closed

Normal Position Clesed Closed Closed

Power Failure Position Closed Closed e
Autcomatic Signals RC pressure RC pressure —
interlock? interlockt
Normal Flow Direction Out Qut Qut
Surveillance Requirement * * fald
Relief Valves 1896 Setpoint: 600 psig.
Associated Pump Manually started monthly, flow tested at cold
Surveillance shutdown and refueling.

TRHR operation is not indicated.

*Disk integrity (leak) and stroke tests at each cold shutdown. Automatic
isolation and interlock action test at each refueling. If not done during 1§
months, the check will be performed during the next cold shutdown.

**Qperabiiity test through one complete cycle of full travel at each refueling.
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Table 2.3.3
High Pressure Injection Lines
4. Braach Lines of Line 56t
Indian Point 3

Number of Lines 5
Line Size 2"
Valve liumber 857A,B8,G,H, MOV-856J,H MOV-8564,K MOV~856B
Q,R,8,T,U,W
Valve Location 1 1 I I
Type Check MO Gate MO Gate MO Gate
Operator -— AC ACH ACTTT
Normal Position Closed Open Open Closed
Power Failure Position —_— Open Open Closed
Automatic Signals - QOpenad on —-— -—
SL signal
Normal Flow Direccion In In In In
Surveillance Requirement * wk Tt Fokk
Relief Valves RV-855, set at HPIL design pressure, 1500 psig.
Associated Pump HPI pumps started and run monthly, HPI system test
Survelllance at each refueling.

tInformation on check valves from the series 897 is given in Table 2.3.4

ttverify open quarterly.
tt1tDeenergized.

*Full scroke tested at each cold shutdown (RCS is drained). Leak tested at

every refueling.
**Yarify open quarterly, stroke at each cold shutdown.
kkkyerify closed quarterly, stroke at each cocld shutdown.
fiMotor operator discounected.
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Table 2.3.3 (Continued)
High Pressure Injection Lines
B. Branch Lines of Line 16

Indian Point 3

Nuzmber of Lines 5
Line Size To cold legs: 1.5, to hot leg: 2".
Valve Number 857C,D,E,F,J MOV=-856C,E MOV-856D,F MOV-856G
K,L,M,N,P
Valve Location L I 1 1
Type Check MO Gate MO Gate MO Gate
Operator -— AC ACH ACttt
Normal Position Closed Open Open Closed
Power Failure Position _— Open Open Closed
Automatic Signals . —_— Opened on —_ -
ST signal
Normal Flow Direction In In In In
Surveillance Requirement % *%k 18 fadai
Relief Valves See Table A.
Associated Pump See Table A.
Surveillance

*Parrial stroke tested at each cold shutdown (RCS is drained). Leak tested at
every refueling.

**VYerify open quarterly, stroke at each cold shutdown.

**iVerify closed quarterly, stroke at each cold shutdown.

ttverify open quarterly.

tttDeenergized.
#Motor operator disconnected.
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Table 2.3.4%
Flooding Tank (Accumulator) Qutlet Lines
Indian Point 3

Number of Lines
Line S$ize
Valve Number
Valve Location
Type
Operator
Normal Position

Power Fallure Position

Automatic Signals

Normal Flow Direction

A
Lo"
8974,8,C,D

I
Check

Closed

In

Surveillance Requirement *

Relief Valves

892A,8,¢,D

£954,8,C,D

1
Check

Closed

In

MOV-8944,B,C,D
I

MO Gate

AC

Open

Open

Open safeguard actua-
tion signal

In

o e

*Flow and leak tested at each RCS depressurization.
every refueling and midway between refuelings.
**Cycled and verify open every RCS depressurization.

refueling.

Test for gross leakage at

Tested open every
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Table 2.3.5
lLetdown Line
Indian Point 3

Number of Lines
Line Size
Valve Number

Valve Location
Type

Operator
Normal Position
Power Failure Position

Automatic Signals

Normal Flow Direction
Surveillance Requirement

Relief Valves

1

2!!

LCV459 LCV460
L I
Globe Gate

118V ac air 118V ac air
Open Open
Closed Closed

Close on low pressurizer
level

Out Out
Not yet identified

RV 203, setpoint at 600 psig.

2004A,8,C

I
Globe

Air
B open, A and
C closed

Closed

Out

201,202

s

Glabe/
Solenoid
118V ac
Open

Closed

%*

Qut

*Trip to close on containment isolation signal, phiase A.
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Table 213-6
Excess Letdown Line
Indian Point 3

Number of Lines
Line Size
Valve Number
Valve Location

Type

Operator

Normal Position
Power Fallure Position
Agtowatic Signals
Normal Flow Direction

Survelllance Requirement

Reiief valves

1

1"

213A,B HCV123
1 1
Clobe Globe

Air 118V ac Analog {astrument, 118V ac
Closed Open

Closed Closed

Qut Out

Wot yet ldentified
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Table 2.4.1
LPI Injection Lines

Oconee 3
Number of Lines o 2
Line Size 1"
Valve Humber CF=-12,14% LP=47 48 Lp-18,17
Valve Location 4 L Q
Type Check Check MoV
Normal Position Closed Closed Closed
Power Failure Positioa --- -— Closed
Automatic Signals - -— Low RCS Pressure
High RB Pressure
Normal Flow Direction In In In
Survelllance Requirement * * ek
Relief Valves Lp=-36, LP=37 k%

Setpoint: 505 psia

-

*Leak tested after a cold shutdown, at least once every nine months.

**Stroke tested quarterly, at cold shutdown only.
***Flow tested al each cold shutdowu.
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Table 2.4.2
Decay Heat Removal Suction Line

Oconee 3

Humber of Lines 1
Line Size 12"
Valve Number Le-1,2 LP-3
Valve Laration I Q

Tvpe MGV MOV

Norpal Position Closed Closed
Power Failure Position Closed Closed
Automatic Sigaals RC pressure -—

interlock

Normal Flow Direction Qut Out

Survellliance Requirement Stroke Test* Stroke Test**

Relisf Valves LP-25, LP-26
Setpoint: 388 psia

*Once per cold shutdown.
**Once every three months.
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Table 2.54.3
Core Flood Tank Qutlet Line

Oconee 3
Number of Lines 2
Line Size 14"
Valve Number CF-11,13 CF-12,14 C¢r-1,2
Valve Location ' 1 I 1
Type Check ©  Check MOV
Normal Position Closed Closed Open
Power Failure Position Closed Closed Open
Automatic Signals _ - _—
Normal Flow Direcrion _— —_— —
Surveillance Requirement * * *k

*Leak test at cold shutdown.
**Stroke rest simultaneously with check valve leak test.

Table 2.4.4
Auxiliary Spray Line

Oconee 3
Number of Lines 2
Line Size 11/2"
Valve Number LP-45,62,63 LP-46
Valve Location I I
Type Manual Gate Check
Normal Position Closed Closed
Power Fallure Posgition -_— -
Automatic Signals -_— —-—
Normal Flow Direction In In
Surveillance Requirement * *

*Not identified.
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Table 2.4.5
Letdown Line

Oconee 3
Number of Lines 1
Line Size 2 1/2"
Valve Number HP-3,4* HP-5*
Valve Location I 0
Type MOV AQV
Normal Positiom Open Open
Power Failure Position As is Open
Automatic Signals S1 ST
Normal Flow Direction Out Out
Surveillance Requirement *¥% *%

*These are contalnment isclarion valves. The pressure boundary is the pressure
reducing flow orifice aud the pipe schedule changes at valve HP-39,
**Local leak rate test during each shutdown.
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Table 2.5.1
Low Pressure Injection Linest
Calvert Cliffs 1

Number of Lines &
Line Size 6"
Valve Number sI-115,128, SI-114,124, 3I-615,625,
138,148 134,144 635,645
Valve Location I 0 0
Type Check*** Check MO Gate
Normal Position Closed Clcsed Closed
Power Failure Positicn —-— —-_— Ac it is
Automatic Signals - -— Open on SI
Normal Flow Direction In in n
Surveillance Requirement fadad *1 *
Relief Valves S1-439, setpoint is 500 psig.
Associated Pump Manually started monthly, flow tested at cold
Surveillance shutdown and refueling.

tInformation on check valves SI-217, 227, 237, 247 is given in Table 2.5.4.
*Verifying closed position at least once per month after cyeling upun SI
signal. Quarterly stroke (operability) test.
**Full flow and leak test during refueling outages (cold shutdown) (inboard
checks).
*tFull flow test during refueling ocutages (cold shutdown), leak test quarterly
during plant operation {outboard checks).
#**These check valves are of "weighted closed" types.
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Table 2.5.2
Residnal Hear Removal (Shutdown Cooling System) Suction Line
Calvert Cliffs 1

Number of Lines 1
Lige Size 14"
Valva Number SI-652 SI-651
Valve Location I 0
Type MO Gate* MO Gate
(Special (Special
design) design)
Normal Position Closed Closed
Power Failure Position Closed Closed
Automatic Signals RCS pressure RC5 pressure
interlockt inteclaock?t
Normal Flow Direction Qut Out
Surveillance Requirement L *%
Relief Valves $1-469, setpoint: 2485 psiyg,
S1-468, setpoint: 315 psig
Associated Pump See Table 2,5.1
Surveillance

tRHR operation is not indicated.

*Continuous leak surveillance. MNisk integrity {leak) and stroke tests at each
refueling.

**Disk integrity (leak) and stroke tests at each refueling.
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Table 2.5.3
High Pressure Injection Lines?
Calvert Cliffs 1

Number of Lines 4 (per traim}
Line Size 2"
Valve Number SI-113,123, SI-616,626, SI-617,627,637,
133,143 636,646 (main 647 (auxiliary
header header)
Valve Location o ] 0
Type Check MO Gate MO Gate
Operator — AC AC
Normal Position Closed Closed Closed
Power Failure Posiriom —_— Fails as is Fails as is
Automatic Signals —_— Open on SI Open on 51
Normal Flow Direction In In In
Survelllance Requirement — #=* * *
Relief Valves SI-409, SI-417, setpeoints 8 1485 and 2505 psig,
respectively
Associated Pump Manually started monthly, flow teted at cold
Surveillance shutdown and refueling.

TInformation on check valves: SI-217, etc. and SI-118, etc. is given in Table
2.5.4 and 2.5.1, respectively.

*Continuous position surveillance {(alarm panel). Verifying closed position at
least once per month after cycling upon SI signal. Quarterly stroke
{operability) test.

**xLeak test quarterly during plant operation (outboard checks), Full flow test
during refueling outages (cold shutdown).
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Table 2.5.4
Core Flooding Tank ("SIT") Qutlet Lites
Calvert Cliffs 1

Number of Lines 4
Line Size 12"
Valve Number S1-217,227, SI-614,624, $1-215,225,235
237,247 634,644 245

Valve Location I I I

Type Check MO Gate Check

(Globe)

Operator -— ACt _—

Normal Position Closed Open Closed
Power Fallure Positiom —_ Open _—
Automatic Signals _— _ —_—
Normal Flow Direction In In In
Surveillance Requirement *% * *t
Relief Valves SI-211,221,231,241 setpoint: 250 psig, this is also

the design pressure of the SITs (Size: 1").

tLocked open, deenergized.

*Valve position in every 12 hours. Verifying open position within four hours
prior increasing RCS pressure above 1750 psig.

**Valve seat leakage 1s monitored continuously. Full flow test during refueling
outages {cold shutdown).

#tFull flow and reverse leakage test during refueling outages (cold shutdown).



5

i

-S4

Table 2.5.5
Lecdown Liae
Calvert Cliffs 1

Number of Lines 1
Line Size 2
Valve Number 11043 [-CVv-515 r-Cv-516
Vilve Locatiaon I L T T
Type Cate Gate Gatae nxcess
Lk N
CLaw
Operatoc Manual air/dc Airidce Checek
Normal Position Open Open e ngn
Power Failure Postition -— Closed Closed -
Auromatic¢ Signals Pressure signals from the Au<ilisey Barlding.
Normal Flow Dicection Qut Out Jut Dut

Surveillance Requirement  Continnoas

1



3. SURVEY OF OPERATING EXPERIENCE FOR ISL PRECURSOR EVENTIS AT PURs

3.1 Survey of Operational Events and Causes of Failures

Operating experiences regarding pressure boundary interfaces are embedded
in various extensive data bases, which include events dating back to the
1970's. BNL has performed a search for 1ISL precursor events at PURs by using
the RECON® data base and cthe NPE operating events 1isting.2 The zvailable
information mostly consists of LER submittals and, in the NPE, additienal
component engineering and failure reports are listed. The data bases have
been systematically searched for isolation boundary conponent failures in
systems connected to the RCS. All operational events iavolving pressure
boundary isolation valves have been collected and reviewed.

Even though the actual configuration may vary greatly between systems,
plants, and vendors, the isolation boundary generzlly consist of a number of
check valves and/or motor—cperated isolation valves, which may normally be
closed or open depending on the particular design.

Based on the above, the failure events can be classified as (a) failures
involving isolarion check valves, (b) motor-operated valve failures, and (¢}
procedural or management problems.

Both the check valves and the motor-operated valves may fail to perform
their intended function in a variety of ways. However, the review of the
operating events has indicated that there are one or tuo dominant failure
modes for each class of isolation valves.

a. Check Valves - Leakage across the seat interface is the most typical
failure mode for the check valves. A less frequent class of events involve
operational failures of the check valves. These failures prevent the check
valves from reseating after opening.

b. Motor-Operated Valves — The improper operation of the electrical
control cirecuitry and various problems with the limit ané torque switches seem

to be the principle causes of failures for mector-operated valves.

In the following sections the collected operating events are discussed.
A more detailed description of some of the eveats are given in Appendix A.3.

3.1.1 Events Involving Isclation Check Valves

Reported operating events involving pressure boundary isclation check
valve failures were classified according to the two main types of failure
modes: leak and demand related operational failure modes. The eveats are
listed in Tables 3.1 and 3.2, respectively. Special attention was given to
the leakage failure events. For, it was recognized at the start of the
present study that in spite of the Fact that various nuclear industry data
sources provide failure rates for the leak failure mode, the available data
are pot suitable for ISL analysis. The available data are related to a
conglomerate of check valves of different type, size and make, which are builr
into various reactor systems. Also, the leak and reseat failures are
typically treated together. However, for the ISL analysis, the knowledge of
that specific failure frequency which correctly describes the leak failures of
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check valves located in the RCS/ECCS interface is required. It was also
recognized that small or large leakage flow rates will result in markedly
different accident developments. Therefore, it was clear that specific
information was needed about the frequency of leak fajlures exceeding certain
leakage flows through the valves and that that informatiom had to be extracted
frem availabie data.

In order to obtain as accurate data sample as possible, the eveat
selection has been cross-checked by comparing the events found separately in
the RECON and the NPE data bases. An additional comparison of rhe resulrant
event list was made with a similar list of events selected in an independent
search conducted at Pickard, Lowe and Garrick, Inc. for the Seabroock Station
Risk Management and Emergency Planning Study (PLG-0432).3

The events of Table 3.1 are presented in a format ichat further serves the
leak failure frequency analysis (see Section Appendix A.1). The table
contains the NPE number for facilitating better event identification, the name
of the specific ECCS system involved (Accumulator, LPI, HPI) and direct or
indirect information about the leak rate. The latter lavolves such evidences
as: the rate of boron concentration changes and rate of pressure reduction in
the accumulators. The table also contains the estimated leak rates. The
approach used to estimate the leak rate was essentially similar to that of
Ref.3: the utilization of the direct or indirect flow rate information. If
there were no such information available, the similarity to other occurrences
for which the leask rates were known was applied.

An inspection of Table 3.1 shows that the majority of failure events are
failures of the check valves in the accumulator outlet lines. This apparent
bias in the occurrence frequency might be due to the continuous monitoring of
the accumulators, or it might reflect a particularly severe environment acting
on the valves,

It also c¢z2n be seen rthat an accumulatar cannot easily he overpressurized
by small back leakages from the RCS, since it 15 a relatively large reservoir
of water capable of relieving pressure through relief valves. 1In addition,
Increasing water level in the rank {and dilution of boron concenrration) can
easily be detected allowing ample time for the operator to take the
appropriate action.

The remaining events occurred rather evenly between the LPI and HPI
systems.

The operational failure events given in Table 3.2 also represent a fairly
aceurate set of dara for a new esrimate of the operarional failure probabilicy
of check valves in the RCS/ECCS boundary. The events reveal that the
environmental effects of boric acid (e.g., boron solidification) and other
corrosion and aging processes are deteriorating the proper operation of the
check valves.

In both of the rables there are events involving valve disk separatiom or
stuck open fazilures yielding a total loss of the pressure isolating fuanction
of that valve. It is reassuring, however, that no real check valve rupture
was reported and none of the events led to actual overpressurization, because
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of additional pressure boundary barriers, i.e., other check valves or closed
motor—operated isolation valves prevented it.
It is important to note that a number of the operating events were
discovered during interfacing sysrem LOCA resting, which is designed to detect

any deterioration of the pressure boundary isolation function.

In general, the multiple pressure boundary concept has functioned as
designed, especially against single failure of the isolation boundary.

3.1.2 Events Involving Motor-Operated Isolation Valves

Reported operating events involving fallures of motor-operated isolation
vales are shown in Table 3.3. Only the fail-to-close failure mode has been
included in this tabulation, since this mode would make an interfacing LOCA
unisolable. There are numerous designs where the primary pressure boundary is
a normally closed motor—operated valve. The nonmechanical failure of these
valves (fail-to—-open) would maintain the integrity of the pressure boundary
and is therefore not considered further. Most of these events have occurred
in the HPI systems which are generally designed to have a number of normally
open isolation valves. The major causes of failure involved either some
component failure In the electrical control circultry or the improper
operation of the motor operator torque or limit switches.

There are only three events (marked with asterisk) involving the "MOV
internal leakage" failure mode. It is interesting that all three occurred in
MOVs in RAR suction lines. Mechanical failure does not seem to be a major
problem.

3.1.3 Events Involving Procedural or Other Problems

The pressure boundary i{solation function can be lost through mechanical
and/or electrical failure of the isolation components. In addition, human
errors or procedural management problems can also lead to the deterioration or
even loss of incegrity of the pressure boundary. All events listed im Table
3.4 involve some form of human error or procedural deficiency, which may have
caused or could have led to an ISL. The total number of events in Table 3.4
is so small that no particular trend can be observed from the data.

3.2 References

1. DOE/RECON, Nuclear Safery Information Center (NSIC), File 8, 1963 to
present.

2. Nuclear Power Experience, NPE, Published by the S.M. Stoller Corp.

3. "Seabrook Station Probabilistic Assessment," PLG-0300, Deceumber 1983.
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Table 3.3
Summary of Qperating Events
Motor-Operated Isolation Valves

System

Plant Date Involved Description

Turkey Point 6/72 RHR* RHR suction valve had cracks in the valve
lower retainer. The retainer cracked due
to over travel, operational contral
improperly designed.

Robinson 2 /73 RHR* RHR pump suction valve from RCS5 had !a:nRed
due to seat wear.

Cconee 1 1/74 LPI/RHR  LPI containment isolation valve failed wo

Docket 50-269 close. A control power fuse blew.

Cook 1 8/75 LPI/RHR LPI discharge isclation valve could a0i He
closed. Hisaligned electrical switch.

Trojan 2/76 ACC The accumulator outlet isalation valvas

Docket 50-344 reopened after the operator closed rhom,
There was a design error in the coatrnl
wiring.

Calvert Cliffs 1 5/76 HPI HPI loop isolation valve failed to

LER 76-8/3L operate. A coutrol circuit fuse hal
blown.

Crystal River 3 2/78 HPI HPT isolartion valve inadvertently opened

LER 78-006 and tagged out of service.

ANO 2 4/78 HPT HP1 header isolaticn valve failed du- o

cocker 50-368 flow conditions and check valwve failure,

Davis=-Besse 1 1/79 ACC Core flooding tank isclation valve Talled

LER 79-D15 to close remotely. Mechanical compunent
failure.

Naris=Besse 1 3/79 HPI HPIL isolation valve inadverteatly opencd

LER 79-036 due to electrical component failure is the
control logic circulcey.

North Anna 1 4179 RHR RHR isolation valve failed ro close
automatically. Misaligned limit switch
contact.

Cook 1 10/79 LPI/RHR  RHR discharge isolaticn valve failed to
closes Valve operator tooque switch
failed dve to condensatiom.

Robhinsen 2 12/80 RER* RHR pump suction isolatinm valve frowm RCS

LER 80-029 hot leg leaked through due to normal weav.



Table 3.3 {Continued)
Svsten

Plant Date Tavolved Description

Millstone 2 1/82 RHR The pressure interlock setpoint for the

LER $§2-004 RHR suction vzlve was set zhove the
limits. Pressure cransmitter had
electrical problems.

Yankee Rowe 7/82 ACC Accumulator isnlation valve failed ro

LER 82-022 operate. MoLor operator was disabled due
to grounding conditions.

Millstone 2 9/82 RHR RHR isolation valve would not ¢lose.

LER 82-037 Torque switch was found to be out of
adjustment.

San Onofre 3 2/83 HPL/ACC  HPI isolation valve leaked through.

LER83-017 Accumulator level increased. Tank relief
valve lifted and failed to reseat.

Main Yankee 5/83 HPL HPI isolation valve failed to close.

LER 83-016 Excessive tightening due to limit switceh

misadjustment.

*Tyents selected for calculation of
{see Section Appendixz A.2.2).

"MOV internal leakage" failure frequency
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Table 3.4

Summary of Operating Events
Procedural or Other Problems Involving Isolation Valves

System

Plant Date Involved Descripticn

Crystal River 3  2/78 HP1 HPI isolation valve was inadvertently

LER 78-006 opened and tagged out of service.
Techniclans cleared the wrong breaker.

Sequoyah 1 7/81 RHR RHR check valves were not tested within

LER 81-099 the required time period.

Salem 1 1/83 RHR The RHR automatie isplarion function had

LER 83-005 not been tested prior to placing the RHR
in operation.

Davis-Besse 1 1/83 RHR Pressure interlock for RHR suction wvalve
(from RCS hot leg) was bypassed. Operator
error and design deficlency.

Oconee 1 3/84 ACC Accumularor inleakage through leaking

LER 84-001 valves. Administrative deficiency no

{listed also in Table 3.1)

management control over a known problem.
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4, INITIATOR FREQUENCIES OF ISLs FOR VARTOOS PATHWAYS IN REPRESENTATIVE PWR
PLANTS

4.1 TIntroduction

This section describes one of the most important parts of the preseat
study; the determinatiorn of the initiator frequencies of ISLs through the
various pathways ldeatifled in Section 2. It also analyzes the sensitivity of
these frequencies to certain administrarive measures (e.g., changes in valve
testing policy) or design changes (e.g., applicarien of permanent pressure
sensors In spaces between valves) envigioned to decrease the likelihood of
ISLs. It also discusses the hypothetical situation ("base case™), in which
valves in the pathways remain untested for leak failure over protracted
periods of time. As discussed previously, it was necessary ta construcr a
base case model with no leak resring provisions as the three reference plants
all have various leak testing requirments already in place.

4.2 Basic Approach

In the modeling of ISL initiators for the various pathways, the following
approach was applied. A generic system failure model was developed for valve
configurations consisting of Increasing numbers of valves in series. Then the
model was adapted to the specific valve arrangements for the representative
plants.

The generic failure model of valve arrangemente 18 based on the simple,
well=knoun multiple sequential standby system model. This simplified
model has been selecred instead of a somewhat more acecurate Markovian approach
because the latter becomes rather complicated and cumbersome with increasing
numbers of valves and failure states and the incremental accuracy was judged
not to be cost-effective for the present purpose. The simplified model
describes the basic mechanism of accident initiation in the same way as a
Markovian model., The difference is that simplifications are used to describe
the effects of operational, test and surveillance conditions on the valve
failures, which in a Markovian model can be treated in a more sophisticated
and exact way. The great advantage of the simplified model lies in its
flexibility in considering the plant-specifie features of the valve
arrangements. It allows one to relatively easily compare the effects of the
plant-specific features for the reference plants and to study the sensitivicy
of rthe failure frequency of valve systems to the aforementioned administrative
measures and possible design changes.

In the model, three basic valve configurations; two~, three— and
four-unit series systems, are considered. The results of the modeling with
some calculational details are presented in Appendix B. The formulas obtained
for generic cases were applied to the individual valve systems located im the
pathway groups given below:

a. Accumulator Lines
b. HPI Lines
¢ce LPI Lines
d. FEHR Suction Lines
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The letdown 1laers are analyzed separately because their function and
design vequire speciflc treatment.

4.3 Calculation of Tnitiator Frequencies for Accumulator, LPI, and HPI

Pathways

At the majority of PWRs, the LPI injection lines and the accumulatoer
outler lines have a common inlet header to the RCS. At PWRs of Westinghouse
and Combustion Engineering designs this inlet header is also shared with the
HPI system. At PWRs of Babcock and Wilcox design the HPFIS injects to the
reactor vessel via separate lines.

In all previous analyses of ISLs through the LPI (ar HPI) lines the
effect of the common inler header was nor taken into consideration and the ISL
initiator Erequencies were estimated assuming the LPI pathways to be
independent from the accumulator system.

A thorough analysls of the check valve failure events occurring in the
LPI/accumulacor injecrtion lines (for derails see Appendix A.l) revealed that
the second (downstream) check valve in an accumulator injection line is rather
prone to the "failure to operate (reseat) upon demand" failure mode. The
proneness to failures of this type is due to the g¢ombined effeets of boric
acid corrosion, boron depasition, and the valve being initially in an
unstable (necutral) positlon when both sides of its disk are exposed to the
accumulator pressure. Since the differentisl pressure across its disk is
almost zcro (Ap=0) and the accumulator is subject to many small pressure
changes, the valve is expected to be open frequently. Wwith each opening, the
chance that it will fail to reseat upon a2 demand duvue to a leak in the first
valve, increases.

The tesult of the process is, that the second valve behaves like a
"safety valve" with respect to the overpressurization of the commou inlet
header. That ls, whenmever the first (upstream) isolation check valve to the
RCS leaks (or in the worst case ruptures), in the majority of the cases, the
second check valve will not completely prevent completely the propagation of
the leakage (or pressure wave) to the accumulators.

Based upon the results of the check valve failure analysis, it was
concluded that in any study of 18Ls involving common injection inlet pathways,
the proneness of the accumulator outler check valve to the "failure to operate
(reseat) on demand," failure mode has to be taken into account. 1t has been
inferred that the nature and frequency of ISLs through the LPI/HPI pathways
will be significantly different depending upon the state of this check valve
(whether it is capable c¢f reseating or anot) and upon the rate of the backflow
through the first check valve, One of the following two situations may arise.

a. If the valve is seated (or it is capable of reseating), there will be
no inleakage (in the above terminolegy "safety valve effect™) to the
accumulators. ISLs through the LPI/HPI pathways, even with a
moderate leak rate, may cause core damage., That is, leaks that are
larger than the total charging capacity (~100 gpm) but smaller than
the total capacity of LPI/HPI relief valves, will depressurize the
RCS to drain collecting tanks (e.z., the Pressurizer Relief Tank)
inside or outside the containment. When, these drain collecting



4=3

tanks fail, 2 small LOCA arises. Leaks that exceed the total relief
valve capacity of the LPI/HPI systems have of course, more petential
risk impact since they cause overpressurization with the potential of
a large LNOCA.

k. TIf the valve is copen and fails to reseat, the preferred direction of
an JSL will be through the zccumulartor (in the above terminology
there will be a2 "safety valve effect") and not through the LPI/HPI
pathways. Should an ISL with a moderate leakage flow rate (i.e.,
smallar than the total capacity of LPI/YPI relief valves) still occur
through these pathways, it will only lead to small LOCAs through the
relief valves in additiom to leakage into the accumulator. Since the
accumulaters are continuously monitored, leaks through the first
check valve and the concomircant small LOCAs through the relief valves
will have high potential for early discovery and prevenrive acrioms.
In the case of an ISL a with high leak rate {(e.g., check valve
ruptures), ieither the open accumulator check valve nor the relief
valves will prevent the overpressurization of the low pressure piping
and large LOCA may happen outside the contaimment. (The relief
valves will be open but choked.) While a LOCA through an accumulator
may potentially increase confusion in the accident management, due to
the unexpected location, it will have the beneficial effect of
rendering a large part of the RCS inventory available for
recirculation and immersing the containment sump. The advent of core
damage would be delayed and the source term would be rrduced through
the decontamination potential of a submerged release.

The structure of the calculation of ISL initiator frequencies through the
sharad Accumulator/LPI/HPL inlet to the RCS is shown schematically in a
flow chart presented in the form of an event tree in Figure 4.1l. Multiple
valve failures for piping with individual {not shared) inlets to the RCS
should be understood in the chart as falling into the event category "w/o
accumulator inleakage.”

The relationship between leak failure frequency and leak rate magnitude
for check valves is discussed in Appendix A.l.

4.3.1 1ISL Initiater Frequencies for Accumulator Pathways

In order to determine the ISL initiater frequencies for the accumulator
pathways, the frequency per year of experienced accumulator inleakage events
exceeding certain leakage flow rate (sc: Table A.2 and Section A.l.l of
Appendix A) is plotted im Figure 4.2. The plot is fitted with a "best”
utraight line (on a log-log scale) using regression techniques. The line is
taken to represent the median values of a postulated lognormal leak failure
frequency distribution describing the uncertainty of the data. The figure
also shows curves representing the 5th and 95th percentiles and the nean
values of the lognormal distribution. The curves for the percentiles were
obtained by statistical confidence band estimates of the parameters describing
the best fit line. The curve describing mean exceedance frequency values can
be taken as a direct estimator of the ISL initiator frequencies.

The application of a straight line fir to the observed values is
supported by generic experience: there are more small leaks than large, more



4=4

small pipe breaks than large, etc. Exceedance frequencies of these types
usually follow a power law., They belong to the family of Pareto's
distributions (see, e.g., E. J. Gumbel: "Statistics of Extremes,” page 151,
Columbia University Press, 1958).

To estimate ISL initiator frequencles for a specific plant by using the
mean curve in Table 4.2, the most important parameter 1s to choose an
appropriate leak flow rate value at which the estimate is to be evaluated.
For that purpose a reasonable cholce 1s rhat leakage flow rate that £1ills up
the "free volume" of an accumulator within a "critical time" deemed to be
required for operator actions to safely mitigate an accumulator inmleakage.
Table 4.1 presents the free volumes of the accumulators for the selected
PWRs. The table also shows, for conveanlence, some other relevant design
characteristices of the accumulators.

Table 4.2 1ists the filling time of the free volumes for various leak
rates. {The filling times presenred in the table are conservative because it
does not take inte account the delay in the filling due to the compression of
the N, gas.) Ten minutes was selected as the critical time for all the
plants. This time was deemed to be long emough for the operator to respond to
the specific accumulator alarms (nigh pressure, high level) and to take
successful corrective actions. Table 4,3 gives the corresponding leak rates
and the mearn values of the leak rate exceedance frequencies per accumulatrrc
line per year. The leak rate exceedance frequencles were obtained simply by
reading—off from the curve providing mean values in Figure 4,2.

The value which 1s directly read off from the curve at the appropriate
leakage flow rate is essentially to be identified with the left hand side of
Eq. (10) in Appendix B:

T
(As(l,2)> = 3C , (1)

where A, is the mean annual frequency of exceeding the appropriate leakage
rate due to the leakage failure mode of the check valves.
C = .93 denotes the "effective operating (reseat) failure probability"
of the accumulator outlet check valve (see also Section A.l of Appendix
A).

In order to determine the plant-specific ISL initiator frequencies, the
exceedance frequenciles read off from the curve above should only be adjusted
according to the plant specific parameters given in Table 4.3. The sizes of
the lires are not important parameters because the experienced curve is based
on failure events representing a relatively homogeneous sample of pipe sizes
{8"-14" diameter). Using these data, the total initiaror frequencies were
calculated for each plant. The values obrained are presented in Table 4.3,

Since these initiator frequencies relate ta the ex¢eedance of given leak
rates, it should be appreciated that they may cause either type of accidents;
"small LOCA, through the accumulator relief valves” or "accumulator
overpressurization.”
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In order to determine the total frequencles of initiators leading only to
"accumulator overpressurization,"” one has to read off the leak exceedance
curve at the leak rate which just exceeds the relief valve capacity of the
accumulators and to apply the plant specific parameters.

The initiator frequencies obtained in this way are also given in Table
4.3. Both initiator frequencies for "small LOCA through the accumulator
relief valve or accumulator overpressurization™ and for "accumulator
overpressurization" only, serve as inputs to the accumulator ISL event trees.
The event trees are discussed in Section 5.

It is interesting to note that the initiator frequencies through the
accumulator lines are essentially not affected by the plant specific test and
surveillance conditicns of the check valves. The reason for this is
associated with the fact that the accumulators are among the best and
continuously monitored plant components. Any anomalous leakage, even those
which result in only minor boromn concentration changes, can be detected.
Accumulator inleakages usually cause immediate plant shutdowns and/or
investigation of the condition of the accumulator check valves. A left open
first check valve (after cold shutdown operatioms) associated with accumulator
inleakage, therefore, 1Is considered to be a failure Jatectable during start up
or shortly after start up in the initiator analysis.

As a consequence of the comstant survelllance of the accumulators and the
high effective reseat failure probability of the accumulator outlet check
valve, one would expect that these check valves are tested/maintained
regularly. In fact, it was found that each of the reference plants is
practicing an accumulator valve testing policy which iIs best suited to rheir
particular experience; e.g., at Calvert Cliffs 1, the seat leakage of the
first check valve is continuously monitored with a pressure sensor placed in
the pipe section between the first and second check valves. This plant
experienced accumulator inleakages in the past (see Table 3.l1). The causes
were found to be seal failures of the second check valves due to the harsh
boric acid environment. At Indian Polnt 3 the check valves are leak/seat
tested after each RCS depressurization (~3 time/year) and at Oconee 3 once
per nine mounth interval.

An upper limit on the time period without test/maintenance can be
estlmated from the exceedance frequency curve of accumulator inleakage events
(Figure 4.2). The estimate is based on calculating the mean time to failure
{MTTF) values for leakage events with small flow rates expected to oceur
frequently (e.g., leaks with flow rate higher than or equal to 1.5 gpm). The
MTTF values obtained for the plants selected are given in the last row of
Table 4.3. They are In the time range of 7 to 18 years. These time periods
will be used in the next section as reasonable time limits for calculating ISL
frequencles for the LPI systems via the shared inlet under "base case” (no
leak test after cold shutdowns over a protracted period of time) conditioms.

4.3.2 1ISL Initiator Frequencies for LPI Pathways

The check valve arrangements on the interfacing LPI lines of the
representative plants have the following basic configurations:



2. TIndian Point 3.

Two check valves and two open RCS ' L///f l ]
MOVs. | { L8
(Valve descriptions are given | e MOV MOV

in Tables 2.3.2 and 2.3.4)
Nuwber of paths: 4

b. Oconee 3, A
Two check valves and a ¢losed l
MQV. (Valve descriptions are RCS ] L’,f17 | /1
given in Tables 2.4.2) | | J
2 MOY

Number of paths: 2

¢« Calverr Cliffs }l.
Three check valves and a /\
clased MOV. (Valve Q
descriptions are given in
Table 2.5.1 and 2.5.4) RCS ,-——I/I—N_
Number of paths: 4 H 2 3 HG‘,I

The ISL initiator frequencies for the LPI pathways are calculated by
using

a. the formalism for the appropriate valve configuration developed in
Appendix B,

b. the dependency of the leakagze failure frequency on the leak flow
rate given in Figure A.2Z,

c. the condition that the asccumulsator check valve is frequently in the
failed state, and

d. the assumptions that (1) ISLs with leakage flow less than the rotal
relief valve capaciry of the injecrion side of the LPI system do not
lead to overpressurization of the low pressure piping, but contribute
to the small LOCAs through the relief valve, and (2) ISLs with
leakage f[low below the total capacity of the charging system are
easily treatable and are therefore negligible events.

4.3,2.1 GCalculation of ISL Frequencies for LPI Lines at Indian Point 3

The ISL frequencles for LPI lines at Indian Point 3 are calculated for
three cases:

a. the standard case which corresponds te the present status of
operational conditions and check valve test policy,

bh. an improved case where the improvement s the application of a
permanent pressure sensor between check valves 1 and 2, and

c. & base case corresponding to a hypothetical condition in which the
check valves are untested for leakage fallure over a protracted
period of time.

At Indian Point 3, the check valves in the LPL lines are flow and leak
tested after each cold shutdowm. This test nolicy should preclude the check
valves being left in an open position. (This assessment sliould be understood
such that che check valves are accepted to be seated if their leakage flow



is smaller than a limiting (low rate defined in the Technical Specificarions
and tesl requirements.)

Since the carrent leaw fest policy at Indian Point 3 i< optisal
concerining leak fest feequeacy, a calculation was performed only to see the
effect nf a permanent Hressure SenNsoOr.

The relevant average failure frequency formulas to be used to demonstrate
the calculational svacess Lo this simple case are derived in Section B.1 of
Appendix B, Thev will be repeated here for convenlenc=. The avarage failure
frequencies Tor doubis ¢hieck valve failures are:

4. for the stindard case, (Eq. (5) of Appendix B);

GAN1,2)Y = AT + 23\ (2)
st 1 174* -

b. for the case of pressure sensor, PS; (Eg. (9) of Appendix B);

+ A A (33

T, . 2
O L2D>p0 = 4 e

olA

2. far the base case, (Eq. (82) of Appendix 8);

2 4T + 1
I+ 205 (4

OLl1,2,4)> = A
In these formulas,

Xy is the mean [requency of the leak failure node,

id 1s the pean probability cf the "failnre cto operare (reseat} on

demand" wvalve failure mode,

d is the demand (opening) rate of the check valves, and

T is the time interval between leak tests of the check valves.

The formulas can be applied directly to calculare the total average
frequency of double check valve failure events unaccompanied by check

valve fatlure in the accumulator line, denoted (1,2,A)s The application can
be performed simply by multiplying the formulas (2) through (4) by the term,
(1-C), where C is the "efEective probability" that the accumulator outlet
check valve will not operate {reseat) upon demand. The term, (1-C)} expresses
the probability that the accumulator outlet check valve will reseat on demand.

The formulas obtained [Eq. (2b) through 4b)] are listed in Table 4.4. In
the formulas the factor 2.88 accounts for the condition that there are four
similar LPI lines and the capacity factor of the reacror is: .72. The
capacity factor was determined from the plant's history given in NPE. !

If the accumulator outlet check valve is stuck open, a left open first
check valve, as well as leakage failures developing randomly in time through
eicther check valve 1 or 2, would be d&vr=cted by pressure/level/concentration
ciranges at rhe continuously monitored accumulator. The monitoring role of the
accumylator ic reflected in rthe formula (Eq. (2a) of Table &.4) describing the
total average failure [requency of double check valve failure events
accompanied by check valve failure in the accumulator line, (1,2,A).
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Clearly, a pressure sensor will not "discover” more fzilures than will a
monitored accumulator, given an open outlet check valve. Thus, the average
failure frequency (Eqs. (3a)) will not change giveno the presence of the
pressure sensor compared to the previous case.

The base case considers the hypothetical "worst case conditior,” that in
spite of the accumulator outlet check valve being stuck cpen after an
operation, the untested second check valve may stick open and remain
undetected (Eq. (%4a)) until the first check valve fails and an accident
OCCUrS.

Quantification of the Double Valve Failure Formulas (Table 4.4)

The formulas in Table 4.4 were evaluated as a function of the leakage
flow rare rhrough the shared LPI/HPI/Accumulator inlet using the leakage
failure frequency exceedance curve {(mean values) given in Figure A.2 of
Appendix A. The mean frequency of the "valve fallure to operate {reseat) om
demand" failure mode was taken to be 3y = 2.81(E-4)/demami {see Appendix
A.1.2). 1In the "standard” case and in the case of the application of a
permanent pressure sensor, the time parameter (TI) was taken to be 1/3 year,
the average time between cold shutdowns. 1In the base case, the cime parameter
was chosen to be T = 8 years (see Table 4.3) and the demand rate for the check
valves {(cold shutdowns) to be d = 3/year.

For the numerical evaluation, a PC computer program was developed. From
the resulrs obrained, Figuras 4.3a and 4.3b show rhe ISL frequency exceedance
curves related to the "standard" ard the "pressure sensor" cases for
comparison with similar results for other plants.

One has to emphasize that the curves represent total initiator
frequencies exceeding certain leakage flow rates through the shared inlet. 1In
order to obtain fiuval initiator frequencles 1n an appropriate form for the
"swall LOCA without overpressurization" and "overpressurizartion" event trees
of the low prassure system, the frequency values have to be read from the
curves {or caleulated) at certaln characteristic leakage flow rates.

The questian arises as to which double valve failure events should be
classifled as "small LOCAs without causing overpressurization" and which zs
"overpressurization” events? Clearly, the answer is dependent upou whether or
not there Is simultaneous inleakage to the accumulator. Consider the
situation in which there is no inleakage:

I. In this case, double check valve failure events In which the leakage
flow rate is larger than the maximum makeup flow (=~98 gpm), but less than
the total capacity of the LPI relief valves on the injection side (740 gpm),
result only in small LOCAs through the rellef valves and do not cause plping
overpressurization.

II. 1In contrasc, doudble check valve faillure events Iln which the leakage
fiow rate is larger than the total capacity of the LPI relief valves (740 gpm)
on the injection side result in pipirg overpressurizaticn.
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1f there 1s inleakage into the accumulator, the situation is somewhat
more complicated because now twe pathways are open, cne to the accumulator and
one through the LPI rellef valve(s):

IITI. In order to aveid double counting of LOCA initiators through relief
valvea and through the accumulator, the only failure events assumed to result
in a small LOCAs whose leakage flow rare lies between two values: the leakage
flow rate value required to exceed the total charging capacity given a
gimultaneous accumulator inleakage (272 gpm, see its calculation below), and
the leakage flow rate value reguired to exceed the accumulator leakage flow
rate given flow diversion to the relief valves (=470 gpm).

IV. Double valve failure events are assumed to result in
overpressurization events {f the leakage flow rate at the shared inlet exceeds
the capacity of the LPL relief valves in spilie of flow diversion to the
accumulator (this occurs at a flow rate of -2100 gpm).

(Nete: The core damage frequency through overpressurization of low pressure
piping is calculated by use of event trees (for LPI or HPI systems) that
differ from that assoclated with LOCAs simultanecusly occurring through the
accumulator. Thus, the core damage frequencies obtained from the accumulztor
and e.g., an LPI event tree are essentiaily double counted contributions from
the same {nitiaror. This does not cause any significant bifas in the total
core damage values because the core damage contributions from the
overpressurization event trees of low pressure plplng are usuzlly much smaller
than that from the accumulator event tree.)

The sum of the frequencies of events I and III, and the sum of the
frequencies of events II and IV, are taken as inputs to the “small LOCA
without overpressurization" and "overpressurization” event trees of low
pressure systems, respectively.

Table 4.5 lists the frequency of events in the above discussed leakage
flow ranges (I through IV) for the standard, the pressure sensor, and the base
cases. Those values which are culculated as imputs for event trees are listed
in the last two columns ¢f the table.

The laakage flow rates at the shared LPI/HPI/Accumulator inlet required
to exceed certain critical values were estimated by assuming that only a
fraction, ¥, of the incoming flow reaches the relief valves or the
accumulators if both pathways are open. The fraction is the flow diversion
ratio defined as the ratio of the cross sections of the LPI and accumulator
lines:;
6" 2

Fm CTEEJ = ,36

Thus, » the flow required to exceed the tofal charging flow (98 gpm) going
through the LPI relief valves givean accumulator inleakage is: 98
gpm/ .36 = 272 gpm,
« the flow required to exceed the accumulator flow rate (300 gpm) at the
initial time given flow diversion to the reliaf valves is: 300
gpm/ .64 = 470 gpm, and
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-« the Flow required to exceed the capacity of the relief valves jtiven
accumulator inleakage is: 740 gpa/.36 = 2100 zpa.

4.3.2.2 Calculaticon of ISL Frequenciec for LPI Lines at Oconee 3

The ISL frequencies [or the LPI lines at Ocoaee 3 are calgulated for the
following casas:

d. the standard case which corresponds to the present status of
overatlonal conditions and check valve test policy,

h. an imnproved case where the improvement is the applicacion of a4
permAnent pressure sensor between check valves 1 ant 2,

ce an ILmproved check valve test policy which involves perfuorming stroke
and leak testing of check valves after each celd shuctdown,

d. simultaneous application of b and ¢,

e. application of a "relaxed” check valve leak testing policy {leszk test
requirement only ar each refueling to determine the effects arnd the
cost-benefitr relationships of instituring leak testing programs of
pressure isolation valves for those plants that do not currencly have
such 3 requicement), and

f. a base case corresponding to the hypothetical conditlon that the
check valves are not tested for leak failure over a long period of
time.

An ISL would occur through an LPT line at Ocones 3 if two check valves
and a normally closed MOV were in an "open'" failure state. The frequency of
these events can be calculdated vy applying ®q. (19) of Section B.2 of Appendix
B. In applying the formula, one has to use the appropriate failure modes of
both types of valves {check valves and MOVs) and the specific testing policy
of the valves. The testing policy of the valves is discussed flrest.

At Oconee 3, there is leak testing equipment (a rig) to carry out the ISL
tests at nine month intervals. These tests, which are intended tn verifv that
the check valves of the LCCS system properly reseat after ¢old shatdown, have
been judged to be efficient after having studied the procedure and discussed
it with plaat personnel., However, there are usually two additicnal cold
shutdowns during the nine month leak testing period when the LPL lines are
flow tesrted and rthe MOVs are stroked. Afcer chese cold shutdowns the check
valves may stick open and the 1M0Vs may remain in failed stare such thar they
would not operate on demand. The MCVs are never tested for leaks. These
conditions are taken intw aceount in the caleulation of the iniciater
frequencies.

The calculational procedure (see Section B.2.l.¢) 1s similar T2 that
fnllawed for the LPI lines at Indian Point 3.

Step l. Eq. (19) of Appendix B.2 is adapred to the "two check valves and
one normally clesed MOVY configuration.

Step 2. The new equation is appropriately modified to describe the
various cases previously defined. 1I1n each case rhe possibilities that
the acecumnlatar outlet check valve Is stuck open was alsn taken inte
agenunt. The fgoenulas obtained (listed in Table B.4) reflect the
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beneficlal effects of leak tests after each c¢old shutdown and the
application of a purmanent pressure Sensor.

Step 3. The formulas are evaluated numerically as a function of the
leakage flow rate chrough the shared LPI/HPI/Accumulator inlet.

Quantification

In the formulas, a factor of 1.72 accounts for the two similar LPI lines
and that the capacity factor of the plant is 0.86. The capacity factor was
determined from the plant's history given in HPE,

The check valve leakage aad dewand failure daca are the same as those
applied in Indlan Palnt 7 ecalculation.

The total mean frequency of MOV failures, i, leading to the lnadvercent
open state of the normally closed MOV is cbrtalned from the following
contributors!

a. MOV dlsk rupture (4.2.1) 1.20%x10" 3/ year
b. MOV internal leakagze (A.2.2) 4-85x10‘3/year
¢. MOV rransfer open (A.2.4) B.1x10"%/year

d. Inadvertent ST signal 6.4x10"2/zear*

=7.1x10” */year

{*This value ls takea from the Indian Point 3 PRAZ as a generic value for
estimating the frequeney of an inadverctent ST signal. The Oconee PRAI
assumes 2 more moderate value of lxIO'Z/year.)

The mean frequency of the failure mode "MOV disk fails open while
indicating closed,” Ag3, 13 taken to be 1.07x10~“/demand {see Sections A.2.3
and A2, 3)0

In the varicus cases the time periods for leak tests (T) znd demand rates
for check valves {d) and for MOVs (d3) are the following:

« Standard case and in the case of application of a pressure sensor:
T = 3/4 year, d = dq = 4/year.

+ In the cases of "leak test of check valves at each cold shutdown," and
"leak test plus pressure sensor:”
T = 1/4 year, dy = &/year.

« "Relaxed™ check valve laak rtesring poliey {(leak rests st each
refueliag):
T=1.5 year, d = d3 = 4/ year.

» Base case (for the time pariod chosen see also Table 4.3):
T = 16 year, d = d3 = 4/year.

Fizures 4.3a and 4.73b show the IS8T frequency exceedance curves abtained
for the standard and improved cases. More precise ISL initiator frequency
values at the relevant leakage flow vates for each of the cases discussed are
lisred in Table 4.S5. (The numbers glven In brackers show the resulrs if one
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gives credit for the possibility that leakage through the second check valve
and MOV is discoverable given a stuck open accumulator ocutlet check valve.)
The values nor im the brackets are used as inputs to the "small LOCA without
overpressurization™ and "overpressurization" event trees.

At Oconee 3 the flow diversion ratio is defined as the ratio of the cross
sections of the LPI and accumulator lines:

'!2
F = (—i%?) - .51 .

Thus, * the flow required to exceed the total charging flow (100 gpm) going
through the LPI relief valves given accumulator inleakage is: 100
gpm/.51 = 200 gpm,

+ the flow required to exceed the accumulator flow rate (280 gpm) at the
critical time given flow diversion to the relief valves is: 280
gpm/ .49 = 570 gpm, and

- the flow reguired to exceed the capacity of a relief valve (=~330
grm) given accumulator inleakage is: 330 gpm/.S51 = 650 gpm (at Oconee
3 each line has its own independent relief valve).

The difference between Oconee 3 and Indian Peint 3 concerning small LOCAs
through the relief valves is that at Oconee 3 the relief valves drain to a
high activity waste collecting tank located outside the containment while at
Indian Point the relief valves relieve to the pressurizer relief tank located
inside the containment.

