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ABSTRACT

This report summarizes a study performed by Brookhaven National Laboratory
for the Office of Nuclear Regulatory Research. Reactor and Plant Safety Issues
Branch. Division of Reactor and Plant Systems. U.S. Nuclear Regulatory CoQmis­
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 pressuri~ed water reactors (PWRs). A parallel report
was also accomplished for boiling water reactors. This study focuses on three
representative PWRs and extrapolates the plant-specific findings for their
generic applicability. In addition. a generic analysis was performed to
investi~ate the cost-benefit aspects of imposing a testing program 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 5UMlu\RY

This study was performed by the Risk Evaluation Group, Department of
Nuclear En~rgy, Brookhaven National Laboratory for the Reactor and Plant
Safety Issues Branch, Office of Nuclear Regulatory Research, USNRC. The
objectives of this study are to investigate the vulnerability of current
pressurized water reactor designs to an interfacing systems LOCA (rSL),
identify any improvements that would significantly reduce the frequency of
15Ls, determine the cost-benefit aspect of the improvements, and determine the
effects and the cost-benefit relationship of instituting leak testing p.ogracs
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 eoal of taking the
plant-specific findings and eKtrapolating the results to aid in the resolution
of ~RC Generic ISsue 105. The examination applied a more advanc~d approach to
the ISL analysis than any previous one performed with PRA methodology.

Overpressurization of low pressure systems due to reactor coolant system
houndary failures may result in rupture of low pressure plplng. This event.
if combined with failures i~ the e~ergency core cooling systems (ECCS) and
other systems that may be used to provide makeup to the reactor coolant system
(ReS), could result in a core melt accident with the potential for release of
radioactivity outside the containment. Some ECCS failures may be a direct
result of the initial rupture and/or its environmental effects.

The results of the B~~ core damage frequency (CDF) calculations indicate
that the contributions fron two groups of pipe lines. namely, the Residual
Heat Removal suction and Low Pressure injection lines. dominate ~he CDF due to
ISLs. The total contribution of ISL events to CDF is ~enerally less than a
few percent of the overall CDF. However. they can potentially be i~portant

contributions to risk if core damage occurs because I5Ls cay bypass the
containment and allow fission product release directly to the environment.

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 to 5.

One of the primary goals of the present study was to dete~ine the
cost-benefit relationship associated with requiring plants that do not
currently have leak testing requirements on their pressure isolation valves to
institute such a program. Core damage frequencies have been calculated to
analyze the effect of leak testing of the pressure ~solation valves. Large
core damage and risk reductions due to a judiciously selected leak testing
scheme have been calculated. The obtained cost-benefit relationship shows
that the benefits derived from such testing schemes are cost-effective.

The most significant findings of this study are:

• Institution of a leak testing program of the pressure boundary isolation
valves at ?lants that do not currently have such a requirement results in a
definite net benefit 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 maintenanc~. In
addition, the le~k tests may be performed during descendin~ from 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 magnituoe as comp~red

to an assumed case without any provisions for leak testing.

The offsite risk benefit-to-cost Btio was calclliated to be within the rallge
of 78 to 46 depending on whether or not the break in the low pressure system
was submer3ed under water. A submerged break would result in trapping of
the aerosol fission products in the water and thus lower offsite conse­
quences ~~d hence ~ 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
gram•

• The root cause analysis of e~perienced 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 LOeA is expected to be through the accumulator and
not through the LPI!HPI pathways. This is a particularly significant find­
ing as the accumulator pathway represents an 1SL inside containment.

In addition, the following technical results nave been found:

• The results of this study ~ith respect to initiator frequencies support the
insight obtained 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 loy pres­
sure piping.

The failure analysis of low pressure ~lp1ng performed by BNL indic~tes that,
~t least for the plants selected, given a breach of the pressure boundary
between high and low pressure systecs, hoop stresses are at yield stress or
above in the low pressure piping. In certain piye segments, the stresses
are found to be near the ultimate material ~tress. At such stress levels
pipe failure probabilities range from 2xlO- 3 at yield to almost certaInty at
the ultimate stress.

References

1. "Seabrook Station Risk Management and Emergency Plannins Study," PLG-0432,
DeceClber 1985.
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1. INTRODUCTION

1.\ Scope/Objective

The term "interfacing system LOCAn (lSL) refers to ~ class of nuclear
r-lant loss-of-coolant accidents in which the Reactor Coolant System (RCS)
pressure boundary (isolation valve. piping wall. etc.) interfacing with a sup­
portin~ system of lower design pre~sure is breached. A subclass of these ac­
cidents takes On s?ecial concern when the postulated flow path affects the
availability of a safety system needed to mitigate the accident. This can
occur by over?ressurizing the system of lower design pressure and may further
induce secondary ruptures outside the containment. thus establishing discharge
of coolant directly to the environment. Depending on the configuration and
accident sequence, the Emergency Core Cooling System (~CCS) as well as other
injection paths may fall, resulting in a core melt ~ith containment bypass.

The Reactor Safety Study. WASH-14QO,l pointed out that a subclass of
these types of accidents, c~lled V-events. can be significant contributors to
the risk resulting from core daoage. (The V-events ~ere defined for PWRs and
involved the failure of two check valves in series or two check valves in
series with an open motor-operated valve.) Further evaluations of ISL events
in subsequent PRAs have found that their relative contribution to public
health risk is even more pronounc@d compar@d with other sequences, because in
recent PRAs more credit has been given to radionuclide retention in the con­
t~Lnment for scenarios other than ISLa.

In spite of numerous analyses conducted in various PRAs. both the
probability and the consequence estimates for interfacing system tOeA (1St)
sequences are subject to substantial 11ncertaLnties. Depending on assumed
valve failure modes. common cause contribution, valve monitoring. test and
maintenance strategies, and statistical data handling methods. the total core
daaage frequ@ncy du@ to ISL accid@nts may vary from 10-4 to IO-a/reactor
year. The radiological consequences are also subject to large variations due
to plant-specific features, the location of the secondary break, and the
radionuclide behaviour under the particular ISL s@quence (e.g., break is below
or above water level).