4.3.2.3 Calculation of ISL Frequencies for LPI Lines ar Calvert Cliffs ]

The ISL frequencies for LPI lines at Calvert Ciliffs 1 are calculated for
the followlng cases:

a. the standard case corresponding to the present status of operational
conditions and check valve test policy, and

b. a base case corresponding to a hypothetical condition in which the
check valves are not tested for leakage fallure over a long period of
time.

At Calvert Cliffs an ISL occurs through the LPIL lines {f three check
valves and a normally closed MOV are in an open failure state. The frequency
of the events cam be calculated by applying Eq. (24) of Section B.3 of
Appendix B to the case. In applying this formula, one has to use the
appropriate fallure modes of both types of valves (check valves and MOVs).

The check valve testing policy of Calvert Cliffs 1 is diverse; continuous
leak/pressure indication of the first check valve by a permanent pressure
sensor as well as an additional safety valve and leak test on each inboard
check valve at each refueling outage. A leak test is performed quarterly
during plant operation and a flow test during refueling outages on the
outboard check valves. The MOVs are stroke tested quarterly and cycled once
per month.
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The high valve redundancy in that conflguration, as well as the use of a
permanent pressure sensor, leaves little scupe for considering additiomal
improvement in this valve arrangement. Therefore, beyond the standard case,
improved cases were not considered. Only a base case was analyzed as defined
above.

The calculational procedure is similar to those the for previously
considered plants.

Step 1. Eg. (24) of Appendix B is adapted to the "three check valve and
one normally closed MOV" configuration where leakage through the first
check valve 1s monitored continuously.

Step 2. The new equation is appropriately modified to describe the
standard and base cases for the conditions that the accumulator outlet
check valve is stuck open or not.

Step 3. The formulas obtained (listed in Table B.S) are evaluated
numerically as a2 function of the leakage €low rate through the shared
LPI/HPI/Accumulator inler.

GQuanctification

In the formulas, a factor of 3.52 accounts for the four similar lines and
the plant capacity factor, which is taken to be 0.88. The capaciry factor is
determined fron the plant's history given in NPE. !

The c¢heck valve leakage and demand failure data are the same as those
applied to Indian Point 2 and Oconee 3. The MOV failure data are the same as
those listed for Oconee 3.

Since the test interval for the components ranges from zero to l.5 years,
in quantification of the standard case, the basic time perioed (T} over which
the average multiple valve failure frequency is caleulared, is chosen to be T
= 1/4 year, The demand rate of the second check valve (opening) is taken to
be, d, = 4/year. The demand rate of the MOV is 4, = 12/year.

In the base case, the time period during which no leak test is assumed to
be performed for all the check valves except the first one (which is
constantly monitored} is taken to be: T = § years (see Table 4.3). The demand
rate of the check valves was assumed to be, d = 4/year (four ¢old shurdowns)
and the demand rate of the MOV, is rakén fo be rthe same as before: d, =
12/year. Figures 4.3a and 4.3b show the ISL frequency exceedance curves
obtained for the standard case. 1More precise ISL initiaster frequency values
at the relevant leak flow rates for beth the standard and base cases are
listed in Table 4.5.

The values given in the table are used as inputs to the "small LOCA
without overpressurization" and 'overpressurization” event trees. (The
numbers given in brackets show the results if one gives credit for the
possibility that leakage through the second and third check valves as well as
through the MOV is disc.verable, given stuck open accumulator check valves.)
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Ar Calvert Cliffs 1 the flow diversion ratio is defimed as the ratic of
the cross sections of the LPI and accumulator lines:

L
12"

2

Fu=(m) ™ =225

Thus, * the flow required to exceed the total charging flow (132 gpm) going
through the LPI relilef valve given accumulator inleakage is: 132
gpn/.25 ~ 530 gpm,

» the flow required to exceed the accumulator flow rate (665 gpm) at the
critical time flow diversion to the relief valve is: 665 gpm/.75 =
890 gpm, and

= the flow required to exceed the capacity of the rellef valve given
accumulator inleakage is: 330 gpm/.25 = 1320 gpm.

Since the LPI relief valve relieves to a drainage collecting tank located
outside the containment, the small LOCA at Calvert Cliffs 1 is also a
containment bypass ISL as in the case of Ocounee 3,

4.3.3 ISL Initiator Frequencies for HPI Pathways

The basic valve arrangements of the interfacing HPI lines do not differ
from those already described for the LPI. Thus, the calculation of average
multiple valve failure frequencies for individual lines essentially repeats
the approach applied for the LPI calculations. A small complication arises
for those systems where certain valve arrangements occur together as in the
HPT system of Indian Point 3.

4,3.,3.1 <Calculation of ISL Frequencies for HPI Lines at Indian Poipt 3

The HPI system in this plant has the following groups of valve
arrangements:

A. Four lines whose valve arrangement is of the type: three check valves
and an open MOV. The lines have shared inlets tc the cold legs of the RCS
with the LPI/Accumulator System.

B. Four lines whose valve arrangement is of rthe type: two check valves
and an open MOV, The lines have no shared inlets with the accumulator.

€. Two lines whose valve arrangement is of the type: two check valves
and a clcsed MOV, The lines have no shared inlets with the accumulator.

There Is a rellef valve for these lines with a setpoint of 150 psia and
an estimated capacity of 580 gpm. Valve descriptions are given f{n Table
2.3.3.

The ISL frequencies are calculated for the following cases:

a. the standard case which corresponds to the present status of
operational conditicns and check valve test policy (the test policy
is somewhat different for zach of the above groups),

b. application of permanent pressure sensors between check valves 1 and
2,
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c. more frequent check valve leak tests (performed at each cold
shutdowm),

d. simultaneous application of b. and ¢., and

e. a base case, corresponding to a highly hypothetical condition in
which the check valves are not tesied for leak failures over a long
period of time.

1. Calculation of average multiple check valve failure frequencies for
Group A lines from above.

The leak and stroke tests of the Individual check valves om these lines
are different. The first check valve (upstream) common with the
LPI/Accunulator line 1s stroke and leak tested at each cold shutdown. The
other cherk valves are srroke resred ar each cald shurdowm, bur leak rested
only at every refueling. The average valve fallure frequencies per line were
caleulated for both the cases without and with accumulator inleakage.

The caleulation is based on applying Eq. (19) of Section B.2 of Appendix
B to valve configuration A and to the particular cases, a. through e.
discussed above. The relevant formulas are listed in Table B.3. The formulas
are evaluated numerically as a function of the leakage flow rate through the
shared HPI/LPI/Accumulator inlet.

In the formulas, a factor of 2.88 accounts for the four similar A lines
and the capacity factor of the reactor, which is taken to be: .72 (4x.72 =
2.88).

The frequencies of the 2heck valve failures are the same as those used in
all the previous cases.

The time periods and demand rates are the following:

For the standard and pressure sensor cases, the time period of leak
testing was taken to be the refueling perioed, T = 1.5 year. The demand rate
for the check valves (stroke tested at each cold shutdown) is taken to be, d =
3/year. It is assumed that stuck open first check valve is detected by
inleakage to the accumulator given stuck open accumulator ocutlet check
valves. However, stuck open second and third check valves are assumed to
remain undetected (the setpoint of the HAPL rellef valvés is 1500 psia, a much
higher pressure than the operating pressure of the accumulator), given even a
stuck open accumulator outlet check valve.

For the "more frequent leak testing" and "more frequent leak testing plus
applicarion of pressure sensor” cases, the time periocd of leak testing is, T =
1/3 year. Other assumptions are the same as in the previous cases.

Base Case — The HPI injection system is a standby safety system compared
to the LPI/RHR system which is used at each cold shutdowm. Thus, the time
period during which leak tests on the associated check valves are not carried
out is assumed to be T = 30 years (in contrast with T = 8 years, chosen for
the check valves on the LPI lines). The demand rate of the check valves
(stroke tests) is taken to be the same as above, d = 3/year.
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The ISL frequency exceedance curves for the variovus cases (except the
base case) are plotted as a function of the leakage Flow rate through the
shared HPL/LPI/Accumulator inlet in Figures 4.3a and 4.3b.

Numerical values that provide input to the "small LOCA withourt
overpressurization” and "overpressurizatlion” event rrees are given in Table
4.5. The table also presents the leakage flow races used to distinguish
between "small LOCA" and "overpressurization' events. The same leakage flow
rate values are used in each of the cases a. through e¢. Ln Table 4.5,
therefore, they are indicated only once in the "standard case."

The relevant leakage flow rates for Group A lines are ohtained by the
following consideration. The flow diversion ratio for the Group A lines can
be calcularted from the pipe sizes as:

2" .2
F = (W} = .04 .

Thus, the flow required to exceed the total charging flow (98 gpm) going
through the HPI relief valve given accumulator inleakage is: 93 gpm/.0&6 = 2450
gpm. This flow rate is higher than the flow rate required to exceed the
accumulator flow rate (300 gpm) at the critical time given flow diversion to
the relief valve, which is: 300 gpm/.96 = 312 gpm. Therefore, the "small
LOCA" iniciator is evaluated for flow rates between 2450 gpm and the flow rate
required to exceed the capacity of HPI relief valve (580 gpm) ziven
accumulator inleakage. This latter value Is: 530 gpm/.04 = 14500 gpm and is
the threshold leakage flow rate for coverpressurizacion ofF the HPI piping,
given accumulator inleakage.

2. Calculation of average multiple check valve failure frequencies for
Group B lines.

The lines have no shared inlet with the acecumulator. Consequently, Eqs.
(2) through (4), multiplied with a constant factor, can be used directly
to calculate the total average frequencies of double valve failures on these
lines.

In the quantification the following parameters are used: A constant
factor of 2.88 (4 linmes x .72, where .72 is the czapacity factor of the
reactor).

Under the present operational conditions, the check valves on these lines
are stroke and leak tested only at each refueling period. 1In the standard and
"application of pressure sensor" cases, therefore, the time paraneter used is,
T = 1.5 year. It is assumed that during this time period the valves have not
been opened.

In the cases of more frequent testing, and also when a pressure sansor is
used, the time period is taken te be T = 1/3 vear.

In the base case, the time period is T = 30 vears. The frequency of
valve openings without subsequent leak test is assumed to be d = 2/3 per year.



4-17

Figure 4.3¢c shows tha [S5L frequency exceedance curves for the various
cases {except the base case) as a function of the leakage flow rate through
the inletc of the HPL lines.

lumerical values for inpar to the "small LOCA without overpressurizacion'
and "overpressurization” a2vent trees are listed in Table 4.5. The table also
shows the leakaze flow rares used to discinguish between "small LOCA" and
"overprassarizacioa” events.

3. Calculation of average multiple check valve failure frequencies for
Croup € lines.

Similar ta Geoup B lines, Group C lines have no shared inlet with the
accumulator either. The tutal average failure rate for these lines can be
obtained Fcom applicatian of Eqs. (17) an2 {19) of Appendix B.2.

Since there are only two lines, the multiplication constant in the
equatlions is: 2x.72 = l.44, where .72 is the capacity factor af the reacror.

The MOVs of these valve configuraticons are locked closed during normal
operatlian. Therefore, nnly the "0V disk rupture," "MOV internal leakage' and
"MOV failure to operate (hald) nn demand” failure modes were selected as
credible MOV failures. 1In the quantificarion of the equations, the rounded
sum of the frequencies of the first two failure modes is used for the
rumerical value of, Az Ag = 6.1(E-3)/year. As for the demand failure wmode,
the value X34 = 1.07(E-4)/demand is applied (see Sections A.2.1 through

A.2.2.6 for MOV failure rates).

The check valves on the Group C lines are stroke and leak tested at each
refueling period. Thus, the Cime interval in the standard and the "pressure
sensor™ cases is taken to be T = 1.5 year. The time period for the cases of
more frequent leak test and leak test plus pressure senscr cases is that of
the cold shutdowns: T = 1/3 year.

The time period for the base case is T = 30 years. During this time
interval the check valves are assumed to have no leak testing performed.

The I5L frequency exceedance curves are shown in Figure 4.3a3 as a
function of the leakapge flow rare through the Inlet of these lines.

Numerical values for inputs to the "small LOCA without
overpressiurization" and "overpressurizatlon" event trees are listed in Table
4.5. The table alsn indicates those leakage flow rates which were used to
distingulish bLetween '"'small LOCA™ and "overpressurization" events,

4.3.3.,2 Calculation of ISL Frequencies for HPI Lines at Calvert Cliffs 1

The valve arrangement of the HPIL lines at Calvert Cliffs 1 is similar to
that of the LPI lines: three check valves and a closed MOV. (The valve
descriptions are given in Table 2.5.3.) The number of lines is four.

The testing policy for the isolation check valves {s also similar to LPI:
continuous leak pressure indicatian of the first check valve (in common with
the acecumulacter and LPI lines), leak test quarterly during plant operation of
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an outboard check valve and flow testing during refueling outages.
Additionally, leak tests are performed on each inboard check valve ar each
refueling.

The position of the MOVs is under continuous surveillance. They are
stroke tested quarterly and their closed position Is physically verified
monthly. There is zlso a relief valve at the header of the branch lines with
a setpoint of 1485 psia and an estimated capacity of about 580 gpm.

The same leak/frequency parameter values used for the LPI analysis to
calculate the multiple valve fallure frequencies were used here also. An
exception 1ls the base case, where the time period of leak testing is assumed
to be T=30 years. The ISL frequency exceedance vs. leakage flow rate curves
in Figures 4.3a and 4.3b relate nor only to the LPI but also to the HPI
syStem.

Since the relief valve setpoints and capacities are different, the
leakage flow requirements will be also different for the LPI and HPI systems.
Correspondingly, the selected values for "small LOCA without
overpressurization" and "overpressurization” initiators will be different.
These values are presented in Table 4.6.

The flow diversion ratic for the HPI lines c¢an be calculated from the
pipe sizes:

2" 2
F= (W) = ,02 .

Thus, the flow required to exceed the total charging flow (132 gpm) going
through the HPI relief valve given accumulator inleakage is: 132 gpm/.02 =
6600 gpm. This flow rate 1Is higher than the flow rate required to exceed the
accumulator flow rate (665 gpm) at the critlical time, which is: 665/.98 = 678
gpm. Therefore, the small LOCA initiator i3 evaluated for flow rates between
6600 gpm and the flow rate required to exceed the capacity of the HPI relief
valve (580 gpm) given accumulator inleakage. This latter value is: 580
gpm/.02 ~ 29000 gpm. It is the threshold leakage flow rate for
overpressurizaction of the HPI piping, glven accumulator inleakage.

4,4 ISL Initiator Frequencies For RHR Suctiom Paths

At all the plants selected, the RHR design includes a single suction line
(Tables 2.3.3, 2.4.2 and 2.5.2). The liune is separated from the RCS by two
specially built MOVs in serles. The basic fallure model for two valves in
series described in Section B.l.2 of Appendix B can be applied to calculate
the average failure frequency of each of these valve arrangements provided the
MOV failure modes are appropriately selected. Since some of the valve
arrangements preclude certain failure modes, and test policies and practices
are alsoc different ar each planr, the iniciator frequencles are calculated on
a plant—specific basis.

Leak failure exceedance frequency data as a2 funcrion of leakage flow rate
are not available for MOVs. The approach applied for the check valves,
therefore, when Initiator frequencies are evaluated as a function of leak
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rate, caonot be aprlied. Under these circumstances the role of the suctiom
slde relief valves in the development of an ISL accident 1s problematic.

In order to overcome the problem, the followlng zpproach has been adopted
in the calculation of initiatoer frequeneles:

At plants where the suction side relief valve capacity is equal or larger
than 1000 gpm (Indian Point 3 and Calvert Cliffs~1), failure combinationms
involving the MOV internal lecakage fallure mode are considered to represent
double valve falilure events, where the leakage into the RHR system 1s equal to
aor less than the relief valve caracity and therefore results only in "small
L0CAs." Fallure combinations, however, involving "MOV disc rupture™ with
other MOV failure modes {(not with MOV internal leakage) are taken to
contribute to the "overpressurization” of the RHR suction line (in other
words, leakage intc the suction line 1s assumed to be higher than the relief
valve capacity).

In the case of Cconee 3, where the relief capacity on the suction side of
the RHR system is smaller than 1000 gpa, a fraction of "small LOCA" eveuts are
assumed also to contribute to the “overpressurizatrion™ event frequency. These
small LOCA evenrs represent valve failures where the leakage is higher than
the relief valve capacity. The fraction was estimated by using the leakage
frequency exceedance curve for the check valves.

The frequencies of ISLs through the suction lines are calculated for
various "cases," in a simllar way to the procedurs used for the injection
lines. The cases are as follows:

2. The standard case corresponding to the present status of operational
conditions and MOV test policy.

be An improved case, where the improvement is the application of a
permanent pressure sensor between MOVs 1 and 2.

¢. An improved MOV test policy involving stroke and leak (disk
integrity) testing after each cold shutdoum.

ds« Simultaneous application of b and c.

e, A "relaxed" MOV testing policy. (Stroke and disk integrity testing
required only at each refueling. This case iz calculated simply to
deteruine the effects and cost-benefit relationship of instituting
leak testing programs of pressure isolation valves for those plants
thar do not currently have such a requirement).

f. A base case corresponding to a hypothetical condition in which the
MOVs are not tested for leak (disk integrity) failure over a long
period of time.

4.4.1 Calculation of the Frequency of ISLs Through the RHR Suction Line at
Indian Point 3

At Indian Point 3 the MOVs are stroke and leak (disk iategrity) tested at
each cold shutdown. The leak test rules out the possibility of leaving che
valve open even though the control room has a signal indlcating a closed
position. (If borh valves had failed open valve disks, ~hat condition would
be detected during plant startup.) The MOV transfer open failure mode cannot
happen because at this plant the MOV circuit breakers are locked in the off
position and the fuse disconnect is normally kept open during normal plant
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operation. Both MOVs are located Inside the contalnment. The gross external
leakage failure mode would result im a LOCA inside the containment with the HP
and LP recircularion paths rewmaining open. This would not cause an
overpressurization. The frequency of this failure mode (Appendix A.2.6) is
rather small, so its failure frequency contriburion was assumed to be
negligible.

Since the capacity factor of Indian Point is .72, the Erequencies of
double MOV failures, Ig resulring In "small LOCAs"™ and "overpressurization”
events are calculated by use of Eqs. (lla) and (11b) of Sectlon B.l.2 of
Appendix B for the standard and "permaneat pressure sensnor”™ cases:

1. (small Locay® ™ o g0 2T 4 AT+ 20 0) (5
Is (Overpressurization)Standard = .7? (A;T - ZARAd) (6)
Is (Small LOCA)?S = .72 {XE '—g' + ARAL "22 + )LLKd) (N
IS (Overpressurization)PS = ,72 (l: % + AR*d) (8)

where XA, Mg and Ay denote the mean frequencies of the 1) MOV internal
leakage, 2) MOV disk ruprure, and 3) MOV Fails open while indicarting
closed failure modes (the numerical values of these failure frequencies
are ziven in Appendix A.2).

The time period, T = 1/3 year, is the avarage time between cold
shutdowns.

For the base case calculation, it was assumed that during T = 30 years
of operation there is no leak test performed on the MOVs. It was also assumed
that rhe stroke rest performed at each refueling (Ty = 1.5 year) would
reveal disk rupture.

The formulas used to calculate the average failure frequencles (see Eq.
{12a) of Section B.l.2 of Appendix B) are:

Base Case 2 dTL+1
I_ (Small LOCA) = 72 [T+ ANT ¢ IR (—5 (D)
and
Base Case 2 dTR+1 (10)
Is (Overpressurization) = .72 [I\RTR + ZARAd ( > )

where the demand rate of the MOVs is d = 3/year.

The results of the quantification of Egs. (5) through (10) are presented
in Table 4.7 for compariscon with other iniciatcr frequencles obtained for



other olants under various operabion and tasting conditinns. The values
listed in the table are used as Luputs o the "small LOCA" and
"overpressurizatlon” event trecs.

4.4.2 Calculation of the Frequency of ISLs Through the RHR Suction Line at
Oconee 3

At Oconee 3, the MOVs of the RIR suction line are lncated inside the
contalnmenc, thus the "HMOV external leakare" failure mode ls not iacluded in
the analysis. As was mentlioned L1 the descrintion al the MOUs ar Indian Paiat
3, this failure mode would result in zn inside contaimment small LOCA of very
small occurrence frequency., The simultaneous occurrence of "'MOV fails open,
while indicating closed” fallure events sre expectad tn be recognized during
plant heatups and are aot furthar considered.,

At Oconee 3 the two MQVs are:

« stroke rtested at each ¢old shutdown and
» leak (d4isk intesrity) tested every nine months.

Since the leak tests are carried out 1ess frequently than the stroke
tests, the "MOV fails open, while indicating closed" {demand type) failure
mode would increase after each culd shutdown during the nine month period
between the two leak tests. The failure mode "MOV internzl leakage" and MOV
disk tupture" are also included in the analysis.

Electrical power is not disconnected from the MOVs, therefore "MOV
transfer open”™ failure events may arise at Oconee 3. This particular fallure
mode affects only the second (downstream) MOV, The first (apstream) valve is
always subjected to the full RCS pressure, and these valves are designed in
such a way that the normal tovque capability of their motors cannot open the
valves agaluast such a high differential pressure.

Calculatlons were carried out for all the cases listed from a) to f) in
the introductinn {Section 4.4).

Both frequencies, those of "small LOCA" and of "overpressurization,” are
determined by use of Eqs. (lla), (1llb), {12a), and (12b) of Section B.l.2 of
Appendix B. The equations are adapted to the specific failure nodes
identifled for Oconee 3.

The form of the Eqs. obtained are very similar to those given for Indian
Point 3. Therefore, they are not presented here. They are listed in Table
B.l of Appendix B. llere, information on the numerical values of parameters
used in the quantification are derailed:

The frequencies of relevant MOV failure modes can be fcund in Section
A+2. The capacity factor of the plant is: .86.

In the standard and "pressure sensor' cases the time period between leak
tests is Ty, = 3/4 year. The demand rate for MOV openings (cold shutdowms)
is d = 4/year. The given time period relates to the "small LOCA" events. The
time period for “overpressurization”™ events is taken to be, Tp = 1/4 year,
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because It is assumed rthat stroke testing at cold shutdowns will reveal disc
rupture.

In the cases of "inecreased leak rest frequency” and "fncreased test
frequency + pressure seasor,” the time periods arn Ty = Tg = l/4 year.

In the case of a “relaxed"” MOV testing policy, stroke and disk integrity
testing is assumed to be carried out at each refueling, Ty, = Tp = l.5
year. The demand rate for MOV openings (cold shutdowns) is d = 4/year.

In the base case it {s assumed that no leak test is performed during
the period Tp = 30 years, a stroke test however 1s assumed to be carried out
at each refueling perfiod Tgp = 1.5 year. The demand rate of MOV opemings
{cold shutdowns) is d = 4/year.

The fraction of "small LOCAs"™ which may cause "overpressurization" events
is esrimated to be about =13Z in all of the cases. This estimarion is based
on the assumption that the leakage failure frequency of MOVs follows the same
trend as the leakage frequency exceedance curve of the check valves as a
funcrion of the leak rate,

The resulrs of the quantification are listed in Table 4.7. The values
indicated serve as inputs to the "small LOCA™ and "overpressurization" event
trees for this plant.

4,4.3 Calculation of the Frequency of ISLs Through the RHR Suction Line at
Calvert Cliffs~l

The isolation valve arrangement on the RHR suction line at Calvert Cliffs
1 {Shutdown Cooling Line) is different from those of the other two reference
plants. One of the isolation MOVs is located outside the containment. This
requires consideration of the MOV external leakage" failure mode for that
valve because such a fallure event would lead to an ISL bypassing the
conrtainment even though overpressurization would not occur.

An interesting feature of the Calvert Cliffs isclation valve system is
that a rellef valve is located between the two MOVs, inside the contalnment.
While this relief valve has the potential for continuous leak monitoring, its
set point (~2495 psia) is much higher than the normal operating pressure of
the RCS (~2250 psia). Therefore, in the present study no credit is given to
this possibility.

The MOVs are stroke and leak tested at every refueling. There are, on
the average, about four cold shutdowns per year.

After cold shutdown, in order to eliminate the "MOV failing open while
indicating closed” failure mode, manual checks are carried our as to whether
the valves are indeed closed by using a calibrated torque wrench. A
maintenance crew (consisting of two technicians) performs the checking.

Credit is given for this plant procedure in the "standard" and "application of
pressure sensor” cases.

The fuse disconnects of the MOVs at Calvert Cliffs 1 are normally not
kept open, Consequently, the "MOV transfer open™ fallure mode was considered
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to be credible for the second (downstream) MOV whose disc is not exposed teo
high differential pressure.

The failure frequency of the valve arrangements is calculared for all
cases from a) to e) listed in the introduction to Section 4.4. "™Small LOCA™
and "overpressurization”™ event frequencies are determined ty use of Eqs.
{11a), (11b), (12a), and (12b) of Sectiorn B.1.2 of Appendix B through adapting
them to the fallure modes occurring at Calvert Cliffs 1 ("MOV {ntermal
leakage"” and "MQV disc rupture”™ failure modes are also assumed to occurl). The
forms of the equations are similar to those given for Indian Point 3 and
thetefore are not presented here. They can be found listed in Table B.2 of
Appendix B, Information concerning socwe relevant parameters used in the
quantification is presented here.

The capacity factor of the plant is: .88.

In the standard and pressure sensor cases, the time period of stroke and
leak tests is Tg = Ty = 1.5 year (refueling period). The demand rate of
MOV openings (cold shutdown) 1s d = 4/year.

In the cases of "increased test (stroke and leak) frequency" and
"increased test frequency plus pressure sensor,” the chosen time period 1s the
time interval between cold shutdowns Tgp = T = l/4 year.

In the base case, it was assumed that no leak test is performed during
Ty = 30 years and no credit was given to the torque test procedure. Stroke
tests, however, were assumed to be efficiently carried out ro discover disc
rupture at each refueling period Tg = 1.5 year. The demand rate of MOV
openings was taken to be d = 4/year.

In all cases when calculating the frequency of ISLs bypassing the
containment due to MOV external leakage, it was assumed that the time period
during which an external leakage of the MOV located in the Auxiliary Building
may escape detection 1is 8 hours/day. This is believed to be a conservative
egtipate.

The results of quantifying Eqs. (11) and (12) in Section B.1.2 for the
frequencies of “small LOCA" and "overpressurization" events are presented in
Table 4.7. In the table, external leakage contributiomns to the small LOCA
frequencies are indicated separately. The data presented serve as inpurs to
the "amall LOCA" and "overpressurization” event trees of the plant.

4.5 TLetdown

The letdown line Is used to continuously remove reactor coolant for level
control and/or RC chemistry treatment,

4.5.1 1Indian Point 3

Reactor coolant 1Is withdrawn from the intermediate leg of the RC piping
through a manual and two air-operated fail c¢losed stop valves, LCV-459 and
LCV=-460). Three letdown orifices are provided to reduce the letdown flow
pressure from RCS operating pressure (2235 psig) to the CVCS operating
pressure (225-275 psiz). Normally, one orifice is in operation allowing
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normal latdown flow at optimum level. One of the other two orifices is for
backup and the other is to iacrease letdown flow, when required, to the
maximum ¢apacicty of the CVCS. A relief valve [s provided on the inside
containment sectiocn of the low pressure piping to protect it in either the
event that the letdown control valves fail open resulting in crupture of the
flow orifice or im the event of any of the low pressure block valves (201,
202) failing in the closed position. These fallure modes combined with che
failure of the relief valve may result ia a pipe rupfure. 1In case that the
relief valve opens, the result would be a small LOCA inside the containment.
4 failure rate for air-operated valves failing to remain open or failing in
the onen posicioa has been obtained from the data base included in the Oconee
PRA3 and has the value of Avalve = 2.01(-03)/year. The orifice rupture rate
has been obctained from the data base provided im the Calvart Cliffs PRA,Y
Aorifice = 2.63(-4)/vyear. Similarly, the failure rate for a relief valve to
open on demand i{s Agy = 3.0(-4%)/d. The total average failure rate at Indian
Point=3 resulring in a pipe ruprure is

Alordown’ = Natve * Aorifice) * gy = 6-82(=7)/year .

The opening of the relief valve results in a small LOCA inside the containmenc
and its average failure rate is

<1Letdown> = AValve * AOrifice = 2.28(-3)/year .

4.5.2 Oconee 3

The letdown flow from cthe RCS is routed through the normally used 3A LD
cooler. The MO block valves HP-1 and HP-? are provided on this line inside
the containment. There is a redundant coor. v and associaced block valves {3B,
HP-2 and HP-4). Outside the countainment there are two air-operated HP stop
valves (HP-5, HP—-6) upstream of rthe pressure reducing orifice and a letdown
flow control valve (HP-7) parallel with the orifice. The HP/LP boundary is
located outside the containment including the rellef valve on the LP piping.
Failures, such as orifice rupture, demineralized inlet wvalves failing closed
or the letdown flow control valve failing open leading to overpressurization
of rhe LP piping, result in a small LOCA outside the containmenc, even If the
relief valves open. The failure modes to be considered are the same as
previously discussed in Section 4.5.1.

Ayalve = 2-01(-3)/year
Aorifice = 2-63(=4)/year .

The average [zilure rate for the letdown system including small LOCA
events due to overpressurization and consequent opening of the relief valve is

<1Letdown> = AValve + xOrifice = 2.28(-3)/year .

4.,5.3 Calvert Cliffs |

Coolant letdown from the cold leg first passes through the regenerative
hear exchanger and then through the letdown coantrol valves. The wvalves,
controlled by the pressurizer level control systam, control the letdewn flow
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to maintain proper pressurizer level. An excess flow check valve is insczlled
before che control valves te limit the letdown flow in abnormal

circumstances. RC pressure is reduced to CVCS operating pressure in one of
the air-operated letdown coatrol valves. A relief valve on the low pressure
side prevents overpressurization of the LP piping.

The average failure rate of the letdown system can be obtained using
general valve and orifice failure data as provided in the previous section and
is estimated as:

<lLetdown> = 2.28(-3)/year .
4.6 References

L. Nuclear Power Experience, NPE, published by the S, M., Stoller Corp.

2. "Indian Point Probabilistic Safety Study," Power Authority of the State of
New York and Consolidated Edison Company of New York, 1982.

3. "Oconee PRA, A Probabilistic Risk Assessment of Oconee Unit 3," NSAC-80,
June 19B4.

4. "Interim Reliability Evaluarion Program: 4nalysis of the Calvert Cliffs
Unit 1 Nuclear Power Plant,'" NUREG/CR-3511, Vol. 1, May 1984.
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ko Leakage Into The
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Iniriaror
Freguency

Multiple

Valve
Failure
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Success

Table 4.5
Column:
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Table 4.6
Column:
w/a Accum,
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Table 4.3

Table 4.4
Column:
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Table 4.5
Column:
w. Actum,

Negligibla

Figure 4.1 Schematics of ISL initiator frequency calculation
accumlator, LPI, and HPI injection lines.

for
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Table 4.1
Some Design Characteristics of The Accumulators
(Core Floodinz Tanks) at The Selected PWRs

Design Characteristics Indian Point-3 Qconee-3 Calvert Cliffs-l
Number of accumulators 4 2 4
Design pressure {psig) 700 700 250
Operating pressure (psig) 650 600 200
Tank toral volume (gallon) 8230 10547 14960
Water volume {(gallon) 5240 7780 8325
"Free" volume (gallon) ~3000 =2800 ~6650
Nupber of relief valves 1 1 1
Relief valve size 1" 1" 1"
Relief valve setpoint 700 ~700 250
Relief valve capacity (est.) (gpm) 710 710 425

Drain line (accessible) and
size (inch) 1) 1 (1) 1" (1)

Drainage capacity (gpm) ~1250 ~1250 ~1250
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Table 4.2
Filling Time of Accumulator's "Free" Volumes
For Various leak Rates*

Indian Point~3 : Oconee-3 Calverr Cliffs-1
Leak Rate Time Leak Rate Time Leak Rate Time

{gpm) (min) {gpm) {min) (gpm) (min)
100 30 100 28 100 66
200 15 200 14 200 33
300 10 280 10 300 22
500 6 457 6 5C0 13
740 4 700 4 665 10
10090 3 1000 -3 1000 ~7

*1eak rates underlined correspond to the “critical time" necessary re the
operator to take successful corrective actions.
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Table 4.3
ISL Initiation Frequencies For Accumulator Pathways
and Mean Time to Leakage Into the Accumulators

Indiaa Polnt=-3 OQOconee-3 Calvert Cliffs-1l

Reactor at power 72 +86 .88
Number of lines, 4 2 4
Size (inch) 10 14 12
Leak rate (gpm) at the

“eritical time, 10 min.," 300 280 665
Leak failure exceedance frequency 2.45(-3) 2.5(-3) 1.75(=-3)
ar above leak rate (per

line—year}

ISL initiation frequency at 7.05(-3) 4.30(-3) 6.15(=3)

above leak rate: “small LOCA
through the accumulator relief
valve or accumulator overpres—
surization” (per year)

1SL frequency at accumulator 4.90(-3) 2.93(-3) *
relief valve capacity: "over— (710 gpm) (710 gpm)
pressurization"” (per year)

Leak failure exceedance frequency 3.9(-2) 3.9(-2) 3.9(=2)
at leak rate of (.5 gpm (per line

year}

Maximum frequency of accumulator 1.1(-1) 5.6(-2) 1.4(-1)

inleakage (per year)

Mean time to failure, MITF (year) 9.0 17.9 7.1

*Not calculated (relief valve capacity is smaller than 665 gpm).
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Table 4.4

Formulas to Calculate Initiator Frequencies for ISL
Through LPI Lines at Indian Point 3

Casas

Frequency of Double Valve Failures

With Accumul

ator Inleakage

Without Accumulator Inleakage

Standard Case
T = 1/3 year

Application of
Pressure Sensor

Base Case

Same as abo

Z.BE(XIXd)(

(2a)
ve (3a)
dT + 1
S2De Gad

288 [(An(1,2)> J(1-C)  (25)

2.88[<An(1,2)ps J(1-C)  (3b)

T

2-88[<a
s

(1,2,d4)> J(1-C)  (4b)
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Table 4.5
ISL Initiation Frequencles for LPL Pathways*

I pr Initiator
LPI Inleakage Frequencles Frequencies Selected

Leak Rate 7 With Without For Further Analysis
Number The Shared Accumulator Accumulator {Per Year)
of LPI/HPI/ Accun. Inleakage Inleakage Small  Overpres-
Plant Lines Case Inlet (gpm) (Per Year) (Per Yeav) LOCA+ surizationt++
Indian 4 Standard Between 98
Point and 740 2.71(-6) 3.06(-5)
3 Between 272
and 470 3.53(-7)
2740 1.78(-6)
22100 6.11(=7) 2.39(-6)
Pressure Between 98
Sansor and 740 1.36(-6)
Betwsen 272
and 470 3.53(=7) 1.71(-6)
>740 8.90(-7)
22100 6.11(-7) 1.50{-6)
Base Between 98
{No Leak and 740 6.20(=5)
Test in & Between 272
Years) and 470 1.27(=5) 7.47¢-5)
>740 4.10(-5)
22100 2.20(=5) 6.30(=5)
Qconee 2 Standard Between 100
3 and 330 1.40(=7) 4.81(-7)
Between 200 3.41(-7) [1.40(-7))
"and 570 [2.92(-10)]
2330 1.72(=7)
2650 5. 71{(-7) 7.43(-7)
[4.25(-10)] [1.72(-7)]
Pressure Between 100
Sensor and 330 4.59(-8)
Batween 200 3.41(=7) 3.87(-7)
and 570 [2.92(-10}] [1.40(-7)]
2330 5.61{-8) 6.27(=7)
2650 5.71(-7) [5.65(-8)]
[4.25(-10)]
Lezk Between 100
Test and 330 1.64(-8)
After Between 200 4,00(-8) 5.64(=8)
Each and 570 [8.60(-11)] T1.65(-8)]
Cold 2330 2.01(-8) 8.63(-8)
Shutdown >650 6.62(-8) [2.14{=-8)]

[1.31(-9)]
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Table 4.5 (Continued)

LPI Inleakage Frequencies

Irpy Initiator
Frequencies Selected

Leak Rate @ With Without For Further Aaalysis
Nunmber The Shared Accumulator  Accumulator (Per Year)
of LPI/HPY/Accum. Inleakage Inleakage Small  Overpres—
Plant Lines Case Inlet (gpm) (Per Year) (Per Year) LOCA+ surization++
Oconee 2 Leak Between 100 5.38(-9}
3 Test and 330
and Between 200 4.00(-8) 4.53(-8)
Pressure and 570 [8.6C(-1.)] [5.46(-9}]
Sensor 2330 6.52(~9)
2650 6.62(=-8) 7.27(-8)
[1.31(-9)] [7.83(-9)]
Leak Between 100 5.64(=7)
Test at and 330
Each Between 200 1.29(-6) 1.85(-6)
Refueling and 570
2>330 6.86(~-7) 2.87(-6)
%650 2.18(-6)
Base Between 100 6.37(-5)
(No and 330
Leak Between 200 1.47(=4) 2.11(-=4)
Test and 570 [9.40(-8)] [8.38(-5)]
in 16 2330 7.73(=5)
Years) 2650 2.47(-4) 3.24(-4)
[1.38(=7)] [7.36(-5)]
Calvert & Standard Between 132 1.41(=10) 5-91(=10)
Cliffs (Pressure and 330
1 Sensor Between 530 4.5(-10) [1.41(-10)]
Installed) and 8990 [2.6(~13)]
>330 2.52(-10) 2.31(-9)
2}320 2.06(-9) [2.53(-10)]
[8.54(-13)]
Base Between 132 4.54(~6) 1.89(-5)
(No Leak and 330
Test in Between 530 1.44(-5) [4.54(-6)]
8 Years) and 890 [1.90(-9)]
>330 8.06(-6) 7.42(-5)
21320 6.61(-5) [8.07(-6)]
[6.06(-9)}

*The numbers In brackets correspond to the case that leakage through the second (and third)
check valve, as well as through the MOV, is detected given stuck open accumulator check

valve.

+Events without coverpressurizing the LPI system.

++Event overpressurizing the LPI system.

events see the rext (e.g., pgs- 4=12, &=13).)

(For a more precise definition of the above
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Table 4.6
ISL Initiation Frequencies for HPI Parhways

line
Group LPI Inleakage Iypy Initiater
Name & Frequencies Frequencies Selected
No. of Leak Rate @ With Without For Further Analysis
Lines The Shared Accumulator Accumulator (Per Year)
in the LPL/HPI/Accum. Inleakage Inleakage Small Overpres-
Plant Case Group Inlet (gpm) (Per Year) (Per Year) LOCA+ surization++
Indian Sctandard A Between 98
Point 4 and 580 1.35¢(-6)
3 Between 2450
and 14500 5.31(=7)
2380 1.28(-6)
214500 3.30{-6) 1.59(=4) 1.22(=4)
B Berween 98 No shared 1.57(-4)
4 and 580 inlet
2580 1.17(-4)
c Between 98 No shared 7.13(-7)
2 and 580 inlet
2580 S5«47(-7)
Pressure
Sensor 7.79(-5) 6.22(-5)
Leak Test
After Each
. Cocld Shutdown 3.65(~5) 2.78(-5)
Leak Test +
Pressure
Sensor 1.82(=5) 1.39(=5)
Base (No
Leak Test
During 30 .
Years) 4.05(-3) 4.36(-3)
Calvert Standard 4 Between 132 1.92(-10)
Cliffs (Pressure and 580
1 Sensor Between 6600 3.40(-12)
Installed) and 29000 1.95(=10) 1.74(-9)
>58C 2.01(-10)

229000  1.54(-9)
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Table 4.6 {(Continued)

Line
Group LPTI Inleakage Iypr Initiacor
Name & Frequencies Frequencies Selected
No. of  TLeak Rate @ With Without For Further Analysis
Lines The Shared Accumuiator Accinmulator (Per Year)
in the  LPI/HPI/Accum. Inleakage Inleakage  Small  Overpres-
Plant Case Group Inler (gpm) (Per Year) (Per Year) LOCA+  surization++
Base (No Between 132 3.24(-4)
Leak Test and 530
During Between 6600
30 Years) and 29000 5.50(-5)
2580 3.40(=4) 3.79{-4) 2.95(-3)
229000 2.61(-3)

+Events without overpressurizing the HPT system.

++Event overpressurizing the HPL system.

events see the text (e.g., pgs. 4-12, 4-13).)

(For a more precise definition of the above



15L Inltlater Frequencieo for RHR Sgctlon Patheays®

4=21

Table 2,7

In

dlan Polnt=3

Fraguency [par year)

Frecnency (per year)

Calvart Clitis-1
Frequency {(per year)
Small verpres=
LOCA surlzatlon

Onearatlional & Test Condl*lons nf MOVs Smail verpres—
{Cases) LDCA surlzation
Stroka and leak tests at each cold shutdown A A0(=5) Te30(=T3

and &ppil lcation of permanent pressure sensor.

At indlan Polnt=3: TR=TL=1/4 year,

Disconnected fuses,

At Oconee=3 and Calvert Cliftfs=T: TR=TL=1/r: vear,
Connected fuses. At Caivert Cllffs=1 direct external
leakaqe,

STroka and 1eak tasts at esch cotd Shutdown, 1a68¢
Standard case at indian Pgint=3,

At Indlan Polnt=3: T=1/3 year,

Dlscannactad fuses,

At Oconee=3 and Calvert Cilffs=1: Tel/4 year,
Connectad fuses, At Calvert Cliffs~1 direct

external leakage,

Appllcatlon of permanent pressure senscr, -

Ocoree~3: Leak tests at aach nlne month perlod:
T =3/4 vyear,

STroke Test: Tp=1/2 year {at cold
shutdown) ,

Connacted fuses,

Calvert Cllffs-1r Leesk and stroke tests at
each refusllng: T =Tp=1,5 years.
redlt Is oglven to torgue test aftar
each cold shurdown,

Direct external leakaqge,

Connected fuses,

Stendard coses at Qcones-3 and Calvert -—

Cliffs=1.

Oconae=-3: Leak Tasts 2t each nine month perlod:
T =3/4 year.
Stroke test: Tp=1/4 year fat cold
shutdown) .

Connectad fuses.

Calvert Cllffs=1: Leak and stroke tests at
each retuellna: T, =Tp=1.5 years.
Craedlt Is qlven To Torque Test after
each cold shutdown.

Cannaectad fuses.

Direct external leakage,

"Relaxed" MOV Testina —
Dconee 3: Leak and stroke Test at each refuelina,

Cold shutdbnss a2/ esr

Connacted tuses,

=5] R.7(=T7)

7.87(=6) 3,34(=-7)
ExT, leakage:
1.9%¢(=73

Tetal:

R.01(=R)

1.592(=5) 5.61(=7)
gxt, |leakage:
T78(=T)

Total:

1.60(-5)

4.68(=5) 2.00{=6)
ExT, isakage:

1.1 7{=f)

Totai:

4.80(=-5)

9,11(-5) 336(-6)
Ex+. leakaqge:
4.67(-6)

Total:

9.58(-5)
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Table 4.7 (Continued)

Indlan Fointe3 Oconee=3 Calvert Clitts=]
Frequency (per yaar) Frequency (per year) Frequency (per vear)
Cporational & Test Condltlons of MOvs Smail Overpras= Smali Overprese small Ovaerpres—
(Cases) LOCA surtzatlon  LOCA surbzation  LOCA surlzation
Base Case 1. 36(=3) 1.06(=5) 1.69(=3% 1.66(=5] 1. 75 =3 1.70(=%)
Strcke test at aach refuelling: Tp=1,5 vears, Ext. leakage:
Leak test at each 30 years: T,=30 yezars, 2.94(=5)
Cold shutdowns: d=3/year Indlan Point=3 Total:
d=4/yesr QOconee-3 1.83¢(-%

Calvert Cliffse)
Connected fuses tor Oconee=3 and CalverT
Cliffs=1,
No credit Is glven to torque test at Calvert
Clitfs=1.

Direct external leakage.

*13f of the small LOCA frequency value may contribute to the overpressurization frequency because ot the smalt

relief valve eapacity,
Notes:

The table Is organized In order of less constralning MOV test pollcy,

“Sma || LOCA" dofines double MOY faliures where the leak rate |s smaller then The capacity of suction slde

rellef valve,

"Qverpressurization” defines double MOV fallures were the leak rate Is nilgher than the rellef valve

capacity.
Estimated Rollef valve Capaclties:

Indlan Point=1:
Oconee-3:

2600 gem (Setpoint:
300 gpm (Setpolnt:
Catvert Cliffs=1: 1100 gpm (Setpoint:

600 psta, Plpe Dla,: 2"},
188 psla, Plpe Dla,: 3/a"),
31% psla, Plpe nla.: 1.5,
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5, CORE DAMAGE FREQUENCIES AND EVENT TREES

The event trees have been constructed in such a way that, for any given
initiator, the end states correspond o an iniciating event of the respective
PRA study of the particular reference plant.l' - In this manner, all events
are c¢lassed as small or large LOCAs, inside or outside the cortalinment
bulilding with a respective conditional core damage frequency derived from the
plant PRAs. The effect of ISL on safety systems required to mitigate a LOCA
has also been considered in determining the conditional core damage
frequency. Table 5.1 lists all conditional core damage frequencies as derived
from the plant~specific PRA studies. The main results of this study, the core
damage frequencies due to 1ISLs, are liscted in a summary format in Tables 5.2
through 5.6 for the three plants.

In order to mitigate LOCAs bypassing the containment, the aperator has to
rely on the water supply available in the RWST. Once the RWST is depleted, an
additional source of water must be found. The time available to establish
makeup to the RWST varies depending on the size of the break and the available
equiprent and could range from 3-4 minutes (~6" break no LP, no HP systems),
to a few (~12) hours (~1" break HP available)." The makeup to the RWST
would be based on an "ad hoc" arrangement, and consequently was not modelled.
Core damage was assumed to occur when the RWST has been depleted and makeup
has not been established. One of the important parmeters in the event trees
i3 the probabllity of a major pipe rupture in case of an overpressurization
event, A summary of pipe failure probabilities, calculated based on the
methods presented in Appendix F, are listad in Table 5.7.

In Sections 5.1 through 5.5 the event trees for all interfacing systems
are discussed along with the additional assumptions used to establish the core
damage frequencles. Section 5.6 briefly describes the method used to derive
the conditional core damage frequenciles from the plant-speclfic PRAs. The
core damage frequencles are presented in Section 5.7. 1In Appendix C,
assumptions used to quantify operator performances are discussed and Appendix
D presents a brief summary of the thermal-hydraulic aspect of ISL events. In
Appendix E a2 more detailed discussion is presented regarding the derivation of
the plant-speciflc condlitional core damage frequencles. A detailed analysis
of the pipe rupture probability is presented in Appendix F.

5.1 1P Injectiocn

The event trees for the three reference plants are shown on Figures 5.1
and 5.2.

An overpressurization event of the LP injection lines at Calvert Cliffs &
Oconee cannot be lsclated; causing a LOCA bypassing the containment. Even
though at Oconee one LP injection train might be unaffected, the loss of
recirculation capability leads to core damage once the RWST water supply runs
out. The Indian Point arrangement 1s different from the other plants, because
a large portion of the system 1s routed inside the contaimment and, in
addition, there is isolation capability on each injectlon line. It is very
likely that an overpressurizatior event of the LP injection line at Indian
Point will result In a LOCA inside the containment. The injection line 1is
designed such, that the operator has the capability to terminate the blowdown
of the primary coolant by closing at least ome of the two high-pressure-rated
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MOVs. 1In addition ro the major pipe break event, the top eveunts are (a) pipe
break location (inside/outside containment building) and {b) operator
diagnoses the event and attempts to terminate it. The probability of a major
pipe break due to an overpressurization event has been determined in Appendix
F and the numerical values used in the event tree are listed in Table 53.7. In
case of 2 small break, the probability of a pipe break inside the containment
was estipated at .9, This probability was based on engineering judgment after
reviewing the piping design and actual layout of the LP injection piping. In
case of a small break inside the containment, the primary concern is that,
depeading on the actual break location, the HFP recirculation capability might
be disrupted increasing the core damage frequency due to an unisolated small
LOCA without recirculation.

Thermal~hydraulic calculations® have indicated (see Appendix D for a
brief summary) that there is ample rime available (2-3 hours) to the operator
to diagnose a2 small LOCA event. It is assumed that at least one of the two
isolation MOVs would operate and would terminate the blowdown of the primary
conlant.

The NREP cogmnitive error function (see Appendix C; has been used to
determine the probability of au operator error (2x1073) having ~2 hours
available to recognize and isolate a small LOCA through the LP injection
lines.

The core damage frequency for terminmated small LOCAs has been determined
using the unavailability of the HP injection systeme.

A small break ourside the containment on the recircularion line
counecting the LP outlet to the suction side of che HP pumps would disable the
normally closed isolation valves. The RWST would drain through the pipe break
and the HP pumps would be unavailable, leading to core damage regardless of
the isolation capability.

4 large LOCA inside the containment would disable one LP injection line
making the LP pumps unavailable, leading to core damage. It Is assumed that
the isolation capability would be lost during a large LOCA, because the
igolarion MOVs are not designed for high flow and high temperature condicions.

5.2 SI Discharge

The event tree (Figure 5.3), for the safety injection (SI) line
overpressurization event is relatively simple at Calvert Cliffs. There is no
isolation capability, therefore, a pipe break (small LOCA) would eventually
lead to core damage, when the RWST water supply is depleted and makeup cannot
be established.