The ISL sequences have been a long standing concern for the NRC because
of the considerable risk potential and the above-men~ioned uncertainties. The
NRC has taken steps to impose requirements to reduce the frequency of ISLs and
has conducted a number of programs (analytical, experimental. inspection) to
study various aspects of ISL accidents. Currently, intersystem LOCA at LWRs
is a Generic Issue. The primary goals of the present project are (a) provide
technical support to NRC. Reactor and Plant Systems Branch to resolve this is­
~ue. (b) investigate the frequency and the effects of lSLs, (c) identify any
improvements that would significantly reduce the frequency of lSLs. (d) deter­
mine the cost-benefit aspect of the Lmprove~ents, 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 currently have
'such a requirement. In order to accomplish these goals. a detailed analysis
was conducted to:
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• bette~ unde~stand the prog~ession and effects of 15Ls at PWRs,
• identify princ~pal system dependencies involved in the 151 accident se­

quences.
• mo~e realistically assess the initiating frequencies of ISLs at

Pw"Rs.
• identify corrective actions or methods fo~ prevention, rec~very or

mitigation of ISLs with minimum change of existing design features.
• determine the corres?oT~ing core damage frequency and health risk

reductions for each corrective measure, and
• eval~ate the associ3ted costs and benefits.

1.2 Methodology

The overall methodology of the project includes the following elements:

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

• For the selected pathways, 1SL initiator frequencies were calculated by
utilizing all available information, including plant visits and new
failure data obtained from ~oot cause analysis of experienced pressure
isolation valve failures.

• In the analysis, the relief valve capacities were considered in
classifying 1SL initiato~s leading to overpressurization of low
pressure piping and small LOCAs.

• For each of the identified pataways. event trees we~e constructed
assuming two types of initiators: overp~essurizationevents leading to
small or large LOCA and events without overpressurization resulting in
small LoeA. The event trees describe the immediate plant response
(status of frontline safety systems and support systems), the accident
management (thermal hydraulic featu~es of the accident and operato~

responses) and pipe rupture probabilities. The end states of the event
trees were connected to plant specific PRA event trees through a
conditional core damage frequency multiplier. Special attention was
given to the estimate of pipe rupture probability.

• All accident scenarios resulting in core damage were computed.
Scenarios leading to ISLs bypassing containment were further ~valuated

for health risk by using "scrubbed" and "nonscrubbed" source terms
characterizing pipe ruptures below or above water level.

• The sensitivities of core damage frequency and correspo~~ing risks were
calculated for each of the scenarios assuming various corrective
actions such as:
a. more frequent leak testing of check valves and MOVs.
b. application of permanent pressure sensors in the piping between

valves.
c. ensu~ing the availability of alte~nate injection sources in addition

to the standard ones (RWST, etc.).
d. improved operator training, and
e. implementation of all of the above (a. through d.).
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• The sensitivities of core daoage frequency and corresponding risks were
calculated for each of the reference plants by relllovin& the benefits of
leak testing over a protracted period of time.

• Cost-benefit ~alculations were performed for each of the corrective
actions using the .i5k data obtained with scrubbed and nonscrubbed
source terms. Comparing the results strategies were suggested for
determining the optimum method to dec~ease the occurrence of ISLs and/
or mitigate 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
currently have such a requirement.

1.3 Organization of the Report

Section 2 provides detailed information on the interfacing lines (piping
layouts, valve arrangements o immediate plant retiponse) for three PWR plants
specifically selected for the analysis. ~cction 3 summarizes the results of
a Licensing Event Report (LER) survey conducted for 1St precursor events
(overpressurization of interfacing lines or leakage through isolation boundary
of ReS/support system of lower design pressure) which have occurred at PWRs.
Section 4 contains the details and results of initiator frequency calculations
for each of the potential ISL pathways identified in Section 2. Section 5 de­
scri~es the event trees and provides the cere damage frequencies corresponding
the present status of operational conditions and valve testing policy of the
selected reference plants. Section 6 discusses the senSitivity analysis of
the core damage frequency for various cvrrective actions and for the generic
"base case," when valves in the 1SL 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 !Dodel had to be derived
as all of the three reference plants do perfo~ sOIDe level of leak testing.
Section 7 presents the risk-based cost and benefit estimates for the proposed
corrective actions and the generic base case. Section 8 sumcarizes 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
di~ B contains the basic cethod and formalism for the initiator frequency ca~­

culation. Appendix C discusses the operator responses (accident diagnosis and
post diagnosis performance of the oper~tors). Appendix D presents the th~r­

mal-hydraulic aspects of ISLs. Appendix E contains the data analysis fo~ the
event trees based on the reference plant PRAs. Appendix F details a new 1SL
pipe break analysis with a critical =eview of previously performed work on
this subject. Appendix G sum~arizes the sensitivity of core damage frequency
on pipe break probability. Finally, Appendix H provides the results of the
consequence analysis due to an 1SL accident using the CRAC2 code.

1.4 References

1. "Reactor Safety Study - An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants," >JASH-1400 (NUREC-75/914), USNRC, October 1975.
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2. SURVEY OF POTgNTIAL rSL P~THWAYS AT REPRES~NTATIVP. ~WR PLANTS

Z.L Selection of Representative PWR Plants

In order to analyze the progression of 1St scenarios at ~~ plants of
different design. three representative PWRs were selected:

• Indian Point 3, a Westinghouse (W) design,
• Oconee 3, a Babcock & Wilcox (E&W) design. and
• Calvert Cliffs 1. a Combustion Engineering (CE) design.

Table 2.1 presents so~ useful ch~racteristics of these plants with
regard to ISL analysis.

The design features of the Emerge~cy Core Cooling Systems have only minor
differences, mainly in the design of the safety injection lines to the reactor
vesselsj in the B&W design, the Low Pressure Injection and Core Flooding
Systems inject directly into the reactor vessel and not into the cold legs.

Most of the major component~ of the High and Low Pressure Injection
Systems are tocated in the Auxiliary Buildings. except the LP1/RHR Heat
Exchangers ~t Indian Point 3. which are inside the containment.

Since the detailed system designs vary fro~ plant to plant. necessitating
attention to specific plant features. a survey was carrt~d out to identify
potential IS~ pathways at the 8elected plants.

The approach and criteria used to identify interfacing lines are
discussed in Section 2.2. Sections 2.3. 2.4, and 2.5 contain the detailed
information on the interfacinz lines identified for Indian Poin: 3. Oconee 3.
and Calvert Cliffs 1. respectively. These sections describe the piping
layouts, valve arrangements and controls in the potential I5~ pathways and the
indication of overpressurization or pipe break.

Section 2.6 summaLizes the additional information found necessaLy to
assess overpressuri~ation frequencies and to calculate the conditional 1SL
core damage probabilities.

2.2 Identification of Interfacing Lines in Selected PWRs

The plant surveys focused on all inter~ystem pathways where the boundary
is represented by a high pressure/low pressure valve arrangement. Pathways.
in ~hich the isolation boundary is a pipe or coil ~all (e.g •• in he~t

exchangers OL in reactor cooling pumps at seal cQoling coLIs, etc.) weLe not
consider.ed.