At Indian Point, some low pressure portions of the SI piping are inside
the contairment making the event tree somewhat more complicated {Figure 5.4).
In addition, an open MOV on each injection line can 1isolate a LOCA event.
Given an overpressurization accident, the relief valve common to both trains
will open leading to a small LOCA inside the containment. If the leak does
not exceed the relief valve capaciry, then the core damage frequency 1Is that
associated with a small LOCA. The integrity of both injection trains is
intact and they can be used Lo mitigate the accident. Tf the leak is larger
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than the relief valve capacity, the integrity of the plping boundary may be
losc. The pipe rupture probability has been esrimated in Appendix F and is
listed in Table 5.7. If the pressure boundary is damaged at the train
fsolaring check valves {858A or B), then the other train may loose enough flow
through the break making the HP system unavailable. This leads to core damage
even if the blowdown is terminated by the operator {no wakeup capability).

If the pipe break is located outside the containment {with a probability
of .1} and (s not terminated, core damage will result, because of che lost
vecireulatlion capability. In addition, the RWST would most likely be drained
through the damaged train making the progress of this accident much faster
{reduced RWST inventory). In order to terminate the accident outside the
containment on the HP pump discharge line, the operator has to (&) be able to
diagnose the problem, (b) terminate the RC Liowdown with the SI high pressure
isolation MOV, and (c) be able to isolate the damaged HP train and stop the
RWST drain. The available time is judged to be 30-60 minutes. Considering
the complexicy of che accidenr and the short available time, the probability
of an error in the operator's action is taken as .l.

The core damage frequency assoclated with the small LOCA outside
containment, terminated by the operator has been calculated usiag HP systenm
unavailability with one train iun a2 failed mode.

5.3 RHR Suction

The event trees for all three reference plants are very similar and are
shoewn In Figures 5.5 and 5.6. The main difference ar Calvert Cliffs is that
the pressure isolation boundary is located outside the containment leading to
LOCAs that always bypass the containment. At Indian Point and Oconee the
iniciator or overpressurlzation event may cause a pipe break either inside or
outside the containment. The first top event is to decide 1if the event is a
small (<{6") or large break. The major pipe rupture probability has been
decrived in Appendix F and is listed in Table 5.7. The location ¢f the pipe
break is of utmost importance and the second top event determines if this is a
break inside the contalument or bypassing it. The probability of a pipe break
outside rhe containment ar Indian Point has been based on field observations
and was estimated at .l. The LP piping inside the containment is ~5 times
longer than the outside segment with numerous pipe turns and beuds with all
supports 1lnside containment and only one pipe support outside. The low
prebability of an outside pipe_break has also been supported by the results of
a detailed V~sequence analysis” completed for the Indiam Point RHR piping. At
Oconee, the line just beyond LP-2 is schedule 10 {wall thickness of .18") and
outside the containment is schedule 20 (wall thickness of .25"}. There is
also a rellef valve (388 psi setpoint), which could not relieve the full
pressure. The relief valve and the schedule 10 line are the most likely
failure points. The probability that pipe break occurs inside the containment
was estimated, based on these considerations at .9. If the overpressurization
is such that the rellef valve is lifted and the leak does not exceed the
relief valve capacity the end result is a small LOCA Inside the containment.
Each plant has an additional low-pressure-rated normally closed valve on the
suction line after the two closed MOVs. The assumption has been mpade that a
major pipe break osutside the contalnment would disable this valve. However,
for small breaks, this third isolation valve would maintain the pressure
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boundary. Large LOCAs ourside the contalnment eventfually lead to core damage,
because recirculation is unavailable and the RWST water supply is limited.

5.4 Letdown Lines

Figures 5.7 and 5.8 show the event trees for the letdown lines. The
first top event determines whether the rellef valve opemns or fails in the
closed position. 1Its failure rate (3x10™%) has been estimated using generlic
data from Reference 3. The primary top event asks whether the operator can
recognize the nature of the accident and what actlon might be taken. The time
avallable, even when the HP system is unavailable, is about 1-2 hours befare
the RWST water supply runs out. The blowdown can be terminated by closing the
high-pressure-raced letdown stop valves. The probability of the operater not
being able to recognize and terminate the accident (5%1073) was determined
from the NREP coganitive error function (Appendix C). 1In this accident a
substantial amount of primary coolant may be lost requirinog makeup capability
using the HP pumps. The core danage frequency assocciated with termin~ted
spall LOCAs teflects the unavailability of the HP system.

At Indian Point, in addition to operator action, a top event representing
inside or outside brezk location is also included. The probabilicy of a
letdown pipe rupturing outside the containment (.5) has been estimated as
previocusly described in Section S5.3.

5.5 Accumularors

The event tree for the accumulator system is shown on Figure 5.9. The
accumulators are well fnstrumented including high pressure and high-low level
alarms. The operator can easily recognize and diagnose a small ISL event with
anple time available to terminate it. Therefore, the ISL's are essentlally
non—events below a certaln critical leak rate (see Section 4.3.2.1). If the
leak rates are above the critical level, the time available for operator
action 1is on the order of a few minutes. It has been assumed that, initially,
the operator wauld try to wmaintaln the water level in the accumulator by
draining the excess leakage. The operator error associated with the dralning
action is based on the lower bound HEP values of Figure C.l (Appendix C). For
Oconee, no remote dralning capability has been identified; eliminating the
possibility of this action. 1f the back-leakage 1s 1n excess of the drain and
relief capacity, a wajor pipe rupture may occur. The probability of a major
pipe rupture has been derived in Appendix F and 1s listed in Table 5.7. The
operator may be able to terminate the ISL event by closing the high-pressure-
rated MOV on the accumulacor aurler lines, which is deenergized-aopen ir normal
operation and thus would require local action at the valve MCC. The
probability of an operator erreor, including the probability of an MOV failure
to close on demand, has been estimated at 3.0x1073 using generlc MOV data with
the error recognition functlon. 1In case of a major pipe or tank rupture, the
event Is equivalent to the large LOCA design basis accident (DBA) of the FS5AR
with one accumulator not being available. All three reference plant PRAs
discuss and quantify this eveat.

5.6 Conditional Core Damage Frequencies (CCDF)

The CCDF values have been derived from the plant-specific PRAS! ™Y and are
fully explained in Appendix R, All ISL events resulrt in a small or large
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LOCA, inside or outside the containment. In addition, the effect of the
initiating event (ISL) on some of the safety systems required to mitigate the
accldent has also been considered.

Se6.1

Indian Point, Unitc 32

In
coolant
damage.

1.

the following events, the operator is unable to isolate the primary
leak and a failure in one of the required safety systems leads to core

For detailed discussion see Appendix E, Chapter E.l.

Large LOCA Inside Contaimment = 8.4-03.

This sequence 1is basically dominated by sequences AEFC and ALFC,
which reflects the failure of the LP injection or recirculation
functions (see Appendix E.1.3.1).

Small LOCA Inside Containment — 4.5-03.

The Indian Point PRA has three LOCA classes (large, medium, and
sm2ll). In this study, medfum and small LOCA have been grouped
together (small loca <6"). 1In this case, the dominant sequences are
again related to the injection and recirculation functioas (see
Appendix E.1.3.2).

Large LOCA Outside Contaipment - 1.0

In case of a pipe break larger than 6", the available time Ls very
limited before core damage starts. Thermal-hydraulic studies,
documented {n Appendix D, indicate that core damage may be prevented
if the safety injection system is available. However, these
calculations analyzed the first six minutes of the accident and there
are indications that other heat removal mechanisms may be required to
prevent fuel melting. In this study, mo credit has been given for
these limited thermal-hydraulic calculations and it was assumed thatr
once a large ISL bypassing the contalnment occurs core damage is
certain, i.e., CCDF gy = 1.0.

Small LOCA Outside Contalinment - 4.5~03.

In case of a small interfacing system LOCA bypassing the containment,
the operator has to use a dasically once-through cooling method
supplying water from the RWST. Even though the available water
supply is limited in the RWST, the operator has, in most cases, other
sources; of water to establish additional makeup, if needed. The
dominant failure modes are a) HP system unavallability and b)
operator error in establishing or finding other sources of cocling
water. The first function is identical to the failure of the
iajection function in the case of an inside LOCA. 1t was assumed
that the other failure mode, opérator ervor Iin the makeup phase, is
similar to the failure of the recirculacion mode.

ISL events terminated by the operator result in core damage only £f the
makeup capabllity to the RCS is lost.
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Small LOCA Inside/Cutside, Terminated - 1.7-04.

In this c¢ase the operator is able to terminate the loss of primary
coolant, but 1t is assumed that makeup is still required to prevent
core damage using the HP injection systeme This value essentially
represents the HP system unavailability (see Appendix E=.1.3.3).

Small LOCA Inside/Qutside HP Train Affected - 5.74-03.

The ISL event may affect one HP injection train. 1In this case,
uravailability of the HP system may be recalculated in terms of the
unavailabilicies of the dominant contributors with one train in a
failed mode (see Appendix E.l.3.4 for decails).

5.8.2 Oconee, Unit 3

1.

2.

4e

Large LOCA Inside Containment - 1.03-02.

Large break LOCA events are contained in Bin V and vVi.Z Bin V
sequences include all those initiating events where core melt results
due to failure ium the injection phase (AU sequence). Bin VI
corresponds to failures in the recirculation phase (AX sequence).

The dominant cutset listing for Bins V and VI, including the
initiators, are presented in Appendix E.2.3.1.

Small LOCA Inside/Outside Containment — 2.1-03.

The dominant sequences leading to core melt are primarlly related to
the unsuccessful operation of the HP injection and/or recircularion
system. These sequences are contained in Bin I (8SUg and SYgXg)

and Bin II1 (SXg). Again, the dominant cutsets along with the
initiators are listed in Appendix E.2.3.1.

Large LOCA Outside Containment — 1.0

The value of the conditional core damage frequency, l.0, reflects the
assumption that care damage is certain teo occur If there Is a large
ISL outside the containment (see Section 5.6.1).

Terminated Small LOCA Inside/Cutside - 1.6-04.

The HP system unavailability has been derived using the 5Ug
sequence of Bin I (see Appendix E.2.3.2).

5.6+3 Calvert Cliffs, Unit 1

l.

Large LOCA Inside - 2.8-02.

The quantification of all large LOCA sequences, indicated on Figure
E.3.1 of Appendix E, is discussed in Section E.3.3.l. The CCDF due
to large LOCA has been calculated based on the initiaror value lisred
in Tsble E.3.3 of Appendix E.
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2. Small LOCA Inside/Outside — 1.3-03,

Similarly to the previous case, the quantified sequences, which are
listed in Table E.3.3, were renormalized using the imnitfator value
from the same table. The numerical values of the sequence
probabilities are discussed in Chapter E.3.3.2 of Appendix E.

3. Large LOCA Qutside Containment - 1.9

In case of a large interfacing system LOCA bypassing the concainment
the value of the CCDF, 1.0, reflects the assumption that core damage
is cerzain ro occur (see Section 5.5.1).

4. Terminated, Small LOCA Inside/Outside - 7.5-05.

The HP system unavailabiliry has been derived using the 5,D" sequence
wirh the corresponding initiator (see Appendix E.3.3.3).

5.7 Core Damage Frequency (CDF)

The plant and system—specifiec CDFs are listed in Tables 5.2a through
5.4b, In Tables 5.2a, 5.3a, and 5.4a, only ISL events resulting in
overpressurizatlon are shown., If the system is equipped with a relief valve,
then overpressurization occurs only if the leak is in excess of the capacity
of this valve. The opening of the relief valve results in a small LOCA
inside/outside the containment and the associated CDF values are listed in
Tables 5.2b, 5.3b, and 5.4b.

A summary of the total CDF due to ISL, both inside and outside the
containment, is shown in Table 5.5 with the respective CDF values (due to
LOCAs) from the plant-specific PRAs.

Some of the most importanmt results of this study, CDF due to ISLs
bypassing containment, are listed in Table 5.6.

The first columm lists CDF values with and without overpressurization of
the low pressure interfacing systems (corresponding to all ISL events
including those where a relief valve opens and no overpressurizarion oceurs).
The second column lists the CDF values corresponding te only those ISL events
which overpressurize the low pressure system in addition to bypassing the
coutailnment.

At Indian Point and Qconee stations the total CDF with overpressurization
is dominated by rthe contributions from two sequences. A large LOCA on the RHR
suction side piping contributes 50% (IP), 127 {0C) of the total CDF, and an
1SL event on the LP injection side is 39% (IP), 88% (OC) of the total. At
Calvert Cliffs the ISL event sequence leading to a large LOCA on the RHR
suction side is the dominant contributor (99%).

5.8 References

l. "Indian Point Probablilistic Safety Study," Power Authority of the State of
New York aad Consolidated Edison Company of New York, 1982.
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"Dominant Accident Sequences in Oconee-~] Pressurized Water Reactor,”
NUREG/CR=-4140, April 1985.

“Source Term Safety Assessment, Appendix A: Analysis of the V~Sequence at
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July 10, 1984.

Conditional Core
Damage Multiplier

(CCDF)
Overpressurization Calverc
(Initiator) Major Pipe Rupture Oconee Cliffs
Small 1OCA/Qut 2.1-03 1.3-03
1.0
Large LOCA/Qut 1.0 L.0

Figure 5.1 I5L Event Trees — LP Injection, Oconee
and Calvert Cliffs stationms.
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Overpres=— Major Break Operaror Conditional Core
surizarion Pipe Qutside Diagaoses Damage Multiplier
(Iniriator) Break Containment Terminates (CCDF)
Small LOCA/In 1.7=-04
2x10~3 Terminatred
Small LOCA/In 1.0
107+ HP Recir,
Small LOCA/Out 4.5-03
8.6-03
1.0
-~ Large LOCA/In 1.0
LP Recirec.
Figure 5.2 ISL Event Trees - LP injection, Indian
Point Station.
Condiricnal Core
Overpressurization Pipe Pressure Damage Multiplier
(Iniciator) Boundzry Maintained (CCDE)
— 0K
9.7-04
Small LOCA/Out 1.3-03

Figure 5.3 ISL event tree — SI discharge, Calvert Cliffs Station.
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Pipe
Overpres— Pressure Pipe Operator Conditinnal Core
surization Boundary Break Diagnoses Damage Multipliar
(Initiator) Mainrtained Outside Terminates {CDT)
—— OK
7.5=04
- -— - Small LOCA/In 1.0

Terminatad, P
‘1

Small LOCA/Out* 5.74=03
Terminated

- Small LOCA/Out*  5.74-03

*CCDF calculated with one side in failed mode..

Figure 5.4 ISL event tree - SI discharge, Indian Point Station.

Condicional Core

Overpressurization Damage Multiplier
{Initiator) Major Pipe Ruprure {CCDF)
Small LOCA/Out 1.3-03
1.0
large LOCA/Out 1.0

Figure 5.5 ISL event trees — RHR suction, Calvert Cliffs Station.
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Major Break
2ipe Dutside
Break Containment

Small LOCA/In

.

- Small LDCA/Out

.02 = Indian Poiuat
1.0 = Oconee

Figure 3.6

Large LOCA/In

Large LOCA/Out

Relief Operator
Valve Diagnoses
Initiator Opens Terminates
Small LCCA/Out
Terminated
5x1073
— Small LOCA/Qut
ax10~t
Small LOCA/Cut
Terminated
5x10~3
f—————— Small LOCA/Qut

Fizure 5.7

Conditional Core
Damage Multiplier

{CCDF)

Indian Pt. Oconee
4.5-03 2.1-03
4,5-03 2.1-03
8.4-03 1.03-02

1.0 1.0

ISL event trees — RHR suction, Indian Point and Oconee Statious.

Conditional Core
Damage Multiplier

(CCDF)
Oconee Calvert Cliffs
1.6-04 7.5-05
2.1-03 1.3-03
1.6-04 7.5-05
2.1-03 1.3-03

ISL event trees — Letdown lines, Oconec and Calvert Cliffs Stations.
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Relief Operator Conditional Core
Valve Break Diagnoses Damage Multiplier
Initiator Opens Outside Tecrminates {CCRF)
¢ Small LOCA/In S5«7-03
Small LOCA/In 1.7-04
Terminated
5x10~3
Smwall LOCA/In 5.7=-03
.5
Small LOCA/Qut 2.2-04
Terninated
5x10~3
_— Small LOCA/Qut 5. 703

Figure 5.8  ISL event trees — Letdown lines, Indianm Point.



5-13

20=8°7 20-€0°T1 ¢€O0~-%‘8
€0=-€°1 €0-1°C t0-5°Y
S0-c*L %0-9°'T %0-2°C
¢9-8°C 20-£0°T €0-%°'8
£0-€£*1 €0-1°C €0-~5*Y
CS0=G°L %0-9°T %0~7°C
¢0-8°C 20-£0°1 ¢€0-%°%9
€0-€°1 €0-1°*T €0-S°*Y
S0=5°,L %0-9°'1 %0=2°C
€0-€°1 €0-1°C €0-6°Y
S0-6°L Y0-9°T %0-2°C
SJJTID d3uU0dQ  Jufoq
3384ATED ueipul
4@3D TUUOTFIFPUO)

*8107P[NUNDDY — 63213 JUIAD 7S]

V201 231e]

Vo0l 1T1BUWS

pa3BUTHADL
¥o01 TieWsg

vo01 @8]

Va0 TTBUS

po3BuUTWIdY
VOOl Ttleus

voo1 88aeq
V001 T18U§

paieuFw1a]
VOO'1 1TTvus

VOOl 11euds

pa3jeugwaa]
Vo0'1 TTRWS

s @andya

2 ITUN “S33TT1D 1I2ATED = JD

€ 37U ‘@3U0d0 = J0
0° € ATun UTod UEBTPUL = dI
g~01X¢
20-84°
20-9¢*
20° dI-y%%*
g-0TXE
20-¢*
20-0"1
z0° dI-¢*
g-0TXE
J0-8%"*
J0-96°*
g=-0Tx¢ dI=-yYy°
ERLNE G ERR @anadny £370ude) ujeaa a03eyIful
ao03eaadp adyd  3JoIT9M + ureaq 03 314y uojjezians
Jo[el ueyj, 621 a103wvaadp ~821d13AQ



Conditional Core DNamage Frequencies for LOCAs

514

Table 5.1

Indian Point Oconee

No Operator Action

Calvert Cliffs

Large LOCA Inside Contalnment 8.4-03 1.03-02 2.8-02
Small LOCA Inside 4.5-03 2.10-03 1.3-03
Large LOCA Qutside 1.0 1.0 1.0
Small LOCA Outside 4.5-3 2.10-03 1.3-03
LOCA Terminated by Cperator
Small LOCA Inside 2.2-04 1.6-04 7.5-05
Small LOCA Outside 2.2-04 1.6~04 7.5=05
Specizl Case
Small LOCA Inside S5« 7403
One Train of HP System
Not Available
Table 5.2a
Core Damage Frequency
Indian Point
CCDF
Overpressurization (Including LSL
System Initiator e(Rupture) Event Trees) CDF/Year
LPI 2.39-06 8.6-03 1.10-02 2.64=08
SI* 1.22-04 7.5-04 6.75-04 8.24-08
RHR Suction 6.79-07 2.00-02 6.56-03 4,46-09
Letdown* 6.82-07 1.00 4,50-03 3.07-09
Accumulators 4.90-03 2.00-02 3.32-04 1.,53-06
TOTAL 1.75-06
(CDF. due to over-
pressurization)}

Note: P(Rupture) = Probability of a major pipe rupture.
Probability of pipe pressure boundary NOT

*For this system P(Rupture) =
maintained.
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Table 5.2
Core Damage Frequency Without Overpressurization
Indian Point

CCDF
System Iniriator* (Small LOCA) CDF/Year
LPI 3.06-06 4.5=03 1.38-08
Sl 1.59-04 4,5-03 7.16-07
RHR 1.68-05 4,5-03 7.56=-08
Letdown 2.28-03 4.5-03 1.03-05
Total 1.11=-05
(CDF w/o aver-
pressurization)
*No overpressurization, relief valves open.
Table 5.32
Core Damage Frequency
Oconece
CCDF
Overpressurlization (Including ISL
Sysrem Initiacor P(Rupture) Event TIrees) CDF/Year
LPI 7.43-07 1.00 1.00 7.43=07
RHR Suction 9,90-07 1.00 1.09-01 1.08-07
Letdown* 2.28-03 1.00 5.09-08 1.16~10
Accumularors 2.93-03 2.00-02 3.69-04 1.08-06
TOTAL 1.93-06
(COF due to over-—
pressurization)

Note: P{Ruptuce) = Probability of a major pipe ruprure.
*For this system P(Rupture) = Probability of pipe pressure boundary NOT
maintalined.
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Table 5.3b
Core Damage Frequency Without Overpressurization
Oconee
CCDF

System Initiator* (Small LOCA) CDF/Year
LPI 4.81~07 2.1-03 1.01-09
RHR 4.63-05 2.1-03 9.72-08
Letdown 2.28-03 3.87-07
Total 4,.85-07
(CDF w/o over-

pressurization)

*No overpressurizatlon, relief valves open.

Table 5.4a
Core Damage Frequency
Calvert Cliffs

CCDF

Overpressurization (Including ISL
System Initiator P{Rupture) Event Trees) COF/Year
LPI 2.31-09 1.00 1,00 2.31-09
ST 1.74-09 9.7-04 1.26-06 2.19=15
RHR Suction 3.36-06 1.00 1.00 3.36-06
Letdown* 2.28-03 1.00 2.43-08 5.55-11
(Includes relief
valve opening)
Accumularors 6.15-03 2.00-02 4,.34=04 2.67-06
TOTAL 6.03-06
(CDF due to over—
pressurization)

Note: P({Rupture) = Probability of a major pipe rupture.
*For this system P(Rupture} = Probability of pipe pressure boundary NOT
maintained.
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Table 5.4b

Core Damage Trequency Without Overpressurization

Calvert Cliffs

Cliffs

Ccor
Systenm Initlator* (Small LOCA) COF/Year
LPL 5.91-10 1.3-03 7.68-13
sL L.95-10 1.3-013 2.53-13
RHR 9.50-05 1.3-03 1+24=07
Letdown 2.28-93 1,85-07
Toral 3.08=-07
(CDF w/o over—
pressurization)
*¥No coverpressurization, rellef valves apen.
Table 5.5
Core Damage Frequency
Summacy
Total CDF Total CDF
Due to Without
Overpres-— Qverpres- Total CDEF* in
Flant surization surization CDF/Year PRA (/Year)
Indian Point 1.75-06 l.11-05 1.29-05 1.18-04
Oconee 1.93-06 4.85-07 2.42-06 1.59-05
Calvert 6.03-06 3.08-07 6<34=00 3.34-05

*Due to LOCA only.
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Tabie 5.6
Core Damage Frequency Due to 1SL
Bypassing Containment

Total CDF/Year ISL
Ourside Conralnment
with/Without Over-—

Total CDF/Year ISL

Outside Containment CDT* in

Plant pressurization With Overpressurization PRA (/Year)
Indian Point 2.78-09 2.78-09 1.18-04
Oconee 1.23-06 8.42=-07 1.59=05
Calvert 3.69-06 3.38-0% 343£-05
Cliffs
*Due to LOCA only.

Table 5.7
Pipe Rupture Probabilities
Failure
Pipe Size Pipe Probability

Plant System (1Inch) Schedule {Corroded)

Indiazn Point LPI 6 40 8.6-03
RHR 14 NeAo 2.0-02*
HPL 2 NeA. 7.5-04%
Accumtlator 10 40 2.0-02

Oconee LPE 10 20 1.00
RHR 12 10s 1.0
Accumulator 14 40s 2.0-02

Calvert Cliffs LPI 12 40s 1.0
RHR 14 10 1.0
HPL 6 80s 9.7=-04
Accumulator 12 40 2.0-02

N.A. = Yot available.

*Estimated,
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6. ETFFECTS OF CORRECTIVE ACTIONS AND LEAK TESTING ON CORE DAMAGE FREQUENCY

In order to reduce the core damage frequency due to ISLs, numerous
options appear to be avallable. From these options, however, corrective
actions within the perspective of implementation are rather limited. In the
present section, those corrective actions will be discussed which have been
deemed to be implementable without excessive difficulties.

The corrective actions considered are essentially plant specific ones.
The reason for this is that one or two plants already have certain safety
features against ISLs, while others do not.

In the fnllowlng calculations, the effects of the remedial actions on the
inictiacor frequencies of LOCAs and overpressurization, as well as on the core
danage frequencies are presented.

Al]l three reference plants have already instituted certaln testing
procedures in order to preclude ISL. These various leak and/or stroke testing
procedures (verifying the condirions of the pressure isolation devices) are
not uniformly required for all PWRs. In Section 6.4 the effects of leak
testing are quantified with respect to CDF.

The sensitivity calculations found in the succeeding sections list a
nuober of different COF values based on the location and size of the pipe
break., In the following, a brief description of these CDFs are given:

1. Total CDF with Overpressurization = Total CDF due to ISL events
occurring inside and outside the containment building that
averpressurizes the low pressure system. {The capacity of the relief
valves ave exceeded.)

2. Total CDF Without Overpressurization - Total CDF to ISL events
occurring inside and outside the containment where the capacity of

the celief valves are aot exceeded. (The low pressure system is not
overpressurized.)

3. Toral CDF = This includes all inside and outside ISL events with and
without overpressurization (sum of Items 1 and 2).

4, Toral CDF Qurside — Toral CDF due to only those ISL evenrts which
bypass the containment. (This includes hoth overpressurization
events and those without overpressurization due to relief valve
opening.)

9. Total CDF Outside with Overpressurization - Toral CDF due ro only
those ISL eveuts which bypass the containment and overpressurize the

low pressure system.

6.1 Corrective Acrions at Indian Poinc 3

At Indian Point 3, leak tests are performed oan the pressure isolation
valves (check valves as well as MOVs) after each cold shutdown. Thus, there
is no compelling reason to lnvestigate an increase in the frequency of leak
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tests. However, as the calculations below demonstrate, there is rcom for
some ilmprovement by lmplementing the following corrective actlons.

1. TLeak testing of the HPI check and motor-operated isolation valves at
each cold shutdowm.

2. Applicarion of pressure sensors {or equivalent continuous leak sensor
devices) between the first {RCS side) and second pressure isolatinqn
valves on each of tha LPI/HPI/RHR pathways. (This is a feature which
can be found at the common LPI/HPI/Accumulator inler ar Calverc
Cliffs 1.)

3. Improving the ability of operators to recognize ISLs and manage such
accidents. :

4. TEstablishing a procedure for RWST makeup in case of an ISL.
Table 6.1 preseuts the results for Indian Point 3 rCo be compared with the
results of each potential corrective action taken separately and then

combined.

6.1.1 Lleak Test of the HPI Isolation Valves

The possibility of leaving the HPI check valve and MOVs open can be
elininated by performing leak testing after each cold shutdown period when RCS
pressure is being Iincreased to operating level. Table 6.2 lists the resulrs
of these calculaticns.

6.1.2 Application of Permanent Pressure Sensor Between The First Two
Isolation Valves on Each LPI/HPI/RHR Line

The advantage of the pressure sensor s that whenever the fivst isolation
valve leaks, an overpressurization alarm would call the attentlon of the
operator to take preventive action. The effect of this potential corrective
action causes the time dependent terms to vanish in the expresslons describing
initiator frequencles. Table 6.3 shows the pathway by pathway results if
permanent pressure sensors would be implemented. (The results reflect the
assumption that the pressure sensors will perform as intended.) The lasr
column gives the core damage reduction values relarcive to the existing plant.
The effact of continuous leak testing is to reduce the total CDF associated
with ISL bypassing the containment by a factor of ~2.

6.1.3 Improving The Ability of Operators For ISL Management

Following the plant visit to Indiau Point 3 and study of the LOCA
procedure, 1t was felt that it would be very useful to {mprove the ability of
operators to manage an ISL accldeunt. This would seem to be easily achieved by
tralning on control rocm simulators. However, Table 6.4 shows that the effect
of considering improved operater actions in the ISL event trees Is
negligible. This reflects the fact that the CDF due to ISL is dominared by
sequences where either the pipe break cannot be isolated {RHR) or the
recirculacion capabiliry may be Impalred (RER, HPI) reducing the effecriveness
of any aetion by the operarsr.
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6.1.4 Establishing RWST Makeup Procedure

In case of an intecfacing LOCA bypassing the contaiument, the operator
has to rely on the water supply available in the RWST. The makeup to the RWST
is generally based on "ad hoc" arrangements depending on the type of accident
and any other available water supplies. 1If this procedure were to be
Eornalized with respect to the various ISL scenarios, the CDF assoclated with
snall LOCA outside containment would be greatly reduced (effectively
reflecting only HPI unavallability and tvpically a conditrional CODF-10"").

Table 6.5 lists the corresponding CDF values and the total ¢DF for ISL
outside containment 1s reduced by a factor of =2.

Table 6.6 provides the rvesults If all of the above corrective actions
would be lumplemented. A comparison with the results for the existing plant
shows A significant advantage by lmplementing all of the above corrective
actions.

4.2 Corrective Actions at Qcoree 7

At Oconee 3 the leak tests of the isolation check valves and MOVs are
performed at nine month intervals. After cold shutdown (there are two assumed
during the leak test period) the isolation valves may remain in failed states
(open). Therefore, for this plant the simplest remedial actlon is ko Lncrease
the frequency of the leak testing. 1In addition, there are other options. A
list of possibilities ace:

l. Leak testing of the isclatlon valves (check and MOVs) afrer each cold
shutdown.

2. Application of permanent pressure sensors between the first and the
second isolation valves on each LPI/RHR pathway.

3. Improving the ability of the operators with respect to ISL
recognition and accident management.

4. Establishing an RWST makeup procedure.
Table 6.7 provides the results for Oconee 3 to be compared with the
results of each potential corrective action taken separately and then

coabined.

6+2.1 ieak Testing of The Isolation Valves After Each Cold Shutdown

With the implementation of leak testing after sach cold shutdown, the
possibility of leaving the isolatlion valves open can be eliminated.

The appropriate initiaters and the results of the calculations are lisred
in Table 6.8,
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6.2.2 Application of Permanent Pressure Sensors Between The Firsr and Second
Isolation Valves on Each LPI/RHR Pathway

The application of pressure sensors [or other equivalent leak sensor
devices) has the same effect as was explained for Indian Point 3 (Section
6.1.2). Table 6.9 shows the results for each pathway,.

6+2.3 Improving The Ability of Operstors For ISL Recognition and Accident
Management

Table 6.10 presents the results of this potential corrective action.

6+2.4 RWST Makeup Procedure

Establishing an RWST nakeup procedure has a slight effect in reducing
total CDF for ISLs outside containment. Table 6.11 1llsts the results of this
corrective action.

The conblred effect of corrective actions 1, 2, 3, and 4 1s shown in
Table 6. 12'

6.3 Corrective Actions at Calvert Cliffs 1

At Calvert Cliffs there is a permanent pressure sensor at the comnon
LPI/HPI/Accumulator inlet.

Thus, for Calvert Cliffs the list of corrective actions is as follows:

1. A4pplication of permanent pressure sensors between the two MOVs in the
RHR suction line.

2. Leak and stroke tests of the RHR suction MOVs.

3. Improving the ability of the operators with respect te ISL
recognition and acelident management.

4., RWST makeup procedure.
Table 6.13 summarizes the results for Calvert Cliffs 1 to be compared
with the results of each potential corrective action taken separately and then

combined.

6.3.1 Applicarion of Additional Permanent Pressure Sensors

In the calcuylacions for the exiscing plant, full credlt was given to the
effect of the pressure sensor at the shared inlet of LPI/HPI lines. No credit
was given to the effect of the rellef valve between the two MOVs con the RHR
suction line.

Table A.14 contains the results of the calculations if the additional
permanent pressure sensors would be {lmplemented.
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6.3.2 Leak and Stroke Tests of the RHR Suction MQVs

The time period of the leak and rupture failure modes can be reduced by
periodic testing. Table 6.]5 lists the resulrs assuming leak and stroke tests
are performed f{n ecach c¢old shutdoun period.

$.3.3 Improvement of The Ability of Operators For ISL Recognition and
Accident Management

Table 6.16 shows the results of this potential corrective acticn.

6.3.4 RWST Makeup Procedure

Table 6.17 presents the results of calculations including the effects of
a formalized RWST makeup procedure.

The combined effect of corrective actions 1, 2, 3, and 4 is shown in
Table 6- 18-

6.4 Effect of Leak Testing on CDF

The operators of commercial nuclear power plants are, in most cases,
required to perform periodic tests on valves that isclate the primary reactor
coolant system from Lnterfacing safety systems. These ln-service tests are
intended to demonstrate the operability of the valves and to ldentify leakage
due to valve degradation. The identification of valves to be tested, test
nethods, and acceptance criterla are generally specifled in the plant
Technical Specifications and in most cases refer to the appropriate section of
the ASME boller and pressure vessel code. However, these periodic testing
requirements are not uniformly applied across the PWR population {e.g., older
PWRs are not required to specifically test zll pressure Lsolation valves to
ensure the structural and leak-tight integrity of these components). In this
section the results of calculations demonstracing the effects of leak testling
requirements on CDF are presented.

The three reference plants have all iastituted certalan periodic test
procedures to preclude ISL accidents. The calculated initiator frequency
values of the ISL sequences are all based on these plant-specific test
practices and are discussed in more detail in Section 4.

The effect of leak testing on the core damage freguency can be calculated
by appropriately modifying the initiator frequency values of the ISL sequences
by increasing the testing interval to the lifetime of the plant. These
modifications, the removal of leak testing from the iniciator Erequency
values, are documented and discussed in Section 4.

The coare damage frequency, calculated with new iniriators that reflect no
leak testing during the lifetime of the plaats, are presented in Tables 6.1¢
through 6.21 for the three reference plants. 1In the following, two CDFs are
discussed. The first, CDF;, Ils the total CDF including all ISL events inside
and outside the coantainment, The second, CDF,, is rthe total CDF with an 1ISL
event bypassing the containment and overpressurizing an interfacing safety
systeme.
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In general, cthe effact of no leak testing on CDFs Is to increase their
values by at least one or two orders of magnitude. At Iandian Peint, the
initiators of the dominant cantributors are all incraeased by asnut 3 [actor of
20, and this is directly reflected in the increased value of the TDFs, CDFy by
a factor of =4 and CDF, by -20. At Oconee, the dominant contributor to
CDF is an [SL sequence on the LPI line. The initiator frequency of this
sequence is increased by two orders of magnitude and correspondingly bath CDPs
are similarly increased. The Increase in CDF, is somewhar less reflecting the
relativa Inecrease of the contributions from the other sequences. At Czlvert
Ciiffs the dominant sequence is an IS8L evenr on the RHR sucrion line. The
initiator of this sequence is increased by a facter of =5 2nd far the other
nondominant sequences the increase was even higher. This 1s reflected in the
higher values of both CDF; and CDF,, which are increased by about the same
order of magnitude.

In summary, leak tescing of isolation components at interfacing systea
boundaries is very effective and the core damage frequency assaclated with ISL
events hypassing the containment may be reduced by one or two nrders of
magnitude.



Table 6.1
Core Damage Frequency — Indian Point

Existing Plant

With Overpressurization

CDF/Year
Svstem Initiater Base

A - Cveoepressurization
LPL 2.39-06 2.64-08
S1 1.22-04 8.24-08
2HER Suction 6.79-07 4.46-09
Letdown 6.82-07 3.07-09
Accumulators 4.90-03 1.53=06
B = Withoutr Overpressurization

LP1 3.06-06 1.38-08
SL 2.73-04 1-23-06
RRR 1.68-05 7.56-08
Letdown 2.28-03 1.03-05
Total CDF
A — Overpressurization 1.75-06
B - Without Overpressurizarion 1.16-05
a and B 1.34-05
Totai CDF With ISL Cutside 2.78-09
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Table 6.2
Core Damage Frequency — Indian Point
With Leak Test After Each Celd Shutdown

CDF/Year CDF/Year CDF Pert

Systenm Initiator Ferturbed Base CDF Base
A — Overpressurization

LPI No change 2.64-08 1.90
SI 2.78-05 1.88-08 8.24~-08 .23
RHR Suction No change 4.46-09 1.90
Letdown No change 3.07-09 1.00
Accumulatars No change 1.63-06 1.00
B - Without Overpressurization

LPI No change 1,38-08 1.00
SI 3.65-05 1.64=37 1.23-06 «13
RHR No change 7.56-08 1.00
Lecdown No change 1.03-05 1.00
Total CDF

A -~ Overprassurization 1.69-06 1.75-06 .96
B — Without Overpressurization 1.06-03 1.16-05 92
A and B 1.23-05 1.34-05 .92
Total CDF With ISL Qutslde 2-74=09 2.78-09 -39

With Overpressurization
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Table 6.3
Core Damage Frequency — Indian Point
With Continusus Leak/Pressure Monitoring

CDF/Year CDF/Year CDF Pert
Systenm Initiator Perturbed Base CDF Base
A = Qverpressurization
LPL 1.30-06 1.65-08 2.64-08 .63
SI 6.22-05 4.20-08 8.24-08 .51
RHR Suction 3.30-07 2.17-09 4.46~09 .49
Letdowa Ho change 3.07-09 1.90
Accumulatars No change 1.63-06 1.00
B = Without Ouerpressurization
LPI 1.71-086 7.69-09 1.38-08 56
SI 7.79-05 3.51-07 1.23-06 «29
RHR 8.40-06 3.78-08 745608 +50
Letdown No change 1.93=-05 1.00
Total CDF
A — OQverpressurization 1.69-06 1.75-06 .97
B - Without Overpressurization 1.07-05 1.16-C5 »92
A and B 1.24-05 1.346-05 «92
Total CDF With ISL Qutside 1.50-09 2.78-09 .54

With Overpressurization -
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Table 6.4

With Enhanced Operator Training

With Overpressurization

CDF/Year CDF/Year CDF Pert
Systen Inittiatar Perturbed Base CDF Basc
A — Overpressurization
LEI No change 2.21-08 2.54-08 +834
SI No change 8.24-08 1.020
RHR Suction Yo change 4.466-09 1.00
wetdown No change 3.07-09 1.00
Accunmulators No change 1-43-06 1.63-06 .88
B - Wirthout Overpressurization
LPI No change 1.38-08 1.0
SI No change 1.23-06 1.0
RHR No change 7.56-08 1.0
Letdown No change 1.03-05 1.0
Total CDF
A - Overpressurization 1.54-06 1.75-06 -88
B - Without QOverpressurization 1.16-05 1.16=05 1.90
A and B 1.31-05 1.34-05 97
Total CDF With ISL Outside 2.78-09 2.78-0% 1.00
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Table 6.5
Core Damage Frequency - Indian Point
With RWST Makeup Procedure

COF/Year CDF/Year CDF Pert

Sysien Initiator Perturbed Base CDF Base
A - Overpressurization
LPI No change 2.53=08 2.64=08 .96
ST No change 8.24-08 1.00
RHR Suctlon No change 4.17-09 4.46-09 <94
Letdown No change 3.067-09 1.00
Accumulators No change 1.63-06 1.00
B - Without Qverpressurization
LPI No change 1.38-08 1.00
sI No change 1.23-06 1.00
RHR No change 7.56-08 1.00
Letdown No change 1.03-05 1.00
Total CDF
A - Overpressurization 1.75-06 1.00
B - Without Overpressurization 1.16-05 1.00

Aand B 1.34=05 1.00
Total CDF With IST, Outside 1.47-09 2.78=-09 «53

With Overpressurization
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Table 6.6

With Overpressurization

With All Four Corrective Actions

CDF/ Year COF/ Year ~DF Pert
System Initiator Perturbed Base CDF Base
A = Qverpressurization
LPL 1.50-06 1.33-08 2.64-08 30
S 1.39-05 9.39-04 8.24-N8 .11
RHR Suction 3.30-07 2.03-09 4.46-09 45
Letdown 6.32=07 3.07-03 1.00
Accumulators 4,90-03 L.43-06 1.63-06 +38
B = Without Overpressurization
LPL 1.71-06 7.69-09 1.38-08 -36
ST 1.82-05 8.19-08 1.23-05 07
RHR 3.40-06 3.78-08 7.56-08 -30
Letdown 2.28-03 1.03-05 1.0
Total CDF
A = Qverpressarization 1.46-16 1.75-06 -83
B — Without Overpressurizartion 1.04-05 1.16-05 -90
A and B 1.19-05 1. 34=05 =59
Total CNDF With ISL Qutside 7.06-10 2.78-09 «25
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Table 6.7
Core Damage Frequency - Oconee
Exiscing Plant

With Overpressurization

CDF/Year
Systen Initiator Base

A — Overpressurization

Lel 7.43-07 7.43-07
RHR Suctlon 9.99-07 1.08-07
Letdown 2.28-03 l.16-10
Accumulatocs 2.93-03 1.08=086
B = Without Overpressurization
LPL 4.81-0Q7 1.01-09
RHR 4,63-05 9.72-08
Letdown 2.28-03 3.87-07
Total CDF
A - Overpressurization 1.93-06
B - %Withour Overpressurization 4.85=-07
A and B 2.42-06
Total CDF With ISL Outside 1.23-06
With and Without Overpressurization
Total CDF With ISL OQutside 8.42-07
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Table 6.8
Core Damage Frequency - Oconee
With Leak Test After Each Cold Shutdownm

CDF/Year CDF/Year CDF Pert
System Initiator Perturbed Base COF Base
A - Overpressurization
LPI 8.63-08 8.63-08 7.43=-07 -12
RHR Suction 7.67-07 8.38-08 1.08-07 .78
Lecdown No change 1. 16-10 i.N0
Accumulators No change 1.08-06 1.0
B - Without Overpressurization
LPI 5.64=-08 1.18-19 1.01-09 .12
RHR 1.42-05 2.98-08 9.72-08 -31
Letdouwn No change 3.87-07 1.00
Total CDF
A — Overpressurization 1.25-06 1.93-06 «hS
B - Without Overpressurization 4.17-07 4.85-07 .13
A and B 1.67-06 2442-06 «69
Total CDF With ISL Outside 5.30-07 1.23-06 45
With and Yithout Overpressurization
Total CDF With ISL Outside 1.63-07 8.42-07 .19

With Qverpressurization
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Table 6.9
Core Damage Frequency — Oconee
With Continuous Leak/Pressure Testing

CDF/Year CDF/Year CDF Pert

Svsten Initiator Perturbed Base CDF Base
A - Overpressurizarion

LPL 6.27-07 6.27-07 7.43-07 .84
RHR Succlon 5.47-07 5.98-08 1.08-07 33
Letdown No change 1.16-10 1.00
Accumulators No change 1.08-06 1.00
B - Without Overpressurization
LPI 3.87-07 8.13-10 1.01-09 «80
RHR 2,38-05 5.00-08 9.72-08 «51
Letdoun No change 3.87=07 1.00
Total CDF
A - Overpressurization 1.76-06 1.93-06 .91
B - Withour Overpressurization 4.38-07 4.85-07 .90

A and B 2.20-06 2.42-06 «21
Total CDF With ISL Outside 1.07-06 1.23-06 .87
Wirh and Without Overpressurization
Total CDF With ISL Outside 6.82-07 8.47-07 .81

Wicth Overpressurization
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Table 6.10
Core Damage Frequency - Oconee
With Enhanced Operator Training

With Overpressurlzation

CDF/Year CDF/Year CDF Pert
System Iniriacor Perturbed Base CDF Base
A = Querpressurization
LPL No change 7.43-07 1.00
RHR Suction No change 1.08-07 1.00
Lerdown No change 4.,80-08 1.16~10 94
Accumulatoers No change 1.06-06 1.08-06 99
B - Without Overpressurization
LP1 No change 1.01-08 1.0
RHR No change 9.72-08 1.0
Letdown No change 3.65-07 3.87-07 .94
Total CDF
A - Cverpressurization 1.91-06 1.93-06 .99
B = Withour Overpressurlzation 4.63-07 4.85-07 <96
A and B 2.37-06 2.42-05 .98
Total CDF With ISL Outside 1.21-06 1.23=-06 .98
With and Without Overpressurization
Total CDF With ISL Qutside 3.42-07 8.42~-07 1.00




6=-17

Table 6.11
Core Damage Frequency — Oconee
With RWST Makeup Procedure

CDF/Year CDF/Year CDF Pert
System Initiator Perturbed Base CDF Base
A — Qverpressurizarion
1Pl No change 7.43-07 1.00
RHR Suction No change 1.08=07 1.00
Letdown No change 1.09=-10 1.16-10 94
Accumulators No change 1.08-06 1.00
B — Without Overpressurization
LPl No change 7.70-11 1.01-09 .08
RHR No change 9.72-08 1.00
Letdown No change 3.65-07 3.87-07 <94
Total CDF
4 = Overpressurization 1.93-06 1.93-06 1.00
B — Without Overpressurization 4,62-07 4.85-07 .95

A and B 2439-06 2.42-06 .99

Toral CDF With ISL Outside 1.21-06 1.23-06 .98
With and Without Overpressurization
Total CDF With ISL Cutside 8.42-07 8.42-07 1.00

With Overpressurization
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Table 6.12
Gore Damage Frequency =— Oconee
With All Pour Corrective Actions

CDF/Year CDF/Year CDF Pert

System Initiator Perturbed Base CDF Base
A = Overpressurization

LPI 7.27-08 7.27-08 7.43-07 .01

RHR Sucrion 4.36-07 4.76=-08 1.08-07 A
Letdown 2.28-03 1.09-10 l.16-10 <94
Accumulators 2.93-03 1.06-06 1.08-06 .99
B - Without Overpressurization
LPI 7.27-08 le16-11 1.01-~09 .01

RHR 8.08-06 1.70-08 9.72-08 .18
Letdown 2.28-03 3.65-07 3.87=07 -4
Total CDF
A - Overpressurization 1.18-06 1.93-06 .61

B = Without Overpressurization 3.82-07 4.85-07 75

A and B 1.56-06 2.42-06 -65
Total CDF With ISL Qutside 4.81-07 L.23-C6 »40
With and Without Overpressurlzation
Total CDF With ISL Qutside 1.16-~07 8.42-07 .14

With Overpressurization
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Table 6.13
Core Damage Frequency — Calvert Cliffs
Existing Plant

Wich Overpressurization

CDF/Year
Systen Initiator Base
A - Overpressurization
LP1 2.31-0% 2.31-0%
ST 1.74-09 2.19-15
RHR Suction 3.36-06 3.36-06
Letdown 2.28-03 $.55-11
Accumulators 6.15-03 2.67-06
B = Without Overpressurization
LPI 5.91-10 7.68-13
SI " 1.95~-10 2.53~13
RHR 9.50-05 l.24-07
Letdown 2.28=03 t.85-07
Total CDF
A - Overpressurization 6.03=~06
B - Without Overpressurization 3.08-07
A and B 6. 34-06
Total CDF With ISL Qutside 3.69=-0%
With and Without Overpressurization
Total CDF With ISL Cutside 3.38-06
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Table 6.14
Core Damage Frequency — Calvert (Cliffs
With Continuous Leak/Pressure Monitoring

CDF/Year CDF/Year CDF Perc

System Initiator Perturbed Base CDF Base
A - Qverpressurization
LPI No change 2.31-09 1.00
ST No change 2.19-15 1.00
RHR Suction 2.00-06 2.00-06 3.36-06 +60
Letdown Ne change 5¢55-11 1.0
Accumulators No change 2.67-06 1.0
B — Without Overpressurizaticn
LPI No change 7.68=-13 1.00
SI No change 2.53-13 1.00
RHR 4.78=05 6.21-08 1.24=-07 «50
Letdown No change L.85-C7 1.00
Total CDF
A = Qverpressurization 4.67-06 6.03-06 .77
B — Without Overpressurization 2.47-07 31.08-07 .80

A and B 4.92-06 6.34-06 78
Toral CDF With ISL Cutside 2.26=-06 3.69-06 .6l
with and Without Overpressurization
Total CDF With ISL Qutside 2.02-06 3.38-06 .60

With Overpressurization
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Table 6.15
Core Damage Frequency — Calvert Cliffs
With Leak After EBach Cold Shutdown Test

CDF/Year CD¥/Year CDF Pert

Systen Initiator Perturbed Base CDF Base
A = Overpressurization

LP1 No change 2.31-09 1.00
SI No change 2.19-15 1.00
RHR Suction 5.61-07 5.61-07 3.36-06 .17
Letdown No change 5¢55-11 1.00
Accumulaters No change 2.67-06 1.00
B - Withoutr Overpressurization
LP1 No change 7.68-13 1.00
SI No change 2.53-13 1.00
RHR 1.60-05 2.08-08 1.24-07 o 17
Letdown No change 1.85=-07 1.00
Total CDF
A - Overpressurization 3.23-06 6.03-06 .54
B - Without Overpressurization 2.06=07 3.08-07 .67
A and B 3.44-06 6.34-06 1
ctal CDF Wich ISL Qurside 71.84-07 3.569-06 .21
With and Without Overpressurization
Total CDF With ISL OQutside 5.78-07 3.38-06 17

With Overpressurization




6-22

Table 6.16
Core Damage Frequency - Calvert Cliffs
With Enhanced Operator Training

CDF/Year CDF/ Year CDF Pert

System Initiator Perturbed Base CDF Base
A — Overpressurization
LPI1 Ne change 2.31-09 1.0
SI No change 2.19-15 1.0
RHR Suction No change 3.36~06 1.0
Letdown No change 5.13-11 5.55-11 .93
Accumulators No change 2.12-06 2.67=-06 -79
B — Without Overpressurization
LPI No change 7.68-13 i.0
SI No change 2.53-13 1.0
RER No change 1.24-07 1.0
Lerdown No change 1.71-07 1.85-07 .93
Total CDF
A = Overpressurization 5.48=06 6.03-06 91
B = Withour Overpregsurization 2,95-07 3.08-07 .96

A and B 5.78-06 6.354-06 91
Total CDF With ISL Outside 3.66-06 3.69-06 -99
With and Without Overpressurization
Total CDF With ISL Outside 3.36-06 3.38-06 .99

With Overpressurization
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Table 6.17
Cove Damage Frequency — Calvert Cliffs
With RWST HMakeup Procedure

CDF/Year CDF/Year CDF Pert

System Initiator Perturbed Base CDF Base
A — Overpressurization

LPI No change 2.31-09 1.00
SI No change 1.27-16 2.19-15 -05
RHR Suction No change 3.36-06 1.00
Letdown No change Se13-11 5.55-11 .92
Accumulators No change 2.67-06 1.00
B — Without Overpressvrization
LPI No change 4.43-14 7.68-13 =96
ST No change 1.46~14 2.53-13 .06
RAR No change 7.13-09 1-24=-07 -06
Letdown No change 1.71-07 1.85-07 .92
Total CDF
A - Overpressurization 6.03-06 5.03-06 1.00
B - Without QOverpressurization 1.78=07 3.08-07 .58

A and B 6.21-06 6.34-05 -98
Total CDF With ISL OQutside 3.54-06 3.69-0¢ -96
With and Wicthour Overpressurization
Total CDF With ISL Curside 3.36-06 3.38-06 «99

With Overpressurization
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Table 6.18
Core Damage Fregquency — Calvert Cliffs
With All Four Corrective Actions

CDF/Year CDF/Year CDF Pert

System Iniciator Perturbed Base CDF Base
A - Qverpressurization
LPI 2.31-09 2.31-09 1.00

SL 1.74=09 1.27-16 2.19-15 .06
RHR Suctlion 3.34-07 343407 3.36-06 .10
Letdown 2.28-03 5.13-11 5.55-11 .92
Accumulators 6.15-03 2.12-06 2.67-06 .79
B - Without Overpressurization
LP1 3.91-10 4.43-14 7.68-13 06

SI 1.95-10 1.46-14 2.53-13 <06
RHR 8.00-06 6.00-10 1.24-07 <005
Letdown 2.28-03 1.71-07 1.85=07 92
Total CDF
A = Overpressurization 2.45-06 6.03-06 <41
B - Without Overpressurization 1.72-07 3.08-07 «55

A and B 2.62-06 6.34-06 .41
Total CDF With ISL Outside 5.08-07 3.69-06 .14
With and Without Overpressurization
Total CDF With ISL Qutside 3.36-07 3.38-06 .10

With Overpressurization
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Table 6.19
Cote Damage Frequency — Indian Point
Assuming No leak Testing During Lifetlme of the Plant

CDF/ Year CDF/Year CDF Pert

Syszenm Initiator Perturbed Base CDF Base
A - Overpressurization

1Pl 6.30-05 6.95-07 2.64—08 26.4

ST 4.36=-03 2.94=-06 8.24-08 35.7
RHR Suction 1.06-05 6.95-08 4.46-09 15.6
Letdown No change 3.07-09 1.0
Accumulators No change 1.63-06 1.0

B — Without Overpressurization
1Pl 7.47-04 3.36-06 1.38-08 244.0

S1 4,05-03 1.82-05 1.23-06 14.8
RHR 1.36-03 6.12-06 7.56-08 81.0
Letdown No change 1.03-05 L.0
Total CDF
A& - Overpressurization 5.34-06 1.75-06 3.1

B - Without Overpressurization 3.80-05 1.16-05 3.3

A and B 4.33-05 1.34-05 3.2
Total CDF With ISL Outside 5.58-08 2.78-09 20.1

With Overpressurization
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Table 6.20
Core Damage Frequency — Oconee
Assuming No Leak Testing Durinz Lifetime of the Plant

CDF/Year CDF/ Year CDF Pert

System Initfator Perturbed Base CDF Base
A ~ Overpressurization

LPIL 3.24-04 3.24-D4 7.43=07 436.0
RHR Suctlon 1.66-05 1.81-06 1.08=07 18.1
Letdown No change 1.16-10 1.9
Accumulators No change 1.08-06 1.0

B — Without Overpressurization
LPL 2, L1-04 4.43-07 1.01-09 439.0
RHR 1.69-03 3.55-06 9.72-08 36.5
Letdown No change 3.87-07 1.0
Total CDF

A - Overpressurization 3.27-04 1.93-06 169.0

B - Yithour Overpressurizatiaon 4.38-06 4.85=-07 9.0

A and B 3.31=-04 2.42-06 137.0
Total CDF With ISL Outside 3.26-04 1.23-06 2695.0
With and Without Overpressurizarion
Total CDF With ISL Dutslde 3.26~-04 8.42-07 387.0

With Overpressurization
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Table 6.21
Core Damage Frequency - Calvert Cliffs
Assuning No Leak Testing Tucring Lifetime of the Plant

CDF/Year CDF/ Year CDF Pert

System Initiator Perturbed Base CDF Base
A - QOverpressurization
1PI 7.42-05 7.42=05 2.31-09 3.21+04
SI 2.95-03 3.72-09 2.19-15 1.70+06
RHR Suction 1.70-05 1.70-05 3.36-06 5.1
Letdown Wo change 5.55-11 1.0
Accumulators No change 2.67-06 1.9
B - Without Overpressurization
LPI 1.89-05 2.46-08 7.68-13 3.20+04
SI 3.79-04 4.93-07 2.53-13 1.94+06
RHER 1.82-03 2.38-06 1.24-07 19.3
Letdown No change 1.85-07 1.0
Total CDF
A - Qverpressurization 9.38-05 6,03-06 15.6
B - Without Overpressurization 3.08-06 3.08=07 10.0

A and B 9.69-05 6.34-06 15.3
Total CDF With ISL Outside 9.43-05 3.69-06 25.6
With and Without Overpressurization
Total CDF With ISL Qutside 9.12-05 j.38—06 27.0

Uith Qverpressurization




7. REGULATORY ANALYSTS
7.1 Introduction

This entire section of the report is formatted according to che
guidelines of NUREG/BR-0058, Regulatory Analysis Guidelines of the USNRC,

Statement of Problem

Interfacing system LOCAs have been identified as significant contributors
to the risk resulting from core melt. Even though Probabillstic Risk
Assessments (PRAs) have shown that the expected core damage frequency due to
ISLs 1s typlcally a few perceat or less of the overall CDF, it can be expected
to domlanate the risk associlated with core melt accidents.