The interfacing lines w~re identified as potential rSL pathways if they
satisfied aLL of the following criteria:

• the line connect~ to the RCS,
• the inter.facing s1ste~ has a design pre~sure lower than that of the

RCS.
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• the path could be overpressurized by introduction of prim.'1!'y system
pressure due to inadvertent valve opening or valve failure fro~ any
cause. and
if so overpressurized, the path could produce a leakage rate of primary
system coolant of sufficient magnitude to cause significant risk.

Note, that among the criteria there is none which would expiicitly
require that the lines penetrate the containment. Thu~, this survey went
beyond the identification processes that have been used in past ~tudies, which
involve the requirement for containment penetration.

The interfacing pathways were identified through a review of all the
systems interfacing directly with the ReS. 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 containment
penetrations were not missed.

The main sources of information were the FSARs for the three plants. I - 2- 3

Additional information was gained from the detailed system descriptions
provided bS the respective utilities. Useful information was also found in
the PRAs~- -6 of these plants, as well as in a study7 of light water reactor
safety systems conduc~ed at the Oak Ridge National Laboratory in 1981. The
results of a recent V-event inspection8 of the major "as built" interfacing
paths at Indian Point 2 and Calvert Cliffs 1 plants conducted by NRC Region
personnel, also proved to be very helpful.

The major ISL pathways have been identified as the Low Pressure
Iajection/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. Their contribution to core damage was considered to be
too soall. 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 Res Sampling Systems.

The interfacing lines identified by the selection criteria and survey of
available sources of information are described in the following 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 potentiallj can be overptessurized.

The type of information g~ven for each of the lines is detailed below:

1. Line and pressu~e isolation valve cha~acteristics (size, location,
type, operator, norQal and failed position).

2. Automatic 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
PIVs.

6. Potential 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 Injection (LPI) Lines
2. Residual ijeat Removal (RHR) Suction Lin~

3. ijigh Pressure Injection (HPI) Lines
4. Core Flooding Tank (Accumulator) Outiet Lines
5. 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 additional informatio~· about the components
involved.

2.3.1 Low Pressure Injection Lines

2.3.1.1 General

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 ReS are less than 450 psig and 350°F. respectively, its
function is to remove residual heat (Residual Heat Removal. RHR System) 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 is that of the standby LPI system. The system fulfills its
mission 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 to the core.

2.3.1.2 Operation and Control

In the standby configuration the valves of the system are lined up for
automatic injection of borated water into the core from the RWST upon
initiation of an 51 signal.

The Technical Specifications require that:

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

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

c. Valve 883 in the RHR return line to the RW5T 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 syst~m pu~ification path hand control valve (to the eveS) HCV-133
is closed. The containment spray supply valves (from the RHR lQOp), 889A and
B are closed. Similarly, the HOVs (1802A and B) t,) the recirculation pumps
are closed. The recircul~tion path to the HPI suction (HOVs a8BA and B), and
to the containment suction (HOVs 88SA and B) are closed. The RHR suction from
the hot leg (loop 32) with HOVs 730, 731. and double disk valve 732 are also
closed. The hydraulic control valves 638 and &40 are normally open. A
crosstie ensures the balanced flo~ distribution to the four branch lines.
These lines feed the discharge lines of the core flood tanks, which feed the
four cold legs. The check valves in the core flood tank discharge lines
(Series: 897A, S, C. 0) and in the branch lines (Series: 838A. a. C, 0)
isolate the LPI from the ReS. There are also two normally open MOVs in each
of the two t.ains (HOV 889A, MOV 746, MOV 8995, and MOV 747), which in
principle can be ~losed by the operator if the PIVs fail. However. given PIV
failure, the 51 signal first opens these valves and during the resetting time
(-3 minute~) the valves cannot be closed. The valves are of high pressure
design so that they will withstand the full RCS pressure. If the valves can
be closed. an ISL event would be stopped.

Each of the traIns have a relief valve (RV733A, RV7333) set at 600 psig.
The relief valve discharge is routed to the Pressuri~er Relief Tank (PR!)
which is inside the containment. Both relief ~alves are e~pected to lift
together because of a crosstie. The aim of the design is to relieve low or
medium sized leakage through the PlVs.

2.3.1.3 Indications of Overpressuri~ationor ISL

A. O~erpressurization

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

Indication: a. "Auxiliary Building and Piping Trench Area High Temperature
and Radiation (R-14) ALarms."

b. PRT level, temperature, pressure increase.
c. RHR heat exchanger out let temperature increase.

B. Interfacing SYlitem tOeA

1. If the PIVs rupture. the pressure will. with high probability. break
the heat eKchangers or check valve 741 and lift the relief valves and thus
become a LOCA inside the containment.

2. If the piping Ln the containment is resilient enough, the most severe
scenario would be when the dtsk of check valve 741 ruptures and the pressure
w~ve causes an t5L at the LPI pumps.

Indication: 1. There is an 51 ~igna1 and injections from the IiPI and soon
from the LPI systems. The water l~~el in the RYST decreases.
If th(~ sump ",ater level incre:lses and there are erratic LPI
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branch line flow readings, the lSL is in the LPI system within
the containment.

2. If the increase of the sump water level is not evident but the
water level in the RWST decreases and also indications similar
to a. and b. of case A occur with erratic LPI branch line flow
readings the 1S1 is in the LPI system and the cont~inment is
bypassed.

3. The alarm indicating the start of the Auxiliary BUilding Sump
Pump and high plant vent readings provide direct evidence for
the 1St outside the containment.

Operator Actions: The operator would try to close MOV 744. then MOV 882 (to
prevent draining RWST), and MOV 1869A and B (to isolate the
HPI recirculation line with the miniflow to the tPI suction).
The closing of RHR he~t e~changer valves (MOV 747. MOV 899B,
MOV 746. and MOV 899A) would also be attempted. (If the break
is not isolated promptly, the motors for the isolation valve
operator may overheat.) The RHR pumps would be shut off.
Further actions would ~epend on system and plant responses.

If an 1St occurred which bypassed the containment through the pathway
discussed above, the break would be above the flood level unless it were at
the LPI pumps. Since the pumps are at the lowest level of the Auxiliary
BUilding at elevation £1.15'-0", a break at the pumps themselves would be
flooded.

2.3.2 Residual Heat Removal Suction Line

2.3.2.i General

The function of the ro~R system during cold shutdown operations is
described in Section 2.3.1.1. When the RHR sy~tem is lined up for these
operations, t~e reactor coolant flows fro~ 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 heat
exchangers to the Component Cooling Water Syste~.