Cbjectives

The primary objective of this study Is to investigate in detail the
interfacing LOCAs ar pressurized water reactors. The further objectives are
to find and analyze any key improvemeats thar would significantly aid in
Eurther reducing the frequency of ISLs and/or mitigate their consequences.

Alternatives

In aorder to provide a range of alternatives within the study, four models
including three actual plants were Investigated. The fourth, a specific base
case has also been studied to focus on the cost-benefit consideration of the
effects of placing leak testing requirements on plants that do not currently
have testing requirements on their pressure isclation valves. The reference
plants were also investigated for other posslble improvements that could
further reduce their speclfic vulnerabllities to overpressurization events and
ISLss A number of alternative actions have been identified Efor each of the
models. All proposed actions have undergone a cost-benefit analysis
documented in the following subsections.

Consequences

There are three basic concerns ro be considered in the consequence
analysis for any proposed corrective action. These concerns are (1) the
cost-benefit consideratlons, (2) the porential impact on other NRC
requlirements, and (3) any constraint that may have to be placed upon the
implementation of a given proposed corrective action. The cost—benefit
conslderations are discussed [n detail in the following subsection and impacts
on other requirements are addressed in the succeeding subsections. 1In terms
of constralnts (as defined in NUREG/BR-0058), we have not identified any such
considerations that would impact the proposed corrective actrionms.

7.2 Cost—Bemefit Considerations

Approach for Determining Costs

The implementation of the corrective acrions discussed in Section 6
raquires revlsions of existlng procedures, development of new procedures,
Improvement in operator training and application of additional
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insttumentation. In order to obtain accurate estimates of the costs involved
and to sollicit comments on the study, coples of the first five sections of
this report were sent to the plants being studied and the utilicy companies
thart own the plants.

This section describes the costs ianvolved in iwplementing each of the
proposed corrective actions for each plant. Cost estimates are provided based
on the Information from the plants where available. 1In all the other cases
the cost estimates are based partially on previously collected data,
engineering judgement, and other generic merhads. Tables 7.1 to 7.3 summarize
the cost-benefit analysis for each of the raference plaants. The costs and
benefits are exptessed in units of dollars. A wman—rem is assumed to be
equivalant to $1000.2 An acute fatality {s assumed to be eguivalent to
$§5,000, 000.° Costs that recur over the years, e.g., costs of performing leak
tests, are discounted using a discount rate of 10X per yearl to determine
thelr present value.

Approach for De:erminingﬁpeuefits

Benefits are divided into two mejor categories, i.e., those derived from
lowering the predicted core damage frequency and those assoclated with
lowering the frequency of overpressurization events. The latter category does
aot lead to core damage but does result in replacement power costs, clean up
costs, and occupational doses, The reduction in core damage frequency and the
reduction in overpressurization frequency are calculated using the results of
Section 6. They are expressed in unics of per calendar year., Ir 18 assumed
that one calendar year is equal to 0.7 reactor year (i.e., the expected amount
of time a plant will be operating during a glven year).

The CRAC2 code was used to estimate the consequences of a LOCA event that
bypasses containment. Two CRACZ runs were made. The first assumes 2 releacse
without the benefit of belng submerged and the second including the benafit of
a submerzed release. A decontamination factor of 10 was applied to all but
the noble gasas in the submerged case. These two runs are considered to bound
the public health effects.

As discussed previously, the goal of this study is to provide a generic
perspective to lnterfacing LOCAs at pressurlzed water reactors. To that end,
this regulatory analysis Is being based upon a so-called generic 1000 Mw PWR
situated on a generic site within the United States. The two CRACZ runs were
made using these generic Iinput data with respect to power level and
plant-site, meteorology, population, etc. The consequence analysis ls
documented 1n Appendix H.

The following items will be constant for the succeeding cases given an
ISL resulting Iin core damage:

« Public Health Effects
Nonsubmerged Release
(2.18x10° man-rem) ($1000/man-rem) = 2. 18x10°
(6x10~3 acute faralities) (5x10%/acure fatality) = 3.00x10%
Submerged Release
(1.08x10° man-rem) (51000/man-rem) = $1.08x10°
Zero acute fatalities = $0.0
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* Occupational Health Effects (Best estimates of Ref, 2)
Immediate Dose {1000 man-rem) (S100G/man-rem) = 5106
Long-Tern Dose (20,000 man-rem) ($1000/man-rem) = $2x10’

- Onsite Cleanup Costs (Estimated based on TMI experience®)
IXIOB/year for 10 years

+ Land Interdictioe w/o Necontamination
Nonsubmerzed Release $1-26x10
Submerged Release 52.76x10B

Concept of Discountingz

In evaluating the econnmic consequences of a potential accident that can
occur any time in the life of 2 plant, we must sum terms for costs occurring
over a period of many years. The value of the present cost as projected to
future years has to be discounted with a rate representing the depreciation as
the function of time. 1In addition, it also has to be considered that the cost
might be a one time only expense or a periodically occurring item lasting
alther through a fixed periad or the whole time of interest. The following
discounting formulas, taken from Ref. 5, are applicable to different types of
consequences or costs of an accident.

Consequences that the formulas applied to:

-rt
Cof i_E?___ Health effects, offsite property damage. (7.1)
C f -t -t
—%— (1= F°£) (1=e ™M) Cleanup expense. {7.2)
r
c f -rt
—%— (l:E;__E - ¢ tf) Replacement power. (7.3

where G, = present cost of a consequence

frequency of accident

t¢ = end of plant life

r = discount rate

M = duration of an expense that cecurs for several years.

m
]

Basically, the formulas ace used to determine the multiplier of C,f.
For example, in the case of a core damage accldent, a cleanup expense of
$100,000,000 per year for 10 years is comparable to current estimates of the
cleanup costs for the TMI accident.* For a plant with 30 years of remaining
plant 1ife, the discounted cost of cleanup over 30 ysars can be calculaced
using the second formula, i.e.,

100%10%%¢

0.12

(1~ 00 1* 30y (1 70 1* 10y | guyg%g - 60+C £
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where the discount rate is taken to be 0.1 which is the suggested value by the
Regularoery Analysis Gaideline.t

7.3 Cost Estimates for the Proposed Corrective Actions

The risk due to interfacing systems LOCA could potentially be reduced by
implementing any or a combination of the varlous corrective actions discussed
in Section 5.

In this section a generic analysis of the costs involved in {mplementing
each corrective action is presented. The cost estimates are based partially
on previously collected data, discussion with engineesring persoanel at BNL and
engineering judgement using generlc cost estimates. A cost-benefit analysis
has been completed for each representative plant and includes plant specific
cost estimates where available.

The costs involved in implementing the varlous corrective actions consist
of engineering design changes, modification of test procedures, application of
addictional instrumentat{ion and improvement in operator training. 1In ocder ro
obtain plant-specific cost estimates, appropriate portions of this reporc were
sent to the three reference plants belng studied with requests for thelr
input.

All costs are reduced to the Eresent worth of dollars. A man-rem is
assumed to be equivalenr to $1000,% and all costs are averaged through the
plant lifetime.

The benefir associated with any particular corrective action is primarily
measured by a reduction in core damage frequency and is calculated using che
results of Section 6., Tables 6.1 through 6.19 of Section 6 list various CDF
values; 1) total due to overpressurization, 2) total without overpressuriza-
tion, 3) the sum of roral with and without overpressurization, and &) rotal
CDF with ISL bypassing contaimment (see Section 6 for a wore detailed
description). In the (cost-benefit calculatlions, only the total CDF with ISL
outslde containment wich and without overpressurization) is used as a measure
of benefit, since the other CDFs may not reflect a similar reduction in the
risk assoclated with 15Ls.

7+.3.1 Generic Cost Estimates for Corrective Actions

In Sectlon 6, plant=specific correctlve actions have beeun identified
which could potentially be implemented without excessive difficulties. In the
following, cost estimates for each of those corrective acrions are given and
applied to each plant to cecaplece a cost-benefit analysis. Discountiag is
applied only in the plant-specific calculations, since it depends on the
remaining plant lifetime.

7.3.1.1 Application of Pressure Sensors {Continuous Leak Monitoring Device)
Between Isolation Valves

This corrective action requires the installarion of a pressure sensing
device with assoclated tubing, fittings, supports and cables. In addition,
control board modification Is also required for alarm or indlcating
functions., The pressute connectlions are generally located in pipe segments
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inside the containmeat. 1In most cases, test connections are already in place
and could be utilized to connect the permanent pressure Sensorse.

The average cost of the installation of a pressure ianstrument is
estimated zo be $5000 (including materials, the iastrument itself, 30
man-hours for design, 16 man-hours for insrallarion, and .2 man-rem). It is
estimated that the cosc of a man-hour is $40 and 2 man-rem is S1000. The
control board modification is estimated to costr 30 engineering man-hours for
design and 50 man-hours for installation and wiring or $3200. The total cost
is $5000 + $3200 = 58200 per pressure instrument ro be averaged over the plant
lifetime. It Is also estimated that the instrument will be maintained once
every year at the annual coet of 10 man-hours and .2 man-rem or $600/year.

7.3.1.2 Additional Leal Tests of the Isolation Valves

All of the reference plants in this study already perform leak tests of
the pressure boundary isolation valves at regular intervals. Increasing the
frequency of these tests could help s2liminate certain fallure modes. The
costs of performing a test is estimated to be about 20 man-hours and .3
man=rem or $1100 per test. Since test procedures are already in place for
each of the reference plants no additional costs are assumed. The leak tests
are presently performed in the "critical path" (extending the length of the
outaze) and other means of replacing the electrical generation has to be found
for this time period. It {s estimated that the replacement cost of power is
-~ $500,000 per day.®

7,341+3 Improvement in Operator Training

The operator's ability to identify explicit ISL scenmarios and thereby
improve his response can be enhanced by addirional traiaing and using more
explicit written procedures. The additional training cost is estimated to be
30 man-hours or $1200/year. The cost of additional procedures to cover
specific ISU accidents is about 300 man-hours includlng analyzing, writing,
reviewing, and typing or 512,000 over the plant lifetime.

7.3.1.4 Formalized RWST Makeup Procedure

In case of an ISL event which bypasses the containment, the operator has
to rely on the water supply available in the RWST as no water will reach the
containment sump for recirculation. The makeup procedure ro rhe RWST should
be explicitly formalized with regard to the various ISL accident scenarios.

The cost of analyzing ISL accidents in relation to water lanveantory ls
estimated at 250 man-hours. Based on this analysis a formalized makeup
procedure may be produced at an additional cost of 250 man-hours. The total
estimated cost of this correcrive action is 500 man-hours or equivalently
$20,000 over the plant lifetige.

7.3.1.5 Summary of Gemeric Cost Estimates

A summary of the cost estimates for each of the corrective actions are
fiven below for further reference.
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1. Application of pressure sensors:
Installation 5$8,200/instrumeat
Maintenance $ 600/year and instrument

2. Addicicnal leak testing:
Test 51,100/zest
Downtipe Plant—specific

3. Operator training:
Training $1,200/year
Procedural $ 300/year
Total = §1,200 + $300 = $1500/year
4. RWST makeup procedure: $450/year

These generic cost estimates have been used in the plant-specific
calculations.

7.4 Plant=Specific Cost—Benefit Estimates

7.4.1 Indian Point, Unit 3

7.4.1.1 Costs

The remaining licensed plant lifetime is assumed to be 32 calendar
years. The estimated cost of replacement power is -5500,0006 per day.

1. Additlonal Leak Tests =~ The plant model assumed rhat leak tests are
pecformed for the LPI/RHR lines at each cold shutdown. In additien,
the HPL interface boundarles are tested at refueling only. The test
frequency of the HPI cystem may also be increased to rest at each
cold shutdown, requiring on the average three additional leak tests
per year. The replacement power cost is estimared at $500,000/day.
Test: $1.1x10°% per test
Downtime (5 hours): $1.04x10° per test
Digsecounting the annual cost using Eqs. (7.1) and (7.3) (r=.1,
tg = 32)

Test = 9.6 * $1.1x10° = S§1,06x10"
Downtime = 82.9 * S1,04x10° = $8.66x10°
Total (3 Tests + Downtimes) = $2.59x107

2. Pressure Sensors - There are 11 lines with two or more isolating
valves in the LPI/HPLI/RHR systems. The costs of installing and
operating the pressure instruments are
11%[ ($8200/32)+5600] = $9,400/year.

Discounting using Eq. {7.1)
Total = $9,400 * 9.6 = $9.02x10"

3. Operator Training - The cost is estimated at $1,500/year.
Discounted cost Is (Eq. (7.1)) = $l.4sx10"

4. RWST Makeup Procedure - $450/year.
Discounted cost is (Eq. (7.1)) = $1-.32x103
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5. Conmbination of all corrective actioms =
$2.59x10° + $9.02x10% + SLl.44x10% + 54.32%x10° = 52.60x107

7.4.1,2 Benefilts

For core damage events, the benefit of a2 reduction in core damage
frequency can be expressed as follows:

Benefitcp = Afpp (man rem + replacement power + cleanup costs + land
interdiction)

Replacement pnwer costs are depe1den: upen the region of the United
States in which the plant is located.® For the Indiae Point Unit 3
replacement power costs On a yearly basis is:

$500,000/day = $1.83x10%/year.
Discounting the various benefits yields the following:

s Public Health + Occupational Health
(Vonsubmerged Case)
92,18x107 + $3.00x10™ + $10% + $2x107 = $2.20%x10%/aceldent
Ji;countzng using Equation 7.1 (with r=0.1, t§=32) = 9.6
$2.20x10% * 9.6 = 52.11x10%"
(Submerged Case)
Sl. 03&109 + Zero + $10° + folC’ = $1.10x102%/aceident
81.10x10% * 9,6 = $1.06x10'"

= Replacement Power - §l. 83x108jyear
D1scovn:ing using Equation 7 3 (r=0,1, ty=32) = 82.9
$1.83x10% * 82,9 = §1.52x10'0

» Cleanup C¢sts - SlO for 10 years
Discounting using Equat1on 7.2 (r=0.1, t;=32, t=10) = 50.6
51110 * 506 = $6 06x10?

s Land Interdiection
Discounting using Equation 7.1 = 9.6
(Nonsubmerged Case)
$1.26x10% * 9,6 = $1.21x10*°
(Submerved Case)
52. 76x10 * 9.6 = 52. 65x10

For overpressurization eveats that result in tha introduction of primary
coolant outside the contaimment hut without core damage, the benefit of a
reduction in the frequency of overpressurization can he expressed as follows:

Benefitgp = Afgp #* (replacement power costs?

Other costs have not been included because the renlacement power costs
totally dominate this type of eveat. We have broken this category of events
into two parts. One parC addressing events that are isolated rather quickly
and thus lipit the spill and cleanup time and the other part addressing those
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that are not isolated until the spill represents hundreds of rhousaeds of

gallons of primary coolant. Our model is shown as follows:

1
———=-— (5 days) limited spill

OF ————

-—~ (60 days) large spill

102

$500,000/day * 5 days = $2.50x10°
$500,000/day * 60 days = $3.00x19’

Benefitgp = $2.50x10% + (1072 * $3,00x107) = $2.80x10%/0P
Discounting using Equatioa 7.1
$2.80x105/0P * 9.6 = $2.69x10°

The overall benefic of the design changes can be calculated based upon
the foregoing inpur as follows:

Benefitrgr = Afcp (man rem + replacement power + cleanup + land
interdiction) + Afgp (replacament power)

(For Nousubmerged Casa)
= afcp €2.11x10'0 + 1,52x10'° + 6.06x10% + 1.21x10'7)
+ Af,p (2.69x107)
= Afep * 5.45x10%% + afqp * 2.69x107

(For Submerged Case)
= Afgp (1.06x10%0 + 1.52x10!0 + 6.06x10% + 2.65x10%)
+ AfOP (2-697(107) .
= Afgp * 3.45x10'% + afgp * 2.69x107

7.4,1.3 Results

There are four separate proposed corrective actions and a fifth which
includes all of them from Sectlion 6 based upon the Indian Point design,
namely:

1. Aadditional leak tests.

2. Installation of pressure seasgrs.
3. Improved operator training.

4. RWST makeup procedure.

5. Iaplementation of all of the above.

The estimated costs and beneflts for the above five items are presented
in Table 7.1. T1In general, the proposed corrective actlons for Indian Poiat 3
are largely ineffecrive, as shown by the cost-benefir calculations. A
eomparison of cost-benefits for the first corrective action indicates that the
single most important cost Factor 1ls the replacement power, which dominates
the costs and overwhelms all benefit consideratious., It also suggests that
testing may in general be much more cost beneficial when performed not in the
critical path. This alternative will be examined {u more detail for the
generic base case.



7.%.2 Oconee, Unit 3

7.4.2.1 Costs
The remaining plant lifetime would be 31 calendar years.

l. Increased Frequency of Leak Tests — Oconee plant personnel have
provided plant-specific cost estimates to be used in the analysis.
The replacement of electrical power due to shutdowns is estimated to
cost $300,000/day. The duration of the leak test is estimated to be
25 man-hours {5 men/5 hours) with 1 man-rem total exposure. There
are two isolation boundaries where iuncreased test frequency is
suggested in the LPL/RHR systems. It is estimated that in each nine
month® perlod there are on the average three cold shutdowns. If
Oconee were required to perform leak tests at each ¢old shutdown,
this could entall two additional tests per nine months or three
additional tests per calendar year.

Downtinme: 5 hours - $60,000
Man-hours: 25 hours - 31,000

Man-rem: l rem - _$1,000
Total $62,000/Test

The additioral cost of three tests per year is 3 * $62,000 =
$186,000/year.

Discounting the annual cost using Eq. (7.1) (r=.1, t¢=31) and Eq.
(7.3).

Test = 9.6 * ($1,000 + $1,000) = $1.92x10*

Dowatime = 81,5 * $6.00x10* = $4.89x10°

Total (3 Tests per year) = $1.47x107

2. Pressure Sensors — There are three lines in the LPI/RHR system where
continuous leak monitoring may be installed at a total cost of
3x[ (58200/31)+5600] ~ $2,600/year.

Discounting using Eq. (7.1)
Total = 9.6 * $2,600 = $2.50x10"

3. Operator Training - Estimated cost is $1,500/year.
Disccunted cost is $1.44x10

4. RWST Makeup Procedure — Estimated cost is $500/year.
Discounted cost is $4.8x10

5. Combination of all of these corvective actions -~ .
§1.47x107 + $2.50x10% + $1.44x10% + $4.8x10° = §1.47x107

7.4.2.2 Benefits

For core damage events, the benefit of a reduction in core damage
frequency can be expressed as follows:
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Benefitep = Afcp {(waa rem + replacement power + cleanup costs + land
interdicrion)

Replacement fower costs are dependent upon the region of the United
States in which the plant is located. For the Oconee plant the replacement
power costs on a yearly basis is (~$300,000/day):

$300,000/day * 365 days/year = 1.10x10%/year.
Discounting the varicus benefits yields the following:

e Publiec Health + Occupational Health
(Nonsubmerged Case) .
$2.18x10% + $3.00x10 + 35105 + $2x107 = $2.20x10%/accident
Discounting using Equation 7.1 {wicth r=0.1, tg=31) = 9.6
$2.20x10% * 9.6 = $2.11x101C
(Submerged Case)
$1.08x10% + Zero + 310°% + §2x1o7 = §1,10x10%/accident
$1.10x10% * 9.6 = $1.06x10'0

+ Replacement Power - $1.10x1091year
Discounting using Equation 7.3 (r=0.1, tg=31) = Bl.5
$1.10x10% * 81,5 = $8.97x10°

*+ (Cleanup Costs -— 3108 for 10 years
Discounting using Equation 7.2 (r=0.1, tg=31, t;=10) = 60.4
$1x10% * 60.4 = $6.04x10° '

« Land Interdiction
Discounting using Equarion 7.1 = 9.6
(Nonsubmerged Case)
$1.26x10° * 9.6 = $1.21x10%0
{Submerged Case)
$2.76x10% * 9,6 = $2.65x10°

For overpressurization evencs that result in the introduction of primary
conlant outside the containment but without core damage, the benefit of a
reduction in the frequency of overpressurizacion can be expressed as follows:

Benefitgp = afgp * (replacement power costs)

Other costs have not been included because the replacement power c¢osts
totally dominate this type of event. We have broken this category of events
into two parts. Using the model described in Sectiom 7.4.1.2 we have the
following:

$300,000/day * 5 days = $1.50x10®
$300,000/day * 60 days = S1.8x10’

Benefitgp = 1-50x10% + (1072 * 1.8x107) = $1.68x10%/0P
Discounting using Equation 7.%
$1.68x10%/0F * 9.6 = $1,61x10
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The overall benefit of the design changes can be calculated based upon
the foregoing input as follows:

Benefitpgr = afgp (man rem + replacement power + cleamup + land
interdiction) + Afqp (replacement power)

(For Nonsubmerged Case)
= afcp (2.11x10'0 + 8.97x10% + 6.04x10% + 1.21x10%0)
+ Mgp (1.61x107) ,
= afcp * 4.82x1017 + afgp * 1.61x107

(For Submerged Case)
= afep (1.06x10*% + 8.97x10% + 6.04x10% + 2.65x109)
+ Mgp (1.61x107) _
= Afep * 2.83x1010 + Afgp * 1.61x107

7.4,2.3 Results

There are four distinct proposed corrective actions as well as a fifth
one which includes Implementing all four from Section 6 based upon the Oconee
Unit 3 design, namely:

l. Addirional leak tests.

2. Installation of pressure sensors.
3. 1Improved operator training.

4. RWST makeup procedure.

5. Implementation of all of the above.

The estimated costs and benefits for the above corrective actions are
presented in Table 7.2. Based on the cost-benefit considerations the proposed
corrective actions are basically ineffective, The effect of replacement power
costs is similar to that previously discussed for the Indian Point design.

The placement of testing in the noncrirical path will be discussed in the
generlic base case caleulations.

7.4,3 Calvert Cliffs, Unit 1

7.4.3.1 Costs

The remaining licensed plant lifetime is assumed to be 33 calendar
years. The estimated cost of the replacement power is -$400,0005 per day.

l. Pressure Sensors ~ There are elght lines with multiple isolation
boundacry valves in the LPI/HPI systems with a total cost of
8% ($8200/33)+$600] = $6,800/year.

Discounting using Eq. (7.1) ]
Total = 9.6 * $6,800 = $6.53x10*

2., 1Increased Frequency of Leak and 3troke Tastling - Three additional
leak tests have been suggested. Each test duration 1s estipated at
-5 hours with «3 man-rem exposure.
Test: $l.1x10°
Douyntime: $8.33x10"
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Discounting using Eq. (7.1) (r=.l, tg=33) and Eq. (7.3)
Test = 9.6 * §1.1x10% = §1.06x10%

Downtime = 84.1 * $8.33x10" = $7.01x10°

Total (3 Tests) = $2.11x107

3. Operator Training - Estimated cost is $1,500/year.
Discounted cost is $l.44x10"

4. RWST Makeup Procedure - Estimated cost is $400/year.
Discounted cost is $3.84x103

5. Combinatlon of all of the corrective acrions_-—
$6.53x10" + $2.11x107 + S1.44x10% + $3.84x10° = s2.12x107

7.4.3.2 Benefits

For core damage events, the benefit of a reduction in core damage
frequency can be expressed as follows:

Benefitpop = Afcp (man rem + replacement power + cleanup costs + land
interdiction)

Replacement power costs are dependent upon the region of the United
States in which the plant is located. For the Calvert Cliffs plant the
replacement power costs on a yearly basls Is:

$400,000/day * 365 days/year = Sl.46x108/year.
Discounting the varlious benefits yields the following:

» Public Health 4 Occupational Health
{Nonsubmerged Case)
$2.18x10° + $3.00x10* + $10° + $2x107 = $2.20x10% accident
Discounting using Equation 7.1 (with r=0.1, tg=33) = 9.6
$2.20x10°% * 9.6 = $2.11x10!0
(Submerged “ase) )
51.08x10° + Zero + $10° + gzxxo’ = $1.10x10%/accident
51.10x10° * 9.6 = 1.06x10!

+ Replacement Power — $l.46x103/year
Discountlag using Equation 7.3 (r=0.1, t§=33) = 84.1
$1.46x10% * 84.1 = $1.23x1010

+ Cleanup Costs - 5108 for 10 years
Discounting using Equation 7.2 (r=0.1, tg=33, tp=10) = 60.9
$1x10% * 60.9 = $6.09x10°

« Land Interdiction
Discounting using Equation 7.1 = 9.6
(Nonsubmerged Case)
$1.26x10° * 9.6 = §1.21x107
(Submerged Case)
$2.76x10% * 9.6 = $2.65x10°
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For overpressurization events that result in the introduction of primary
coolant outside the containment but without core damage, the benefir of a
reduction in the frequency of overpressurization can be expressed as follows;

Benefitgp = Afpp * (replacement power costs)

Other costs have not been included because rhe replacement power costs
totally dominate this type of event, We have broken this category of events
into two parts. Using the model described in Section 7.4.1.2 we have the
following:

$400,000/day * 5 days = $2.00x108
$400,000/day * 60 days = $2.40x107

Benefitgp = $2.00x10° + (10-2#52.40x107) = $2.24x10%/0P
Discounting using Equation 7.1
$2.24x10%/0P * 9.6 = $2.15x10’

The overall benefit of the design changes can be calculared based upon
the foregoing input as follows:

Benefitpyr = Afgp (man rem + replacement power + cleanup + land
interdiction) + aAfgp (replacement power)

(For Neonsubmerged Case)
= Afcp (2.11x10'7 + 1.23%10%9 + 6.09x10° + 1.21x10%%)
+ Afgp (2.15x107) _
= afcp * 5.16x10'0 + pfgp * 2415x107

{For Submerged Case)
= afcp (1.06x10'0 + 1,23x1019 + 6.09x10% + 2.65x10%)
+ Afgp (2.15x107)
= Afcp * 3.16x1010 + afgp * 2.15x107

724.3.3 Resulrs

The following represents the proposed corrective actions derived for the
Calvert Cliffs design in Section 6:

1, Ilustallation of additional pressure seusors.
2. Additional stroke and leak testing.

3. Improved operator training.

4. RWST makeup procedure.

5. Implementation of all of the above.

The estimated cests and benefits for the above corrective actions are
presented in Table 7.3. From this table, it can be seen that the corrective
actlon establishing an RWST makeup procedure is the only clearly effective one
from the cost-benefit considerations. The corrective actlion requiring the
installation of additional pressure seasors falls within the benefit range,
however, it 1s felt te be marginal at best. The results for the second
corrective action again indicate that, based only on cost/benefit
considerations, additional critical path leak testing Is oot cost effective.
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7.5 Base Case Model

As discussed previously, the three reference plants selected for this
study all perform some level of leak testing for their pressure isolation
valves. One of the major goals of this study was to determine the
cost-benefit relatlonship of requiring a plant that does not perform leak
testing of the pressure isolztioa boundaries to do so. NRC guidance in
defining this base case included the provision that those who veluntarily test
the pressure isolation boundaries but are not vequired to, would also fall
into this category.

In order to construct a representative generic base case plant, the
previously developed Oconee plant model was selected and modified to remove
the credit given for the current leak testing provisions. The details of the
model with respect to the initiators are discussed in Sectiom 4.

In order ro cover the varlous possibilities with respect to test
frequency and placement of testing, three cases were analyzed and evaluated.
Initially, two leak testing schemes wirh different time periods of testing
were caleculated in detail. The first was to perform leak testing every nine
months and the second was every refueling period (~18 monchs). Both of
these cases include rthe requirement to perform the leak testing in tie
critical path. Since the cost of replacement power dominated the total cost
estimate for the first two proposed leak testing schemes and greatly reduced
the effectiveness of the tests with regard to cost—benefit considerations, a
third case has also been analyzed where leazk testing would be performed in
each refueling outage, but not in the cricical path. The results of the first
two cases, the reduction in the frequency of core damage due to leak testing
of the pressure isolarion boundaries, are presented in Table 7.5.

7.5.1 <Losts

The varicus costs for performing leak tests of the pressure isolation
boundaries can be estimated using those previously estimated for the three
reference plants. The cost of performing the leak tests of the varfous
systems, such as LPI, HPI, RHR, etc., is estimated assuming the tests tg last
about five hours requiring about 50 man-hours with one man-rem exposure. If
the leak test is performed in the critiecal path, the cost of the replacement
power should also be included in the total estimate. The generic base case
represents a typical PWR plant and consequently the replacement power cost is
estimated at an average rate of -~ $400,000/day.6 The generaction of the
appropriate test procedures, distribucion, typing, and other costs is
estimated ac ~700 man-hours. Assuming that the plants have not been
originally designed to accommodate periodic leak testing: test taps, valves,
test tubing, etc., may anot be available. The installation of the necessary
test connections and other accessories and the associated documentation is
estimated to cost -$150,000 (based on discussion with plant persomnel).

One Time Expenses

Test Procedures = 700 man-hours * $40
Test Taps, Ianstallation, Etc.

$ 28,000
$150,000
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Periodic Expenses

Test Man-Hours = S0 man-hours * 543 = 52,000
Test Man-Rem = 1 man-rem * 51,000 = 51,000
Total Test = §2,000 + 31,200 = $3,000
Replacemant Power (5 Hours) = $8.3Ix10°

Discounting the periodic cost of testing and replacemeant power by Eq. (7.1)
(r=.1, tg=31) and Eq. (7.3).

Test = 9.6 * $3,000 = $2.88x10"
Replacement Power = 81.5 * $8.33x10" = $6.79x10°

Total cost — 9 months testing in critical path:
$150,000 + $28,000 + 12/9 * ($2.88x10" + $6.79x10°) = §9.27x10°

Total cost = 18 months testing in critical path:
5150,000 + $28,000 + 12/18 * (52.88x10% + $6.79x10%) = 54.72x10°

Total cost — 18 months testing not in critical path:
$150,000 + $28,000 + 12/18 * (52.88x10" + 0.0) = $1.97x10°

7.5.2 Benefits

By assuming that the base case plant physically resembles Oconee, we zre
able to use the two benefit equations developed in Section 6.2.1. These two
equations are:

{Nonsubmerged Case) _
Benefitpar = Afcp*4-82x10'0 + gfgpr1_61x107
(Subrmerged Case) ]
Benefitpgr = Afcp*2.83x10%0 + afgp*1.61x107

These formulas require the calcularion of explicit core damage
frequencies. By comparing the periodic leak testing cases to the generic base
case Afep's may be derived. The two leak testing programs with different
time periods of testing In the critical path have been analyzed [n detail aund
the results of these CDF calculations are presented in Table 7.5. The CDF due
to ISL events bypassing the containment (see Item 4 in Table 7.5) may be
~reduced by approximately two orders of magnitude by performing periodic leak
testing (the ratio of CDFy, Leak Test/CDFpLeak Test L3 263 for 9 months and
90 for 18 months). It is important to note that the reduction in CDF between
the rwo different time periods of testing is only about a facror of three.
This indicates that a leak testing program with 18 months test frequency may
be almost as effective in reducing the CDF as a program with more frequent
Lests.

The benefits due to leak testing have been calculated using the results
of the CDF analysis of the two leak testing programs and the formulas listed
above.

The care damage frequency of the third case, which inclodi® Perlodic
testing every 18 months but not in the critical path, may bederived from the
case where the test is performed with the same time period, ™t In the
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eritical parth, by adding a component representing the incremental risk
increase due to the placement of the testing (critical vs. noncricical path).
This tisk increment wmay be included in the base model by appropriately
changing the initiator frequencies. However, noting that the difference in
Afcpp's of the twWo critical path testling schemes are almost negligible (less
than 1%, see Table 7.4; A = (3.25-3.22)x10'“) and knowing that this difference
represents a defiaite risk Jdifferential, the following simplified approach has
been used to model the incremental risk. An upper bound of this risk
component may be estimated using the difference in CDFs of the two critiecal
path testing programs. The ratlionale for this assertion follows.

The dlfference between the leak testing program with Che 13 months time
perlod as compared to the 9 months period (both in the critical path}
represents an increase in risk due to the following factors:

1. In the time period betwean the 9th and 13ch months an average of =3
additional cold shutdowns occur durfing the normal operation of a typical
plant. In the shutdown peried ther2 gay be a number of demands to open
the PIVs for maintenance or other reasons and in the case of the RHR
system the RCS lsolation valves definitely experience at least one demand
to open, since resi{dual heat removal must be provided to maintain safe
operation, The important aspect of this demand c¢ycle from the ISL point
of view is that at the end of the shutdown period these valves are not
tested for reclosure, thus somewhat increasing the probability of an ISL
event. This component of the total risk represents essentially the demand
type failure modes for rhe isolation boundaries during the shutdown
peried.

2. In addition, there is a small contribution from a continuous type of
leakage failure mode due to the extended time between testing, since the
leak test s performed now less frequently every 18 ianstead of 9 months.

In general, maintenance and other activities are more complex in a2
refueling period than in a single cold shutdown and consequently the operating
demands (open/reclose) on the isolation valves may be somewhat higher. We
have made the assumption that the risk due to -3 cold shutdowns with respecr
to the demand type failure modes is equivalent with the risk due to one
refueling period and is represented by the difference in CDFs of the two
critical path testing programs (Af (refueling) = £(I8) - £(9)). In fact, this
difference serves as an upper bouad on the iancremental risk, since a leakage
type failure component is also included, but its concribucion is relatively
small as compared to the demand type component.

Based ca the above acrguments the Afep's for the noneritical path
testing scheme have been derived in the followlng wmaaner.

The CDF component due to the difference between critical and noneritieal
path testing 1s approximated as (fep'c are listed in Table 7.5):

CD component Critical Critical
A(afep) |due to non- = fop |path 18 - fcp |path 9
criticai path months months

testing testing testing
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a(afcp) = (3.67-06) - (1.23-.06) = 2.44-06.

The CDF for the noncritical path testing scheme is derived by adding this
CUF component to fopleritical):

Noncritical Crirical
fCl) path 18 - fCD path 18 + A(AfCD)
months testing monchs
testing

feplnoncricical] = (3.67=-06) + (2.44=06) = 6,11-06.

Finally, the Afgp corresponding to the leak testing program with
noncritical path testing is:

Noncritical Baser Noncritical
aAfcp) |path 18 = fop jcase} - fgp [path L8
month testingy month testing

|
Afop = (3.26-04) - (6.11-06) = 3.19-04.
The Afpp numbers have been similarly derived.

Based on these considerations the benefirs for the noneritical path
testing scheme have been derived using the previous benefit formulas with the
appropriate Afcp's and Afpp's.

7+5.3 Results

The cost and benefits for the three proposed alternative leak test
programs are presented in Table 7.4. The firsr two columns represeat the
results when leak tests are performed in the eritical path. Based on
cost-benefit considerations, the leak tests are not very effective in the 9
months cycle and only marginally beneficial in the |8 months scheme due to the
very high cost of the replacement pover. The important fact to notice is that
1f the leak tests are performed only in refueling periods the associated costs
can almost be halwvad without appreciably affecting the benefits. This
suggests that the frequency of leak festing should coincide with the refueling
period.

The third celumn represents the results when the leak tests are performed
ia the refueling period, but not in the zritical path. The ¢osts of this
testing program are reduced by an order of magnitude, since the cost of the
replacement power is aliminated. Tt is obvious thar this leak testing program
is a very effective method of reducing the risks from the cost-benefit
considerations.

These results suggest that leak testing of the pressure isolation valves
should be performed after maintenance and at each refueling. In additicn, the
leak tests may be performed during descending from power at the beginning of
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the refueling period without significantly increasing the risk of an IS5SL
event.

The main purpose of the leak rest is to exanine whether the conditiens of
the PIVs have deteriorated to such an extent that specific maintenance actions
are required. If such maintenance has to be performed (which definitely
occurs with some frequency throughout the plant lifetime), the cost of such
actions should also be accounted for in the rotal cost estimate. Even though
the previous cosr esrimares did not include this component, it is apparent
that performing such maintenance in the critical path would significantly
increase the already high cost of those leak testing programs that include
critical path testing requirements due to the high cost of replacement power.

In light of this, a leak testing program without the critical path
testing requirement has the additicnal advantage that maintenance of the PIVs,
{f required, does not have to be performed in the crirical path, but rather in
the refueling period with significantly less costs and in a time period when
other regular maintenance actlivities are already taking place.

1t should be emphasized that the individual leak test of the PIVs {s
especially effective In finding the fallures of one element of a mulciple
pressure boundary. One important advantage of the leak test is thar it
provides information on the condition of the Iindividual elements of the
pressure boundary irrespective of the particular failure mode. Even though
the leak tests are very useful to find and c¢orrect fallures that have already
occurred, the tests are somewhat ineffective in predicting possible future
failures. The exceprion is a slowly developing leakage failure mode, where a
rrend in subsequent leak tests could indicate a potential future failure of
the PIV.

7.6 Impact on Other Requirements

We have identified two established NRC programmatic funcrtions that could
be impacted by incorporating the recommendaticans of this study. The two
programmatic functions are the In-Service Testing and Inspection Program and
the Technical Specificatlons. In each case the impact would be to add certain
pressure isolation valves to the existing pregrams.

We have also identified an ongoing NRC program that interacrs with the
Interfacing System LOCA Issue. BNL is in the finalizing stages of a study
concerning Geaeric Issue 99.7 This issue deals with the risk involved with
PWR RHR systeuw performance wirh the plant ac shatdown. The proposed
corrective actions derived from this ISL study do not impact the resolution of
the RHR generic issue. However, thera is one proposed corrective action in
the RHR srudy thar potentially impacts upon the ISL issue.

One of the main conceras in the RHR study is loss of the RHR function and
one of the major contributions to loss cof this function is the spurious
¢losure of an RHR suction valve. Furthermore, the main contributor to closure
of an RHR suction valve iIs spuricus or ftalse actuation via the automatic
closure interlock. The purpose of the interiock is to ensure that the suction
valves are closed when the primary system is pressurized and thereby preclude
an intecfacing LOCA.
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One of the RHR study's proposed corrective actions Is to eliminate or

modify the auto-closure interlocks. IC must be stressed that this trade=off
results in a reduction in overall plant risk. The removal of the auto-closure
inrerlock results In a significaat reduction in the loss-of-cooling initiaror
frequency and somewhat more modest reduction In core damage frequency. 1In
rerms of ISL iniriator frequency, the increase is not considered significant
vecaus2 the removal of the interlock in the proposed ceorrective action is to
be accompanied by other means to compensate, such as detailed operating
procedures, alarms, etc. to ensure manual closure of these valves as primary
pressure is increased during startup.
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Table 7.1
Cost-Benefit Estimates Based Upon the Indian Point Unit 2 Design

Corrective Actions

I 2 3 4 5
Afcp 4.00x1071! 1.28x107° 0.0 1.30x1073 2.10x10™?
{per calendar year)
Afgp 3.03x107%  2.07x16™ 0.0 0-0 3.60x10~%
{per calendar year}
Benefits
Nonsubmerged  $8.15x10°  $5.64x10°  $0.0 $7.09x10! $9.80x103
Release
Submerged $8.15x10°  $5.61x10°  $0.0 $4.49x101 $9.76x10°
Release
Costs $2.59x107  $9.02x10"  $l.44x10"  $4.32x103 $2.60x107
Table 7.2
Cost-Benefit Estimates Based Upon the Oconee Unit 3 Design
Correcrive Actions
1 2 3 4 5
&fen 6.80x10"7  1.60x10~7  2.08x10~%  2.0x10"%  7.49x10~7
(per calendar year)
Afqp 3.34x107°  2,32x10™° 0,0 0.0 3.99x1075
(per calendar year)
Beneflts
Nonsubmerged  $3.33x10"  $8.09x10°  $1.00x10°  $9.64x10® $3.67x10"
Eelease
Submerged $1.98x10*  $4.90x10%  $5.89x10%  $5.66x10% $2.18x10"
Release
Costs $1.47x107  $2.50%10%  $1.44x10%  $4.80x10° $1.47x107
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Table 7.3
Cost-Benefit Estimates Based Upon the Calvert Cliffs Design

Corrective Actions

1 2 3 A 5
afcp 1.43x10°%  2.91x10"%  3.00x10~%  1.sox10”7  3.18x107°
afop 4.86x107°  8.18x10~% 0.0 0.0 9.00x10™%
Benefits
Nonsubmerged $7.48x10"  S1.52x10%  $1.55x10°  $7.74x16%  $1.66x10°
Release
Submerged $4.62x10%  $9.37x10"  §9.48x10%  $4.74x10°  sl.02x10°
Release
Costs $6.53x10"  $2.11x107  $1.44x10%  $3.84x10%  S2.12x107
Table 7.4
Cost-Benefit Estimates Based Upon the Base Case Design
Leak Tests In Leak Test Not In
Critical Path Critical Path
9 Monthe** 18 Monthsk 18 Months**
&
bf oy 3.25x10~* 3.22x107% 3.19x107*
* -3 -3 -3
Af 2.19x10 2.14x10 2.09x10
Benefits )
Nonsubmerged Release 1.57x10’ 1.56x107 1.54x107
Submerged Release 9.23x10% 9.15x105 9.06x10°
Costs 9,27x10° 4.72x10° 1.97x10%

*Note: Af = fWithout Tesk Test . gWith Leak Test
**Time periocd when tests are performed.
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Table 7.5

Core Damage Frequency Reduction Generic¢ Plant

Base Case

Core Damage Frequency

Base Case Leak Test
Iten# No Leak Test 9 Months 18 Months

1. Overpressurization 3.27-04 1.93-06 4.39-06
2. W/0 Overpressurization 4.38-06 4.85-07 5-84~07
3. Sumof 1 + 2 3.31-04 2.42-06 4.97-06
4. Wirth ISL Outside With and

Without Overpressurization 3.26-04 1.23-06 3.67-06
5. With ISL Ourside With

Overpressurization 3.26-04 8.42-07 3.28~08

*Notes for Items

1.

5.

Total CDF due to ISL events occurring inside and outside the containment
building that overpressurizes the low pressure system,

the relief valves are exceeded.

The e¢apacity of

Total CDF due to ISL events occurring inside and outside the containment

where the capacity of the rellef valves are not exceeded.

pressure system is not overpressurized.

The sum of Trems 1 and 2.

The low

Total CDF due to only those LSL events which bypass the containment. It

includes hoth overpressurization events and those without

cverpressurization due to relief valve opening.

Toral CDF due to only those ISL events which bypass the contalmment and

overpressurize the low pressure system.



8. RESULTS AND CONCLUSIONS

Tie purpose of this section to highlight some of the results obtained and
to present the most important conclusiouse.

The initiation, progression, core damage, and health risk aspects of ISL
accidents at PWRs have been complerely reexamined at BNL. All the potential
I8L pathways at three reference plants representing three different reactor
vendors were included in the analysis. The reexaminarion applied a more
advanced approach to the ISL analysis than any previous o¢ne performed with PRA
methodolegy. The new analysis urilized:

a. new valve failure rate dacs determined, by derailed root cause study,
the failure of experiences of pressure isolation valves,

b. tlow rate dependent leak failure frequencies which allowed the
consideration of relief valve capacities in modelling of the accident
and in classifying ISUL initiators leading to swmall LOCAs and
overpressurizacion of low pressure plping,

c. more accurate multiple valve fallure model,

4. the results of a detailed investigation of valve testing procedures,
practices and maintenance records including clarifying discussions
with plant pecsonnel on some problematic aspects of these activities,

e. neJly constructed event trees based on all available information,
including among others the results of an inquiry concerning emergency
operating procedures, operator actions with respect of plant response
and accident management,

f. reanalyzed failure probabilities of low pressure piping,

Z» scrubbed and unscrubbed source terms characterizing pipe ruptures
below and ahave water level, and

h. generic site consequence model with a ten mile evacuation.

8.1 Technical Results and Conclusions

The reexamination of the ISLs provided the following important results
that may be used for furure analyses of ISLs at PWRs:

l. In all former studies of ISLs through the LPL pathways the analysis
did not consider ths fact that the inlet header of the LPI to the RCS is
shared with the accumulator and also with HPI lines at Westinghouse and
Combustion Engineering plants. This shared inlet header may have an
appreciable effect on the development of the ISLs through the affected
pathways. The root cause analysis of experienced accumulator inleakage events
revealed that the accumulator outlet check valve is rather prone to the
"failure fo operate (reseat) on demand" fallure mode. Therefore, the
preferred direction of the ISUs is expected to be through the accumulator and
not through the LPI/HPI pathways. One can conclude, that in any Future study
of 1SLs through the common injection inlet, this effect and its consequences
have to be taken into account.

2. The results on the initiator frequencies support the fnsight obtained
by PLG in their Seabrook EPZ sensitivity study, that the relief valves have a
dafinice role in reducing the frequency of overpressurization of low pressure
piping. (1In the present study the seasitivity of initiator frequenciles to
viarious relief valve capacities can be easily evaluated, since the initiator
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frequencies through the injection lines are given in graphical form as a
function of check valve leak flow rates.)

3. The failure analysis of low pressure plping performed at BNL
indicates that, at least for the plants selected, given a breach of the
pressure boundary between high and low pressure systems, hoop stresses are at
the yleld stress or above in the low pressure piping. 1In certain pipe
segments, the stresses are found to be near the ultimate material stress, At
such stress levels pipe failure probabilities range from 2x10™3 at yleld to
almost certainty at the ultimate stress.

8.2 Results on Core Damaze Frequency

The results of the core damage frequency (CDF) calculations indicate that
the contributions from two groups of lines, the RHR suction and LPI injeccion
lines, dominate the CDF due to ISLs. 1In particular, at the Indian Poiat and
Oconee plants the total CDF with overpressurization is dominated by the
contributions from two sequences. A large ISL on the RHR suction side piping
contributes 50% (IY), 1l2% (QC) of the total CDF, and an ISL event on the LP
injection side is 39Z {IP), 88% (0OC) of the total. At Calvert Cliffs am ISL
event seguence leadlog to a large LOCA on the RIR suction side is the dominant
contributor (99%). The total contribution of ISL events to CDF is generally
less than a few percent of the overall CDF. However, they can potentlally he
important contributions to risk if core damage occurs because ISLs may bypass
the containment and allow fission product release directly to the
environment. These results are in agreement with previous findings.

8.3 Results and Conclusions From the Analysis of the Effects of Corrective
Actions

A comparative plant specific analysis of the effect of varinus corrective
actions on the CDF due to ISL lead to the following results: Corrvective
actions, such as (a) application of continuous pressure (leak) monitoring
devices and (b) Increased frequency of valve leak testing are capable of
reducing the CDF due to ISLs by a factor of -2 to 5 depending on plant
speciflc valve arrangements.

However, the results obtained from the cost-benefit calculations for the
three reference plants have indicaced cthat additionzl leak testing and
installation of pressure monitoring instruments (which are the mosr effective
corrective actions for reducing the CDF) are rendered largely ineffective when
replacenent power costs are considered in the analysis. The other proposed
corrective actions showed little reduction inm the CDF and counsequently the
resulting benefits are negligible.

8.4 Results of the Generic Base Case Analysis

Cne of the primary goals of the present study was to determine the
cost-benefit relationship associated with requiring plants that do not
currently have leak testing requirements on their pressure 1solatlon valves to
institute such a program. All of the reference plants already had various
requirements in this area. Therefore, the Oconee design model was selected
and modified to represent those plants which presently have no leak testing
requirements. Core damage frequencles have been calculated for the following
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cases: {a) leak testing of the pressure isolation valves is not performed
{"base case™), (b) leak testing would dbe required to be performed at each
refueling during startup and therefore in the critical path (18 months), (<)
leak testing would be required to be performed every nine months also in the
critical path, and (d) Leak testlng would be required to be performed at each
refueling (18 months), but not in the eritical path.

In general, the leak testing programs are capable of reducing the CDF due
to ISL by two orders of magnitude depending om the specific test
arrangements. The ratlio of CDFy, Tesr/CDFLaak Tesr is 265, 90 and 53 for
Cases B, C, and D, respectively. It is important to note that the difference
between the 18 months noncritical path testing (Case D) and the 9 months
critical path testing (Case B) is only about a factor of five suggesting that
a3 program with 13 months test frequency may be almost as effective in reducing
the CDF as a program with more frequent tests.

The obtained cost-benefit relationship shows that the benefirs assoclated
with the iarge core damage frequency and risk reduction due to a judiciously
salected leak testing scheme could potentially outweigh the cost of
implementing such a program.

8.5 Final Conclusions

+ Institution of a leak testing program of the pressure boundary isolation
valves at plants that do not currently have such a requirement results in a
definite net benefit in overall risk reduction. It is suggested that leak
testing be performed at each refueling and after specific valve mainte-
nance. In addition, the leak tests may be performed during descentfrom
power at the beginning of the refueling period without significantly
increasing the risk of an ISL event. This specific leak testing program is
capable of reduciog the CDF by almost two orders of magnitude as compared to
a case withour provisions for leak testing, CDFny Leak Test = 3 26x10™°
and CDFLggk Test = 6- 11x107®. The offsite risk bemefit-to-cost ratio was
calculated to be within the range of 78 to 46 depending on whether or oot
the break in the low pressure system was submerged under water. A submerged
break would result im trapping of the aerosol fission products in the water
and thus lower offsite consequences and hence a lower benefit-to—cost
ratio. This indicates that imspite of uncertainty in predicting fission
product release the benefits in risk reduction ocutweigh the cost of
implementing such a leak test program.

» The root cause analysis of experienced accumulator lnleakage events revealed
that the accumulator outlet check valve is rather prone to the "fallure to
operate (reseat) on demand" failure mode. Therefore, the preferred
direction of an interfacing LOCA 1s expected to be through the accumulator
and not through the LPI/HPI pathways. This is a particularly significant
finding as the accumulator pathway represents an ISL inside containment.

» The results of this study with respect to Initiator frequencies supporr the
insight obtained b{ Pickard, Lowe & Garrick in their Seabrock EPZ
sensitivity study,” that the relief valves of the low pressure systems have
a definite vole iun reducing the frequency of overpressurization of low
pressure pipiag.
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e The fallure analysis of low pressure piping performed by BNL indicates that,
at least for the plants selected, given a breach of the pressure boundary
between high and low pressure systems, hoop stresses ar« al yield stress or
above in the low pressure piping. Ia certain pipe sSegments, the stresses
are found to be near the ultimate material stress. At such stress levels
pipe failure probadilities range from 2%10~3 ar yield to almost certainty at
the ultimate stress.



A=l

APPENDIX A: Analysis of Valve Failure Data

This appendix provides the documentation of valve failure data used to
calculate the initiator frequencies of Interfacing System LOCAs (ISLs) in
various pathways., It deseribes the approach used in the derivation of new
failure rates and gives the sources for those which were previously
determined. 1In addition it presents the description of some representative
operating events Involving pressure boundary isolarion failure.

A.l Check Valve Failure Rates

In the in{tiatlon of an ISL through ECCS injection lines, the following
check valve failure modes are considered:

le Leak fallure (gross reverse leakage).
2. Disk rupture.

3. TFailure to operate {reseat) on demand.
4. TFallure to operate {hold) on demand.

Before entering into the discussion of the data sources for the rates of
these failure modes some general <¢cmmeénts are made abour them.

le Leak Failure Mode - The current usage combines actual leak events and
resear failure events. The experienced data include the failuces of all the
check valves In nuclear power plants. These data are not too appropriate to
derive ISL initiators. 1In the present analysis, the leak failure events of
isolation check valves in the RCS/ECCS interface (see Section 3 of the main
text) alone serve as data base to derive new leak exceedance fregquencies which
are more approprlate for ISL amalysis.

2. Disk Rupture Fallure Mode - Disk rupture failure mode of check valves
has nor been exparienced so far in the nuclear industry. (Our operating event
search mentioned In Section 3 corroborated this general belief.) Therefore,
in the tailure frequency formulas this failure mode is not shown explicitly.
However, since the formulas are quantified with leak exceedance frequencies,
the disk rupture failure mode is implicitly included in the calculated TSL
initiator frequencies.

3. Failure to Operate (Reseat) on Demand ~ The failure mode is identical
to the "valve scuck open”™ failure mode. It acts essenrially ar valve
apenings, but if it stays undetected, it leads to am I5L when another
isolation valve fails and demand occurs for the operablility of the check valve
To reseat.

The situation concerning the usefulness of the available data sources was
similar to that discussed above (and in Section 3.1.1 of the main text) for
the (reverse) leak failure mode. In various data bases failure eveats
represanting reseat failures either were classified as leak failures or if
they were treated separately as "operating failures," the "failure to open,”
and "failure to reseat” modes were not distinguished.

In the present study, therefore a new frequency is calculated for the
"failure to operate (reseat) on demand” failure mode by using appropriately
selected fafilure events for check valves at the RCS/ECCS pressure boundary.



4, Faillure to Operate (Hold) Upon Demand - The failvure mode has been
introduced by Pickard, Lowe and Garrick (PLG) in the "Seabrook Station Risk
Management and Emergency Planning Sl:udy."1 to characterize the failure of a
check valve against a flow and/or pressure perturbance resulting from a sudden
failure of another preceding valve. However, neither PLG nor BNL could find
operating events to be classified as representatives of the failure mode.

The fallure mode formally plays a similar role in the multiple valve
failure combinations of failure frequency formulas as the previous demand type
failure mode (for derails, see Appendix B). Thus, the frequency of "check
valve failure to operate (reseat) upou demand™ is used In the analysis as a
substitute for the frequency of "check valve fallure to operare (hold) failure
mode .

From these preliminaries it can be seen that essentially two failure
frequencies are used in the quantification of failure frequency formulas for
various systems: the exceedance frequency of the "leak (rupture)” failure
mode and the frequency of "valve failure to operate (reseat) on demand"fallure
mode.

The following subsections discusses further the detalls of the event
analysis for the check valves.

A.l.1 Leak Failure Mode

A.l.1.1 Event Analysis

The operational events selected to obtain leak exceedance failure
frequencies are listed in Table 3.1. The search and selection process of the
events are shortly discussed in Section 3 of the main text. In this section
more details are given about the event analysis.

A.l.1.1.1 Event Categories

The failure events of Table 3.1 were grouped into four categories:

1. Events whose desc¢ription contains evidence of RC leakage into the
accumulators. These events are considered to be accumulator inleakages
through two failed check valves in series; A(2). The total number of A(2)
events is: Nac2) = 28. (The sample of events represents 56 check valve
failures.)

2. Accumulator leakage events, whose description contains evidence only
about one leaking check valve; A(1). (The water Source is assumed not to be
the RCS.) The total number of A(l) events is: Np(1) = 8.

3. Leakage events of check valves in the common injection header of
accumulator; LPI and HPI lines. Accumulator inleakages are not assoclated
with these events. The leaksges are directed into the LPI/HPI systems. These
events are denoted by: LP. The total number of check valves in LP events is:
Npp = 2.

4, Leakage events of check valves on other HPL lines not associated with
the accumulator injection header. These events are denoted by HP. There is
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only one such event in Tabhle B.l; representing three check valve leakage
failures: Ngp = 3.
In order to clarify the causes of the high occurrence frequency of
failure events associated wirh the accumulators, the events in the first three

groups were subjects to the following analyses.

A.l.1.1.2 Interpretation of Accumulator Leakage Events, A(2)

To vnderstand the possible origins of events A(2) one has ro look Into the
operation of the accumulator check valves. For that purpose the schematic of
the check valve arrangements at the RCS/Accumulator, LPI, HPI interface is
presented in Figure A.l. The figure indicates the pressure conditions at the
interface under ideal normal reactor operations when the check valves are
perfect. P;, Py, and P3 denote rhe pressures in the RCS, in the accumulator
and in the LPI, HPI systems, respectively.

We are interested in the pressure conditions in the piping section
between the check valves CV1, CV2, and CV3. (An additional check valve CV4 is
also there if the design Is such that the HPI line joins the LPI header
downstream from CV3.) '

It i3 easy to see that, when the check valves are operating, the pressure
between the valves is that of the accumulator, P,. Since P;D>P,>P3, (where P,,
the pressure of N, filling in the accumulator 1s much higher than Pz, the
hydrostatic pressure of the RWST) the pressure differences across the check
valves CV1 and CV3 (and CV4) keep these valves clogsed. However, the
accumulator outlet check valve, CV2 Is essentially open. Consequently, the
seat of this check valve 15 exposed to various damaging affects of the highly
borated water of the accumulator. Under unfavorable temperarure conditions
boron can be deposited omte the seat or hinges of the valve disc. The affects
of boric acid are different at the other check valves., At CV1, whose
temperature is abour the same as that of the RCS, boric acid stays iIn
solution. At C¥3 (and CV4), the effect of boric acid is much smaller than at
CV2, because these check valves are closed.

Consider now what happens when a back—leakage develops through CVl. (an
original "disk failing open™ fallure mode of CVl must be excluded from
consideration, because CV] and other similar isolation check valves are leak
tested after RCS depressurization to ensure disc seating.) The sudden, ruling
pressure in the space between the valves will become P;, and the valve CV2
will close. CV3 (and CV4) will close even tighter because of the increased
pressure difference across their disks. CV1 will have RCS pressure on both
sides of 1its disc. At the same time, the check valves CV2 and CV3 {and CV4)
will be exposed to the RC temperature, This is the situation, when CV2, CV3,
and CV4 are operating. Due to the damaging effects of boric acid or boron
deposition it is highly probable, however, that CV2 will not be able to
regeaf.

The environmental effect of the boriec acid under unfavorable conditions
may significantly enhance the probability of the other check valve failure
mode "wvalve failure to operate {reseat) on demand” for CV2. The effect of
borie aeid on CV3 (and CV4) 1s expected to be much less, because CV3 (and CV4)
are always kept closed (unless they fail).
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Tt CV2 recloses, it may develop backward leakage randomly in time with
the same failure rate as previgusly CVl had, because its disc is exposed now
to the same differential pressure as previocusly €V1 was.

The level, pressure, temperature, and boric acid concentration of the
accumulator is under constant surveillance. CV2 has high probability that is
will not reclose completely upon demand. Consequently, even smill leaks
through CV1, have high potential for discovery.

Thus, it can be concluded, that the combination of two effects, the
constant surveillance nf the accumulators and the high probabilify that CV2
fails to operate {reseat) on demand because of boeric acid effects, provides a
reasconable explanacion for the high ccecurrence frequency of accumulator
events, A(2). - -

The frequency of these events can be described by the expression given
below (for more details see Eq. (10) in Appendix B, Section B.l.l.d and
Section 4.3.1 nf the main text, discussing the determination of IS initiator
frequencies for LPI pathways):

, 4,T + 1
[T+ 3, + 2, (&5—

gt Tl EAC m

Ay T M

where, A, denotes the (gross backward) leak failure rates of check valves CVI
and CVZ,
Adg2 is the enhanced failure probabiliry of CV2 to operate (reseat) on
demand and d; is the demand ("chattering") frequency of CVZ,
Aq is rhe (standard) failure probability of CVl te operate on demand,
T usually denotes the time interval between the leak tests of CV], when
there is no other means to discover valve failures, Since the
accumulators are constantiy monitored, T is "an effective time period"
to detect a significant accumulator inleakage.
The quantity C may be considered as "an effective probabilicy” of
"valve failure to operate on demand” failure mode for CV2.

A«lslsls3 Interpretation of Accumulator Leakage Events, A(l)

In order to interpret the origin of these events we reV~r again to the
valve configuration shown in Figure A.l. Consider the case, when CVi is
perfectly seared. Leakage into the accumulator through CV2 still can occur,
if:

a) for some reasons, tie¢ Ny pressure in the accumulator, M, talls below
the hydrostatic pressure of the RWST, P3 (i.e., P3>Py) and CV2 does not
reclose upon this challenge, or

b) for some reasons, e.g., due ta i{nadvertent initiarion of the HPI
pumps the pressure in the space between the valves suddenly increases such
that P3>P, and CV2 does not operate upon this demand. Since these failure
evenls are not associated with RC inleakage inte the accumulators they are not
analyzed further.
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Asl.l.l.4 Interprerarion of Leakage Events, LP

For the interpretation of these events we refer again to Figufe A.l. We
recall the situation described in Section A.1.1.1.2, when CV! leaks and CV2 is
operating., l.e., CV2 recloses upon demand and does not develop leakage
randomly. 1If rhere is no safety valve connected to the space between the
valves, the overpressurization of the space between the valves is hard to
detect. Only leak tests on CV]l lead to the discovery of the failure.

Consider now the case when both check valves, CV1 and CV2 are operating,
but CV3 or CV4 leaks (Py>F3). It is hard to detect the failure because
successive check valves upstream in the injection lines will probably
reclose. As Iin the former case, leak tests leads to the discovery of the
fallures.

The frequency of LP events, i.e., the frequency of single check valve
back leakage fallures which are not accompanied by check valve failure in the
accumulator line, can be described by the expression:

where X, is the leak failure rate of the individual check valves~(considered
tc be about the same for each check valve, CV1, CV3, or CV4) and C is the
“effective operating failure probability of CV2" defined In expression {1).
Additional failure combinaticns of CV1 and CV3, or CV] and CVa are
discussed In Section 4.3, of the main text, where the ISL initiator

frequencies are calculated.

A,1.,1.2 Data Reduction

Aslele2.1 General
The following approach has been applied in the data reduction:

1) Expressions (1) and (2) are equated to the maximum occurrence
frequencies of events A(2) and LP. The obtained system of equations is solved
for the "effective operating failure probability,” C of the accumulator check
valve, CV2.

2) Expressions (1) and (2) are equated to the experienced frequences of
events A(2) and LP in various leak rate groups. By solving the equations for
the leak failure rate, a leak exceedance frequency versus leak rate curve is
calculated.

A.1.1.2.2 Determination of rhe Effective Operating (Reseat) Failure
Probability, C for the Accumulator Check Valve, CV2

The maximum occurrence frequencies (frequency/hour) of events A(2) and LP
are determined by using expressions (1) aund (2), respectively, as follows:

N
max wax,., _ _A(2)
way T M T (1

A
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and
max NLP
= A 0-0) =5, (11)
Le

max

HP

A

where Afax denotes the maximum LP leakage fallure frequency,
Na(2) and Npp, are the total number of falilure events of event
categories (1) and (3) (see Section A.l.l.1.1),
Ta and Tpp the total number of check valve-hours for check valve
populations in accumulator and LPI lines at all PWRs, respectively.

The solution of the system of equations (1) and (L1) for C, is:

¥a(2)

C =
NA(Z) + kNL

’ (I11)
P
vhere Npc2) = 28, Nyp = 2 (from Section A..l.1.1.1), and k=Ta(2)/Typ-

The total number of check valve hours, Tp(2) and Tpp are given in
Table A.1l, as:

TA(2) = 2-316x107 and Tpp = 2.287x107, k = 1.012.

Additional details zbout the determination of the total number of check
valve hours are discussed in Section A.1.1.2.4.

From the data above the "effective operating (reseat) failure
probability" of the accumulator check valve, CV2 is:

C =.93 (111")
The value is high because of the presence of the boric acid.

The significance of cthe high value of C for the initfation of ISLs
through LPI lines is important. It means that CV2 behaves as a kind of
"safety valve" with regard to the shared Accumulator/LPI/HPI inler and the
preferred direction of am ISL will be through the accumulator and not through
the LPI (or HPI) pathways.

A.l.1.2.3 Calculation of a Leak Exceedance Frequency Versus Leak Flow Rate

The leakage events, A(2) and LP, were grouped into five leak flow
ranges. For each group, a frequency per hour value is calculated by using the
total check valve hours given zbove. By equating expressions (1) and (2) to
the frequencies of the i-th leak flow range one obtains the following system
of equations: '

(1) na¢2y (%) -
AA(Z) = 11(1)c - -—EE:;-— (i")
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Here, A;{(i) denotes the leakage failure frequency of a check valve in the i-th
leak flow range and na(2)(i) and npp(i) are the number of leaskage events
of event categories (1) and (3) in the i-th leak flow range.

Solving the system of equations (I') and (II') for A;(i), one obtains
(k-l-O):

A () - Tl_ [HLP(i) + 0

)(i)] (1I1")
LP

a(2

Table A.2 shows the sum of leakage esents and the leakage failure
frequencies calculated according to forwmula (II1') for the five leak flow
ranges as well as the corresponding cumulative fregquency values for single
check valves, 1;. Table A.2 shows also the cumulative frequencies of the
accumulator inleakages, Xjp(2)- The cumulative ifrequency values are also
plotted as a function of the leak flows in Figure A.2 and Figure 4.2 (of the
main text) for single check valve and for accumulator inleakages,
respectively.

The cumulative frequency values for single check valves are fitced with =
straight line (on a log-log scale) by using the least square method. The line
represents the median values of an assumed underlying lognormal leak failure
frequency distribution. The figure shows lines representing the 75 and 95
percentiles of the distribution obtained by sratistical band estim.' e. The
corresponding mean and mean square curves are also presented to facilitate
inter— or extrapolation. The mean and mean square frequency curves are used
in the quantification of formulas for ISL initiators.

The application of straight line fit to the observed values is supported
by the generic experience that exceedance frequenciles of many naturally
occurring phenomena (like earthquakes, income of people, pipe break sizes,
etc.) follow a kind of power low (Pareto's distribution).

It has to be recognized that the experienced values and their best fit
curve represent only a first approximation for a more precise "leak exceedance
frequency versus relative leak rate"” curve. This is because the experienced
data are originated overwhelmingly from accumulator inleakages. Accumulator
inleakages from the RCS involve leakage through two check valves in series,
where the less leaking valve dominates (the other valve may even be wide
open). The leak flow rate values derived from RC leakage into the
accumulators are correct for a two check valve system, but are lower limits
for single check valves.

A precise leak exceedance frequency versus leak rate curve should be
based on single valve leak data and homogenecus check valve size.
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A.1.1.2.4 Total Exposure Times of Check Valves in Accumulator and LPI Lines

This section provides some additional information about the determination
of total exposure times for check valves in the accumulator and LPL lines.

Table A.l details the accumulator and LPI check wvalve hours for each PWR
considered and presents the total exposure times, Tj(2) and Tpp. Usually
the FSARs of various PWRs were used to obtaia the number of check valves in
the relevant lines. The total time from start of commercial operation of the
individual plants was taken as "time of exposure per check valv~." This was
done because corrosion effects (e.g., corrosion due to boric acid)
continuously degrade the inrernals of the valves.

A.1.2 Check Valve Failure to Operate (Reseat) on Demand

A.1.2.1 Event Analysis

The search process for operaring evencs selected as representations for
this failure mode was shorcly discussed in Section 3 of the main text. In
this section more details ara given about the event analysis.

The relevant events were already listed in Table 3.2, From all the
events, however a subset consisting of events designated as LPI or HPI events,
are taken only to estimate the probability of the failure mode.

The total number of failed check valves involved in that subset is: 9.

The corresponding success (number of demand) data are developed on the
LPI check valve population and plant age. The HPI check valve population in
the interfacing lines is assumed to be equal to that of the LPL. For the
success estimate, an average of 10 system-wide demands per year is assumed.

A.1.2.2 Dara Reductign

The total number of check valve-years for LPI check valves from Table A.l
is 2.611x103. Based on the above considerations this value results in the
following total number of check valve demands in the LPL and HPI iaterfacing
lines: Check valve demands {LPL and HPI) = 2x10:2,611x103 = 5.222x10",

Assuming an underlying lognorwal distributiod the median value of the
probability of check valve failure to operate (resear) an demand is:

Median 9
24 YA
5.222x19

= 1.72x10~% per demand.

With a Bayesian updating process for the average range factor
characrterizing the discribution a value of RF = 5 obtained.

Thus, the values for the mean and mean square are:

l:ean = 2.81x10‘4 per demand, and
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d + var. = 2.05x10 7per demand” ,
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respectively.

The result aobtained is in agreement with the value obtained in Ref, 1
applying different basic data for this type of failure mode, which is:

Ag(Median) = 1.58x107" per demand.

A.l.3 Check Valve Disk Rupture

Besides, what has been told previously about this failure mode, the
following is remarked:

Till the end of 1985 the nuclear industry had not reported any check
valve disk rapture events. The clesest failure event to this category is what
happened at Navis Besse-1 {(NPE # VII.A.273, IE Info. Notice 80-41) when a disk
and arm had separated from the bndy in an LPI isnlation check valve. The PSA
Procedures Guide? 1lists an estimated value based on expert opinions for rhe
disk rupture failure rate, as 1.0x10'7/hour (i.e., 8.76x10_“/year)- The
guide's value practically coincides with the exceedance frequency of the
maximum experienced leak flow (200 gpm) in Figure A.2. Since there is no
experienced event for this failure made in the nuelear industry, the leak
failure rates applied in this study are considered as conservative upper
hounds for the disk rupture frequency.

4.2 Motor—Operated Valve Failura Rates

The following fallure modes of MOVs are considered in the calculation of
ISL initiartor frequencies:

1. MOV disk rupture.

2. MOV internal leakage.

3. MOV disk failing open while indicating closed.
4. MOV transfer open.

5. MOV failure to c¢lose on demand.

6. MOV gross (external) leakage.

The subsections below discuss the data sources for each of the failure
modes.

4.2.1 MOV Disk Rupture

Available dara sources had no dara on this catastrophic MOV failure mode
based on experienced events. An LER search conducted by BNL for this failure
mode at PWRs could not identify any such event. However, a similar search
conducted also by BNL for the study of ISLs at BWR? identified five events in
which valve disk was separated from the stem. Based on these events the MOV
disk rupture EFailure rate (mean value) estimated in that study is: 1.20x10"3
per year. This value is applied also in the present calculaticns.
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A.2.2 MOY Intermal Leakage

This failure mode represents failures in which MOV leaks because of seat
wear or other reasons. The fallure mode is assumed to result in limited
leakage through the valve. An LER search performed to identify such failures
resulted in three events at RER suction side valves (see Table 3.3). The
suction side valves are specially built with double disks. Tuae total number
of RHR suction valve-hours was calculated by using the number of reactor years
of Table A.2 and RHR suction valve population of two or four per reactor for
plants starting commercial operation before or after 1981. The total number
of RHR suction valve-hours is 8.743x10%.

Assuming lognormal distribution and by using a Bayesian updating process
one obtains the following values for the mediar, range factor, mean and mean
square of the failure frequency:

Median -3
lMOV Int. leak 3.0x10 per vear , RF ~ 5 ,

l:;snlnt leak = 4.85x%10-3 per year, and the expectation of ites square:

2 - Mean, 2 - -5 2
(AMOV Int. leak> = (A )" + Var. 6.12x107° per year™ .

A.2.3 MOV Disk Failing Open While Indicating Closed

This type of failure mode way arise ar MOVs, which are not equipped with
stem-mounted limit switches from gear drive disengagement. At valves which
are equipped with limit switches it arises from failure of the stem or other
internal connections or fallure of a limit switch (including improper
maintenance such as reversing indication). The failure may occur after the
valve being opened. As a result, the valve is leaking while the indication in
the control room signals that the valve is closed. It is expected, that this
failure mode is giving rise small leakage.

The failure rate applied in this study is taken from the Seabrook PSA,“
where it was obtained from data reported in NPE. The mean frequency of
"failure of an MOV to close on demand and indicate closed" is
1.07x10~"/demand.

A.,2.4 MOV Transfers Open

"MOV transfers open” failure mode defimes such MOV failure, when a closed
MOV inadvertenrly opens due to fallures of valve control cireuits and power
supplies or due to human errors during test or maintenance.

In the Seabrook PSA" the main failure rate of this failure mode was
estimated by using generic data to be 8.10x107" per year. For quantification
of the initiator formulas in the present study that value is applied.

A.2.5 MOV Failure to Operate on Demand

MOV failure to operate on demand represents MOV failures in which a
closed MOV suddenly opens upon demand, e.g., as various kind of shocks like
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pressure wave, sudden stress increases due ro mechanical or thermal causes.
This failure mode of MOV is a failure mode of "dependent” type and different
from the retaimer rupture failure mode of MOVs, which is a failure mode of
random type.

An LER search to identify such events was futrile. Therafore, in the
calevlation of ISL initiator frequencies "MOV disk fuiling open while
indicating closed" failure rate (1.07x10~"/demand) is used.

A.2.6 MOV External leakage/Rupture

This failure mode of the MOVs is the most vis:.ble and detectable. The
failure rate is given in varisus data sources. The data sources, however, do
not provide information about the exceedance frequeney nf the failure as a
function of the leak flow rate. A cursory review of some failure event
repocrts showed that there is no appropriate informarion in the event
deseriptions about the leak rate. The LER search for failures of MOVs in the
ioterfacing lines did not detect the occurrence of thls failure mode. Thus,
for the present report the generic value given in NUREG/CR-1363% for PWRs is
taken. The mean failure frequency of MOV external leakage/rupture mode is
8.76x10~" per year. As first approximatlon to the wvariation of this value
with the leak flow rate, the exceedance frequency vs. leak flow rate curve for
check valves (Sectisn A.1.1.2.3) is used.

A.3 Description cf Representative Operating Events Involving Pressure
Boundary Isolation Failure

In this section, some of the previously listed and briefly discussed
operating events (Chaprer 3) are discussed in more detail.

A.3.1 Events lnvolving Isolation Check Valves

A.2,1.1 Oconee 1 and 3 (LER 81-015)

A check valve (14" Crane, steel, swing check valve) in the LPI system was
found to be leazking excessively during the performance of a LOCA leak test.
The leaking valve was the final valve iz the LPI loop before reaching the
reactor vessel, The valve disc had a cylindrical knob on its back which was
inserted through a hole in the hinge arm and then had a retainer ring welded
onto it to hold in the hinge arm. By pivoring, the disc was alloved teo find
its seat properly should the mating surfaces become slightly zltered. A
manufactured tolerance of 3 to 1l mil between the disc knob and the hinge at
the pivot prevented the dise from swaying too freely. Examination of the
valve disc-hinge assembly showed that the disc had become frozen at the pilvot
in a cocked position. Consequently, only ~1/2 of the disc was seating. The
"freezing" of the dise at the pivot was apparently caused by a buildup of
deposits in the gap between rthe hinge and the disc "knob™ on the side of the
knob closest to the hinge pin. While there was flow through the valve, the
disec was normally in a cocked position, and it was postulated that the flow
could carry deposits into the pivot gap area, where they could accumulate.

The accumulation of deposit could then cause the disc to remain slightly
cocked when the flow was stopped. During examination of the valve dise, the
retaining ring was removed and unsuccessful attempts were made to remave the
disc from the hinge. Both the hinge and disc were made of the same type of S5
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and under the high temperature of unit operation, some galling could have
occurred. At that time, the disc was still connected to the hinge.

Prior to cthe testing, two backup check valve had been leak tested and
both had shoum zero leakage. This valve was the lst valve, nut of a total of
18 of the same type of valve leak tested at Oconee, which had shown any
leakage problem. Another check valve of the same type was found to be leaking
on Unit 3.

The unit was returned to ¢old shutdown so that the valve could be
repaired. The valve sear was lapped and the internals (disc, hinge, and hinge
pin) were replaced with new parts. The valve was then retested and there was
zero leakage by the seat. An analysis was to be performed on thne substance in
the pivot gap of the valve te determine its origin. Extreme contamination of
the internals, however, had made examination of these parts undesirable at
that time with respect to persounnel exposure. At Unit 3 a spectrum analysis
was performed on the deposits from rhe pivet and they were derermined co be
from the RCS. .

A»3.1.2 Palisades

On 9 September, during modification of the LPSI system piping to add leak
testing capability, excessive wear to the valve internals was discovered in
the LPSI swing check valves. The disk nut, disk nut washer and the disk nut
pin were missing and severe wear was observed on the valve body, clapper arm,
disk clapper arm shaft and clapper arm suppart for two (CK 3100 and 3148) of
the four LPSI valves. The disks were still attached to their clapper arms and
the valves were operational; however, valve set and disk sealing surfaces were
damaged and the valves could have been leaking. An NRC order dated April 20,
1981 invalved check valves that formed the interface between an HP system
connected to the RCS and ar LP system whose piping went outside containment.
CK 3133 and 3148 formed rhe boundary between the LPST and HPSI systems and
failure of the valves could have resulted in overpressurization of the LPSI
system and the loss of some HPSI flow. The inspection of the valves was the
first in ~10 years of operarion. It was subsequently discevered that rhe
remaining two valves had also failed in a similar fashion. The LPSI check
valves were manufacrured by Alloy Steel Products Company {(ALOYCO) in 1968.
They were six inch swing type check valves with weld ends for attachment Co
piping. All four valves were mounted vertically with flow directed upward.

The valves were of an in-line configuration with a ballooned or expunded
area in the valve body for movement of the flapper-type {see Figure A.l). The
disk was substantially larger than the pipe and if the disk had separated from
the clapper arm, it would have been trapped within the expanded portien of the
valve body.

Operarion of the valve resulted in the rhreaded shaft on the back of the
valve disk striking the valve body as it opened to the full flow pusition.
The valve body was the ultimate limit for disk opening. 1In full flow
operation, it was presumed the disk generated sufficient turbulence to cause
chatter against the valve body. Where these valves were used for extended
periods of operation, they exhibited about a 1/2" of wear (above the disk nut)
of the threaded portion of the disk shaft. Although the disk nuts had been
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worn away, none of the disks had separared from rheir clapper arm because of
the peening zction on the shaft.

The design of ALOYCO swing check valves was such that the threaded shaft
acred as the striking surface to limit clapper travel. This design was not
used universally by other manufacturers. 1In other valve designs, the
possibility of the threaded shaft acting as the striking surface had been
eliminated by providing an alternate raised sarface on the valve disk ro
contact rhe valve body.

A.3.1.3 Arkansas One 2

On 18 Qctober, ST check valve (Velan) 25I-12C stuck in the open position
when stroked by hand. The hand stroking operation was initiated as a result
of recommendations of IE Notice 81-30. The hand stroking operation was
performed when the bonnet was removed during maintenance activities. The
three counterpart valves (2SI-13A, 2-81-13B, and 2S1-13D) were iaspected and
hand stroked. Valve 2SI-13B also stuck when hand stroked. These valves were
the first of two check valves betwéen the HPS1 header shutoff valve and the
injection nozzles. Investigation revealed that the valve disc stud for
251-13C protruded far encugh above the disc nut to interfere with the body aund
hold the disc assembly in the open position. The vendor drawing showed the
disc stud to be flush with the top of the disc out., The portion of the disc
stud that protruded above the nut was filed off leaving the top for the stud
flush with the top of the disc nut. Valve 2SI-13B stuck because the disc was
misaligned and allcowed the disc to stick against the side of the hody. The
interference resulted from the bushings being improperly pecsitioned. The
bushings were repositioned so the valve functioned properly with no sticking
throughout icts full stroke.

A.3.1.4 Poinr Beach 1 (LER 81-010)

On July 31, 1981, Wisconsin Electric Power Company reported (LER
81-010/01T-0) that on July 14, 1981, while a check valve leakage test at the
Point Beach Nuclear Plant, Unit 1, was being performed, the check valves
closest to the reactor coolant system in the low head safety injection lines
were found to be leaking more than alleowed by the leakage acceptance
criteria. The valves are Velan six inch 1500 psig ASA swing check valves
(Velan Drawing No.78704).

The valves were disassembled and the disks were found te ba stuck in the
full-open position due to interference between the disk nut lockwire (disk
wire) and the valve body. The disk nut and its shaft can rotace freely, and,
in certain random rotational positions, this interference is likely to occur.

The licensee has replaced the disk wire with a cotter pin that will not
cause interference with the valve body for any rotational position.
Subsequent inspection of the other check valves in the low head safety
injection lines was performed. These valves were found to be closed. The
lock wires were nevertheless replaced with cotter pins.
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A.3.1.5 Davis-Besse Unit 1

On October 9, 1980, the resident inspector at the Davis-Besse facility
was informed thar the licensee had performed leak rate tests and {dentified
excessive leakage through Decay Heat Removal System check valve CF-30. Valve
CF-30 is the inboard ome of t-0o in series check valve that is used to isolate
the reactor coolant system from the low pressure decay heat removal system.
On further investigation the licensee found that the valve disc and arm had
separated from the valve body and was lodged just under the valve cover
plate. The two 2=5/8" x 5/8" bolts and locking mechanism for the bolts that
holds the arm to the valve body were missing and have not been located. The
CF-30 valve is a 14" swing check valve manufactured by Velan Valve
Corporation. The cause of the failure has not been idencified.

A.3.1.6 Main Yankee

Following power escalation testing the reactor was tripped and the plant
cooled to 400°F for investigation of noted leakage into SI Tank No. l.
Samples taken from this tank were analyzed and the boron concentration found
to be 1700 ppm (limit is 1729).

All ST Tanks (SIT) were fllled and sampled ~7 weeks earlier and initial
physice testing initiated. At this time all tanks were at 1750 prm. These
tests were followed by the Power Escalation Tesrs. About 2 1/2 Geeks earlier,
while performing these tests, inleakage to SIT No. 1 was noted. The noted
leakage into SIT No. 1l was drained periodically. As the boron concentration
in the RC3 and therefore the charglug system averaged -800 ppm, any
inleakage decreased by a small amount the boron concentration in SIT No. l.

L

Following the cooldown the soft seat check valve between SIT No. 1l and
the high pressure GI header was opened for luspection. A small plece of weld
slag had lodged under the seat of the check valve allowing back leakage into
SIT No. 1 from the high pressure SI header. The slag was removed, the seat
and disk were smoothed and the "o" ring seal on the disk replaced. The valve
was reassembled and tested satisfactorily.

A.3.2 Events Invoelving Motor—Operated Isclation Valves

A.3.2.1 Davis-Besse 1
Davis-Besse 1 - January 1979 - Hot Standby

During a shutdown on 17 January they attempted to close the Core Flood
(CF) Taok 1-2 Isolation Valve CFlA using the Limitorque motor operator. The
valve could not be closed with the motor operator and was manually closed.
During investigation of the failure, it was determined thar during a unit
startup in December 1978, valve CFlA would not open using the motor operator
and had been manually opened. The valve was manually opened prior to RCS
pressure exceeding 800 psig on 29 December 1978 as required by the Tech.
Specs.

The CF Tanks Isolation Valves are copened the entire time RCS pressure is
>800 psig, and the power removed from the motor operators to prevent an
inadvercent closure from rendering the CF Tank inoperable. Whenever RCS
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pressure 1is <700 psig, the iscolation valves are closed, and the power removed
from the motor operators to prevent inadvertently opening the valve rud
discharging from the CF Tank.

The apparent cause of the failure of the motor operator for CFlA was a
fabrication error. The motor operator of CFlA was found to have a cracked
motor pinion gear. This was a small gear on the end of the motor shaft which
supplied the initial torque to the cperator. The set screw which held the
gear to the shaft came loose. This allowed the key which kept the gear
rotating with the shaft to travel downward and catch on the casting of the
housings This im turn bent the key and caused the gear to crack. The crack
in the gear then permitted the key to fall complerely out and prohibited the
pinion gear from turning with the motor shafr. This caused the operator to be
inoperative Iin either direction. The pinion gear and the associated key were
replaced.

A.3.,3 Events Involving Cther Problems

A.3.3.1 Davis-Besse 1

The plant was In the pro¢ess of 2 normal cooldown in accordance with the
plant shutdown and cooldown procedure. As a part of the procedure, the decay
heat suction isolation valves, DHl]l and DH12, were required to be opened just
prier to entering Mode 4 (hot shutdown). Pressure switch PSH-RC2B4 was
required ro close its contaces at 266 psig decreasing to allow DH12 to be
opened. The switch functioned properly to open at 266 psig increasing to
prevent opening DH12; however, the deadband in the switch prevented the switch
from resetting within the pressure band required for simultaneous decay heat
pump and RCP operation. A Facility Change Request (FCR) had been implemented
to correct problems with thie pressure switch and its deadband; however, the
FCR changes did not correct the problems with PSH-RC2B4. Therefore, each time
DH12 was required to be opened, a jumper was installed per plant procedure to
defeat PSH-RC2B4 thereby allowing the valve to be opened.

On 23 Angust 1982, during a plant cooldown, the shift supervisor had the
jumper installed to open DH12. The cooldoewn procedure required that the
jumper be removed after DH12 was opemed. The shift supervisor stated that he
had called the electrical shop to remove the jumper; however, the jumper was
never removed. The unic was returned ro service and in operation until a
plant shutdown on 18 January 1983. During the subsequenr cooldown on 19
Janvary, it was discovered that the jumper far PSH-RC2B4, installed on 23
Angust 1982, was still in place. DH12 was opened, the jumper removed as
required by procedure and the cooldown continued.

It was determined thar the cause for the event were two-fold. First, the
shift supervisor did not verify that rhe jumper had been remaved which was
considered a lack of proper administrative contrcl in following written
procedures. The second cause was considered to be design error because had
the pressure switch reset properly there would have been no need for the
jumper to be installed.
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Figure A.l Schematic of the valve arrangement at the RCS/
Accumulator, LPIs, HPIs interface. (An alternative
joint of the HPI lipne to the LPI header is indicated
by a broken line.)} .
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Figure A.3.1 Cross section of an ALOYCO swing check valve showing
disk movement.
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Table A.1
Accumy lator and LP| Chack Valve Exposure Data

Total Number of Total

Start of Number of Accunul ator Nurber of Numder of LPL

Commerclai Number of Accumulator Check Valve=Hrs, LPI Check Check Valve=Hrs,

PlanT Name Oparation Years Check Valves (10 Hours) valves (10° Hours,)
Arxansas Maclear One 1 Decambor 1974 11,08 4 3,882 4 3,882
Crystal River 3 March 1977 8,83 4 5,004 a4 3,004
Davis-Besse 1 November 1977 B.16 4 2.859 4 2.859
Oconee 1 July 1973 12,50 4 4.380 4 4,380
Ocones 2 Merch 1574 11.83 4 4,145 4 4,145
QOconee 3 December 1974 11.08 4 5.882 4 3.882
Rancho Seco Aprll 1975 10.75 4 3.767 4 3,767
Three Mlle Island 1 September 1974 11,33 4 3.970 4 3,970
Three Mlle iIsland 2 Decamber 1978 7.08 4 2.481 4 2,481
Arkansas Nuclesr One 2 March 1980 5.83 8 4,086 8 4,086
Calvert CifTtés 1| May 1975 10,67 8 7.478 12 11,217
Caivert Cilffs 2 Aprll 1877 8,75 8 5,152 12 g.198
Fort Calhoun September 1973 12,33 8 B,641 2 2.160
Mt listone 2 Decomber 1975 10.08 -1 7.064 16 14,128
Malne Yankee December 1972 13,08 6 6.875 9 10,312
Pallsades December 1971 1408 8 9.867 2 2,467
St. Luclie 1 December 1976 7.08 g 4,962 8 4,962
Beaver Yolley | AprTy 1977 8,75 6 4,599 6 4,599
D, C, Cook 1 August 1975 10,42 8 7,302 4 3.651
D, C, Cook 2 July 1978 1.50 8 5.255 4 2,628
tndlan Polnt 2 July 1974 11.50 8 8.059 9 9.067
tndlan Point 3 August 1976 9.42 8 6,602 bl 7.427
Joseph M, Farley 1 December 1977 8,08 6 4,247 6 4,247
Kewaunee June 1974 11.58 4 4,058 4 4,058
North Anna 1 June 1978 7.58 6 39684 8 5,312
Pralrla {sfond 1 December 1573 12,08 4 4,233 3 3,175
Pralrie (sland 2 Docomber 1974 11,08 4 3,882 3 2,912
PoinT Beach 1 Dacember 1970 15,08 4 5,284 3 3,953
Polnt Beach 2 October 1972 13,25 4 4,643 3 3.482
R, E, Glnna 1 March 1970 15,83 a 5,547 - _—
H, B, Roblnson 2 March 1971 14.83 6 7.795 2 2,598
Salem 1 Juna 1977 8,50 8 5,957 [ 4,858
Surry 1 December 1972 13,08 6 6,875 6 6,875
Surry 2 May 1973 12,67 6 6,659 6 6,559
Trojan May 1576 9.67 8 6,777 6 5,083
Turkey Polnt 3 December 1972 13.08 -] 0,875 F4 2,292
Turkey PolnT 4 Septembar 1573 12,33 [ 6,481 2 2,160
Yankeh Rowe June 1971 14,50 4 2,540 - —
Zlon 1 December 1973 12.08 3 8 .466 14 14,816
2'on 2 September 1974 11.33 8 7.940 14 13,895
mGulre 1 Decembar 1981 4,08 3 2,.8%9 14 5,003
Sequoyah 1 July 1981 4,50 10 3,942 12 5.519
Saquoyah 2 Jume 1982 5.58 10 3.136 14 £.390
San Onofre Janyary 1968 18.0 - — 3 4,750
Haddam Neck Janyary 1968 18.0 - — 3 4,730

TOTAL 2.316(2) 2.287(2)
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Table A.2
Statistical Data on Laakage Fvents u{ Prassiure lsolacion
Check Valves to Accumulacors and LPL Systems

Accumulator
Inleakage
Number of Frequency of Froegaency of Frequency
Teak Rate Leakage Fvents Occurrence Txecendance Exceedance
(gpm) (A(2) + LP) (per nour) (pec hour) (per year) {per year)
5 3 3.50(-7) 1.31(-6) La15(=2) 1.07(=2)
10 8 3.50(-7) 9.62(-7) 8.43{=3) 7.85(=-3>
20 7 3.06(-7) hel2(-7) 5.36(-3) 5.00(-3)
S0 3 1.31(=7) 3.06(~7) 2.68(-3) 2.50(-3)
100 2 8.74(-8) 1.75(-7) 1.53(=3) 1.43(=-3)
200 2 8.74(-8) B.74(-8) 7.66(=4) 7.15(~4)
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APPENDIX B: Modeling of 'lultinle Failures of Valves ila Series

This appendiz discusses the aoldeling of ISL tnitiatars [or the valve
arcangements Ln the various nathways. Tn the modeling, three valve
configurations, two-, Chres—, 2nd four=unii series systeas arae consideread.
The fornulae abtained can be adapted And evaluzzed easily under rhe aneraring
and test and survellliaace conditions of a spe=ific nlaar.

B.1 Two Valves in Series

B.l.1 Check vValves

Consider two check valves in series. Th2 valogs ac: denoted by 1 and 2.
Valve 1 Ls assumed to bhe the first (high jpressure side) isolation valve of the
interfacing systen.

In zeneral, the failure freque.cy o7 Lhe 2veat=s, when both valve fail,
can be written as:

A (1,2) = a* P(2|1) + A 2(1]2) (n

where i) and i, denote the independent failure frequencies of valves 1 and 2,
respectively. P(le) and P(1]|2) denote the conditional probabilities that
valve 2 fails, given valve 1 failad and velve 1 fails, given valve 2 failed,
respectively.

The independent failure frequencies Xy and XA, represent the frequencies
of the "leak" (rupture) failure mode, which occurs randoaly in time. Both
condirional probahilities P(le} and P(ILZ) involve an Iindependent, random
type failure component and a dependent, demand type failure couponent. The
independenr, random type failure componenr is che frequency of the "leak”
failure mode and the dependent demand type failure component includes the
probabilities of the "valve fallure to operate (to hold on pressure challenge)
on demand” and the "valve failure to operate (reseat) oun demand" failure wodes
(see more details about these failure modes in Appendix A).

a. Initially Leak Tested Check Valves

Following che WASH-1400 treatment of the V-events in many PRAs only the
first cerm of Eq. (1) has been the subject of more detailed analysis. The
reason for it was the general belief that if a check valve is not exposed to a
high differential pressure its leak failure frequency must be much smaller
than that of a check valve which is exposed to a high differential pressure.
Since, it was assumed that if valve 1 is perfectly seated, valve 2 would not
be exposed to high differential pressuve, the leak failure frequency would be
much smaller than that of valve 1, and, thus, the second term can be
neglected.

From the results of the root cause analysis of the pressure iseolarion
check valve failures (Secriom 3), however, one can infer that pressure
isolation check valves directly not exposed to high Jdifferential pressure
deteriorate due to harsh environmental effects {presence of daric acid,
vibration, corrosion, aging, etc.) and not due to the high differential
pressure. Exposure to high differential pressure of an already corroded valve
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disk may cause oaly the last shock for a check valve fazilure. This view is
supported by the facrs that check valve deterioration is experienced quice
frequently in plant fluid systems, where the disks of the valves are not
exposed to high differential press re and disk rupture in pressure isolation
check valves has never been experi-nced at PWRs. Therefore, it was concluded
that the leak fzilure frequency of a check valve not exposed to high
differential pressure cannot be neglected relztive to the leak failure
frequency of check valve, which iIs exposed to high differential pressure and
in Eg. (1) both terms have to be evaluated. It was also concluded that the
evaluation should reflect the conditlon that a small leakage through valve 1l
sooner or later pressurizes the space between the valves leading to somewhat
complex failure mechanism.

The evaluation is based on (a) analyzing the influence of the presence or
absence of RCS pressure in the space bdetween the valves to the gechanism of
multiple valve failures and (b) the application of simple sequential failure
model.

The presence or absence of R(S pressure hetween rhe check valves can be
formally taken inro acecunr in Eq. (1), if it is written as:

A (1,2) = C1=pY*A*R2|1) + p*A[*PT(2{1) + (1-p)*AJ*E*(1[2) + p*a*B(1]2), (la

where p 1s the pressurization probability of the space between the valves due
to small inleakage through valve 1,

A1y Ao, and Al, Az are the leak (rupture) failure frequencies of the
valves with and without high differential pressure across their disks,
respectively.