The RHR suction line has two MOVs: MOV-711 and MOV-730 and a double disk
manual (NZ operated) valve 732. These should be open under cold shutdown when
the RRR is operating but should be tightly closed under normal reactor
operation or hot shutdown. Figure 2.3.2 shows the valve arrangement under
th~se oper~tions. 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 breakers locked in the off
position. In addition. these v~lves are pressure interlocked. They gee an
automatic ~lose signal if the RCS pressure increases to SSG psig. The motor
of these valves is also specially designed. The motors are undersized ~uch
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that these valves cannot open against the large differential pressure which
exists across the valve seat at power operation.

In order to secure the isolation of the RHR line, the
operated stop valve 732 is also locked. To avoid pressure
pressure piping section, there is a relief valve (RV-1896)
of 2" diameter. lhe relief valve setpoint is at 600 psig.
routed to the PRT.

double disk hand
buildup in the low
on a pipe segment
Its discharge is

The two MOVs are of crucial importance for the pla~t safety. Both these
valves could conceivably be spuriously opened if individual shorts (e.g. t

because of fire) occur in tne control cables of each MOV breaker that run
bet~een the respective motor control centers (2FM on Mee 36A and RFM on Mee
36B at El.SS'-O" of the Auxiliary Building for MOV-730 and MOV-73l,
respectively) and the control room. To avoid this spurious operation, the
fuse disconnect of both valves :', normally kept open dur~ng normal plant
operation, isolating the 480V ac powe~ at the respective MeC cubicle. These
valves are operated locally to align the RHR system for cold sh~tdown

operation.

2.3.2.3 Indication of Overpressurization or ISL

A. Overpressurizat~on

In the case that the isolation valves MOV-730, MOV-731, and manual (N2
operated) valve 732 are leaking; the overpressurized zone will be that piping
section which is bounded by the LPI pumps and check valve 881 in the line to
the RWST. However, through the miniflow line. that part of the L?I system
which is in the containment up to check valve 741 would also be
overpressurized. The overpressurizatL~n 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 eKpected to lift the relief valve inside the containment.

Indication: The same as Indication a. and b. in Section 2.3.1.3.

B. Interfacing System LOeA

In the case where isolation valves MOV-730 and MDV-731 rupture or become
Eully open, an 1SL can occur by~assing the containm~nt at normally closed
valve 732. If the body of this valve survives t an ISL can occur at the seals
of the L?I pumps (assuming that the disk of check valve 881 is ruptured). In
both cases a massive flood would occur in the aUKiliary building, which would
be exacerbated by an additional flow from the RWST.

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

It is expected that only breaks at the LPI pumps would be under flood
level.
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2.3.3 ~igh Pressure Injection Lines

2.3.3.1 General

The HPI syst~m at India~ Poinr 3 is designed to pro~ide cooling water to
the RCS in case of a small (less than two inches), ur a medium (two to six
inch) LOCA. It is also used in the case of a steam line break accident.
While the design ?re$sure (1500 psig) of its piping is significantly higher
than that of the LPI (600 psig) , it is nevertheless. only 60% of the design
pressure of the ReS piping (2500 psig). The design pressure of the suction
side piping of the H?l pumps is only 210 psig. Since the HPI has a very
important role in r~e safety of the plant, it has been included in the
analysis.

During normal reactor operation the system is lined up for safety
injection. Figu.e 2.3.1 shows the flow paths for this case. The system
fulfills its mission (medium LOCA) if two of three pumps provide cooling 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
isolate the safety injection pumps on separate headers such that full flo'o1
from at least one pump is ensured should a branch line break.

2.3.3.2 Operation and Control

The motor-operated ~alve 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 51
signal, the valves MOV-856C,E,~, and J receive an open signal. The MOVs to
the hot legs of ReS loop 1 and loop 3, MOV-856G and MOV-856B are signaled to
open. Motor-operated valves aOV-1835A and 5, as :.:ell as, MOV-1852A and B, on
the Boron Injection Tank (BIT) line are also signaled to open. Pressure and
flow indications, decreasing tank levels and ala~s indicate the status of the
system. There is a test line (diameter 3/4") relief valve (RV-85S) to relieve
any pressure above design to the PRT. The relief valve can pass about 15 gpm.

Each of the branch lines (diameter 2") of line 56 (except the hot leg
line) feeds an accumulator discharge line. Thus. on each of these lines there
ace three isolation check valves (one 897 and two 857; e.g., to the cold leg
of loop 1, 897A, 857A, 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 (t'o10 from the series 857, e.g., to loop 1, 857E and
l.lSiL).

On each of the t'o10 branc~ lines feeding directly the hot legs (diameter
2") there are t'o10 857 check valves and a closed MOV (a 856 valve).

Upon an 51 signal, all the three HP1 pumps start and the valves in line
16 open to allow flow through the BIT.
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2.3.3.3 Indication of Overpressurization or ISL

A. Ov~rpressurization

In the branch lines of line 56, three PIVs have to fail to cause
overpressurization or 151. These ~re either the three check valves in series
(on the lines to cold legs) or the two check valves and a closed NOV (en the
line :0 the hot leg). In this case the overpressurized part of HPI would be
those pipe sections which are bounded by check valves 858B. 852A. 849A, and
the locked closed valve 859A on the test line back to the R~ST. The relief
valve RV-855 will be opened. discha~ging to the PRT. The overpressurization
disables only line S6 of the LPI.

In the branch lines of line 16, two ?IVs have to fail to cause
overpressurization. The overpressurized section would be limited by two
normally clo~ed MOVs (L835A and E). the locked closed manual valve 859A and
the normally closed manual valve 1833A. The relief valve (RV-855) ~ould also
be lifted.

Indication: PRT level, tempe,ature and pressure increase.

E. lnterf~cing Sy~tem LOeA

In order to obtain an ISL aL HPI pumps 31 or 32 via line 56, an
additional check valve has to fail. If either check valve 852A or 894A
failed. there would be an rSL in the auxiliary building. The rC!lief valve
R.V-85S would be lifted. The pumps are at the El. "34'-0" of the auxili.ary
bui.lding, so the flooding would be drained to lower elevations. The
environmental conditions in the puop room. however, may fail the pumps.

Indication: 51 signal. ErratIc HPI branch line flows. RWST level
decreases. No increase in containment sump water level. High
te~perature and r~~lation al~rm in the piping trench area and in
the au~iliary building. PRT level, temperature and pressure
increase. ijigh radiaton readings at the plant vcnts. Start of
the automatic sump pump in the auxiliary building.

Operator Actions: Operator will try to isolate the l"ne which has the break.
Fu rtht: r ace ions depend on syseem and plant r~sponses.

2.3.4 Core flooding Tank (Acc~mulator) Outlet Lines

2.3.4.1 Ceneral

The c<)re flood in6 tiulks :ire pressure vessels filled witn borated water
and pressl.lriz:ed ~ith nitrogen gao;. They .<;Ire designed to provide enough flow
to initi<lte recovery of the cr)r~ in ehe case of a large LOCA before ehe LPI
st~rt~ to deliver flow. Injection occurs ~hen the RCS pressure drops below
the nitrogen gas pre,,;sure (650 pSig) in the tanks. Each Core Flooding Tank
Outlet Line is conneceed to an ReS cold leg pipe. The pressure in each tank
is monitored by t~o pressure sensors. Low and high level alarms annunciate
out-of-l illlit water levelo;. Therl~ is -31so a pressure relidf valve for each
accIJI!1IJl:itor.. The relief valv~'i discharge to the containment.
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2.3.4.2 Operation and C~ntrul

There ace two isolation check valves and ~ ootor-oper~ted valve in each
outlet line (e.g •• in loop 1; ch~ck valves 897A, a95A, and MOV-894A). The
MOVs are normally de~nergized open 'Jhen the RCS pr~ssure is higher than 1000
psig and receive signals to open upon a safe~uard~ actuation ~ignal. The
valve arrangements of the lines are shown in Figur~ 2.1.4. Should the RCS
pressure fall below the tank pressure. the check valves open after about 25
seconds and borated ~ater is forced into the RCS. The check valves are
specially made for boric ~cid operation. The ch~ck valv~s operate in t~e

closed position with a nominal difEerentLal ~ressure across the disc of
approximately 1650 psi.

2.3.4.3 Indic~tion of Overpressurization or 1SL

If tha isolation valves in an accumulator outlet ~ine fail, the line and
the tank will be overpressurized. The liquid level will also increase.
(Small leakage can be detected by chemical analysis of the boron
concentration. The allowed leakage for an accumul~toc check valve is
2cc/hr/in of nominal pipe size.) The accumulator relief valves will first
pass r.itrogen gas and at higher inleakage woul~ also pass water.

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

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

2.3.5 Letdown 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 via the evcs volume control tank and holdUp tanks to the
suction side of the cha~ging pumps. An e~cess letdown line is also provided
(see Section 2.3.6).

The normal letdown line (diameter 3") is a normally open pathway
penetrating the containment. It branches into three orificed lines (diameter
2") afte~ going through the regenerating heat e~changer (to preheat incoming
charging ~ater). The reactor coolant p~essure drops from 2235 psig to about
275 psig. when flowing to 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 Operation and Control

Each of the branch lines contains an air operated ~alve, inside the
containment (200A, 200B, 200C). There are also two solenoid operated valves
outsLde the cC'1tainment, which are automatically closed by a containment
isolation ~ignal. The line has two remotely controlled air operated valves
(LCV459, LCV460) and a relief valve (RV-203) with setpoint at 600 psig.
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2.3.5.3 Indication of Overpressurization or 1SL

If air operated valves 201 and 202 close (e.g•• fire ~nergizes the
coils). coolant pressure downstream of the orifices will increase. This will
lift the relief valve 203 which discharges to the PRT. If valves LCV-459 and
LCV-460 cannot close and the low pressure piping breaks, the result would be
an ISL within the containment.

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-~60. 51 signal.

If a rupture of the letdown line occurred outside the co~tainment, the
leakage would be restricted to the piping trench area and the auxiliary
building. Any leakage would be collected by the building radioactive drains.
The leakage would be within the ma~eup capacity of the charging pumps and
could be readily isolated and the e~cess letdown line could be placed in
service.

Indication: Auxiliary Building and Piping Tr~nch Area High Temp~rature 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
isolated. the excess letdown would be in service and it would transport
reactor coolant :0 the cves volume control tank. via the RCP seal leakoff
return path.

2.3.6.2 Operation and Control

The excess letdown line (diameter I") is normally closed. The pipe
arrangement 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 that regulates flow through the valve. The piping design pressure
changes at the outlet of the valve.

2.3.6.3 Indication of Overpressurization or 1SL

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 coolant drain tank) or broken at
valve 215. This latter event may cause Rep seal cooling loss.

Indication: Increasing level and pressure of reactor coolant drain tank.
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 at Oconee 3 that may be
subjected to an interfacing system LOCA:

1. Low Pressure Injection Lines
2. Decay Heat Removal Suction Line
3. Core Flood Tank Outlet 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 is to
remove decay heat from the reactor core during shutdown. In emergency
operation, the LPI 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 2.4.1; each includes one pump, one heat
exchanger, and isolation valves.

2.4.1.2 Operation and Control

In the emergency mode. the LPI is a~tomatically initiated by low reactc~

coolant system pressure or high containment pressure. Initially, the system
is aligned such that the LPI pu~ps take suction from the borated water storage
tank and the normally closed isolation valves LP-17 and LP-18 automatically
open. allo~ng water to be injected into the reactor vessel. After the
initial injection phase the LPI system is switched over to the recirculation
mode by connecting the suction side either to the containment bUilding
emergellcy sump or to the nor~l 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-l8).

2.4.1.3 Indications of Overpressurization or ISL

In case the isolation valves fail. the low pressure plplng 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-IO. LP-1S.
LP-16. A pressure relief valve is included in each injection line against
relatively small leakages from the RPI system.

If overpressurization or interfacing LOGA occurs at the LPI lines, the
following indications will be available to the operator:
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1. High OHR Pump Dischar~<! Pressure
2. High ORR Cooler Outlet Temperature
3. Injection Line Flo~ Indic~tiQns

4. Au~il~ary Buildin3 Vent High Radi~tion ~larm

5. RCS Pressure Illdic'it ion

2.4.2 Oecay Heat Removal Suction LIne

2.4.2.1 General

The LPI syscem ls llsed in normal operation to remove decay heac from the
reactor core during shutdo~. DAR cOQling is initiated ~hen the reactor
pressure is below the suction piping design pressure.

2.4.2.2 Operation and Control

The system is connected to the RC hot leg line (see Figure 2.4.2) by
opening LP-l, LP-2, ~nd LP-3 and delivers the water back to the reactor vessel
through the LPI pumps and cooler~. The isolation valves can be manually
operated from the main control room. In addition, isolation valves LP-l and
LP-2 have interlocks to prevent their opening whenever the ReS pressure is
above the design pressure of the suction piping. The motor-operated isolation
valves are stroke tested at least quarterly in cold shutdown conditions.