P(2i1l) and P'(2|1) are the conditional probabilities thar valve 2 fails,
glven valve 1l failed with and without high differential pressure
across the disk of valve 1, respectively.

P(1|2) aad P(ILZ) are the conditional probabilities that wvalve 1 fails
glven valve 2 failed wirh and without high differential pressure
across the disk of valve 2, respectively.

The mechanism of multiple failure events is illustrated by a fajilure
event flow diagram shown In Figure B.l. The initial conditious of the valves
and the failure event flow diagram are detaliled below,

The check valves are located in such pipe segment which contains no
branch line to other check valves (e.g., to the outlet check valve of the
accumulator). The check valves are leak and seat tested before reactor
startup., Their disk integrity are found to be in order and the disks are
believed to be seated. This assessment should be understood such that the
check valves are accepted to be seated if their leak flow is found ra be
smaller than a limiting flow rate defined in the technical specifications and
test requirements. This condition is important, because it is equivalent with
the statement that pressure is present in the space between the check valves
right away after start up. Therefore, the valve system can be after rhe start
up in one of the following two states:

I. A state when the differential pressure across the disks of the first
and second check valves are: Ap;»>0 and Ap,=o, respectively. In this state
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the disk of valve 1 is fimly seated and the disk of valve 2 is seated only by
its own welght in an "uastable” position. The state is deunoted in the flow
dlagram as a “closed-unstable,"” “"CU" state. The probability thar the system
is in that state is: (l-p).

I¥. A state when the differential pressure across the disks of the first
and second check valves are: Apy=~c and Ap,»>o, zespectively. In this state
the disk of valve 1 is in an "unstable" position and the disk of valve 2 is
seated firmly., The state Is denoted in the flow diagram as a "unstable-
closed,” "UC" state. The probability that the system is in that state Is: p.

A+ Transitions from the state, "CU."

When the system is in the state, "CU" transitions may occur to other
system states:

1. Should a2 massive leak develop randomly in time through valve 1, the
system would transit into an "open valve 1 - closed valve 2," state;
"0C." Transition probability is proportionzl to the leak failure
rate of valve l; Aje

2. The second valve may fall to hold upon the sudden prassure
challenge. 1If it fails the system transits immediately from the
state, "OC" into a complete failure srate, defined by two open check
valves: "Q0." The transition proceeds with the probability of the

*
“valve fallure to operate (hold) upon demand" failure mode; Ag-

3. If valve 2 does not suffer sudden catastrophiec fallure, later a leak
{rupture) failure may develop through it (it became exposed to the
full RCS pressure; 4p,>>0). In this case the transition probability
from state '""OC" to the catastrophic failure state, "00" is
proportional to the leak failure rate; Aj;~ij.

4. There 1s alsc a possible trensition from state "CU" to "00" via the
"closed valve 1 - open valve 2 state; "CO" (see the broken tramsition
line in Figure B.l). 1In the "CU" state, the unstable second check
valve may open due to vibration or other small pressure
disrurbances. The pressure disturbances could be generated by
monthly tests of associated pumps or other plant activities. As a
consequence the system may transit with a relatively high transition
probability (occurrence probability of rhe pressure disturbances,

d:))O) from the state "CU" to the state, "C0." One has to realize,
however, that an open valve 2 in itself does not represent failure of
the valve system. System failure occurs, if after valve 2 having
been opened valve 1 develops a massive leakage, (11) and valve 2
"fails ro reseat" upon this demand, (34). The total tramsition
probability from the state, "CU" to the state, "U0(0" can be taken as

*
proportional to; d AgA;~Ag3;.
5. While the system is in the state "CU," there is also a "CU-CO-00"

transition initiated by a leak failure of valve 2. The transition
probability from the state, "CU" to the state, "C0" is proportional
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to the leak failure Erequency of,valve 2 when ifs disk 1is nor axpoesed
to high differencial pressure; i,. Crom the state, "CO" then a
subsequent randonaly developing leak Failure would transit the system
into rhe carastraphic state, "00." Transition probability Ls
proportional to; A,.

B. Transitioas f{rom the state, "UC."

In the state, "UC' valve 1 is unstable and valve 2 is assumed to be
firuly closed. Thercfore, from this state the following transitions way

o<cur:

1.

If In valve 2 a massive leak develops and upon this challenge valve 1
would tighcly ressat rthe system would transit to the "closed valve 1
- open valve 2" scate, "C0.". The transition probability is
proportional to the leak failure race of valve 2; i,.

From the state, "CO" then a subsequent leak failure developing
randomly in valve 1 would transit the system inte the catastrophic
state, "00." Transition probability is proportional with che leak
failure rate of valve 1; Aj.

The other mechanism of the system fallure Is due to the possibility
that in the state, '"UC' the unstable valve 1 opens and given a
nassive leakage in valve 2 (kz) it fails to reseat (Aa). Since

valve 1 Is assumed to be slightly leaking the differential pressure
across its disk may become so small that vibration heing usually very
high at the RCS pressure bovndary can open the valve completely. The
system transits from the stare, "™UC" ro rhe scate, "OC" (see the
other broken transition line in Figure B.l1). The cransition
probability is the occurtence probability of vibration strong enough

*x
to open the valve; (d;>*)). The total rransition probability fron
the state, "UC" via state, "OC" to rie failure state, "00" can be

%
taken as proportional to: d;dghy=izig.

While the system is in the state, "UC" the slightly leaking valve 1
may begin to leak profusely. The system would transic from the
state, "UC" to the state, '"OC." The transition probabilircy is
pruportional to the leak failuvre frequency of valve 1 when Its disk
is not exposed to high differencial pressure; A*l. This ctransition
nay be then followed by a massive leakage randoaly developing in
valve 2 (A,), which transits the system info the failure state, "00."

The next step in the analysis is to evaluate the four terms in Eq. (la)
by a sequential failure model. The process is esseatially equivalenr wirh the
calculation of complete tramsition frequencies from initial states to the
final one in the failure mechanism diagram discussed above,

The probability of seguentlal failure of two valves, Q1, starting by the
failure of valve | over a time interval t can be ecalculated by the following
integrals (exponentials ars approximated by flrst ovder terms):
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1. Transition between states, "CU" and '"00," wvia state, "OC."

t t * t2 *
T, = (1-p) {‘J)' A de’ (i",\zd:" + J.d)} = (1-p) [1112 T+ Alldt], (2a)

2. Transition between states, “CU" and "00," via state, "CO0."

t
T, = (1-p) (f] A adet = e[ A, (2b)
3. Transicion between stares, "UC" and "00," via state, "OC.”
t t Cg2
= ¢ ] ' LI A —_— 2
T, = »p i A de (g'lzdt Y =pfxr, 5], (2¢)

Theilr sum is:
Q12=T1+T2‘|‘I3.

The probability of sequential fallure of two valves, Qj; starting by the
failure of valve 2 over a time interval t can be czlculated by integrals
simlilar to the above eguations. The results are given as follows:

1. Transition between states, "UC" and "00," via state, "C0."

1:'l =p [xle ;—2] , (zd)
2. Transition between states, "UC" and "00," via state, "OC."
.
T, = p[AAc] s (2e)
3. Transition between states, "UC' and '00," viz state, “C0."

)
[

'r; = (l—p){l;:-.l >1- (2£)

Their sum is:

t

.
=T +T,+T

T
2 3
*

Note that replacing Ay or 34 in these expressions by a beta factor,
&, one arrives at expressions similar to the classical common mode failure
formula. In sequential system, the demand fallure mode is5 similac to a B
factor. Indeed, the time interval between 2 failure causing a demand and the
second failure can be infinitely small. 1In this sense, two subsequent
fallures are equivalent with two really simultaneous failures. That f{s the
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reason why common mode failure is not explicitly indicated in the preseat
simple model.

The probability Qj»,, is used to derive the failure (or hazard) rate for
two valves starting with the falilure of valve 1:

! el 4 r_ 1 4 -
Ap(e) = (1-q,,) dc [1-¢;,] T-q,, at 412 " ar Q) 25(Q) <1,

* '
= (=P [A 0T + A, + T+ [ he] . (3a)
The average fallure rate over a time period, T is given by:

A
KIAZT

2

' ] T A AT *
A =% Ap,(t)de = (1-p) [—2— A+ J‘l"d] + pf ] - (sa)

O—H

Similarly, starting with the failure of valve 2 one obtains for the
failure rate the expression:

A (8> = plph e + 23]+ (op) ] (3b)

and for its average:

. A A, T AT
Ag> =l ]+ (1-1:)[’521 ]. (4b)

By equating the terms of Eq. (la) to the terms on the right side of Egs.
(4a) and (4b), respectively, cne obtains the failure frequency of two check
valves in serles averaged over a time periocd, T:

T ¥ ]
(As(1,2)> - <112> + <A.21> . (5a)

For the failure frequencies, one can assume with confidence, that the
following relationships are valid: Ajdy=Azh;, AT A5%A" 5hq, A Ag"Asdg.

Thus, Eq. (5a) can be written as:

A AT A_AT
T 1%2 2"1 *
Agl1,2)> = ==+ —55— + (1P A Ay + My » (5b)

T
One can expect also that iz>A,, and after plamt start up, the
probability, p that the space between the valves ls pressurized is not at all

*

certain, so the term (1-pYA;iq is not small., It is conservative, therefore,
* *

to use in Eq. (5b) the upper bound: A Ag2(1-p)i;iy.

As a consequence of these approximations, the average fallure frequency
of two check valves in series can be writtem as:
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*
AT+ A A, + A4, . (5e¢)

T
Ag(1,2) < a3, 1% ¥ AN

There are no experienced dara for the probabiliry, A;. Therefore, as a
substitute value, the probability of the other demand type failure mode, iy
is used. With this substitution, Eq. (5¢) goes cver into 3 particularly
simple form:

T 2
<xs(1,2)> < J\IT + 211 A - (6)

This expression is used in further applications.

It is interesting to notice that in spite of the fact that the model
started with seated check valves, due to the combination of pressure dynamics,
the effects of different failure modes and the approximations used, the
analysis ended up with a formula which could have been obrained by postularting
simply that the check valves have two failure modes characterized by XA; and
A4 Then, in Eqs (1) complete symmetry would have been obtained, i{.e., A;*
B(2]1) ~ ap* P(l|2). Thus, one could get immediately:

T 2T
(15(1,2)> £ 2(A1 3 + Alkd) .

However, by referring to this simplistic (but conservative) approach the whole
physical process of the system failure would have been covered up.

b. Periodically Operated Check Valves Without Subsequent Leak Testing

There are power plants, where check valves are leak tested only at each
refueling period. TIf the valves are operated during this time peried (cold
shutdowns, safety injections, etc.), and after each operation are not leak
tested, the chances that they would stuck open and fail to reseat upon demand
would increase with every occurrence of operation. (Check valves
sinultaneously stuck open would be detected at reactor startup, therefore,
they are not taken into consideration).

The contribution of the stuck open and undetected check valve failures to
the average fallure frequency is estimated as follows:

Let n;-1 and n,-1 denote the number of occaslons {cold shutdowns) when
check valves 1 and 2 are operared wirhour subsequent leak testing. Ler t; and
t, denote the corresponding time inrervals betuween these occasions. Let us
assume, that the valves are tested to be seated only after the time period T =
nty = npty. If dy= 1/t and d, = 1/t, denote the rates of demand of
individual check valves to open (refuelings included), then d T = n; and d,T =
nz-

The periodic operation of check valve is equivalent in the failure event
diagram (figure B.l) with a transition from state, "UC" to state "0C" with
transition frequency d; or from state "CU" to state, "CO" with transicion
frequency, d,.
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These transitions involve "valve fallure to reseat on demand” failure
mode. Therefore, their fajlure cate contributlons will effect only those
failure rate terms in the average multiple failure frequency formulas, which
involve demand type failure moades.

From E¢s. (3a) and {3b) the sum, § of rhese terms can be written as:

*
S = (1-pd[agng + Xag e + plasagfe -

Since A;%iy;

*
S = (1-p)[a;rgr] + Agr .

As 1t was previously emphasized, in the first tlme period after refueling
the probability that the space between the valves in pressurized ig finite,
but far from certain. It would be, therefere, not right to neglect the first
tere in S. Just the opposite, engineering prudence requires to use the upper
bound of this term:

Arhge 2 (=) [Apnge] -

Thus, S will be written as:

N .
S > AAgt + Aghgt . .

=

L T - *
Remembering, that the substitufe walue of Ay isAg; thus
N

.
§ > MMt + Mgt -

Therefore, in the first-time period after refueling the failure rate

contributions for thg/time intervals t; and L, can be written as:

P

A 1
Q]_g(t) - Alxdtz s and QZI(I) - Azxdtl .
After the first cold shutdown (withour subsequent leak test):
' ' '
012(2) = zllldtz , and QZI(Z) = zlzldtl ,

- *

and after the n;-th and ny—th cold shutdown (without subsequent leak test):

r ‘ 1
Q2(na) = mad Mgt prand Qg (ny) = mydphgty -
The failure ratz contributlons averaged over the time period, T are:

T = n,t

1 + T t
<A 2(1,2)> =7 [le(l) + QIZ(Z) + s * le(nz)]
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n
1 22 ]
== [ At i
T 1'd1 11
1 ‘s nzcz(uz-{» 1)
T 7174 2
n2+ 1 dzT + 1
= r. = S
MAGETTT) = T, (7a)
and similarly,
d. T+ 1
T = n4t 1
-1 = —
<A (1,2> = L\ (=) {(7b)

The total fallure rarte of the sysrem averaged over a time period T,
(during which individual check valves were operated with demand rate d; aund d,
without subsequent leak tests) can be calculated by incorporating Eqs. (7a)
and {7b) into Eq. (5) as:

T dzT +1 le +1
A(1,2,d,d,)> = MAT + A M=) + Ly (), (8)

Since Ay ~ )p and assuming that the two valves are operated with the same
demand rate, 4, =d, = d, Eq. {8) can be written in simplified form:

2
]

4T + 1

T
OJ(1,2,d)> = NT + 24, A(
If the valves are used only once at the begianning of a time period, T,
(i.e., the demand rate of the valves is d = 1/T) and tested, Eq. (8a) reduces
to Eq. (6), as it is expected.

Eqs. {8) and (8a) are usad to arudy the effect of certain measures {like
application of permanent pressure sensors) envisioned toc reduce the frequency
of ISL initiators and for "base case" 1initiator frequency calculations.

c. Application of Permanent Pressure Sensors

If a permanent pressure sensor was used to monltor the pressure condition
of the space between the valves, the average failure rate of the valve system
would decrease significantly.

It is easy to see that the sensor would eliminate the following failure
combinations a) the fatlure combination, when leakage of valve 1 is followed
the leakage of valve 2 and b) the failure combination, when valve 1 is stuck
open and would not reseat upon the demand generated by a leak faillure of valve
2'

The equations describing the average failure rates in this case are the
followings:
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T 27T
<As(1,2)>PS =i 3t A (9)

when leak tests are performed after each opening of the wvalves, and

T 2T dT + 1
<k5(1,2,d)Ps = xl 3+ xlxd(—z——) ’ (9a)

when leak tests are not performed after coperations of the valves during a time
period, T.

Comparing Eq. (9) with Eq. (6) and Eq. {9a) with Eq. (8a), one sees that
the application of pressure sensor reduces the f[ailure rate of a valve system
consisting of two check valves 1In series by a factor of 2.

d. Check Valves in the Ac¢cumulator Injection Line

The fzllure mechanism of the check valves in the shared inlet of
accumulator, LPI and HPI system i3 an important variant of the model
discussed. A detailed analysis of the experienced fallure events of valves of
this type are presented In Appendix A.1.1.1.2, The purpose of the short
discussion here is to camplete the analysis of the two cheek valve systems and
to emphasize certain aspects of the failure mechanism in this interestcing
case.

The accumulator 1s a pressurized system whose pressure is subject to
frequent changes due to variocus operational reascons. The frequency of changes
in any case 1Is expected to be much higher than the pressure changes in other
interfacing lines leading to the RWST, The failure nmechanism of the
accumulator check valves, therefore, can be taken to be very similar to that
of a check valve system perindically operated without subsequent leak testing
of its second check valve.

According to rhis model it is reasonable fo assume that the accumulator
valve system will transit from its fnitiating state "CU™ into a "CO" state
{see Figure B.] and previous description of the "CU-CO~00" transition) after
start up with a demand ("chatcering") frequency, 4,.

While the system iIs in the '"CO" state, the seat, disk, hinge or seal of
valve 2 are exposed to the corrosive effect of boric acidic water. Under
unfavorable temperature conditions boron is expected even to be deposited to
the surface of these coumponents. The environmental effect of the boric acid
results in a significant enhancement of the probability of the "valve failure
to reseat on demand"” failure mode. For distinction from the normal
probabilicy, 3y, the enhanced failure probability is denoted by iy,
(kd2>>ld)'

Therefore, if valve | begins to leak, the average transition frequency
from the stare "CU" to the complete failure stare, "00" will be:

d, T+ 1

"1’5:12[22 1,

where T is now an "effective tlme period to detect a significant accumulator
inleakage.” (The accumulator ls continuously monitored for inleakage.)
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From Eq. (8), one obtains the average failure frequency of two check
valves in the accumulator line by taking for the demand rate of check valve |,
dy = 1/T, as follous:

4, T + 1

- T 2
accumulator™ M2 2 Y MRt Y My -

Al
s
Assuming as before, that the leak failure Erequencies of the valves are
approximately equal, Ap,®i;, can be writren as:

d. T + 1

2 _
Al[llr A+ Ay, ¢ 5 Y] = ac (10)

T
<ls(1'2))Accumulator=

In this equation, C may be considered as an "effective probability for
valve failure to operate (reseat) on demand” failure mode, characteristic to
the check valve systems in accumulator lines.

Singe the accumulator is under constant surveillance, and the experienced
effective probabllicy for resear failure, Cwl., it is expected that an
apnlication of permanent pressure seascor in the space between its check valves
will not be too effective in reducing the frequency of ISLs through this
pathway.

The applicatlion of a permanent pressure seasor in the shared inlec of the
accumulator, LPL and HPI system has meaning in reducing the frequency of ISLs
toward the LPI and HPI systems.

Bele2 Motar—-QOperated Valves

The formulas providing the average failure frequency of two MOVs in
series are very similar in mathematical structure to thesa of two check
valves. The reason is that the simple sequential fallure model is also
applicable to the description of the failure mechanism of MOVs. Differences
arise only from the different failure modes of the MOVs compared to those of
check valves and from the conditions how they are acted upon by operating,
surveillance, testing, and maintenance practices and procedures.

The "two-MOVs in series, without check valve" configurations can be found
in the suctlon line of the RHR system. The following considerations,
therefore, will focus to the fallure possibllities of these specifically built
MOVs.

In the discussion generic formulae are presented to a hypothetical worst
case valve arrangement. The emphasis here {3 to see the effect of tests or
other acrions (like applicarion of permanent pressure sensors) envisioned to
reduced the frequency of ISLs tnrough the RHR suction lines. If specific
valve arrangement ot other conditions preclude certain failure modes they will
be discussed at the applications in subsection ¢.) and in Section 4.4 of the
nain text.

The relevant failure modes of the MOVs and their frequency notations are
listed below (more details about the MOV fallure modes and their Erequencies
are given in Section Appendix A.2)-
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Random Type Failure Modes

l. Internal leakaze, Ar (unlike the case of check valves, data are not
available to generzte failure frequencies exceeding certain leak rates).

2. Rupture, Ap.
3. Transfers open, Are.
4. Gross external leakage, ig.

Demand Type Failure Modes

1. MOV failing open while indicating closed, M;.

2. MOV fails to operate on demand, Ag- (There are no experienced data
concerning this failure mode, Conservatively, in the numerfcal
evaluations rhe identity, = A\ is used. An additional role of this
failure mode Iln the subsequent formulas 1s to pick up previously
undetected common mode failures.)

a. MOVs COperated With Initial leak Testing

The hypothetical MOV system assumed here is such a configuration, where
MOV 1 (nearest the RCS) is located in the containment and MOV 2 is located
outside of it (similar to the valve arrangement ¢f the RHR suction line at
Calvert Cliffs 1). The disks of the valves are assumed to be stroke and leak
{disk Integrity) tested upon start up. The test 15 repeated at each cold
shutdown. Between cold shutdowns the time period is T.

It is assumed, furthermore, that:

a. the MOVs are not equipped with stem mounted limit switches (the
assumption invelves the failure mode "MOV failing open while
indicating closed" may occur),

b. fuse connections are not in the off position, power breakers may or
may not be disconnected (this assumption involves the failure mode

MOV transfers open"™ may occur), and

¢. both MOVs have identical failure frequencies for each of the failure
modes.

Under these condicions the average frequency of ISL over 2 time Interval
T, for this hypothetical valve arrangement is given dy:

2 2 T
OG(L,2)>y0y = O+ 3g + AADT O 0 + kg + A0 + A20) 3
+ 2’1":1 + ZARAd (1lla)

However, if borh MOVs are located inside the containment, the fuse disconnects
are kept open and a permanent pressure sensor is applied in the space between
the MOVs, the average failure frequency would reduce to:
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S 2. 2 T
QLD = O + g + Qa5+ A, + 03y (11b)

b. MOVs Operated Without Leak Testing

Consider now the case when the hypothetical MOV system 1s operated under
such conditlon that the MOVs are stroke and leak tested only at each refueling
period. During this period, T, there is n-1 cold shutdowns, such that nt = 7T
(t is the average time interval between cold shutdowns, d = 1/t denotes the
nunber of MOV demands per year, such that dT = n). After each cold shutdown
the chances that one of the valves "will fail open but Indicated closed” will
Increase.

A calculation similar to that performed previously for check valves gives
the average frequency of ISLs through MOV conflguration discussed first as:

T 2 . .2 I
g (L,2,05 = Op + 0 + AT+ Oy | dpdg *+ 400+ dghp) 5
+ Zkkd[iz_;i] + ZARAd[E—;—I] . (12a)

Under similar change of conditions, as above, Eq. (12a) reduces to:

T .PS 2 2 T T+ 1 T+ 1
<ls(l’2'd)/b{0v = (AL + J\R + A.RAL) £l * Ale[d 2 ] + 1Rld 3 ] -
(12b)

c. Applicarion of Failure Rate Formulas of Two MOVs

The application of the formulas (Eqs. (lla), (llb), (12a), and (12b) for
the RHR suction slde valve arrangement of Indian Point 3 is described in
detail in Section 4.4.1 of the main text. 1In this place the application of
the formulas to the valve arrangzements at Oconee 3 and Calvert Cliffs L is
presented.

Tables B.1 and B.2 list the formulas obtained for Ocomee 3 and Caivert
Cliffs 1, respectively. The first column of the table contains the "cases"
representing varlious operatloumal test and surveifllance pcolicies on the MOVs.
Notice that at Calvert Cliffs | ISL may arise through direct leaskage from the
MOV located outside the conrainment. More details about the criteria used for
the classification of valve failure events (fallure combinations) into "small
LOCA" and "Overpressurization™ ianltiator groups and about the numerical values
of the parameters in the equations can be found in Secticns 4.4.2 and 4.4.3 of
the main text.

B.?2 Three-Valves in Series

The following fFallure analyses of valve arrangements consisting of three
valves in serles will be completely generic in that sense that it will not
treat separately configuratlons consistiug of only check valves or only MOVs.
The reason for that is that the three-valve systems occurring L. the possible
ISL pathways of the selected plants either are consisting of Chree check
valves or two check valves and a MOV Lo series. The failure analysils of two

-
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valve systems has shown also, that a generic analysis is possible by using
independent, random and dependent, demand type failure modes, in a siwmple
sequential fallure model. These failure modes and thelr applicability then
are specified for the various valve configurations.

Consider now a configurarion of three valves (1,2,3) in series. Again,
valve 1 is assumed to be the first isolation valve. The failure frequency of
the events, when three valves fail is:

25(1,2,3) = Ap*P(2|DBC(3[12) + aBCL|2)%R(3]21)
AP PO D*R(2]13) + ag*e(3|2)*eC1|23) + (13)
Ag*R(1[3)*P(2|31) + ag*e(2|3)*e(1|32) ,

where A;, Ay, A3 are the independent, random failure frequencies of valvas 1,
2, and 3, respectively.
P(le) denotes the conditiecznal probability that valve 2 failed given
valve 1 failed. Similar terms denote similar events.

P(3l12) is the conditional probability thar valve 3 failed given valves

1 and 2 failed. Similar terms denote similar events.

The conditional probabiliries involve two components: independent, random
and dependent demand type fallure components.

Eq. (13) can be evaluated by considering the effects of the initial valve
tests and the pressure in the interval spaces to the valve failure modes and
their frequencies. The evaluation can be performed for each of the terms in a
stralghtforward way by the sequential model. As an example, the calculation
of the term AI*P(ITI)*P(3|12) is shown below.

Let X;, A, A3 dencte the random type leak fallure frequencies of valves
1, 2, and 3, respectively. Let A3, and 343 denote the demand type (e.g.,
valve fails to reseat on demand) failure probabilities of valves 2 and 3,
respectively. Then, the probability of simulraneous failures of three valves
over a time interval t can be calculated by the following integral
{exponentials are approximated by first order terms):

t t t t
Q3 = 6{ xldt' { Ef' Azdt" [ tf"x3dt“ + "d3} + Az [ { A3dt" + }.d3]}

3 2 2

A A AT A Aats AL AL ALt
d

1;3 N 1523 Lt AN

2 1d27a3~ ° (14)

The failure (hazard} rate is:

' d 1 2
Magl®) * 3T Qo3 =7 N NAE F A NNt ARkt Aok . (15)

The failure rate averaged over a time period, T, is given by:
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yA
T A T A A, T A AT
SR MMy 1*2%3 12?3
<l123> == g 1123(t)dt = e + + + A A . <(16)

2 14243

This average can de equated to the term kl*P(z‘l)*P(3 12). Each of the the
other five terms can be calculated similarly. 'The suh of the six terms yields
the total failure frequency of three valves in series averaged over a time
period, T, wnich is giveun by:

T B 2
CAg(152533% = XA T+ A apdysT + A Ao hT o+ 2g A AT + 23 452,44

P20 T P e (173

If Aj=ip=Ay and Ag1™Ag2™Mrg3., one arrives at the simplified expression:
T _ 4342 2 2
<AS(1,2,3)> = ll'r + 3AlldT + BN . (18)

Eqs. (17) and (18) are easily adaptable to calculate specific valve
configuracions, when rhe valves are tested afrer each operarion (opening).

If the valves are not tested after use the chances that they will be left
open will accumulate with each operation. As it was shown in the case of the
two valve system one can caleulate the average failure frequency of untested
three valve systems by using the well known addition formula of arithmetic
series. The result for the unsimplified expression is:

T X a,T + 1 4,7+ 1
Ag(1,2,3,d),dy,830> = X 0T + R M g T o] + A 3, T [F5—]
4T+ 1 4T+ 1 diT + 1 4T+ 1
g T [ 208, [ [ 2y M0,
4T+l - 4T+1 4T+
1 Dy hp ]l Bl (19

where d;, d,, and d5 denore the demand frequencies of the individual valves.
The number of operations of the valves (number of cold shutdowns; refueling
included) during the rime interval, 7, are: n; = 4,T, ny = 4,7, and ny = d,T,
respectively. All the other quantities have been defined previously. .

The result for the simplified expression, given the valves are operared
simultaneously (i.e., dy =d, = d3 = d} is: ’

T _ .3.2 2 T+ 1 2 4T + 12
g(1,2,3,4)> = A|T° + 343 T {ﬂ—z—] + 6A %] [S‘—T-] - (20

These formulas are adapted to study the effects of various test
conditions znd certain improvements envisioned to reduce the average frequency
of ISLs and for "base case" calculatioms.
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B.2.1 Application of Failure Rate Formulas of Three Valves

In this section application of formulas Eq. (18), (19), and (20) is
presented briefly to valve configurations in the Group A and Group C lines of
the HPI system at Indian Point 3 and in the LPI lines ar Oconee 3. Detalls
about the operatiomal, test, and surveillance conditions as well as about the
calculational parameters applied in various "eases™ can be found in Sections
4.3.2 and 4.3.3 of the main text.

The valve configurations are:

a. HPI Group A Lines: Three check valves. The lines have shared inlets
with the LPI/Accumulator lines.

b. HPI Group C Lines: Two check valves and a closed MOV. The lines
have no shared inlets.

c¢. LPI Lines: Two check valves and a closed MOV. The lines have shared
inlets with the accumulator lines.

a2, Group A Lines (HPI, Indian Polut 3)

The average failure rate of the system for the standard case can be
calculated from Eg. (19). It Is assumed, that after stroke Ctest at each cold
shutdown stuck open second and third check valves stay undetected during a
refueling period.

The assumption involves that d1=1/T, d=d ;=d, and accerding to the
configuratioen A,miy=l;. Correspondingly, Eq. ?19) can be expressed as:

T Standard _ 3.2 2
<A (1,2,3,d)> = NT™ + Aladr[(dr + 1)+ 1]+
2 B[EETH? ¢ @r+ 0] (202)

In case of a pressure sensor or stuck open accumulator outlet check valve, a
leaking or stuck open first check valve is detectable. The corresponding
fallure combinations will not contribute to the failure rate. Thus, Eq. {(20a)
will be further reduced ro:

T PS 1 3.2 2 dT + 1
(15(1,2,3,d> = = lI' + Al%dr(

2,4T + 1.2
3 G

——s) + 2A . {20b)

It is easy to see that if leak test is performed after each stroke test, Eq.
(20a) transits to Eqs (18). Frequent leak test and application of a pressure
sensor will cause that Eq. {20b) will be traasformed to:

T PS _ 1,3 2
<As(1,2,3)> =3 LTZ + Alldl‘ + “l;‘d - {(20e)

In the "base case" a stuck opean accumulator outlet check valve changes Eg.
(2CQ) to the following form:

<l:(1’2’3)>Base Case - ; A?TZ + l k T(dT + 1

SRR TY, (dT+ L2 | (204)
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Since the valve system has a common inlet with the accumulator, in the
final formulas this coandition is also reflected. The final formulas for the
Group A lines are summarlzed in Table B.3. 1In the formulas C denotes the
"effective probability" that the accumulator outier check valve will not
operate {reseat) upon demand.

be Group C Lines (HPI, Indian Point 3)

Let us apply Egs. (17) and (19) for the valve configuration in the Group
€ lines. For the check valves, one can write: As=dy, Ad)"Ad,=A¢» For
the MOV oune can keep the notation: X3, Ady= The MOV is locked closed
during normal operation. Stroke and leak test are performed at each
refueling. Correspondingly, the expression for the average failure rate of
the valve system for the standard case is the following (disregarding from a
non-indicated common multiplication factor which is 1.44):

Srandard

T 2, .2 2
<A (1,2,3)> = (AT + (A2

g3 F 2N A AT + 444 +2AK}

1°d d3 d73
(20£)

More frequent test at each c¢old shutdoun does not modify the form of Eq.
(20£). The time parameter, however, will change from T=1l.5 to T=1/3 year.
The effect of a pressure seasor is that a leaking (or stuck open) first check
valve would be detected. The average failure rate expression (same for both
time parameters, T=1.5 year and T=1/3 year) disregarding from a non-indicated
common multiplicatlon factoer is:

T PS 1
< (1,2,3) {3 1A3T + (x Agp * AR 13% + 2x At - (20g)

d3

In the base case one assumes that the valves may stay open after refuelings if
leak tests are not performed. The corresponding time parameter is, T=30 years
and d=2/3 per year. The appropriate formula by using Eq. (19) is:

T Base Case dT + 1
A (1,2,3) {x A3I + (A1 g3 ¥ N TE——
dT + 1,2
2(2A1xdx63 + a2 A7) {20h)

c. LPI Lipnes (at Oconee=3)

Eq. (19) is taken as a startiag formula to obrain average failure
frequencies for the valve arrangements oun the LPI lines at Oconee-3. For the
check valves, as in the previous case, one can write: Ag*™hys Ado™Ag ™Ay
For the MOV one can keep the notation: i3, 333~ The demand rate of check
valves and MOVs are different, d#d;. Thus, in the standard case the average
failure frequency is written in the following form:

d. T+ 1

3
—2-) + ZAlAd)'BT(

T Standard 2
(15(1,2,3,d,d3)> = A A3T + AIXdST(

dT + 1
7 )



T+ 1
2

43 1.2 (dT + 1)( 3 dT + 1 2

1443

Y + 21 13(

(201}

In case of a pressure sensor Or stuck open accumulator ourlet check valve, 2z
leaking or srtuck open first check valve will be decected. The corresponding
failura comdinations will not contribute te the failure rate. Eq. {(20i) will
be reduced to the form:

2 d,T + 1
T PS _ 2. T Z I 3 I dT + 1
<AS(1,2,3,d,d3)> = 1113 -3 + AIA 33 (————) + Al%dl3 (—=) +
d. T + 1
dT + 1 3 -
2A d d3< 3 )14 7 ) . (2052

Assuning leak tests at each cold shutdowm, Egs. {201) and (20j) formally
transit Into Egs. (20f) and 20g), respectively.

The formula to be used in the case of applicarion of "relaxed" check
valve test policy (i.e., leak test at each refueling) and in the base case if
the accumulator outlet check valve is seated is identical with Eq. (20i). If
the accumularor outlet check valve 1s stuck open, the formulz tc be used is
Eq. (20j).

The final formulas for the LPI lines are summarlzed in Table B.4. 1In
the formulas, as usual, C denotes the "effective probabilicy” cthar the
accumulator outlet check vale will not operate (reseat) on demand.

B.3 Four Valves in Series

The configuration "four valves In series" is applied in the LPI and HPIL
system at Calvert Cliffs l. Notwithstanding that somewhat tedious, it is
educative to calculate the average fallure frequency of such valve systems.

It is easy to show that for four valves in series the failure frequency
when four valves fail, can be written as:

3, (1,2,3,8) = Al*P(zl1)(?(3]12)*?(4!123) + 23 similar combinational terms

of four valves, (21)

and P(4}1123) are conditional probabilities that a2 subsequent valve falls given
that the preceding valves already failed. The conditional probabilities
involve two kinds of components; an iundependent, random, and a dependent,
demand cype failure component.

where Al is rthe independent failure frequency of the valve 1. P(2{1), P(ilz),

The integral which describes the probability of simultaneous failures of
four valves over a time interval t I1s given by:
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t = t t
= ¥ i 1y mn
Q934 [ A de f'lzdt L.x3d: (L"A4d: + Ag) F
[} C t t
t t t
. " my
J aae [I'Azdt d3(f"14dt +a0]
Q t t
t T t
' " "y
[ raetag, [f.k3d: (L'kadt MR R
fo! T t
c c 1 4
k] " - o—
i’ A4t Agnhy ({' MAtT + 3g,) = s A LA 4
1 3 3 3
B 03240 F A hgg T+ A gaAgheT) +
1 2 2 2
2 22232445 F A Raadgdg B F A apda3,t0) +
MAaaraztaet o (22)

where Ay, Az, A3, and A, denote the random type (leak) failure frequencies of
valves 1, 2, 3, and 4, respectively. JMgs, M3 X, denote the demand

type (valve failure to reseat on demand) failure probabilities of valves 2, 3,
and 4, respectively.

In the same way as it was shown for the two and three valve ]
configuraclons, the average failure rate, {i';,3,> can be derived from Eq.
(22) and equated with the first rerm of Eq. (2I):

= A.* * *
Ay, = 4 P(Z]l) p(3|12) p(4|123) .
Similar expressions can be written also for the other 23 terms in Eq. (21).

After summation of all the 24 terms, the average fallure frequency of four
valves 1n series averaged over a time period, T, can be calculated as:

T _ 3
<A(1,2,3,60> = A 0,0, T7 + [xlxzxaxdh AR ah F A A+

2
AprarsRg 177+ 20050, + Ao dgdgy + A Agp ek, *

ArrarsAas * Apdatasdy o A gt 1T 61A A 000, ¢

A A A AL AL A A AL

a1*22a3%s * Mrtaztsras o A

422412 {23)

Eq. {23) describes the case when the valves are leak tested after valve
operation.
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If the valves are not tested for leak failures after openings or only
sone of rhem are tested (e.g., fnbeard valves are tested only at each
refueling, outboard valves are tested only after each cold shutdown and MOVs
opened quarterly) the applicable average failure frequency formula somewhat
even more complicated. An appropriate formula should reflect the different
demand vates of the individual valves. Such formula ls shown below,

let d;, d,, d3, and d denote the demand frequency of valves 1, 2, 3, and
4, respectively. Then, the number of occasions when the valves are operated
(number of cold shutdowns; refueling included) during a time interval, T, are:
n; = d;T, ny = 43T, ny = d57, and n, = 4,T, respectively. For this rather
generic case the average failure frequen.y Is given by:

T 3 4,T+1
(ls(1,2,3,4,dl,d2,d3,d6)) = ‘1*2*3*4T + [xlxzx3xd4o———5———) +
d.T + 1 d,T + 1 4. T+ 1

2 1 2
L G e P Y e SR SR VR LY VA G e B

d.T+1 4,T+1 - 4T+ 1 4,T+ 1

3 4 ' 2 4
2[x1h2xd31d4( 7 ) (—5—) + *Llazlalda( 3 ¥ ) +

dZT + 1 d3T + 1 le + 1 daT + 1

( 3 M1 3 )+ ‘d1*2‘3*aa ¢ 3 pI¢ 5 )+

le + 1 d3T + 1 dIT + 1 dZT +1

Miprarad ) (T F AT

M Aa2tasts

)]T +

1
4, T + 1 d3T + 1 dAT + I\ dlI + 1

2
(2 A a M 32 I T T Al Mgy )

d3T +1 4, T+1 d. T+ 1 4,T+1 déT + 1

4 1 2
A A Tt b VA A S md G

(

)+

d.T+1 4, T+ 1 d.T + 1

1 2 3
=] -

YD W § ha(

dl”d2"d3 (24)

This latter formula is adapted below to the plant specific conditions at
Calvert Cliffs 1.

B.3.1 Application of Pailure Rate Formulas of Four Valves

Eq. (24) can be easily applied to the operating conditions of the valve
system on the LPI/HPI lines at Calverr Cliffs 1., The valve system consists of
rhree check valves and a normally closed MOV. A permanent pressure sensor is
installed after the first check valve to monitor the status of this check
valve. :
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The effect of the pressure sensor in the system model is that in Eq, (24)
all of the failure combinations, where the leakage through the first check
valve 1s not the last occurring event in a sequence of valve failures are
eliminated. Simllarly, combinations in which stuck open first check valve
ocecurs, alse vanish.

Lets introduce the notation, Apy=iy=i), Ag,=igy=ig and d,=d,
d3-1/I. Then, for the standard cases the average frequency of quadruple valve
failures can be wricten as:

4T+ 1

3 4 1.2 2
<hg T(1,2,3,6,4 W4 e = 3e 52[4 A AT+ 3 3 A3 1rasT (—) + 3 A4, T
d T + 1

4T + 1 2 4T + 1 4T + 1

(U4 =570 + A0, TU + =5 (=) + "1"d" =)+
d T + 1

2 4T + 1

SESLILITAC W——s—)] - (25)

In the base case, one can assume that d,=~d,=d {i.€., inboard and outbozrd
check valves are simultzneously operated without leak test). Therefore, Eq.
{24) will have the form:

d,T + 1
T 3
A_(1,2,3,4,d4,4, 2>, =3.52[& xl;\hr +3 x 1'2(
4,T+ 1
2,2, 24T + 1 2 dr + 1 + 1,2
T AT Tz DAy T Y + g D7
4,T+1
ox A (L2 . (25%)

The factor 3.52 accounts for the four similar LPI lines and the capacity
factor of the reactor which {s taken to be 0.88.

The final formulas describing the effect ¢f the accumulator ocutlet check’
valve, are presented in Table B.5« In the formulas, ¢ denotes the "effective
probability”™ that the accumulator outlet check valve will not operate (reseat)
upon demand.

If one assumes that leakage chrough the last three valves can be detected
by the accumulator or by the rzlief vaive in the LPI system given stuck open
accumulator check valve, all the time dependenr rerms will vanish in Eqs. (25}
and (25').
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Failure event flow diagram for two check valves

Figure B.l.
in series (for explanation of notation see the text).
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Table B.1
Formulas to Calculate Initiator Frequencies for ISL Through RHR
Suction Lines at Oconee 3 {Capacity Factor: .36)

Case —~ Standard: Tp = 3/4 year, Tg = 3/4 year, d = 4/year

Small LOCA:
T aT, + 1
2 L L
[OL + 22T + Adp 5 + A2 (—5—)] (12c)
Overpressurization:
T dT, + 1
2 R R
[ORTe + A 5 + 22 A (—5—)] (124)

Case — Pressure Sensor (same parameters as above}

Small LOCA:

2 T, aT, + 1
(O + e + 2D = + A (—5—)]

Qverpressurization:

T dT, + 1
2 R R
(A3 + AAp) = + Ah (—5—)]

Case — Leak Test at Each Cold Shutdown: T = Tg = 1/4 year

Small LOCA:

2 T
[(lL + AT ¥ A AL zxLxd}

Overpressurization:

m
T X :
[ORT + A A0 = + 2252, )

Case = Leak Test at Each Cold Shutdown + Pressure Sensor:
Ty, = Tgp = 1/4 year

Small LOCA:

[(12+J\A +AA}5‘-+111
L MR T MM T2 T M
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Table B.l (Continued)

Overpressurization:

T
2 R
[(J.R + Aphy) — + ARAd]

Case - MOV leak and stroke test at each refueling: Ty = Tg = l.5 year,
d = &4/year,

Small LOCA: Eq. (12¢)
Overpressurization: Eq. {(12d)

Case - Base: Ty = 30 year, Tg = l.5 year, d = &4/year,
Small LOCA: Eq. (12¢)

Overpressurization: Eq. (12d)
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Table B.2
Formulas to Caleculate Initfistor Frequencies for ISL Through RHR
Sucrion Lines at Calvert Cliffs-1 (Capacity Factor: .88)

Case — Standard: Ty = Tg = 1.3 year, Tp' = Ty /3, d = 4/year
Swall LOCA:

T T T.!
L L 2 "L
+ ALAT z * (xhko + AR'\o) 2 * (AOAL * Aok ]

2
(AT, + A AT R 5

L (1l2e)

L
QOverpressurization:

T
2 R
[L\RTR * Ao —2]

(12€)
Case ~ Pressure Sensor {same parameters as above)

Small LOCA:

2 Ty T
[OL +3g + 22D 5+ QAL + 23 5] (12g)
Overpressurization:

T
2 R
[Og + 2pa0 ] (12h)

- . L - =
Case - Leak Test at Each Cold Shutdownm: TL TL/B' TL TR 1/4 year
Small LOCA: Eq. (12e)

Overpressurization: Eq. (12f)

Case - Leak Test at Each Cold Shutdown + Pressure Semsor: Tp' = Tyj/3,
Ty = Tp = /4 year

Small LOCA: Eq. (12g)
Overpressurization: Eq. (12h)

Case - Base: Tp = 30 year, Tg = 1.5 year, d = 4/year, Tp' = T1/3»

Tr' = Tr/3
Small LOCA:
T T T T T !
2 L L L R R
(LT + AARTL + A =5 + A 3 + A A 5+ Agd, 5 + A, =]

Overpressurizarion: Eq. (12f)
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Table B.3

Formulas to Caleculate Initiator Frequencies for ISLs
Through Group A HPI Lines at Indian Point-3

Cases

Frequency of Triple Valve Failures {per year)

Multiplication Factor:

2.88

w/Accumulator Inleakage

w/o Accumulator Inleakage

Staadard

T= l.3 year

dy = dy =d = 3/year
dl = 1/T

Application of
Pressure Sensor
T = 1.5 year

d = 3/year

Leak Test at
Each Cold
Shutdowm

T = 1/3 year
d=1/T

Leak Test +
Pressure Sensor
T=1/3 year
d= 1/T

Base
T = 30 years
d) = dy = d3 =d = 3/year

Frow Eq. (20b):

(A:(1,2,3,d)>PSC

Same as above.

From Eq. (20¢):

aT(1,2,3055%¢

Same as above.

From Eq. (20¢):

<a§(1,2,3,d)>5ase Caseg

From Eq. (20a):

Standard

(A:(l.Z,B,d)) (1-0)

From Eq. (20b):

ale1,2,3,80750-0)
From Eq. (18):

T
<ls(1,2,3)>(1-c)
From Egq. (20c):

<x§(1,2,3)>95(1-C)

From Eq. (20):

(A:(l,2,3,d))(1-C)
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Table B.4
Formulas to Galculate Initiator Frequencies for ISL
Through LP1 Lines at Oconee-3

1,

Frequency of Triple Valve Failures (per vear)
Multiplicarion Factor: 1.72

Cases w/Accumulator Inleakage uw/o Accumulator Inleakage
Standard From Eq. (203): From Eq. (201):
T = 3/4 vear
d = 3/year T PS T Standard,,
ds = 4/year <AS(1,2,3,d,d3)> C (XS(1.2.3,d,d3)> (1-C)
Application of Same as above. From Eq. (20j):
Pressure Sensor
T = 3/4 year T P8, . _
d = 3/year (As(l,2,3,d,d3)) (1=-C)
d3 = 4/year
Leak Test at From Eq. (20g): From Eq. (20f):
Each Cold
Shutdown T PS T Standard
T = 1/4 year <As(l,2,3)> C (As(l,2,3)> (1-C)
Leak Test + Same as above.
Pressure Sensor

- 1/4 T P
T = 174 year A (1,2,3)> S(1-0)
Leak Test at Same as in the Same a5 in the Standard
Each Refueling Standard Case. Case.
T = 1.5 year
d = dg = &4/year
Base Same as in the Same as in the Standard
T = 16 years Standard Case. Case.

d = dg = 4/year
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Table B.5

Formulas to Calculzte lnitlator Frequencies for ISL
Through LPI/HPL Lines at Calvert Cliffg-l

Frequency of Quadruple Valve Failures (per vear)

Cases w/Accuzulator Inleakage w/o Accumulator Inleakage
Standard

T = 1.5 year T T _
d = 4/year <A (1,2,3,4,4,8,)>5.C , < .(1,2,3,4,d,d,)>..(1-C)

d, = 12/year

Base

T = 8/year

d = 4fyear
d, = 12/year

or

d,T + 1
2. 4t + 1. %%
3.52[63, a2, (F5—) (—5—]C

T
A (1,2,3,4,4,4,)>,.C ,

or

L, 4T+ 1
2 dT + 1.2 4
3.52[6X A A, (=) (—5—)IC

T
<As(1'2'3’4’d’dﬁ)>BC(1-c)
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APPENDIX C: Operator Diagnosis and Post—Diagnosis Performance

Human behavior in response to am event, especially an abnormal event im a
nuclear power plaut, can be considered in three phases of activitys (1)
observation of the event, (2) recoganizing and/or diagnosing it, and (3)
responding to it. Errors in each of these phases can be considered
separately. However, there is much interaction betwsen the variocus phases.
In parricular, phases 1 and 3 are very much controlled by phase 2 - the
diagnoslng stage, Failures in this stage are the most significant and
basically constitute failures in cogmitive behavior. The term cognitive
behavior refers to the behavior that comprises structuring information,
concentualizing root causes and developing a response.

In regard to an abnormal event In a nuclear power plant, cognitive
behavior on the part of the operator consists of identifying the nature of the
event, identifying the necessary safety-related responses and deciding how
those responses can be ilmplemented in terms of system operaticn. The main
basis for estimating the reliability of operator action is primarily
determined by the available time for that particular event before core damage
OCCULS,

The three phases of activity (observation, diagnosis, and respcnse) can
be represented in the operator action tree shown on Figure C.la. However, the
action tree is not a very good represencation of how an operator thinks, since
in practice there is a considerable iteration between making a diagnosis,
searching for more information, and correctly responding to the abnormal
evant. The tree identifies three potentizl failure states that can result in
operators failing to take timely and correct action in response te an accident
events.

Iu the ISL study this process was not modelled in this detailed
descriptive way, rather an estimate of overall failure to take action was
derived and was used in the event trees. The simplified event tree
corresponding to this overall approach is shown in Figure C.1lb. The
simplified event tree may be derived from Figure C.la by assuming that
recognition and diagnosis may be combined to a single event and that correct
diagnosis implies that appropriate actions will always be takem.

The numerical models for diagnosing an abnormal eveat by the control room
team and carrying out the appropriate activities has been based om work
described in Reference 1 {Handbook of HRA). Figure C.2 shows the basic
diagnosis model: the probability of operations team diagnosis error in case of
an abnormal eveut. The median joint human error probability (HEP) shows the
probability of a team not diagnosing an abnormal event by a given eclapsed
time. The other lines represent the lower and upper error factors. The
probability vs. time curve was developed on the basis of a clin'cal
speculation présented in Reference 2 at a National Reliability .-valuation
Program daca workshop. A hypotherical response time probability curve has
been constructed using the general approach suggested in Reference 3 assuming
lognormality for time to diagnosis as opposed to assuming that the probability
of failure is a logarithmic function of time. -
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In case the event is generallf not practiced by the operators except in
the initial training, the handbook® recommends the use of the upper bound
joinrt HEP curve.

In this study a combination of upper bound HEPg and median HEPy has
been used (HEPyg + HEPy/2) reflecting that, even though LOCA events are
well practiced, ISL events are not specifically recogaized in the written
precedures especially aor n cthe syslea level.

It is certain that actisns wiil zlways be taken by the operators in
response ro an abnormal ewvsaut, bur .a'y afrer the condition has been diagnosed
will the operators refer tc¢ the apyrurr-iate written procedures (if any) to
cope wirth the event.