2.4.2.3 Indications of Overpressurization or ISL

If the isolation v~lves fail, the low pressure plplng that wil~ be
overpressurized, 15 bounded by the LPl pumps, valves LP-29, LP-30, LP-19,
LP-20. 8S-7, 85-9, and the RS spray pumps. There ~re cwo relief valves 1n the
suction pipe. One inside the containment 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 Suction Line Pressure and Temperature Indications
2. RB Normal Sump Level lndicacion/Alann
3. High Activity Waste Tank Level IndicationiAlarm
4. Auxiliary Building Vent Radiation Alarm
5. Res Pressure Indications

2.4.3 Core Flooding Tank Outlet Line

2.4.3.1 General

The core floodin6 system Is designed to provide core cooling in case of
incermediate or large Res pip~ 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 conn~cted to the reactor vessel core
flooding nozzle. and p.ac~ line contains two isolation check valves (CF-ll,12
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and CF-13,14) and one MOV (CF-l and CF-Z) , which is fully open during normal
operation (see Figure 2.4.3). No operator action o~ automatic signal is
req~ired to initiate the operation of the core flooding system. The ch~ck

valves are leak tested at each cold shutdown utilizing the test rig indicated
on Figure 2.4.3. The stop MOVs are stroke tested simultaneously with the
check valve leak test.

2.4.3.3 Indications of Overpressurization or ISL

If the isolation check valves (CF-Il,lZ 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 ~lanket to the atmosphere.

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

1. Core Flood Tank Level and Pressure
2. ReS Pressure
3. RB Emergency Sump Level
4. RB Vent High Radioactivity

2.4.4 Auxiliary Pressurizer Spray Line

2.4.4.1 General

The auxiliary pressuri~er spray line (see Figure 2.4.3) is available to
control ReS pressure during low pressure operation. Its use is limited and is
not presently specified in any operartonal procedure.

~.4.4.2 Operation and Control

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

2.4.4.3 Indications of Overpressurization or Interfacing LOGA

The failure of the isolation check valve LP-46, together with manual
isolation valves LP-6Z or LP-63 would pressurize the LPI lines. If the
containment isolation ~alves on these lines also fail (either LP-17 or LP-18),
the LPI lines in th~ auxiliary building would be overpressurized. This is
identical with the LPI failure mode 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 uncovery, since
the Qakeup capacity of one HPI pu~p is sufficient to maintain RCS inventory
with break sizes smaller than .04 ft2 • ThereEore. the line is not analyzed
further.
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2.4.5 Letdown Line

2.4.5.1 General

The function of t~e letdown flow is to accommodatE RC volume changes due
to thermal expansion and the need for removing impurities as well as
controlling boron concentration In the coolant (see Figure 2.4.4). The
letdown flow is isolated from ReS pressure by a passive pressure reducing
orifice.

2.4.5.2 Operation and Control

Each letdown cooler outlet line has one inboard mocor-operated
containment isolation valve. One pneumatic outboard containment isolation
valve is provided upstream of the pressu~e reducing orifice (HP-3, HP-4,
HP-5).

2.4.5.3 Indications of Overpressurization or ISL

Overpressurization or interfacing LOCA can occur in the letdown line only
If a normally open valve downstream of th~ pressure reducing orifice (HP-8 or
HP-195) is accidentally closed overpressurizing the low pressure line. If the
line downstream of the pressure reducing orifice ruptures the result is a very
small LOCA with restricted outflow from the RCS. This interfacing LOCA is not
capable of core uncovery as was previously noted (see Section 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 Section 2.2 at Calvert Cliffs 1 are the following:

1. Low Pressure Injection Lines
2. Residual Heat Removal (Shutdown Cooling) Suction Line
3. High Pressure Injection Lines
4. Core Flooding Tank (Safety Injection Tank) Outlet Lines
5. Letdown Line

The schematics 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 Low Pressure Injection Lines

2.5.1.1 General

The LPI system is designed at Calvert Cliffs 1 to provide core cooling
water during the injection 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 shutdown ~ooling heat exchangers. During plant operation with the RCS at
normal operoting pressures and temperatures. the LP1 is maintained in a
standby mode with all of its components lined up for emergency injection. The
system lineup is shown on Figure 2.5.1. The success criterion of the system
is that at least one of the two pump trains provides sufficient flow from the
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 LP1 pumps take suction from separate suc~ion headers from
the RW5T. The LP1 pumps discharge through check valves to a common discharge
header (diameter 12"). The header pressure and flow a=e ind::'cated in the
control room (ranges: 0-600 psia for pressure and 0-6000 gpm for flow). There
is an air operated flow control valve on the header. 51-306 which is locked
open (Technical Specification requirement because of lack of redundancy).
Relief valve 51-439 protects the header against overpressurization. The
reli~f setpoint is 500 psig. the design pressure of the LP1 piping.

The LPI header splits into four inje~tion lines (diameter 6"). Each of
the LP1 lines has an MOV isolation valve controlled by a hand switch located
in the control room (S1-615. 51-625. 51-635. 51-645). These MOVs can be
throttled. Valve position indicators and line flowmeters are provided in the
control room. The valves are normally closed. They open automatically upon
receipt of an Sl signal. They fail "as is."

After the MOVs there are two isolation check valves on each of the four
branch lines (e.g•• 51-114. 51-118). 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 injection systems. HPI. LPI. and the Core Flooding
Tanks share four common injection paths into the ReS via common fInal
isolation valves (see. e.g •• 51-217). One isolation check valve on each
branch line (e.g., 51-118) is of the "weighted closed" type to ensure the
valve remains closed.

The LPI is automatically actuated by an 51 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 (51-659. 51-660) stays open during the injection phase (power
is normally removed from the valve operators).

2.5.1.3 Indication of Overpressurization or 1SL

In order to have an overpressurization or I5L three check valves and a
motor operated valve have to fail. Due to the number of valves in series, the
probability of these failures is very small. The overpressurized zone would
be the whole LPI system. The break 13 expected to occur at the LPI pump
seals.