In case of an 1ISL, tnr inftial signals can be somewhat misleadling
indicating elther a typlcn. inside or outside LOCA event., The determination
of the particular location of the break due te the ISL is extremely important,
since systems required to micigate the LOCA event might be affected.

In general, system specific ISL procedures are not available to the
operator, but the loss—of-coolant phass is covered by the LOCA procedures.

References
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Figure C.la Basic operator action tree.
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APPENDIX D: Thermal-Hydraulic Aspects of Interfacing LOCAs

Interfacing LOCA bypassing the containment has been deterministically
studied for rypical cases® to assess the effecr on core damage.

The LOCA sequence assumes the failure ¢of the pressure boundary at
isolating check valves and/or motor-operated gate valves. The low pressure
system Is overpressurized by the primary coolant and the system boundary fails
outside the coutainment (pipe rupture or pump seal blowout, etc.). Depending
on the mode of failure and its particular lecation, a large or small break
LICA ecan occur. 1In the following, a brief summary of the deterministic
calculations is given for these types of accident sequences. All figures have
been reproduced from Reference 1.

D.l Large and Medium LOCA (D2")

The trausient is initiated by a large low pressure pipe break resulting
in an extraemely severe agcident sequence.l Figures D.1 through D.3 desc¢ribe
the thermal-hydraulic history of this accident. Four parametric cases have
been calculated. The base case indlcates an accident sequence where no ECC
injection is available. 1f the Failure is such that pumped ECC injection is
prevented, core damage is certain as indicated on Figure 2 even if
accumulators are available. Core damage would occcur at -8 minutes after the
break. The other parametric cases indicate that stable core cooling can be
established wirh a nininum of one HPI pump available until the RWST inventory
is depleted, which is in the order of 1-12 hours (Figure D.3). Long term
cooling is a major concern since the water supply from the RWST is limited.
In addition, recirculation system may be unavailable due o the postulated
failure in the low pressure RHR system.

D.2 Small LoCA (<2")

The primary system im accident sequences with initial break size less
than 2" in diameter will remain pressurized by ome HPI pump (see Figure D.4).
The reactor coolant system is refilled and subcooling is achieved. Core
average temperature is determined by system-wide energy balance (Figure D.5)
and in 2ll cases the system would slowly cool until the RWST water supply is
exhausted, which may be extended by throttling the HPI flow. Conditioms for
low pressure recirculation cooling are not met before the RWST supply runs out
(8-15 hours). Long term cocling may also be of some concern, because the
postulated failure could affect the capabiliry of the HP apd/or LP
recirculation system.

References

1. J. F. Dearing et al., "Dominant Accident Sequences in Oconee—-1 PWR,"
NUREG/CR-4140, Los Alamos National Laboratory, April 1985.
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APPENDIX E: Conditional Core Damage Frequencies:
Summary of Plant PRAs

E.l 1Indian Point Unit 3

Eelel Introduction

In the following, a brief suzmary of the quantitative results of the
Indian Point Unit 3 PRA iIs presenred as it relates to the ISL study.

The Indian Point PRA was performed to guantify the physical response of
the plant to all considered initiating sccident events. The plant analysis
was divided into various phases. First, initlating events were Identified and
classed into various categories based on experiences and operating records.
For each iniciating event including TOCAs, plant event Crees were
coastructed, The exit or final states were grouped into appropriate plant
event categories, which served as Iinput states for the contzinment analysis.

In the next phase, a plant-specifie data base was developed using
Bayesian updates with plant data to prior probability distributions. After
establishing the data base, unavailabilities of the plant systems were
analyzed by modelling s2ach key System and covering a complete range of plant
conditions and success criteria as specified for each event tree. The plant
analysis was competed by combining the quantified initiating vector with the
system unavailabilicies.

The "Master Logic Dlagram,” presented in Figure E.l.l is used to define
in general the initiatinz event categories. Categorlies 1, 2, and 3
representing LOCA initilators are the relevant ones to interfacing system LOCA
events. In these cases the pressure boundary between a low/high pressure
interface breaks doun and the low pressure system will be overpressurized
leading to the degradation in the primary coolant bouadarv and the loss of
coolant resulting in core damage.

The specific event trees for each initiating eveat were coanstructed using
general functiomal plant response logic. The functional event trees so
developed describe the basic functions that are necessary to avoid core melt
and/or minimize the possibility of offsite release. In the following
sections, the LOCA event trees are briefly reviewed and finally the
quantification and conditional core damage frequencles (CCDFs) are presented.

E.l.2 Event Trees

E.l.2.1 1Large LOCA

The large LOCA eveant tree, shown on Figure E.1.2 is applicadle to all
reactor coolant boundary ruptures equivalent to double-ended circumferential
pilpe breaks of six inches or above. The event iIs an extremely severe accident
in which the caolant blowdown occurs in a matter of minutes. The cooling of
the reactor core is accomplished by the RHR recirculacion system. The top
event RWST, represents the availability of borated water supply for injection,
tecirculation, and also for containment spray. The safety injection signal is
a prerequlsite for the LPI system operation as modelled in the PRA. The
contalinment spray and cooling functliocas are present in the event tree to
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differentlate between the variocus exit nmodes that are the input to the
containment analysis.

E.le2.2 Small LOCA

The PRA has three LOCA categories based on the assumed size of the pipe
break. The medium (2"-6"0 and swall (<2") LOCA categories correspond to the
category of small LOCA in the present ISL study. The CDFs of the two
categories have to be properly averaged using the corresponding initlators.
The small LOCA {ianitiater (2.1-02) iIs so large compared to the medium LOCA
iniciator (2.16-03) that the average CCDF due to small and medium 10CAs will
be almost entirely dominared by the small LOCA CCDF. The dominant small LOCA
event tree ls presented in Figure E.l.3. It can be seen that to prevent core
damage the emergency coolant injectlion system must be operable.

The reacter trip function {s present, since in most of the swall LOCA
events the RCS will not depressurize sufficiently to initiate the automatic
reactor trip function., In addition, heat removal through the letdown system
may not be sufficient requiring the operation of either the secondary side
(stean generator, AFWS) or the use of the so~called feed and bleed cooling
mode. The high pressure tvecirculation may be utilized for long term cooling.
If depressurization is possible the low pressure reclrculation system may also
be used.

E.1.3 Quantificarion of Sequences

E.1.3.1 Large LOCA

The initi{ator for this accident sequence 1s listed in Table E.l.l. The
dominant sequences of the large LOCA event Lree are listed in Table E.l.2.
The two nmost impertant sequences, AEFC and ALFC, contribute -99% of the
total. These sequences represent failures of the LP system in the Iajection
(AEFC) and the recircularion (ALFCY phases. The conditional core damage
frequency is the sum of all the sequence conditionazl frequencies in Table
E.l.2 and is

CCDFp = 8.4-03/year.
E.1.3.,2 Small LOCA

The initiators for the two categories of LOCAs {medium and small) are
shoun in Tables E.1.3 and E.l1.4. The dominant sequences for each event tree
are shcwn in Tables E.1.5 and E.l.®. Again, the two most dominant sequences,
SEFC and SLFC, represent the loss of cooling capability either in the
injection otv recirculation phase. By appropriately averaglng the two classes
of conditional frequenciles with the respective initiarers, the average
conditiconal CDF for a small LOCA is found to be

ceoF,_ = ) I, x CCDF,/ 1{ I, = 4.5-03/year
I.

i initiator
CCDrg

conditional CDF in group i.



Eel.3.3 Terminated Small LOCA

An ISL eveal may be terminated by the operator in time 1f there are
isolatlon valves avallable and operable. Even though the prlmary coolant
blowdown 1s stopped by the c¢losure of the isolation valve, it is assumed that
make-up to the reactor coolant inventory is still required to prevent core
damage. 1If the primary coolant make-up capability is lost through the
unavailability of the HPI system, core damage may occur.

The CCDF value associated with this event may be obtained by using the
conditional frequency of the sequence SEFC, which essentially represents the
failure of the HP injection function. Again, averaging over the medium and
small LOCA numbers the results is

CCDfpgrg = 2-2-04/year.

E.l.3.4 Small LOCA, One Train of HP System Unavallable

In one of the ISL event scenarios, as a result of the overpressurization
of the HPI lines, one traln of the HPL system becomes unavailable, reducing
the make-up capability. 1In the following, the unavallability of the HPIL
system with one traln unavailable is calculated based on the methods used in
the PRA.

The system unavailability is derived as the sum of the mean values of the
dominant contributors {in Table E.1.7 relevant pages from the Indian Poiat PRA
are reproduced for convenience).

The expression for the mean unavailability of the HPI system in terms of
the dominant components is:

qHPT_S = QSingle * QPump Trains * qBit + QTest * QMaintenance * QOther

RBelow eaca of the domirnant contriburors are explained, examined, and modified
according to the postulated condition of one train belng unavailable. It is
assuned for simpllicity thar Train B is the one incapacitated by an ISL eveat.

l. Qgingle — Represents single event cutset or single failure
contribution. These are essentially valve failures In the RWST feed
line to HP pumps suction side. No modification is necessary.

2. Qpugp Train — There are three blocks (B, C, end D) and B and C are
identical.
Meang = 1.0 -~ unavallable as the result of the ISL event
Meang = 1.49x10™3 - see page 1.6-462 in Table E.1.7
Meanp 1.53x10~3 ‘
QPump Train = (B+C) + (BeD} + (CeD) = C+D+CeD
Since B = 1.0
QPump Traian © 3-027(10-3

3. Qpit — No change.

4. Qregt — Represents the contributiom to unavallabllity due to test.
MeanTegr = Meany x Meangg = l.1x10~"



Since there are three pumps
Mean3 pypps = 3*Meany,i, X Meangpp = 3*8.13x107%*1.0 = 2.44-03

S. Qother — No change.
The total system unavailability I{s the sum of the dominant contributors
Quprs = S.74x 10~3

with one train affected by an ISL event. A summary of the changes are
presented in Table E.l.8.

E.2 Oconee Unir 3
E.2.1 Introduction

In this section a brief summary of the quauntitative results of the Oconee
PRA are presented. The PRA was performed to obtain estimates of the frequency
of internally and externally initiated accident events that may lead to severe
¢ore damage. In addirion, estimates were calculated of the frequency aand
characteristics of radionuclide releases and the magnitude of the resulting
public heath risk.

In this brief review, results pertaining to internally iniriared loss of
coolant accidents are presented to the extent relevant te the ISL study.

In order to obtain cere damage sequences the event tree/fault tree
methodology was utilized. 1In the so-called small event tree/large faulr tree
method employed in the Oconee PRA, a supporting logic or functiconal fault
treces have been developed for each top event function. For each initiacing
event (LOCA, transients, etc.) a functional event tree was developed where the
top events represent the safety functions necessary to avert core damage.

In general, the functional event tree starts with the initiater followed
by the subcriticalicy funcrion {failure ar this point rransfers the event to
an ATWS event tree)., The next functlon is the preservation of the RCS
integrity leading directly to the LOCA functional event trees. The next
functions are assoclated with heat removal from the reactor core, transfer of
heat from the RCS and long term core cooling. The end points of the
functional event trees are classified as different classes of core damage, Bin
I through Bin VI. The core damage bins relevant to the ISL study are listed
in Table E.2.1.

Ee2.2 Functicnal Event Trees

The relevant functional event trees for the ISL study are the large and
small LOCA trees.

E.2.2.1 Large LOCA Event Tree

In the large LOCA event tree (Figure E.2.1), the first question is the
avallability of injection (U,), and its failure leads to core damage. With
successful injection, the fallure of the low pressure recirculation (Xp)
also results in core damage.



E-5

E.2.2.2 Small LOCA Event Tree

The first top event in the small LOCA event tree, Figure E.2.2 refers to
the subcricicality function (K). If this function fails, a small LOCA ATWS
OCCUTR.

At the next top event the availability of the HPIS (Ug) is
ascertained. 1If the HPI fails, core damage occurs.

1f HPLS is successful (Us), the function "failure to maintain RCS
makeup supply” (Yg) is analyzed. 1If this function fails, either because the
RBCS fails or because the operator €alls to terminate the RBSS, the inventory
in the BWST will be depleted in about twe hours and the operators must start
the high pressure recirculation. Failure of this function (XS) results in
core daumage.

If function Yg is successful, the inventory in the BWST will be
depleted in about 12 hours; at this time, z fallure of high pressure
recirculation and low pressure recirculation results in core damage.

E.2.3 Guantification of Sequences

E.2.3.1 1large and Small LOCAs

The quantification of accident sequences relevant for ISL events are
presented in this section. Based on the functlonal event trees the following
approach was used to quantify the accident sequences.

Core damage fault trees (CDFT) were constructed for each core damage bin
using the previously deseribed functional event trees. Supporting logic and
system fault trees were used as lu.puts to these CFDT$ and the quantification
of the accldent sequences for each bin was accomplished by calculating
dominare cutsets using the SETS code.

The final result of the quantification is shown in Table E.2.2. However,
this form of breakdown of “l.c core melt frequency 1s not very useful for the
ISL study. In Table E.2.3a a further breakdown 1s provided using the dominant
small and large LOCA contribuctors to each core damage bin.

Average conditional core damage frequencies for each LOCA sequence cau be
derived by averaging the sum of the sequence core melt frequency with the
appropriate imitiator. The final results are shown in Table E.2.3b and

CCDFLarge LoCA = 1.03%10™%/year

CCOFgnal1l Loca = 2-1x10™3%/year.

E«2:.%.2 Terminated Small LOCA

If an ISL event occurs, the operator might be able to terminate the
orimary coolant blowdown by closing isolation valves (if available). Imn this
case core damage may occur if the makeup capability through the HPI system is
lost, In a smarll LOCA event the primary system slowly depressurizes

e

preverting the use of the LPI system before the RWST runs out.
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The core damage associated with this sequence represents the
unavallability of the HPI system or the SU; sequence (see Figure E.2.2).
From Table E.2.3a the CCDF may be caleculated as:

- _ -7 -3 _ —y
GCDFL, .0 oq = CMFgy_/s = 4e65x1077/3x10 1.6x10

Small LOCA

E.3 Calvert Cliffs Uoit 1

E.3.1 Introduction

In this section a brief summary of the interim reliability evaluation
progranm (IREP) analysis of the Calvert Cliffs Unit 1 is given. The analysis
was performed? as part of the IREP program to identify those accident
sequences which dominate the risk. The analysis used the fault tree/event
tree modelling to evaluare the risk due to a core melr at Calvert Cliffs.

Core melt sequences initiated by one of three break size LOCAs or one of
six categories of transients were evaluated. The most significant sequences
contributing to the core melt frequency are listed in Table E.3.l. There are
three small LOCA sequences 5-50, 5-52, and 5-539 initiated by the iass of the
integrity of the primary system pressure boundary, and the other dominant
sequences are all initiated by omne of the different categories of transients.

This present study is primarily concerned with events initiated by the
breakdwon in pressure isclatlon function resulting in an interfaciag LOCA
possibly leading to a core melt., In this study the initiators for this type
of accidents have been specifically czlculated (see Section 4) for each
interfacing lice.

The core damage frequency can be obtained by multiplying the initlator
value with the conditional core damage frequency (CCDF) for that particular
accident scenario. The results of the IREP study can be easily adapted to
derive the required CCDFs.

In the following, first the event trees are briefly revicwed, then the
quantification and conditional core damage frequencies are presented.

E.3.2 LOCA Systemic Event Trees

Three LOCA initiators are defined as "Large" (D*>4.3 inches), "Small”
(1.9 inches £ 4.3 inches}, and "Small-small” (0.30 inches < D* 1.9 inches)
breaks, where D* is the equivalent diameter of the breazk. A Larwe Loca
results in rapid depressurization of the primary system allowing the use of
the high-volune, low-pressure portions of the Safety Injection System (SIS) to
reflood the core. A Small LOCA involves a relatively slow depressurization of
the primary system, but the rate of flow of coolant through rthe break and
consequent makeup by High Pressure Safety Injection (HPSI) allows adequate
decay heat removal without depending on rthe secondary (i.e., sreanm,
condensate, and feedwater) systems. In a Small=-small LOCA, the rate of flow
of coolant through the break is greater than the capability of the normal
reactor coolant makeup system, and HPI is initiated based on a low pressurizer
pressure signal. However, the rate of flow of coolant through the Small=-small
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break iIs insufficient to tvemove enough decay heat to lower the pressure to the
HPI shutoff head and, therefore, secondary heat removal is required.

The Large LOCA systemic event tree is shown in Figure E.3.1 and the S5Small
and Smzll-small LOCA systemic trees are shown in Figures E.3.2 and E.3.3,
respectively. Table E.3.2 lists the mitigating systems and defines their
success criteriae.

The major difference between the Large LOCA and the Small ot Small-small
LOCA event trees lies in the treatment of the reactor suberiticality
function. For the Large LOCA, success of the reactor suberiricalicy functrion
is inherent in the design of the reactor and in the nature of the accident.
The reactor is automatically rendered suberitical due to core voiding during
the blowdown phase and is maintained suberitical during the subsequent core
reflood by borated water from the Safety Injection System (5IS).

E.3.2.1 large LOCA (A)

The Large LOCA initiating event is a random rupture of the RCS piping
having a greater brezk area than a 4.3 Inch diameter circular break. This
break size was selected because the primary system will depressurize rapidly
for breaks of this size, resulting in a demand on the high volume, low
pressure portions of the Safety Injectiom System (SI5). In addicion, because
of the rapid core voiding, the reactor subcriticality function is not required
for chis event.

The frontline systems required to mitigate a lLarge LOCA include the Low
Pressure Safety Injection (LPSI) System, the Safety Ianjection Tanks (SIT), the
Containment Air Recirculation and Cooling (CARC) System, the Containment Spray
System in the injection mode (CSSI), the Containment Spray System in the
recirculation mode (CSSR}, the Shutdown Cooling Heat Exchaagers (SDHX), aund
the High Pressure Safety Recirculation (HPSR) System.

E.3.2.2 Small LOCA (S))

The Small LOCA initiating event is a random rupture of the RCS piping
having a break area greater than that of a 1.9 inch diameter circular break
but less than or equal tc that of a 4.3 inch diameter circular break. A Small
LOCA lnvolves a relatively slow depressurization of the primary system, such
that the low pressure portions of the Safery Injection System (SIS) will not
be activated, but the rare of flow of coolant through the break and consequent
makeup by High Pressure Safety Injection (HPSI) allows adequare reactor heat
removal without depending on the secoandary systems (i.e., steam, condensate
and feedwater systems). Success of the reactor subcriticality function is
dependent on the successful operation of the Reactor Protection System (RPS).

The frontline systems required to mitigate a Small LOCA comprise the
headings of the Small LOCA systemic event tree (Figure E.3.2) and Lnclude the
Reaczor Protection System (RPS), the High Pressure Safety Injection (HPSI),
the Conrtainment Air Recircularion and Cooling (CARC) System, the Containment
Spray System in the injection mode (CSS1), the Containment Spray System in the
recirculation mode (CSSR), the Shutdown Ceoling Heat Exchangers (SDHX), and
the High Pressure Safety Recirculation (HPSR) System.
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Ee3.2.3 Small-Small LOCA (S,)

The Swmall-small LOCA initiatiag event is a random rinture of the RCS
piping or a reactor coolant pump seal having a break area nreater thanm that of
a 0.3 inch diameter citcular break but less than or equal Lo that of a 1.9
inch diameter circular bresk. Im a Small-small LOCA, the rate of flow of
coolant through the break is greater than the capability of the normal reactor
coolant makeup system, and HPSI is initiated based ou a low pressurizer
pressure signal. Towever, the rate of coolant loss through the Small-small
break is insufficient to remove enough decay heat ro prevent a core melt and,
therefore, secondary heat removal is required. Success of the reactor
subcriticality funcrion is dependent on the successful operation of the
Reactor Protection System (RPS).

The frontline systems required to mitigate a Small-small LOCA comprise
the headings of the Small-small LOCA systemic event tree (Figure E«3.3) and
include the Reactor Protection System (RPS), Secondary System Relief with
Auxiliary Feedwater (SSR with AFW), the High Pressure Safety Injection (HPSI)
System, the Containment Air Recirculation and Cooling (CARC) System, the
Containment Spray System in the Injection mode {CSSI), the Containment Spray
System in the recirculation mode (CSSR), the Shutdown Cooling Heat Exchangers
(SDHX), and the High Pressure Safery Recirculacion (HPSR) System.

E.3.3 Quantification of Sequences

E.3.3.1 Lazge LOCA

Table E.3.3 lists the frequency and probability values obtained in the
IREP study for each of the sequences leading to core melt. The sum of the
leading large LOCA sequences A-l through A-13 results in a conditional core
damage frequency of CCDFp = 2.B%107 /yaar due to a large LOCA.

E.3.3.2 Small LOCA

Table E.3.3 lists the conditional event probability for both Small (Sl)
and Small-small (S,) LCCA sequences. In the present ISL study, these two
classes of LOCAs were combined into a single small LOCA group. An average
CCDfg has been calculated by first summing the dominant sequences $§,-30,
S,-52, and S,~59 leading to CCDFg, = 1.2x1073 including the recovery
factor. CCDFg; has also been calculated by summing the major S sequences

(5,-26 through 5,-37). An average ‘CCDF has been calculated by the wexgh:ed
average of the individual CCDFg; and CCDFg, and thexr respective

nictiators. The result is an average small LOC@,CCDFS = |,3x107 3/year.

E.3.3.3 Terminated Small LOCAs

In this scenario, after an. 4nterfacing small LOCA event rhe operaror is
successfully able to termlnate the primary coolant blowdown by closiag the
isolation valves, if aviilable. It is assumed that coolant makeup to the
primary system,wzll be required using the HPI system and water supply from the
RWST. 1If the HPI system is umavzilable, the makeup capability is lost since
the primary system pressure remsins relatively high, preventing the operation
of the LPI system and thus leading to core damage.
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The CCDF assaciated with cthis sequence effectively represents the
unavailability of the HPSI system. One of the dominate sequences $,~59 (S,D")
represents exactly this event and the CCDF can be calculated by dividing the
core damage frequency due te §,D", 1.6x10"° (after recovery, from Table E.3.1)
with the initiatoer, 2,1*%10~2, “The result is
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A Uy | X l Sequence Type=—=tin
— A NCM
L AX, cM—VI
AU, cM—V
Event Description
T Occurrence of a transient initiating event.
K Fallure of the RPS to trip the reactor.
Q Lass of RCS integrity.
B Fallure of RCS heat removal via the steam generators.
3 Fallure to provide RCS pressure rtelief.
9] Failure of core—heat removal by HPI cooling.
Y Failure to maintain RCS makeup supply.
L Failure ro recover RCS heat removal.
W Fallure to reestablish RCS integrity.
X Failure to wmaintain long-term core—healt removal.
A Large LOCA initiator.
S Small LOCA infriator.

Figure E.2.

1

OPRA event tree for large—break LOCA events. Oconee

S l K |U5 Ys | Xg Sequence Type=bin
1
— S NCM
L SXg CM—1I
2
— SY¢ NGM
é SYgXg CM—I
SUg CM—I
SK TWS

Figure E.2.2 OPRA event tree for small-break LOCA events. Oconee

3.



E-13

Tritleclng
Ereny nicigating Syetems Aegponne Srgurnce runceional railures S
Sistus voTes
Tatqe s N
LOCA LS SIT 4551 rsE Ee. Denignator L iLl]
a or c T H TRy “BLC NJ__BeE__Tms wed ———
1 L Sart 1.2
ar
[31) ] an = (=] 1:22)
3 ar sare H
tn
4 arn a o 1,2
13 A sare
[E]]
) aCH = =] H
113}
— Acc " o 11
11
1 | S accn x o 3
i)
* ACF 2 =] L}
14)
10 ACC L] =] L
11 ap [ & ] s
—l_: o s . - .
T ¥ A = [} s
o 1t ADC = -] 3
suecess | r—l_: i amce o .
FAILUAL 1§ axr . cn )
1T At x [ ] y
1 11 AD* ] n ¥
0 apec x [} .
hdd 71 1.0 4 - Cm y
32 amce . cm .
[ 3} speCP - o L
3¢ Aptcc* = (<] *
Figure E.3.1 Large LOCA (A) Systemlc Event T-ee. Calvert Cliffs 1.



E-14

TaTeFetTme
Evene Kitiqating Sysivss Mysponss Sequency Functional Fallures
tmall ”s
woeh ”PS  wPSI Camt O3S [ 1) SoMx  MPSK Mo,  Desligeatar resc [1-1] Cmp Statve notes
$5 [ o> c c* r [ n I aeC Imd  mec
131 a3 51 JAFE 1.2
m UL NS . o 1.2.3
7 r SAPE 1
2 o = o 1.
] s)C sarr
| Ly e 5 on x o 3
{1l L | 71~ L - [~ ] 1
IR PN . ' o H
L 1 5)Cr [ ] [ 3 o [}
“
e s = . on .
I 5p° x (<] 5
T b 5ppect a (=1 [
™ b1 s|o0°¢C X [~ ] s
suocess J__r_‘l: »  sere . . en s
FATEUSE 1 9 LS L L] [ =] 3
o 5 07" x . o s
l LE] SpF L] [= ] [
‘_{_:11 sr . o &
o Sykc* L] o .
2 “ 8)rC . o 6
a SyrCr - x on .
L a SRt L] [} (1] L]

Figure E.3.2 Small LOCA (S,) Systemic Event Tree.

Calvert Cliffs 1.



E-15

TaleTat Ing
Ewsat Ritigex ing Systess Rrepones Leguenca Fonctional Fallurem
mesll- AFE BSA EFl  CARC CS33 OSSR EDWR  WPSA Wo. Deslgretor (1 (1] [T ] Cran »=z
Bamall LOCA AR R States [ ]
o, & [ < <* r [ [} InJ REC INJ REC IMJ mEIC
——Lf— [T are 1.2.18
| {1y
m s om0 = o 1,1,3,10
1 s sare .10
2 s s . » ou 1.1.10
— 13 [ £ are 1
L T - o 110
uan
¥ e = L] en 11,10
Ty ™
L1 [P ] ] = o Lo
b 2 ” &xCr =] 410
L] | u ,
I, (10 )
kL] s cc = = = (L] .10
% E n [~ 8.1
__{—E:: S . . o
. Ep<t x » ] 3.10
i — 42 &D°C ] =] 1.10
€ sSp . » 2] 5.10
4 mpr . = . = 1.10
L (13 £30°¢Ct = [ = n 4,10
[ gt ] ] ?
) [ —— kT 8L - 2 o ?
 gac’ . - o ?
(4]
success L1 I $17 - cn 1
— __[—f:: o ace ) ] o .
ratuet |
- n 3044 L] [ ] = [+ ] b
1 1 L2 . x u n 1
L T . =] ]
ra) sz8C" ] = <] ]
)
[——— 0 [P - cn [
; 17 sece . - on ]
L 78 [ PLI=4 " n " cn []
1 [ Foi= a ] = (2] [ ]
Figure E.3.3 Small-Swall LOCA (S,) Systemic Event Tree. Calvert Cliffs l.



E-16

Table E.l.1
Large LOCA Initiaring Event and Electric Power Data

Indian Point Unit 3

Description 5% Median 95% HMean

$1- Large LOCA (Annual Freguency) 1.07-6 1.17-4 6.66;3 2.16-3
AC Powe; Available at Buses {Given ¢1):
2A, 3A, SA, BA 9.97-1 | 9.99-1 | 1.0C+0 | 1.00+0
2R, 3R, 6A 3.42-7 5.18-6 £.87-5 .1.31-5
éA, 3R, 5A 2.75-7 4.89-6 5.69-5 1;25—5
5A, 6A 5.09-4 1.27-2 2.75-3 1ﬁ48-3
28, 3A 5.26-9 1.37-7 1.07-6 3.77-7
6A 3.99-8 | 2.05-7 | 2.87-6 | 4.33-7
SA 3.42-7 7.80-7 1.82-6 9.63-7
None 3.97-8 9.64-8 2.84-7 1.18-7

Note: Values are presented in an abbreviated scientific notation, e.q., 1.11-5 =

1.11 x 10°3,
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Table E.1.2
Large LOCA Event Tree Dominant Sequences
Indian Point Unirc 3

Beminant Sequences
Plant
Event Conditional Seggegce and
Sequence frequency SUSES
Category Available Failed Branch Point Cenditional
aile anch Points Frequency

Bus

No. Seq.

__5

!

REFC 3.01-3 2,3,5,6 113 LP-1 2.98-3
AEF 1.33-7 2,3,5,6 | 25 Lp-1, €S 1.08-7

2,3,5,6 1 34 TX 2.40-8
AEC 7.19-6 2,3,5,6 | 27 SA-1 6.15-6

5,6 16 LP-1, CF-1 9.10-7
AE 1.26-7 No Power!| 26 1.20-7
ALFC 5.34-3 2,3,5,6 | 2| Rl 5.29-3
ALF 1.97-7 2,3.5,6 | 10 €S, R-1 1,90-7
ALC 1.87-7 5,6 4 CF-1, R-1 1.63-7

6 4 R-1 1.87-8
AL 3.78-7 2,3 12 3.78-7

Note: VYalues are p

1.11-5 = 1.11 x 10~

Eesented in abbreviated scientific notation, e.q.,
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Table E.l.3
Medium LOCA Iniriating Event and Electric Power Data
Indian Point Unit 3

Description 5% Median 95% l Mean
¢,- Medium LOCA (Annual Frequency) 1.07-6 1.17-4 6.66-3 -| 2.16-3
AC Power Available at Buses {Given ¢2): \
2A, 3A, 5A, 6A 9.97-1 | 9.99-1 | 1.00+0 | 1.00+0
2R, 3A, BA 3.42-7 5.18-6 5.87-5 1.31-5
ZA, 3A, BA 2.75-7 4.85-6 5.63-5 1.26-%
SA, BA 5.09-4 1.27-3 2.75-3 1.48-2
2A. 3A 6.26-9 1.37-7 1.07-6 3.77-7
6A 3.99-8 2.05-7 2.87-6 4,33-7
SA 3.42-7 7.80-7 1.82-6 $.63-7
None Aj_i 3.97-8 9.64-8 J 2.84-7 1.19-7

Note: Valyes are presented in an abbreviated scientific notation, e.g., 1.11-5 =

1.11 x 10°7,
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Table E.l.4
Small LOCA Initlating Event and Electric Power Dara

Indian Point Unit 3

Descristion 5% Median 85% Mean

63" Small LOCA (2nnual Frequency) 1.03-4 1.11-2 5.43-2 2.01-2
AC Power Availabie at Buses (Given ¢,):
2A, 3A, SA, 6A 3.97-1 9.99-1 1.00+0 1.00+0
2A, 3A, 6A 3.42-7 | 5.18-6 | 5.87-5 | 1.31-5
2A, 3A, S5A 2.75-7 4.89-6 5.69-5 1.26-5
5A, A 5.09-4 | 1.27-3 | 2.75-3 | 1.48-3
2A, 3JA 6.26-9 1.37-7 1.G7-6 3.77-7
6A 3.99-8 2.05-7 2.87-6 4.33-7
5A 3.42-7 7.80-7 1.82-5 9.63-7
None 3.97-8 9.64-3 2.84-7 1.19-7

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 =

1.11 x 1073,
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Table E.1.5
Medium ULOCA Event Tree Dominant Saquences
Indian Point Unit 3

Dominant Sequences
Plant
Event Conditional Se:gegﬁgeznd
g:z:egce Frequency Available Conditional
gory Failed Branch Points Frequency
Bus
No. Seq.
_A ‘
AEFC 1.00-3 2,3,5,61 31 Lp-2 8.03-4
2,3,5,61 13 HH-1 1.78-3
AEF 6.10-8 T.e,5.6| 43 LP-2, CS 2.50-8
2,3,5,6 70 TK 2.40-8
2,3,5,6 1 25 HH-1, CS 6.43-9
AEC 7.62-6 2,3,5,6 ] 63 SA-1 6.15-5
6 16 4.06-7
5 52 9.10-7
AE 5.06-7 2,3 30 3.79-7
No Power{ 62 1.20-7
ALFC 5.35-3 Z,3,5,6 2 R-1 5.29-3
ALF 1,97-7 2,3,5,6 10 CS, R-1 1.91-7
ALC 1.68-7 5,6 4 CF-1, R-1 1.62-7
~L 1.23-11 2,3.6 12 €S, CF-1, R-1 6.36-12
5,6 12 cs, CF-1, f-1 £.86-12

Note: Values are pgesented in abbreviated scientific notation, e.g.,
1.1i-5 = 1.11 x 107°.
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Table E.l.6
Small LOCA Event Tree Dominant Sequences
Indian Polar Unit 3

Dominant Sequences
Plant
Event | Conditicnal Segge;ce and
Sequence | Frequency Avaigzgie o
Category Failed Branch Points cg:gé:;gg;]
Bus
No. Seq.
__ﬁ
SEFC 1.40-4 2,3,5,6 | 35 | HH-2  1.40-3
SEF 2.91-8 2,3,5,6 | 45 TK 2.40-8
2,3,5,6 | 37 | HH-2, C$ 5.08-9
SEC 6.22-6 2,3,5,6 | 41 | sa-1 5.19-6
SE 4.77-9 2,3(3&1 40 3.40-9
NP(3) 40 1.10-4
SLFC -4.11-3 2,3,5,6 | 2 | R-2 4.10-3
SLF 1.49-7 2:3,5.6 4 R-2, S 1.48-7
SLC 3.73-8 2,3,5,6 6 CF-1, R-2 2.58-9
5,6 6 | CF-1, R-2 3.44-8
SL 2.56-12 2,3,6 B CF-1, R-2, ¢S 1.22-12
5,6 g CF-1, R-2, CS 1.24-12
ATHS 3.91-5 2,3,5,6 | 44 K-3 3.90-5
Note:

Yalues are pgesented in abbreviated scientific notation, e.d.,
1.11-5 = 1.11 x 10™=,

Initially power at 2A and 3A, puwer not recovered in 3 hours.
Initially no power, power not recovered in 3 hours.
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Table E.1.7
Indian Point Unit 3

1:6.2.3.1.4 Quantification: Boundary Condition, Electric Power Available on
Buses 2A, 54, and 6A.

1.6.2.3.1.4.1 Quantification of Single Failures.

1.6.2.3.1.421e1 Hardware contribution. Each single-event cutset is analyzed
using plant specific data:

» Manual valve (IV) 846 on the feed line from the RWST is tested monthly on
the recicculation pump test. Therefore, one-half of 30 days is used as the
average time period ef unknown valve condition.

Meanyy = 9.15x10”8/hour x 30 days/2 x 24 hours/day

1.29x10™°

Varianceyy 1.01%x 10~ %/hour? x (360 hours)?

1.31x10~°

[}

+ Motor-operated valve (MQOV) 18i0 is flow tested monthly and is deenergized
open so it has the same characteristics as the manual valve.

Meanygy: 3.29x10°°
Varianceygy: 1. 31x1072
» Check valve (CV) 847 is flow rested monthly.
Meancy: 6.91%10”%/denand
Variancepy: 1.03x10~8

» The total hardware contribution for single failures is a serial addition of
the components' unavailabilicty in block A.

MeanSingles = Meanyy + Meamvgy + Meangy

3.29x10°° + 3.29x107% + 6.91x10™°

1.35«10~"

Variancegingles = 1.30x107%

le6:243a20401.2 Test and maintenance contribution. Neither of these two
valves is stroked during the quarterly test. The monthly flow test does not
change the position of the valves, but verifies flow through each one. This
ensures there will be no contribution to unavailability due to testing.

l.6=-461
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Table Esl.7 (Continued)

Any maintenance on these valves will cause the plaunt to shut down if the
valves are removed or placed into a nonnormal open position.

1e6.2¢3.1¢b4e1.3 Human error contribution. No significant human error is
envisioned for valves because flow rests ensure an open flow path after any
vale manipularion that may occur at refuelings. 1In addition, MOV 1810 is
deenergized open with redundant pesition indication in the CCR. Each week,
MOV 1810 and MV 846 are verified to be locked open.

Table 1.6.2.3.1-8 summarizes the unavailability contributors for single
failures.

146+42+3.1.4.2 Quantification of Double Failures.

l1.6e2.3.1.4.2.1 Hardware contribution. Two element cucsets are determined as
noted in Sectien 1.6.2.3.1.3.3 by combinations of any two puamp trains not
providing flow to the injection headers. These trains are referred to as
block B or C for train 31 or 33 and block D for traim 32,

Some elements in each train are flow tested each month so the average of 30
days/2 will apply to those valves in each of the trains. Other valves are
only flow tesred ar refueling even though motor-operarted valves B851A and 851B
are stroked during the monthly test. Each of the following valves will be
evaluated to determine the average time since a flow test verified the proper
position of the gate within the valve.

The block B pump train element evaluation is shown below:

Mean Variance

+ SI pump 31 fails to start. P 1.36x10-3 1.22x10~§
» Manual valve 848A fails closed

(30 days/2 x 24 hours/day x 9.15x10~8

= 3.29%107%). MVl 3,29x10"%  1.31x10"°
s+ Check valve fails to open. cv £.91x10~5 1.03x10~8
+ Manual valve 850A fails closed

(30 days/2 x 24 hours/day x 9.15x10™%

= 3.29x10~%). MVZ  3.29x107%  1.3Ix10~%

The mean unavailability of the block B is then:

Meanp = Meanp + Meanyy; + Meanpcy + Meanyy;
= 1.36x10"% + 3.29x107% + 6.91x10"3 + 3.29x10~5
= 1.49x10"3
Variancey = 1.05x10™%

1.6-462
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Table E.l.7 (Continued)

Block € has the same values because the two blocks are symmetrical. However,
bleck D has several differant components which yield the following block
values.

Mean Variance

- ST pump 31 fails to start. P 1.36x10"3  1.22x10"8
+ MOV 887A transfers closed

(30 days/2 x 24 hours/day x 9.15x10~8

= 3.29x10~5). MOVI  3.29x10”%  1.31x10-%
- MOV 887B transfers closed MOV2  3.29x10~5  1.31xt0~°
« MOV B51A transfers closed

(30 days/2 x 24 hours/day x 9.15x10°8 _

= 3.29x10"%). MOV3 3.29x10™%  1.31x10°°
* Check valve 8524 fails to open. v 6.91x1075  1.03x10°8

The mean unavailability of block D is then:

Meanp Meanp + Meanypy) + Meanygyy + Meanypys + Meancy

1.36x10~3 + 3,29x107° + 3.29x10-° + 3.29x10~% + 5.91x10-°

1.53x1073

Variancep = 1.06x10~8
The block D evaluation used the flow path te line 56, but the alternate path
to line 16 has a similar set of valves. The pumps failing to start represents
the majority of the contribution to unavailability. Consequently, the two
types of trains have nearly equivalent values of unavailability.

Using discrete probability distribution (DPD) arithmetic for the three
combinations of two trains failing coincidently yields the following:

Meanpymp Trains = (B and C) + (B and D) + (C and D)

7.85x10"%

Variance = 7.57x10~ 311

There are two 2=event cutsets (Section 1.£.2.3.1.3.3) involving the valves in
block M at each end of the BIT. If both valves in a pair fail to open, the
line remains blocked. Because either of the two pairs can block the flow and
the valves are from the same distribution, the following calculation using DPD
arithmetic gives:

1.6-463
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Table E.l.7 (Continued)

MeangiTMOV = 1.51x10~3
Variancegpimmoy = 2.64x10™ 6
Meangrp = 2 x (Meangrmmov)

9.58x10~5

Variancegyr = 1.70x10™2
Together, the hardware double failures are computed to be:
Meangouples 1.73x10~5

le6e2.30le4e2+2 Test contributione. During the monthly test, the system
remains in normal configuration except for 2-3/4" test lines where manual
valves are opened to allow recirculation to the RWST and to bypass the BIT on
line 6. These lines being open is not considered a system failure on safety
injection because the normal lines are 6"-4", respectively, on lines 56 and
16. Sufficient flow would still be available even with the test lines open.

MOV 851 and 851B are stroked during the test of pump 32. The valve being out
of position in the line requiring flow Is given by the following consecutive
calculations showing five minutes during the stroke test where the system
would be unavallable to the correct line.

Unavailabilicy
due to tests: 5 minutes/{60 minutes/hour/720 hours/month)

Yeany: l.1x10™"

Using an estimated standard deviation value of three minutes ylelds the
following:

Variancep = (3/60)2/(720)2
= 4.8%10"°
With train 32 (block D) unavailable, the other trains must both operate to
meet the required two pumps operatlng. Therefore, each element in blocks B
and C becomes a single element cutset, and for both blocks, the following
values are obtained (using values from Section 1.6.2.3.1.4.2.1):

Meansg = 2 Meang

2 x (1.49x103)

2.99x10"3

1.6-464
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Table %.1.7 (Continued)

Then the umavailabilicy due to these tests is:
MeanTege = Meanpp x Meant
= 2.99x1073 x l.1xlo™%

3.29%107

L}

1.6.2.3.1.,4.2.4 Maintenance contribution. Valve maintegance was considered
te be performed during nonoperatiog hours or with the valves in their normal
injection system position. However, observation of pump malnrenance during
the past four years leads to the following unavailabiliry af a pump train due
to maintenance during operaring hours.

-
Meanyzinrepance® 8+13x10
Varlanceysintenance® 6.22x10"8

With three pump trains, there are three ways to have maintenance
unavailabilicy because each pump is equally likely te require malntenance.
The failure of two pumps 1s given in Section 1.6.2.3.1.4.2.2.
Mean3pump Mainrenance = 3 ge nMaintengnce x Meanpy (see Sectinn
1

X a
«6.2.3.1.4.2.23

1]

3 x 8.13x107" x 2.99x1073

7.29x%10-8

1.6.2.3.1.4.2.4 Human error conctribution. Because the system starts
automatically on a safety injection signal, human interaction does not become
a majnr factor until the recircuialicn. phase. The procedures of the monthly
and quarterly tests appear to minimize human érrour {i.e., such as opening and
then closing each valve before proceeding to the next valve). Therefore, no
significant contribution to system unavailability was envisioned for this
system.

l1.6.2.3.1.4.2.5 Other causes. Most of the observed coupled failures in the
industry involved motor- or air-operated valves that had toc chamge position on
demand. The fraquency partial and full refueling system tests indicate that
an unforeseen commcn cause failure is of low frequency. This state of
knowledge is expressed by taking a g-factor with range 1.0x1073 ro 5.0x10"2
which yields a mean and variance of:

Mean: 1.4x10™2
Variance: 6.1x10™"

This B=-factor is assessed for the cemmon cause failure of the trains failing
coincidently.

1.6-465
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Table E.l1.7 (Continued)

Mean = 1.4x1072 x 1.53x10~ 3 (see Section 1.6.243.1,4.2.1)
= 2.16x10-3

1.6.2.3.1.4.2.6 Double failure contributions, Table l.6.2.3.1-9 summarizes
the double failure contridbutions.

1.6-.2.3.1.4.3 Triple failures. From Section 1.6.2.3.1.4.2.2, it was found
that the mean unavailability of two injection paths being blocked while a
third was being tested vielded a triple failure. If the third path fails
coincident with the cesting of cthe other two, the calculated unavailability is
approximately:

Mean3egs (1.53%10=3 3 = 1.0%3%10~8

Other triple falilures of interest are those discussed in Sectionm 1.5.2.3.1.3.3
for injecrion paths.

A single path is first quantcified:

Meang: 2 MealCheck Valve + Meanyovsse

Even though the MOVs are checked visually each quarter, the flow path is not
verifled. Givenr that the flow parh is verified at refueling and assuming a 12
month tefueling cycle, MOV B56 being closed is given by:
Mean: 9.15x10~2
Variance: 1.0D1x10%M*

For an average of 1/2 year we compute:

Meanyoyass = 9.15%x10~8/hour x 8,760/2

= 4.00x10~"
Variance = 1.92x10=7
Meang = 2 x (6.91x10‘5) + 4.00x10™"

5.38x10~"

To have a system fajlure, three out of four of these blocks like E must block
flow. Because there are four ways this can occur

Mean Path Unavailabilircy = 4 x (MeanE)3
- 6,23x107 10

Because this is a small contribution compared to single and double failures,
triple failures will be carried no further.
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Table E.1.7 (Continued)

l.6.2.3.1.4.4 System Unavailability. Table 1.6.2.3.1~10 shows the results
that have been derived for the mean values of the dominant contributors to
HPIS unavailability. These contriburors are the basis for the uncertaiaty
analysis. The marthemarical expression for the unavallabilicy of tha syscem,
in terms of the unavailabilities of the dominant contributor, is:

QPump Trains * QBIT * QTbst * QMaintenance * QOther

Uprs = Wtagle *
Using DPD arithmetic, we flud for Qupis:
Mean: 1.81x10™"
Varfance: 1.39x10™8
5th Percentile: 6.37x10™3
Medfan: 1.48x10™"%
95th Percentile: 5.49x107"
The requirement of only one pump train to be operative for a small LOCA and
either line (16 or 56) delivering flow reduces the dominant unavailabilities
to the single failures unavailability because all three trains must fall te

fall the system, given that power is available on all buses.

The asspciated system unavailabiliry distriburion for this case using DPD
arithmeric is:

Mean: 1.34x10~"%
Variance: 1.20x107%

5th Percentile: 3.20x1073
Median: 9.70x10™°>

95ch Percentile: 3.41x10~%

1.6-467
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Table E.1.8
HPI System Unavailability
One Train (B) Effected by ISL
Indian Point Unit 3

Dominant PRA One Block B
Coutributor (Three Blocks B, C, D) Effected by ISL
Qsingle 1.35x107% No change
QPump Train 7.85x10"6 3.02x10"3
QBIT 9.48x10~6 No change
QTest 3.29x1077 telx10™
QtaiaT 7.29x10~6 2. 4410~ 3
Qrther 2.14x107° No change
Total Quprs 1.81x10™" 5.74x10™ 3

Table E.2.1
Summary of Core Melt Bins
Oconee 3

Bin Sequence Characteristics

) 8 RCS pressure and leakage rates associated with small-break LOCAs,
with early melcting of the core (i.e., within about two hours after
the break occurs).

I1 RCS pressure and leakage rates associated with small-break LOCAs,
with lacte melting of the core (i.e., afrer about 12 hours from when
the break occcurs).

ITT Transiant initiator.

Iv Transient initiator.

v Large rates of leakage from the RCS and low pressure:; associated with
large-break LOCAs with failure of core injection.

VI Large-break LOCA conditions with failure of coolart recirculation.