Indication: In the case of small inleakage. relief valve 51-439 would open.
In the case of an ISL. high temperature and high radiation alarms
would be gener~ted from the piping tunnel area. or from the ECCS
pump rooms 11 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 LPl is used in the shutdown
cooling mode for further cooling of the RCS when t~e coolant temperature drops
below 30QoF and coolant pressure falls below 270 psig. The system in this
mode 1s called the Shutdown Cooling System at Calvert Cliffs 1. For this
mode, the system is manually realigned and the LPI rumps take suction from the
hot leg of coolant lOGp 2. The heat load is transferred by the shutdown
cooling heat e~changers to the component cooling water system. The reactor
coolant returns to the RCS through the LPl header.

The RHR suction line (diameter 14") has two motor operated isolation
valves: 51-652 and 51-651. The two isolation 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 1s01ation valve. 51-652, is located inside the containment and
is controlled by key operated hand-switch (I-HS-3652 on a control panel). The
second isolation valve, 51-651, is located outside the containment and is also
controlled by a key operated hand-switch (I-H5-3651). 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
op~ned inadvertently. In addition, with the help of newly installed redundant
pressure signal channels, the opening control circuit of each valve is also
interlocked. These interlocks represent independent and redundant means for
preventing the opening of the valves. In the event of main control room
evacuation, the necessary control functions are tr~nsferable to the auxiliary
control room. The position of the MOVs are continuously indicated with lights
on the control board.

The valves are specially made, double disk (fleK 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 the
reactor at power. A relief valve (51-469) is provided between the two valves
to protect the piping between the valves from sudden pressure changes (e.g.,
due to sudden temperature increase in the containment). The setpoint is 2485
psig. A second relief valve (51-468) is located 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 condition.)
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2.5.2.3 Indication of Overpressurization or ISL

A. Overpress~rization

If the first isolation valve (51-652) leaks, the operator is alerted by
the discharge through the first relief valve. IE both isolation valves
(51-652 and 51-651) are leaking, an overpressurization zone would be
generated. The zone would be bounded by the normally closed manual valves
51-441 (for LP1 pump 11) and 51-440 (for LPI pump 12), isolation valve 51-399
of the recirculation line from the LPI injection header (normally shut) and
manual (normally shut) isolation valvc, 26M3-1 of the common inlet of the
lines from the eves 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. a massive ISL would occur i~ the piping
trenches and/or in the auxiliary buildins.

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

2.5.3 High Pressure Injection Lines

2.5.3.3 Genera!

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 1275 psia. The design pressure of its
piping (1&00 psig) is much higher than thzt of the LPI (500 psia). but. it is
only 64% of the design pressure of the ReS piping (2485 psia). The design
pressure of the suction side piping of the HPI pumps is 300 psig. Thus, it
has been included in the analysis.

The HPI system of Calvert C~iffs 1 is a two-train. three pump system
~hich injects into the four ReS cold legs via four inje~tion headers. Figure
2.5.3 sho~s the lineup of the ~ystem for injection. The 3ystem fulfills its
mission. if one of three pumps provide flow through one of f~ar ~eaders to the
RCS.

2.5.3.4 Operation and Control

Two separate suction headers supply the three HPI pumps ~ith water from
two possible sources: the RWST and the containment sump. The motor operated
valves are normally open to the RW5T. The three HPI pumps clischarge through
check valves to a common header. In this header there are t~o motor Gperated
valves: 51-655 (normally open) and 51-653 (normally closed). 'rh~ valves allow
flexibility for pump realignment.

There are t~o HPI headers: the main header and the auxilia~y header. The
motor operated isolation valve for the main header is ope~ and receives an
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open signal when an 81 signal is generated. Downstream of this valve there is
a relief valve (51-409) which protects the header (against pressure developed
by a sudden temperature increase) and a pressure indicator (range • 0 to 200
psig, the indicator is not shown in the figure). The setpoint of the relief
valve is 1485 psig.

The main header splits into four parallel lines. Each of the lines has a
motor operated isolation valve (51-616, 51-626, 51-636, 51-646) which is
normally closed. These valves open automatically upon receipt of an 81
signal. (These valves can be positioned from fully open to fully shut by hand
switches. in order to throttle the lines' flow. P~sition indicators are
available.) Each of the main lines joins to a respective auxiliary line
(diameter 2") to forq a common line which passes through a check valve (51-113
respectively) and flow elements (range: 0 to 300 gpm. not shown). This line
joins to a respective LPI line to form one of the four injection paths to the
ReS.

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

The four injection paths enter the containment 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 2.5.4).

The system is actuated automatically upon receiving an 51 signal.
Operator action is required only for starting recirculation operation.

2.5.3.5 Indication of Overpressurization or 15L

In any injection line three check valves and one motor operated valve
have to fail to generate an ovecpressurization or an ISL. The frequency of
these events is very sgall.

A. Overpressurization

In the case of overpressurization. it is expected that only one of the
two trains ~ould be overpressurized, because the two trains are isolated.

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

B. Interfacing System LOeA

In order to have an 1SL at the suction side of an HPI pump. the shock
wave would bave to brake an additional check valve. If this happens. the 15L
would be isolable. because the MOV (either 51-656 or 51-654) of the train in
which the LOCA occurred. can be closed. This Qay succeed because the MOV
(51-656) is located in the high pressure section of the piping and the flow is
limited by the size of the header branch lines (diameter is only 2").

Indication: The relief valve associated with the train would relieve.
Pressure sensors would indicate the pressure. High temperature
and radiation alarms would be in the aUXiliary building. 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 compartments.

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
depressurizativn caused by a design basis accident, three of the four tanks
will inject sufficient borated water to cover the core until the safety
injection pumps can provide water for core cooling. ~ring normal plant
operation the SITs are approximately half filled (total volume per tank is
2000 ft 3) with borated water and pressurized with nitrogen to between 200 and
250 psi~. Each SIT is connected to an RCS loop cold leg through two check
valves in series (see Figure 2.5.4) and are normally held shut by the higher
ReS pressure. A motor operated gate valve is provided between the two check
valves on the SIT outlet. This valve is normally open and is shut to isolate
the SIT and prevent emptying it during plant cooldown and depressurization.
The SITs have instrumentation and alarms which provide indication of the SIT
level and pressure. The SITs are also 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 O?eration and Control

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

A leakoff return line is used co send any leakage between the two SIT
check valves to the reactor coolant drain tank or the RWST. Each SIT has an
air operated isolation 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 (SI-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 isolation valves (51-463. 51-455) can be opened. There is a
relief valve (51-44&) which has a setpoint at 360 psig, to protect the line
from overpressurization during SIT check valve testing and relieves to the ReS
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 outlet lines between the isolation check valves and
the SIT outlet check valves. The range of the pressure indicators extends
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from 0 to 2500 psig. The pressure signal actuates an alarm at a setpoint of
300 psig.