Summary of Contributors to Core=Melr Frequency
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Table E.2.2

Oconee 3
Internal events External Events
Initiating Core-melt Initiating Core-melr
event frequency event freguency
Pipebreak- and 6.5-62 Earthquake 1.7-5
transient-induced Ternado 2.2-6
small LOCA Pire 6.5-6
SGTR 1.3-6 Turbine-building 2.0=-3
™S 1.8-8 flood
Total bin I 7.8=6 2.0=-3
Pipebreak- and 1.1-6 Earthguake 2.6-6
transient-induced External flood 2.5-5
small LOCA
SGTR 1.4-6
TWS T1.8=8
Total bin II 2.5-6 2,8-5
Transients 2.7-5 Earthquake 4.6-5
THS 2.8-6 Fire 3.6=-6
Tornado 1.1-5
Turbine~buildirng 4.5=3
£lood
Total bin III 3,.0=5 4.5=3
Transients 1.9-7
Total bin IV 1.9-7
Large LOCA 1.4-6 Earthquake 2.2-6
TWS 1.7-6
Total bin V 3.1-6 3.2-6
Large LOCA 8.3=-6 Earthauake 1.6-8
TWS 1.5-6
Total bin VI 9.8-6 1.6-8
Interfacing systems 1.4-7
LOCA
Subtotal 5,4-5 6.5-13
Total core-melt frequency 6.6-3

notation:

1.0-7 = 1.0 x 1077
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Table E.2.3a

Sunmary of Dominant Contributors to Core Melt Frequency

(Large and Small LOCA Only)

Oconee 3
Core Core Melt
Damage Bin Sequence Initiator Frequency {/Year)}
I SY_X_ 3.0x10™3 5.03x10™°
S 3.0x10-3 4.55x107
II SX, 3.0x1273 6.90x10~7
v AU-Type A 1.1x10"° 1.10x10~6
Type B 9.3x10™" 2.70x10~7
Other 1.40x10~7
VI AX,~Type A 9.3x10™" 3.30x10™6
Type B 9.3x10~" 4.80x10"€
Type C 9.3x10"" 5.60x10~8
Other 1.50x10~7
Tab].e Ee 2 - 3b
Conditional Core Damage Frequency
Oconee 3
CCDF CCDF = § CMF3/L
i
CCDF
-3
Small LOCA (sysxS + SU_ + sxs)/S 2.1x10
Large LOCA (AU + A4X,)/(A) + A 1.03x10"2
Legend: S - Small LOCA initiator = 3x10~3
A; - Large LOCA initiator = 1.1x107®
A, - Large LOCA initiator = 9.3x10~"
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Table E.3.1

Final Calvert Cliffs Dominant Accidentr Sequences

LREP IREP

FREQUENCY FREQUENCY % TOTAL

BEFORE AFTER ™

RECOVERY RECOVERY FREQUENCY
SEQUENCE DESCRIPTION (/¥YR) {/YR)
ATWS (PSF) -—-- 2.BE-5 2.8E-5 20
TDC-BZ TDCL 4.9E-4 2.1E-5 16
52-50 52H 5.1E-5 1.4E-5 11l
52-52 SZFH 5.7E-5 1.1E-5 9
T2-82 T,L 1.BE-4 7.1E-6 6
T‘—173 T4KU 6,7E-6 6.7E-6 S
T4—147 T4HL 3.4E-4 6.3E-6 5
T,-81-65 T,0-D~CC’ 1.3E-5 5.3E-6 4
T1-32 TlL 2.4E-5 4.9E-6 4
Blackeout -——— 2.4E-4 4.4E-6 3
T4-152 TQKQ 4.3E-6 4.3E-6 K}
T,-139 T,KU 3.7E-6 3.7E-6 3
Ta-llB T3KQ 2.3E-6 2_.3E-6 2
T3-113 TEHL B.S5E-S 1.7E-6 1
52-59 SZD" 2.BE-6 1:6E-6 1l
TI-BS TlLCC' 5.9E-5 1.0E-6 1
Sequences
below cutoff -—— ——— Z.BE-§ 5
Total -——— ——— 1.3E-4 100
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E.3.2

LOCA Event Definition and Mitigating Systems
Success Criteria for Calvert Cliffs Unit 1

toca Sizel mivlgaring Functicn?
Reactor Injection Phane Recireulation Phase
Subcriticality
{RESC) Reactor Containment Containment Reactor Containment Contalnment
Heat Atmospheric Racdioactivity Heat Heat Radiocactiwity
Renmoval Heat Remova) Removal Removal Remova |
(REHR} Removal {CNRR)? {REHR) (CNHR) (CNRR) 3
[CNMR)
Small-Small RPS 1/3 HPS1 172 CSSI 1,2 €551 1/3 HPSR 172 CSSR OR 1/2 ¢SSR
AND or with 173
.37CDr<Cl. 3" 85k 1,4 CARcd 172 SDHX CARC
AND
VT AFW
Small RPS 1/3 mest 172 €551 1/2 ¢ss1 1/) ursr 172 CSSR OR 1/2 CSSR
DR with 173
1.9%0D"<4.3" 174 CARCHY 172 SDHX CARC
Lacge None /4 SITa 172 CSSt 1/2 €881 1/3 HPSR 1/2 CSSR OR 172 CSSR
Iiequltzds AND OR with i
Doce. 3t 1/27°LPst  1lr4 CARC 1/2 SDAK CARC
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Table E.3.3
Summary Results of Screening Quantification
Calvert Cliffs 1

Key to Accident Sequence Symbols

EVENT TREE
FRONT LINE SYSTEM FAILURE
SYMBOL
A LARGE LOCA
< CONTAINMENT AIR RECIRCULATION AND COOLING SYSTEM (CARCS)
c* CORTAINMENT SPRAY SYSTEM (INJECTION) (CSSI)
D SAFETY INJECTION TANKS (SIT)
D’ LOW PRESSURE SAFETY SYSTEM INJECTION (LPSI)
D* HIGH PRESSURE SAFETY SYSTEM INJECTION (HPSI)
F CONTAINMENT SPRAY SYSTEM (RECIRCULATION! {(CSSR)

SHUTDOWN COOLING REAT EXCHANGERS (SDHX)
H HIGH PRESSURE SAFETY SYSTEM (RECIRCULATION) (HPSR)
K REACTOR PROTECTION SYSTEM (RPS)
L AUXILIARY FEEDWATER SYSTEM {AFW) AND SFECONDARY STEAM RELIEF (SSR)
M POWER CONVERSION SYSTEM (PCS5} AND SECONDARY STEAM RELIEF [SSR)
P RELIEF VALVES DEMANDED
Q RELIEF VALVES RECLOSE

s1 SMALL LOCA |

57 SMALL-SMALL LOCA

] LOSS OF OFFSITE POWER (LOSP)

T2 LOSS OF POWER CONVERSION SYSTEM [PCS)

T3 TRANSTENTS REGUIRING PRIMARY SYSTEM BRESSURE RELIEF
T4 REMAINING TRANSIENTS REQUIRING REACTOR TRIP

Tpe LOSS OF BC NUS 11

TsRwW LOSS OF SERVICE WATER TRAIN 12

u CHEMICAL VOLUME AND CONTROL SYSTEM (CVCS)
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Table E.3.3 (Continued)

A: Large LOCA

UNDEVELOPED DEVELOPED
SEQUENCE SEQUENCE TRANSIENT EVENTS EVENTS SEQUENCE
NUMBER DESCRIPTION FREQUENCY/YR PROBABILITY PROBABILITY FREQUENCY
A-2 AH 2.3E-4 - 2.5E-3 €
A-4 AFH 2.3e-4 - 2.8e-3 €
A-6 ACH 2.3E-4 - £2.3E-3 €
A-7 ACG 2.3e-4 - £2.38-) €
A-8 ACGH 2.3E-4 - $2.3E-3 €
A-9 ACF 2.3eE-4 - <2.3E-3 €
A-10 Yool 2,3E-4 - =2.3e-3 r
A-11 AD 2.3E-4 - £3.7e-3 €
A-12 ADF 2,.3E-4 - =3.7e-3 £
A-13 ADC' 2.3E-4 - £5.7E-3 ¢
A-14 ADC "2.3e-4 - £7.BE-6 ¢
A-15 ADCG 2.3E-4 - =7.8E~6 [4
A-16 ADCF 2.3E-4 - =7.BE-6 €
A-17 ADCC' 2,3E-4 - =7.8E-6 €
A-18 AD" 2.3E-4 - 8.2E-4 €
A-19 AD'F 2.3E-4 - =8.2E-4 €
A-20 ADp'C* 2.3E-4 - £8.2E-4 €
A-21 AD'C 2.3E-4 - £1.3E-14 ’
A-22 AD'CG 2.3E-4 - =1.3E-4 <
A-23 AD'CF 2.3E-4 : - £1.3E-4 .

A-24 AD‘cC’ 2.3eE-4 - £1.3E-4 €
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Table E.3.3 (Continued)

Sy: Small LOCA

UNDEVELCPED DEVRLOPED

SEQUENCE SEQUENCE TRANSIENT EVENTS EVENTS SEQUENCE
NUMBER DESCRIPTION FREQUENCY/YR PROBABILITY PRU3ABILITY FREQUENCY
51-26 SIH 2.4E-4 - 2.4€-3 ]
51-28 SIFH 2.4E-4 - 2.7E-3 €
S1-30 Si1cH 2.4E-4 - 59.1c-4 c
§1-31 S1CG 2.4E-4 - £8.1E-4 [4
51=32 S]1CGH 2.4E~4 - ZB.1E-4 ¢
5;-32 S|CF Z.4F-4 - S$B.1F-4 €
51-34 sycct 2.4E-4 - <B.1e-4 «
§1-35 51D* 2.0E-4 - £l1.3E-4 €
5)-36 S1D"F 2.4E-4 - $1.3E-4 <
5737 spo=c’ 2.4E-4 - £1.3E-4 «
51-18 spotc Z.4E~4 - £3.9E-5 €
51-39 S10-CG 2.4E-4 - $31.9E-5 «
S51-40 S)07CG 2.8E-4 - <3J.9F-5 ¢
S1-41 spo=cc’ 2.4E-4 - £3.9E-5 €
51-42 S1K 2.4E-4 3.0e-% N/A €
51-43 S1KP 2. 4E-4 3.0E-5 N/A ¢
S1-44 S1KC’ 2.4E=-4 3.0E-5 N/A €
51-45 S1KC 2.48-4 3.0e-5 N/A «
S1-16 S1%C6 2.4p-4 3.0E-5 N/A €
§5y1-47 S1KCF 2.4E-4 3.0E-5 N/A 4
sy-18 §) ®Ce! 2,4E-4 3.0E-5 K/A ¢
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Table E.3,3 (Continued)

S5 Small-Small LOCA

GNDEVELOPED BEVELOPED
SEQUENCE SEQUENCE TRANSIENT EVENTS EVENTS SEQUENCE
NUMBER DESCRIPTION FREQUENCY/YR PROSABILITY PROBABILITY FREQUENCY
53-50 SaH 2.1g-2 - 2.4E-3 S.1E-%
52=52 SpFH 2.1E=2 - 2.7e-3 S.7E-5
$2-54 S2CH 2,7e-3 - 6.6E-7 €
" §3-55 $2CG 2.18-2 - 2,2E-6 ¢
$2-56 $;CCH 2.1p-2 ’ - 6.7E-6 €
$2-57 spce 2,1E-2 - 1.3E-5 "
53-58 sycC! 2.1e-2 - 2.0E~6 :
55-59 s20° 2.1e-2 - 1.3E-¢ 2.8E-6
S2-60 S3D°F 2.1g=2 - 3.0e-6 €
$2-61 5,;p%C’ 2.1p-2 - 1.96-6 €
$7-62 sypC 2.1E-2 ’ - 5.8E-7 P
S2-63 S207CG 2.1e-2 - %1.0E-8 «
52-64 52D°CF 7.1e-2 - 9.0E-8 €
53-65 s3D*cC* 2.1r-2 - 3.2E=5 <
S52-66 SaL 2.1g=2 - 2.3E-4 4.8E-6
52-67 SaLF 2.1E-2 - 7.4E-B €
52~-68 SLC’ 2.1E-2 - 5.0E-7 €
S2-69 SaLC 2.1E-2 - B.0F-7 £
52~-70 S2LCG 2.1E-2 - 51.0E-8 €
53-71 S3LCF 2.1E-2 - £1.0E-8 «
§2-72 spLec’ 2.1E-2 - 6.3E-6 «
$2-73 S2K 2.1E-2 3.0e-5 N/A €
55-74 SoKF 2.1E-2 3,0E-5 N/A ¢
§7-75 spxct 2.1e-2 3.0E-5 N/A €
§2-76 52KC 2.1e-2 3.0E-5 N/A «
85-77 52KCG " 2.1E-2 3.08-5 N/A «
Sp-78 SaKCF 2.1E-2 3.0E-5 N/A €

5z-79 saKcC’ 2.1E-2 2.0E-5 N/A €
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APPENDIX F: Interfacing LOCA Pipe Break Probabilicy

An estimate of the likelihood that the low pressure piping in a particu-
lar plant will fail when suybjected to overpressurization is am essential item
needed to assess the core cdamage frequeucy resulting from an interfacing sys-—
tem LOCA. The purpose of this zppendix is to establish a2 reasomable pipe
rupture probability associated with interfacing LOCA in both BWRs and PWRs.
This pipe faflure probability estimate is hased on the limited amount of data
available in chis area and on a2 good deal of engineering judgement.

Review of Industry Estimates of Pipe Failure Duriog Interfacing LOCA

As an initial step, the sections dealing with pipe rupture of three
industry documents oo the subject of iaterfacing LGCA were reviewed:

1. T"Seabrook Station Risk Management and Emergency *lanning Study,”
PLG-0432, December 1985.

2. Fauske & Associares, Inc., "Evaluation of Conraimmenr Bypass and
Failure to Isclate Sequences for the IDCOR Reference Plants,” Drafr
Report FAL/84-9, July 1984.

3. Draft of GE Report, "BWR Owners Group Assessment of Emergency Core
Ccoling System Pressurizarion in Boiling Water Reactors,” by Mehta
and Howard.

For convenience, these reports are referred to as Seabrook, IDCOR, and
BWROG in the subsequent discussion.

Section 3 of Seabrook, entitled "SSPSA Plant Model Update,™ briefly dis-
cusses the Seabrook RER piping strength and rupture probability. Seabrook
states that the piping involved is Schedule 40, 304 stainless steel piping
with a maximum dizmeter of 16 inches on the suction side. While the pipe is
designed for a pressure of 600 psig, during an interfacing LOCA it may experi-
ence a pressure of 2,250 psia. Seabrook proceeds to model the overpressuriza-—
tion as quasi-static, based on the arguments made in the IDCOR report
(discussed here later). The conclusion stated in Seabrook is that, with a
2250 psia pressure, the hoop stress ogn will approach the yield stress of 35
ksi (kilopounds per square inch). (This can be easily verified. TFor a
Schedule &40, 16 inch pipe

- 2,250 psi (15.5)
%h zZ (.5)

= 34.88 ksi) .

To obtain a failure probability, Seabrook assumes a log—normal distribution
for which the probability of failure ar yield is .0l and at the ultimate
stress is 0.99. The calculated hoop stress, slightly below yield, then
corresponds to a failure probability of 0.006. Seabrook also assumes a *flac’
distribution of a 10~> failure probability to account for such things as
undetected design errors, material defects, etc. In other words, independent
of the magnitude of the internal pressure, the pipe rupture probability is
never less than 0.001.
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The following observations can be made regarding the Seabrook method:
First, the yleld stress of 35 ksl cited above, may be nonconservative for the
500 to 600°F temgerature the pipe experiences. A standard reference wark on
stalnless steels* gives a value of 24 ksi as the yield for 304 55 ar 500°F.
1f the same criteria for a probability distribution were used as before, i.e.,
log normal with a .0l failure probability at yield, chen the calculated hoop
stress of 34.88 ksi would lead to a probability of failure considerably
greater then .0l. No reduction of pipe thickness due ro corrosion was
considered. Finally, like the other twc references, Seabrook treats the
problem only quasi-statically.

The IDCOR document considers interfacing system LOCA in four reference
plants: Peach Bortom, Grand Gulf, Zien and Sequoyah. No probabilistic analy-
sis is made regarding pipe breaks. Instead, hoop stresses are compared to
pipe strength in a dererministic way with the conclusion that low pressure
piping would remzin intact long aiter the shaft seals of the RHR pumps fail.
For Pcach Bottom, IDCOR describes 20 inch pilping made of ASTM A]lQ06 B with a
wall thickness of 0.95 cm (0.37{ in.). According to IDCOR, this piping could
be exposed to pressures approaching 7 MPa (megapascals) (1,000 psia). The
subsequent stress calculations in IDCOR are difficulc to make sense cf: TFor
the pipe described at 7 MPa of internal pressure, LDCOR cites a hoop stress of
375 MPa. This Is elearly wrong. The correct stress is only

7 MPa [49.85 cm)
Z (.95 cm)

= 184 MPa (26.6 ksi) .

However, IDCOR also cites the yield stress for A-106 Grade B as 414 MPa (60
ksi) but this vslue is acrually che ulrimate stress of this mzarerial. The
yield stress is only 241 MPa (35 ksi) at room temperature and more like 186
MPa (27 ksi) for S00°F temperature service. Therefore the calculated hoop
stress, 184 MPa, is about 997 of the yield stress of 186 MPa. No allowance
for corrosion has been made and no dynamiec effects are considered.

For Zion, IDCOR conslders a 14 inchk, Scnedule 40 pipe of 316 stainless
steel with an inside diameter of 0,33 m and a wall thickness of l.l cm. This
low pressure piping could be exposed to 15.5 MPa (2,250 psia) according te
IDCOR. The resulting hoop stress 1s correctly cited as 233 MPa {33.8 ksi) buc
the yield stress for 316 S5 is given by IDCOR as 552 MPa (80 ksi). This again
is an ultimate stress not a yield stress. 316 S5 has a yield1 of about 276
MPa (40 ksi) at room temperature and about 173 MPa (25.1 ksi) at 500°F.
Therefore the hoop stress is likely to be above yield even without allowance
for corrosion which is not considered. Agaln dynamic effects are dismissed.

For the Grand Gulf calculation IDCOR refers back to the Peach Bottom
discussion. Sequoyah is conslidered similar to Zion.

0f all three documents, document number 3, the BWROG report, has the most
extensive sections dealing with pipe failure. Piping integrity is evaluated
using three different criteria:

1) Hoop stress versus burst margins.
2} Limiting axial flaw length in the piping.
3) Pipe rupture probability at a circumferential butt weld.
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probabilistic and BWROG cites the probability calculated via the third method
as the overall piping failure probability. This approach is inconsistent.
The other two criteria should be applied probabilistically also, and all
indications are they would produce higher pipe failure probabilities than the
third method, which BWROG relies on.

For the first criteria, comparison of pipe hoop stress during overpres—
surization with burst margin, typical pipes from the Core Spray, RCIC, HPCIL
and RHR systems are analysed in BWROG. Pipe size ranges from 6 to 24 inch
Q0. Hoop srresses at 1,050 psi internal pressure are calculated for these
various size pipes and compared to a burst hoop stress of 54 ks! which is
based on results reported by General Electric from a series of burst tests.
All pipes are assumed to be made of A-106 Grade B steel, for which BWROG
correctly cites 27 ksi as yield and 60 ksi as ultimate stress at 550°F. An
allowance of .08 inches in wall thickness, regardless of diameter, due to
corrosion is also made. The hoop stress calculations in BWROG show the
following values:

Hoop Stress

Pipe Size {in.) at 1,050 psi (ksi)
6 16.3
14 _ 23,9
16 27.4
20 34.5
24 28.9

Since none of the calculated hoop stresses exceeds 54 ksi, the conclusion
in BWROG is that pipe failure will not occur, i.e., has zero probability.
This is an inappropriate approach. Both the burst hoop stress and the actual
total stress in the pipe should be considered as statistical variables which
can take on a range of values. For instance, three of the hoop stresses above
are higher than the yield stress of 27 ksi. A probabilistic approach such as
that used by Seabrock, discussed earlier, where a hoop stress equal to the
yield stress means a .0l failure probability, would imply that the failure
ptobabiliries of the 16, 20 and 24 inch pipes are all greater than 0.01!

The application of the second criteria in BWROG, limiring axfal flaw
length calculated via a limit load approach, suffers from the same
inconsistencies as the hoop stress comparison just discussed: A deterministic
application of the equations involved reaches the conclusion that the smallest
crack length which will lead to failure is 2.4 inches and, since this is too
large to remain undetected, failure cannot occur. Without even discussing the
question of whether a 2.4 inch flaw will always be detected in time, the
approach used can be again termed inconsistent: T1f the flow stress and hoop
stress used in the theory were treated as statistical quantities, a range of
crack lengths, some considerably less than 2.4 inches, would result. Faillure
probabilities associated with the differeat crack sizes could then be
computed.

It is difficult to evaluate the method used in BWROG for obtaining the
probability of pipe rupture at a circumferential weld of the piping, i.e., the
third criteria used for establishing piping integrity. Since the method
involves a complicated computer code, PRAISE, which was not reviewed by us,
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essential ingredients of the method remain unknown. A fallure probability of
10~/ per weld is calculated. When such small probabilities are the result of
mathemat ical models using various assumed inputs to describe a physical
process, one wonders to what ovrder of magnitude the result is valid. BWROG
assumes 300 welds per piping system and uses the resulting probabllity of
3x10~% for the weld calculatiom ta represent the total piping fallure
probability during an interfacing LOCA. This seems a very questionable way to
obtain an overall piping failure probabilicy, especially when one remembers
that Seabrook assumed a base line failure probability of 1073 due only to
manufacturing defects, design errors, constructien errors, and other random
factors.

To summarize: The Seabrook document has perhaps the most reasonable
approach but may still bde neon—conservative because It neglects corrosion, ele-—
vated temperature material effects, and dynamic loading considerations. The
IDCOR TR uses only a deterministic comparison in which it grossly overstates
yield strengths, neglects corrosion, temperature effects and dynamic conse—
quences. Most of the hoop stresses calculated in the IDCOR TR are actually
above the correct yleld stresses of the plpe materlal and so are likely to
lead to significant falilure probabilities, at least according to the assump-—
tions made by Seabrook. The BWROG document, accounts for corrosion and high
temperature but not dynamie loads. 1t inappropriately uses two deterministie
and one probabilistic approach to evaluate different phenomena related to pipe
integrity and erroneously concludes that the probabllistic approach used for
weld failures gives results which cover all three pipe integrity considera-
rions.

None of the industry reports reviewed above ascribe any importance to the
dynamic aspects of the loading on low pressure piplog caused by a sudden
overpressurlization. This neglect of dynamic effects is justified in an appen-
dix of the IDCOR TR and by a related calculation in a PLLG memorandum which
show that the maximum pressure In the low pressure pipe cannot exceed the pri-
mary system pressurz, i.e., no dynamic "pressure spike” is generated which
would result in a higher hoop stress than is calculated in a quasi-static
manner. The IDCOR and PL&G calculatlons are reasonable for the assumptions
made, namely that the piping system is completely rigid. This may not be true
in practice. While no dynamlc Increases In the local hoop stress may oceur,
the forces caused by the high pressure wave at elbows and area changes in a
flexible piping system can generate bending and torsional moments which add ta
the total pipe stress. To quote from NUREG—(0582, Water Hammer in Nuclear
Power Plants; ".... local pressure Increase is not the only cause of water
hammer damage .... most of the reported damage can be attributed to forces
produced during the transient at pipe bends and flow area changes. These
forces can cause pipe "jump' and result in axial forces aud bending and
torsional moments.” While we are not dealing with a classiczl water hammer
problem, the interfacing system LOCA causes a rransient to occur, in which a
high pressure wave has to travel arouud elbows and through area changes of a
plping system. TIf the overpressurization is caused by the inadvertent gradual
opening of a valve or the slow failure of some valve components the pressure
rlse will be slow enough so that the problem caa be treated quasi-statically.
Normal 1isclation valve opering times on the order of 10's of seconds would
allow cne to neglect dynamic effects. But if a sudden dislategration of the
internals of a valve separatlng high and low pressure systems occurs, the
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dynamic effects on the piping system may be significant.* Exact times for
clasgifying 'fast' versus 'slow' overpressurization depend on the systems
involved.

If a sudden overpressurization does occur, the nature and magnitude of
the stresses imposed on the pipe due to dynamic effects are dependent on the
time history of the force and on the individual piping segment in question.
Not only piping material, thickness and diameter but the spatial configuration
of the pipe, the locatlon and kind of restraint provided by hangers, equipment
acttached or suspended from the pipe, location of welds, etc. are all Important
in determining the response of the piping system to dynamic loading and
calculating the resulting forces and moments and corresponding stresses.
Obviously no generic calculations are possible and the many piping system and
even segment specific calculations needed would be extremely costly,
especlally since differences in assumntions regarding pressure rise time or
hanger idealizations will yield different results. Despite such difficulties,
when estimating the pipe break probability, one must keep in mind the
possibility of adding significantly to the plpe stress 1f the
overpressurization is fast enough to elicit a dynamic response from the piping
system.

BNL Estimate of Pipe Failure Probabiiities During Interfacing LOCA

In order to estimate the probability of low pressure piping failure due
to overpressurization, we want to lacorporate the limited data available, our
engineering judgement, and the insights provided by previous work in this
area, l.e., the documents just reviewed.

Ideally, every possible mechanism which could lead to plpe failure, would
be investigated, modelled, and its contribution to total pipe failure
probabllity assessed. Such a comprehensive analysis 1s well beyond the scope
of our task here. Given the uncertainty assoclated with our present state of
knowledge for many of these mechanisms, the estimate from such a detailed
study may be no more precise than that obtained with the more general method
we propose here.

Since almost all failure mechanisms are in some way related to pipe
stress, we will estimate a failure probtability which depends on the maximum
stress level in the piping system.

We will avoid a dependence of our estimate on piping lemgth by assuming,
similar to the Seabrook approach discussed above, that the estipated
probability applies to the particular piping system in question (RCIC, RHR,
ete.) as a whole. Stress levels in the piping system depend on the impcsed
pressure and on the material and geometric properties of the pipe. If a
particular piping system contains segments of different properties, we will
assume the segment with the highest stress level to be the major countributor
to the systems failure probability and use this probability as representative
of the overall piping system failure probability.

%A striking example of such dynamic effects was shown {in an Indian Point
calculations recently provided to us, but which arrived too late to be
included in more detail in this review.



Earlier we discussed the approach used by Seabrook, which assumed a
lognorwal cumulative failure distributfon whose parameters were determined by
assigning percentile constralnts at gy, the yleld stress and oy, the
ultimate stress. Seabrook took these constraints to be P(g,) = 0.01
(P(uy) Tepresents the cumulative failure probablility at the yield stress)
and g(uu) = 0.99. The 0.99 value at g, seems reasonable since one can
expect fallure at o5, with almost certainty. However, assigning a fallure
probability of 0.0l at the yield stress appears very arbitrary without some
supportive dara. This arbicrary constraiat occurs at the most sensitive part
of the probabiliry distribuction curve for ocur calculations: During
overpressurization many pipe stresses in BWR low pressure designed syscems
will be npear the yleld stress, while in PWRs these systems will experience
stressés at or above yleld. An assignment of P(gy) = 0.001 for instance,
which seems just as defensible {or indefensible) as Seabrook's P{gy) = 0.0l
without data, will shift failure probabilities by an order of magnitude on
that pzart of the distribution curve of most interest to us.

By assuming a lognormal distriburion with the constraints indicatred
above, Seabrook has also implicitly assumed thar the mean and the median
failure stress lie approximately halfway between the yield and ultimate
stress. (For Seabrook's lognormal calculatioms, with gy = 35 ksf and oy =
80 ksi, the mean fallure stress is 55.5 ksl and the median 54.6 ksi.) This Is
not due to the symmetry of the constraints at yield and ultimate, but rather
to the nature of the lognormal distribution employed over a relatively narrow
variable range between the constraints. For instance, Figure ! shows a
lognormal distribution for ASTM Al06 B constrained by P(oy) = 0.001 and
P{oy)} = 0.99, where gy = 27 ksl and gy = 60 ksi at 500°F. The mean of
thls distribution corresponds to 42.1 ksi and the median teo 41.7 ksi while
(oy + o4)/2 equals 43.5 ksi. These values of mean and/or median failure
stress relative to gy and gy do not agree with the limited data we do have
on pipe overpressurization, i.e., the burst tests conducted by General
Elecrric on ASTM a106 B pipe? mentioned in BWROG.

Specifically, General Electric conducted burst tests on seamless Al0Qb B
pipes ranging in size from &4—-to-12 inches and in diameter to thickmess (D/t)
ratlos from 13.3 to 27.5. AlOb B is the material used in BWRs for much of the
low pressure piping affected by a postulated interfacing LOCA. During the GE
tests the actual yleld and ultimate stress of the pipe material used for each
test specimen was determined. The average burst hoop stress of unflawed pipe
specimens was found to be at approximately 907 of the ultimate stress
independent of the pipe size. This indicates that, when constructing a
failure probahility distribution, the stress corresponding to the distriburioan
mean should be closer to the ultimate stress than the yield stress. Both
intuition and theoretical calculations support the c¢oncept that the material
ultipate stress has a greater influence than the yield stress on the value of
the average burst stress. A lognormal distribution determined by specifying
the Ist and 99th percentile probability values, as Seabrook has used, is
conservative in its estimation of what stress corresponds to the mean fzilure
probability and is not a good choice for the type of "best estimate” we are
interested in.

The question of what would constitute a good distribution choice
remains. The most defensible distribution is one which reflects only our
state of knowledge and no more, i.e., dces not add unwarranted assumptions.
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Two conclusions which we feel sure enough about to couch as constraints
for our distributiou are the following:

Firsz, the mean fallure stress is approximately at 90% of the ulrimate
stress. This informaticon is based on tests done on a saries of unflawed pipe
specimens of Al06 B steel.? We of course want to include flawed as well as
unflawved pipes in our distribution. However, since we expect flawed specimens
to be relatively rare, it Is reasonable to assume that the first moment of our
distribution is similar to the first moment of a distributlon for unflawed
pipe failures., (Of course, we would expect the variance to be very different
for the two distributions.) The other reasonable constraint is to assign the
failure probability at the ulrimate stress a value close to one: We will use
0.99 as the failure at g,.

Therefore, we want to caanstruct a fallure probability comstrained to have
its first moment at 90% of g, and its 29th percentile at g;. We also will
limit the range of the stresses to lie between 1.0 and 100 ksi. We are not
interested in negative stresses and an upper limit of 100 ksi at 5S00°F is
quite adequate for the three materials of Interesrc: ASTM AlQ6 B, 304SS§, and
31655. We also assume that the average fallure stress will be 0.90 of g
for 304 and 316 stainless steel just as it is for ASTM Al06 B, even though the
test data is only for ASTM AlQ6 B.

The most defensible distribution we can assume is one which reflects the
greatest degree of uncertalnty given the specified constrajnts. Assuming any
other distribution would mean we have implicitly adopted additional
assumptions not supported by rthe available knowledge. Based on information
theory, certaln axiems for measuring uncertainty can be established? and used
to find a paximum uncertainty (sometimes referred to as maximun entropy)
distribution. When only the range of a variable is known, a uniform
distribution maximizes the entropy. 1I1f the range of a variable is unlimited
and the first two wmoments are known, the entropy is maximized by a normal
distribution,”

For our problem we have a finite varlable range and we presume to know
the first moment and one percentile ccnstraint. To find the appropriate
probability function under these conditions we have used a computer code
developed by Unwin,” which uses informarion theory principles to generate that
probability distribution over some specified parameter range, given a finite
number of constraints, which reflects the maximum degree of uncertainty
consistent with those constraints.

Figuree 2, 3, and 4 show the cumulative probability functions calculated
by the code for the three materials of interest. The ultimate stress values
at 500°F for all three steels used to determine the probability curves shown
are lisred in Table . Yield srresses at 500°F are also shown. A qualitative
check on the reasonableness of our distributions can be made by examining the
predlicted failure probabilities at normal design conditions and at the
material yield stress. For 304SS the failure probability at yield shown in
Figure 3 {is 2.5x10'3, a factor of four lower than the value at yield assumed
by Seabrook to quantify its lognormal distribution even though Seabrook used a
room temperature yield of 35 ksi compared to our 24 ksI corresponding to
500°F. The 316SS failure probability is 2,0x1073 at yield (Figure 4) while
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for Al06 B failure at yield is up to 8,1x10~7 (Figure 2) - nor surprising
slnce AlD6 B has a considerably lower g, than the two stalnless steels.

During normal operating conditions these piplng systems are stressed in
the range of 10 to 15 ksi. As the figures show, failure probabilities here
are typlecally an order of magnitude less than at yleld. At 10 ksi 3045S has a
cumulative fallure probability of 2.3x107™; for 3168S it is 2.0x10™* and for
AlO6 B the value is 5.4x10™%. These values are all almost an order of
magnirude lower rhan Seabrook's 10~% flar cutoff and appear more appropriate
for a best estimate calculation than the conservative higher Seabrook value.
In our engineering judgement, the cumulative fallure probabilities shown in
the figures at both yleld and design seem reasonable based on the limiced
information available.

We believe that Flgures 2, 3, and 4 provide reasonable estimates of pipe
tailure probablility vs. pipe stress during an interfacing system LOCA.

If the overpressurization of the piping occurs “slowly" enough so that
pipe motion and associated dynamic effects can be neglected, the stress in the
pipe can be taken equivalent to the hoop stress due to the iaternal pressure.
Since only the very sudden disintegration of the iaternals of a valve would
lead to "fast" overpressurization, the "slow" situation due to inadvertent
openings or gradual failure would appear to be the more usual scemnario. If
the stress in Figures 2 through 4 is only 2 hoop stress, thea it is directly
proportional to the diameter to thickness ratio of the pipe, D/t, aud to the
internal pressure. For a fixed D/t, the absclssa in Figures 2, 3, and &4 can
be used to plot internal pressure, or, for a particular pressure, values of
D/t can be used on the horizontal axis. Both situations are shown in all the
figures.

1f dynamlc effects aund, therefore, bending and ghear stresses can be
neglected, the figures can be used to relate fafilure probabilities directly to
D/t for a given pressure, or to pressure for a particular B/t. Tables 2, 3,
and 4 1list the fallure probabilities due to hcop stress of a number of typical
pipe sizes for expected maximum overpressures as derived from the probability
curves In Figures 2, 3, and 4. Tzble 2 and Figure 2 are for BWRs with 106
Grade B carbon steel and 500°F, Tables 3 and 4 as well as Figures 3 and 4 are
for PWRs. Table 3 and Figure 3 are for 304 stainless steel at S500°F. Table 4
and Figure 4 are for 316 stainless steel at 500°F.
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Table 1
Steel Properties at 500°F
Yield Stress Ultimate Stress
Steel kst (MPa) ksi (MPa)
Al06 GrB Carbon* 27 (186.2) 60 (413.7)
304 Stainless*=* 24 {165.5) ba.6 (445.4)
316 Stainless*# 25.1 (173.1) 72.5 (499.9)

*From BWROG document and Metals Handbook Nianth Edition, AMS, 1978.

**From Reference l.

Failure Probabilities for Some BWR

Material: Al06 GrB Carbon Steel

Table

2

Pipes at Maximuw Overpressure

Properties at S00°F: = 27 ksi o, = 60 ksi
Internal Pressure: 1050 p3:ia
As Built Corroded*
Hominal Hoop— Fajilure Hoop— Failure
Pipe Size stress Proba- stress Proba-
(in.) Schedule b/t (ksi) bility 1744 (ksi) bility
3 sed. 15.20 7.58 3.62-4 24.74 12.99 9.23-4
4 Std. 17.99 9.44 4.86-4 27.66 14.52 1.19-3
6 Std. 22.66 11.90 7.63-4 32.13 16.86 1.74-3
8 Std. 25.79 13.54 1.01-3 34.64 18.19 2.14-3
8 Xs 16.25 8.53 4.05-4 19.54 10.26 6.07-4
8 -_— 24.59 12.91 9.10-4 32.56 17.09 1.81=3
10 Std. 28445 14.94 1.28-3 36472 19,28 24543
12 Std. 33.00 17.32 1.88-3 42.22 22.16 3.95-3
14 Std. 36433 19,08 2,463 46.46 24.39 5.52-3
16 Std. 41.67 21.88 3.78-3 53.24  27.95 9.34-3
16 XS 31.00 16.28 1.59-3 317.10 19.48 2.63-3
18 Std. 47.00 24.68 5.76-3 60.02 31.51 1.58-2
18 30 40.19 21.:0 3.36-3 49.42 25.94 6.94-3
20 Std. 52.33 27.48 8.74-3 66430 35.07 2.65-2
20 XS5 39.00 20.48 3.07-3 46.62  24.48 S.60-3
20 40 32.73 17.18 1.83-3 37.99 19.94 2.81-3
20 60 23.63 l2.41 8.36-4 26.32 13.82 1.06~3
24 5td. 63.00 33.08 1.98-2 80.36 42,19 7.48-2
24 XS 47.00 24.68 5.76-3 56.14 29,48 1.17=2
24 60 23.79 12.49 8.43-4 26.03 13.66 1.03-3
30 30 47.00 24,63 5.76-3 54.05 28.37 9.96-3

#*Al11 wall thickness reduced by 0.08 inches for corrosion allowance regardless

of pipe size.
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Iable 3
Failure Probabilities for Some PWR Pipes at Maximum Overpressure

Material: 304 Stainless Steel
Properties at 500°F: oy = 24 ksi gy = 64.6 ksi
Internal Pressure: 2255 psia

As Built Corroded*
Nominal Hoop— Failure Hoop— Failure
Pipe Size stress  Proba- stress  Proba-
({a.) Schedule b/t (ksi) bility D/t (ksi) bilicy
2 80s 2.89 1l1.13 2.93-4 16.21 18.24  9.58-4
2.5 108 22.96  25.83 3.13-3 70.88 79.73 -1.0
3 80s 10.67 12.00 3.34-4 14,91 16.77 7.54=4
4 80s 12,35 13.90 4.66-4 16.51 18.57 1.01-3
6 405 22.66  25.49 2.98-3 32.13 36.14 1.50-2
6 80s 14.34 16.13 6.78-4 17.82 20.05 1.27-3
a2 40S 25.79 29.01 5.08-3 34.64 38.97 2.29-2
10 20 42.00 47.25 7.99-2 62.24 70.01 ~l1.0
12 10s 69.83 78.56 -1.0 126.50 142.31 ~1.0
12 20 50.00 56.25 3.09-1 74.00 83.25 ~1.0
14 10 55.00 61.88 7.21-1 81.35 91.52 ~1.0
14 30 36.33 40.88 3.07-2 46.46 52.26 1.70-1
14 50 31.04 34,92 1.24-2 38.22 42,99 4.21-2
14 14¢ 10.20 11.48 3.05-4% 10.97 12,34 3.56-%

*All wall thickness reduced by 0.08 inches for corrosion allowance regardless
of pipe size.
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Table

4

Failure Probabilities for Some PWR Pipes at Maximum Overpressure

Material: 316 Stainless Steel

Properties at 500°F: oy = 25.1 ksi gy = 72.5 ksi
Internal Pressure: 2253 psia
As Bullt Corroded*

Nominal Hoop— Failure Hoop- Failure

Pipe Size stress Proba- Stress Proba—
(in.) Schedule D/t {ksi) bilicy D/t (ksi) bility
2 808 9.89 11.13 2.49-4 16.21 18.24 7.52-4
2.5 108 22.96 25.83 1.90-3 70.88 79.73 ~1.0
3 808 10.67 12.00 2.88-4 14,91 16.77 6.06-4
4 80s 12.35 13.90 3J.91-4 16.51 18.57 7.89-4
6 408 22.66 25.49 2,08-3 32.13 36.14 8.68-3
6 305 14.34 16.13 5.51-4 17.82 20.05 9.73=4
8 405 25.79 29.01 3.34-3 34.04 38.97 1.26-2
10 20 42.00 47.25 3.78-2 62.24 70.01 7.60-1
12 105 69.83 78.56 ~1.0 126.50 142,31 ~1.0
12 20 50.00 56.25 l.24-1 74.00 83.25 ~1.0
lé 30 36.33 40.88 1.63-2 46.46 52.26  7.33-2
14 40 31.04 34.92 7.38-3 38,22 42.99 2,15-2
14 140 10.20 11.48 2.65-4 10.97 12.34 3.05-4

*All wall thickness reduced by 0.08 inches for corrosion allowance regardless

of pipe size-
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APPENDIX G: Sensitivity of the CDF to Interfacing LOCA
Pipe Break Probabilicy

G.l Introduction

Appendix F contains a discussion of a method to establish a best estimate
pilpe rupture probability due to an overpressurizstion evenr. The
determination of the best estimate pipe rupture probebllity is pacticularly
important in order to assess the core damage frequency resu.ting from an
Interfacing system LOCA event that leads to an overpressurizarion of a low
pressure piping system. 1In Appendix F ir was alsc indicated that the best
estimate fafilure probabilities are based on rather limited amount of data aand
extensive engineering judgement. For this reason sensitivity calculations
have been undertaken to determine the effect of plpe rugture probabllity on
the core damage frequency.

C.2 Results ¢f the Analysis

The plpe rupture probablliries have been parameterized in order to study
thelr effect on the core damage frequency. The parametric values, .1, 1.0-03,
and 3.0E-05, have been chosen to span the expected values of the rupture
probabilities. The core damage frequency was calculated by uniformly using
the parametric rupture probabtilities in the event trees.

The results are listed in Tables G.1 through G.3 for the three reference
plants. The effect of varying the rupture probazbilities depends on the
interfacing system affected, the physical arrangement of that particular
system and other factors, such as isolation capabillities and operator
intervention. At Indian Point the dominant sequences are the ones affecting
the LPI, SI, and RHR systems. The contribution to CDF from the LPI and SI
systems are reduced by two orders of magnitude when the rupture probabiliry is
changed from .1 to 1.0-03. Further decrease does not appreciably changes the
CDF indicating that the cantribution to CDF from other sequences became
dominant. The RHR system hehaves similarly except the effects zre less
pronounced.

The total CDF shows a similar tendency of decreasing sensitivity as the
pipe rupture probability is lowered. For an initial decrease of two grders of
magnitude, .1 to 1.0-03, the total CDF is reduced by about an order of
magnitude, but further reductlons in the rupture probabilities have negligible
effect. At Oconee, the dominant sequences, the LPI and RHR, are reduced by an
order of magnicude initially but further reduction has no apprecisble
effects, AC Calvert Cliffs, an ISL on the RHR suction side dominates the CDF
bypassing the containment and the initial sensitivity is very large, almost
linear wich the pipe rupture probability. Further reduction agzin
demonstrates that other, initially notdominant sequences become more
important.

In general, the seasitivity of CDF rto pipe rupture probability decreases
rapidly as the value ¢f the rupture probability is lowered. If the rupture
probability for a given svstem {s in the range of =1.0 to 1.0~03 the effect
on the CDF/system may be very large. 1If the rupture probablility is below
~1.0~03 the effect or sensitivicty of the CDF/system is almost negligible.
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In summary, systems that have high rupture probabilities, >.0l, are the
most important ones to investigate and best estimate studies should
concentrate on the high range of the rupture probabilities to determine better
estimztes of the likelihood of pipe failures as was done in Appendix F.

Table G.1
Core Damage Frequency
Indian Point

Ouerpressurization Sum of
System Initiator P(Rupture) Event*CCDF CDF/Year
LP1 2.39-06 1.00-01 1.02-01 2.44-07
1.00-~03 3.45-03 8.23-09
3.00-05 2.48-03 5.92-09
Si* 1.22-04 1.00-01 9.01-02 1.10-05
1.00-03 9.01-04 1.10-07
3.00-05 2.70-05 3.30-09
RHR Suction 6.79-07 1.00-01 1.48-02 1.01-08
1.00-03 4.60-03 3.13-09
3.00-05 4.50-03 3.06-09
Letdoum* 6.82-07 1.00 4.50-03 3.07-09
Accumulators 9.79-03 1.00-01 7.29=-04 7.14-06
1.00-03 2.38-~04 2.33-06
3.,00-05 2.33-04 2.28-0¢
TOTAL 1.00-01 1.84-05
{CDF due to over- 1.00-03 2.45-06
pressurization) 3.00-05 2.30-06
TOTAL ’ 1.00-01 1.49=-08
(CDF with ISL out- 1.00-03 1.52-0¢9
gide containment) 3.00-05 1.39-09

Nore: P(Rupture) = Probability of a major pipe rupture.
*For this system P(Rupture) = Probability of pipe pressure boundary NOT
maintained.
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Table G.2
Core Damage Frequency
Oconee
Overpressurization Sum of

System Iniclator P{Rupture) Event*CCDF CDF/Year
LPI 7.43-07 1.00-01 1.02-01 7.57-08

1.00-03 3.10-03 2.30-09

3.00-05 2.13-03 1.58-09
RHR Suction 9.90-07 1.00-01 1.28-02 1.27-08

1.00-03 2.21-03 2.19-09

3.00-05 2.10-03 2.08-09
Letdown* 2.28-03 1.00 5.09-08 l.16-10
Accumulators 2.85-03 1.00-01 1.18-03 6.90-06

1.00-03 1.76-04 1.03-086

3.00-05 1.66=04 9.72=07
TOTAL 1.00-01 6.99-06
(CDF due to over- 1.00-03 1.03~08
pressurization) 3.00=G5 9.76-07
TOTAL 1.00-01 8.59-08
(CDF with ISL out- 1.00-03 2.72=09
side contalnment) 3.00-05 1.91-09

Note: P{Rupture) = Prabability of a major pipe rupture.

*For this system P{Rupture) = Probability of pipe pressure boundary NOT
maintained.
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Table G.3
Core Damage Frequency
Calverc Cliffs

Overpressurization Sum of
System Initiator P(Rupture) Event*CCDF CDF/Year
LPL 2.31-09 1.00-01 1.01-01 2.34~10
1.00-03 2.30-03 S.31-12
3.00-05 1.33-03 3.07-12
SI* 1.74-09 1.00-01 1.30-04 2.26~13
1.00-03 1.30-06 2.26~15
3.00-05 3.90-08 6.79~17
RHR Suetion 3,36=06 1.,00-01 1.01-01 3.40-07
1.00-03 2.30-03 7.72=-09
3.00-05 1.33-03 4,47-09
Letdown* 2.28-03 1.00 2.43-08 5.55-11
Accumulators 1.23-02 1.00-01 1.85~03 2.28-05
1.00-03 9.64-05 1.19-06
3.00-05 7.92-05 9.74-07
TOTAL 1.00-01 2.32-05
(CDF due to over-— 1.00-03 1.19-06
pressurization) 3.00-05 9.79-07
TOTAL 1.00-01 3.55-07
{CDF with ISL out- 1.00-03 2.25-08
side containment) 3.00-05 1.93-08

Note: P(Rupture} = Probability of a major pipe rupture,
*For this system P{Rupture) = Probability of pipe pressure boundary NQT
maintained. —



APPENDIX H: Cousequence Analysis

The consequences were calculated using the CRAC2! computer code. The
consequences of principal interest are persou-rem, deaths, and decontaminacion
area.

The technliques of consequence analysis are discussed in the Reactor
Safety Study (WASH-1400) and the PRA Procedures Guide, and, therefore, the
details are omitted here.

The consequence codes consider five processes that account for most of
the ways in which people can accumulate a radiation dose after radiocactivity
has been released to the atmosphere from an accident:

a. Inhalarion;

b. Cloudshine (external exposure from passing ecloud);

c. OGroundshine (exterazl exposure from deposited material);
d. Ingestion; and

e. Inhalation of resuspended material.

The first three mechanisms are by far the most {mportant in contributing
to potential high—dose early effects., Lower doses leading to latent effects
can come from any of the pathways, especially if interdiction does not
preclude ingestlion and cleanup does not reduce contamination.

In CRAC2, the dose response is plece~wise linear due to irradiation of
the bone marrow, lung, and GI tract. The total risk is then:

R =R + (1-R)Ry, + (1-R})}(I=-R;)Ry
where R), Ry, and Ry are the risks to the three organs, respectively.

Site Data

A "generic" site was considered using the average U.S. population density
of about 100 people per square mile. The plant was assumed to be a 3000 MWt
PWR.

The weather data consists of hourly weather observations of wind speed,
wind direction, srability class, and precipicarion. The data is not raken
from a single year, but is averaged in a manner that represents the long-term
average weather behavior. The code sorts this data iante 20 weather categories
(called bins), as discussed In the CRAC2 Model Manual, so that low probability
weather conditions can be adequately sampled.

The site weather imput was taken to be that fer Indiaun Polnt simply for
calculational convenlence. Other site data would yield somewhat differeant
numberical resulrs, however, it is important to note that the relative
magnitudes and relationships of the consequence analysis results would be
expected to hold. The weather summaries for Indian Point are given in Tables
H.l. The stability is raunked in six categories (A, B, C, D, E, F) ranging
from the most dispersive to the least dispersive. Category A, with rapid
dispersion, represents a sunny afterncon with low wind speeds. Category F,
with little spread of the plume with distance, would occur late at night or
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just before dawn if wind speeds were very low. In addition, there are weather
bins for rain conditions, both at time of releazse and at later times, and for
changing wind condirion which produces a slowing down of the plume. Both of
these conditlons could produce higher doses at greater distances than would
otherwise occure.

Source Terms

The characterization of a given release category is called the source
term. The factors of interest are the timing and duration of the release, the
release fractions, and the plume energy. The timing of the release 1s used
for radicactive decay. The duration of release is used in CRAC2 to zccount
for continuous releases by adjusting for horizontal dispersion because of wind
meander {CRAC2 considers only puff releases). The release fractions are for
groupings of isoropes that have similar chemical characteristics. The energy
of the release is used to calculate plume rise.

In spite of the different vendors and balance of plant designs, the three
representative reactors and Reactor Coolant Systems (RCS) are sufficiently
similar from a fission product rtransport standpoint that one expects
comparable results for the RCS portions of the source terms. The source terus
showm in Table H.2 represent radiological releases assoclated with an
interfacing system LOCA in a PWR with subatmospheric contaimment. They were
taken from NUREG/CR-4629 for a dry and flooded break location for an eveat V
in the Surry plant. The first column represents the release corresponding to
an assumed break above the water level (unscrubbed) while the second column
assumes a scrubblng of the release due to water above the break leocaticn. It
should be noted that the scrubbing considerably reduces the release fractions,

The release was assumed to occur 0.5 hour afrer scram with a five hour
duration. The energy of the release was 30 MW for the unscrubbed case and 1
MW for the scrubbed case.

Results of the Consequence Calculations

Results were calculated assuming a realistic public response to an
evacuatlion within 10 miles one half hour after the release. The results are
given in Table H.3 for deaths, Injuries, persom-rem within 50 miles, aand
predicted costs due to contaminated land area.

H.1l References
1. Ritchie, L. T. er al., "Calculations of Reactor Accldent Consequences

Versioan 2. CRACZ: Computer Code Users Guide,” NUREG/CR-2326, February
1983.
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Table H.1
One Year of New York City Meteorological Data
Summarized Using Weather Bin Categories

Ueather Bin Number sf Sequences Percent
l. RO 697 7.96
2. R(0=-5) 12 +14
3. R(S-10) 62 «71
4. R(l0O-15) 102 L.16
5« R(15-20) 75 «B6
6. R(20-25) 67 .76
7. R{25-30) 61 -70
8. 5(0-10) 24 .27
9. 8(10-15) 16 -18
10. S{15-20) 18 .21
1. ${20-25) 14 -16
12. $(25-30) 18 «21
13. A€ 1,2,3 168 1.92
14. A~C 4,5 892 10.18
15. DL o 0.00
16. D 2 6l .70
17. 03 226 2.58

18. D 4 948 10.82

19. D5 3325 37.96

20. E 1 0 0.00

21. E 2 27 .31

22. E3 167 1.91

23. E4& 682 7.79

b E S 270 3.08

25. F 1 0 0.00

26. F 2 116 1.32

27. F 3 310 3.54

28. F 4 402 459

29. F 5 0 0.00

8760 100.0

R = Rain starting within indicated interval (miles).

3 = Windspeed slowdown occurring within indicated interval (miles).

A-C, D,E,F = Srabiliry caregories.

1(0-1), 2(1-2), 3(2-3), 4(3-5), S(GT 5) = Wind speed intervalsa
(meters/second).
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: Table H.2
Comparisons of Environmental Releases
For Dry and Flooded Break Locations

Species Dry Flooded
L 2,9e-1 4 4E~2
Cs 2.6E~1 5.0E-2
Te 5.4E-2 8.6E-3
Sx 4,7E-3 9.6E~-4
Ru 2.2E-7 3.7e-8
La 2.5E~4 5.GE=5
Ce 3.7k-4 7.2E-5
Ba 3.4E-3 6.8E=4

Iable H.3

Results of Consequence Calculations

Total Land Cost W/O
Deaths Injuries Person-Rem Decontaminarion (§)

V(Unscrubbed) 6.00-03 7.834+00 2.184G6 1.26%09

V(Scrubbed) 0.0 0.0 1.08+06 2.764+08