Indication: Overpressuriz3tion of a SIT outlet line is indicated by "SIT
Check Valve High Pressure" alarm. In leakage and/or
overpressurization of a tank is signaled by "SIT Pressure/Level
Ri" alarms (setpoints: 235 psig. 228 in). Check valve ruptures
would cause an IS~ within the containment resulting in the usual

an air operated valve failure on the leakoff return line may
CRUSe also ~ small 1SL inside the containment.

2.5.5 Letdown Line

2.5.5.1 General

In order to control coolant chemistry. ~nlmlze corrosion and compensate
for coolant expansion due to temperature changes. during most of normal plant
operations, coolant flows from the cold leg of a le~ctOt coolant loop (loop
l2-A) to the suction side of the charging pumps.

The letdown line (diameter 2"} first passes though the tube side of the
regenerative heat exchanger (where the temperature is red~ced to 260°F) then
it flows through the letdown control valves. purification filters. ion
exchangers into the volume control tank of the eves. The charging pumps take
suction from the volume control tank. Figure 2.5.5 sho~s the fl~w schematic
of the letdown line. The pressurizer level ~ontrol system regulates the
letdown flow by adjusting the letdown control valves (I-CV-llOP. I-CV-llOQ),
so that the letdown flow plus the reactor coolant pump controlled bleed off
matches the input from the operating charging pumps. The valves reduce the
pressure of the letdown fluid fro~ the re3enerative heat exchanger from about
2250 psig to 460 psig. The valves are pneumatically operated and fail
closed. Flashing of the hot liquid between the letdown cont~ol 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 letdowa control valves is 650 pSig.

A spring loaced excess flow check valve (diameter Z") 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 ietdown pipe
break. thus limiting the letdown flow in the a~x1ltary building (its design
pressure is 2485 psig). There are slso twe isolation valves (I-CV-5l5 and
l-CV-5l6) of the letdown line inside the containment upstream of the
regenerative heat exchanger.

2.5.5.2 Indication of Overpressurization or ISL

A break or crack in the letdown line will result in flashing of the
blowdown released in the piping penetration room (west) or letdown heat
exchanger room in the auxiliary b~ilding. The 1SL will caUSE compar~ment

press~rization. Four pressure sensors are installed 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 tne letdown isolation valves. Pressure relief for the letdown heat
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exchanger room is provided by an open blockout connecting to the ~est pip1ng
penetration room. Pressure in the penetration room will be gradually decay.
No excessive amounts of water will be released. because the excess flow check
valve will seat and terminate blowdo_~. An ISL with more coolant loss may
occur if

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

b} these valves are unavailable for some reason, or
c) charging pump(~) conti~ue to work.

Following rupture of the letdo~ line i~ the auxiliary building, the
applicable emergency operating procedures would be implemented.

2.6 References

1. Indian Point 3. Nuclear Power Plant. Power Authority of the State of New
York, "Final Safety Analysis Report," July 1982.
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16 I 15

From
deborating

demineralizers

VR
3HP-14

3HP-57 config. - - - - - - -;'~e~rati~g

demineralizers
Makeup 3CS-51

filter I
3A I

3HP-17 I

Purification
demineralizer """"'--~""

I
\3HP-40

I
I

(nSid: RS I

3HP-4
LD ES-1 close

cooler
38

--,
Inside RS I

LD 3HP-3
cooler ES-1 close I

3A I
3HP-5

IES-2close

Makeup
filter
38

3HP-1

3HP-78

To HPI
pumps suction

(Node 8,
Figure A3-1)

From Rep
seal return

I

FrorJl
RCP­
Sa1

suction
drain

Figure 2.4.4 Res 1etdown •
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Table 2.1
Characteristics of Selected PWRs

Reactor Vendor

Indian Point 3

Westinghouse

Oconee 3

Babcock & Wilcox

calvert Cliffs 1

Combustion En­
gineering

Operating Pressure 2250
(psia)

Reactor Coolant System (RCS):
~oops 4

Design Power:
(MWt.)
(UWe)

Architect.ul:'al
Engineer

Commercial Operation

Containment:
Free Vol. (ft 3 )
Design Pres. (psig)
Cavity Condition

3025
965

WEDCO/United En­
gineers & Con­
structors

8/1976

2.8xl06
47
Dry

2568 2700
886 80G

Bechtel Power Co. Bechtel Power Co.
Duke Power Co.

12/1974 5/1975

1.9xlOG 2.0x106

59 65 (50)
Dry Dry

2 Hot Legs 2 Hot Legs
2 Parallel Cold 2 Parallel Cold
~gs Per Loop Legs Per Loop

2185 2250

Low Pressure Injection
System, Residual Heat
Removal System (LPI/RHR):

Pumps 2 2 (a third pump 2
is available, it
Is normally valved
out and is load
shed)

Pump Location

Injection Location

Recirculation, RHR
HEXRs

HEXR ~ocation

Auxiliary Bldg.

Cold Legs, via
Injection Lines
Common Wi th HPI,
eFS

2

Containment

Auxiliary Bldg.

Vessel, via 2
Core Flooding
Nozzles

2

Auxiliary 'Bldg.

Auxiliary Bldg.

Cold Legs, via
Inlets Common With
HPI, CFS

2 (Part of Con­
tainment Spray
System)

Auxiliary Bldg.
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Table 2.1 (Continued)

LPI Discharge Cross
Connection

Containment
Penetrations

LPI Injection

RHR Hot Leg Suction
Line Containment
Penetration

High Pressure Injection
System (BPI):

Pumps
Pump Locat:lon
Injection Location

Containment
Penetrations

Actuation

Indian Point 3

Yes

2 (1 for recir­
culation)

Upon ReS pressure
below 450 psig

1

3
Auxil iary Bldg.
Cold legs, via 4

separate and 4
common inje'Ction
line with LPI,
CSF. Also, 2 hot
leg i nj eo: t ion
possibilities.

2

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

Oconee 3

No

2

Upon RCS pres­
sure below 500
psig

1

3
twxil1ary Bldg.
Cold Legs, via 4

injeci:.ion line.

2

Upon ReS pressure
of 1500 psig or
containment pres­
sure of 4 psig.

Calvert: Cliffs 1

Yes

4

Upon RCS pressure
below 600 psig

3
Auxil ia ry Bldg.
Cold Legs, via in-
lets common with
LPI!CFS.

4 (Those of LPI)

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

Core Flooding Syst~~

Tanks
Injection Location

Actuation

(CFS):
4

Cold legs, via
inj ection lines
common with HPI!
LPI.

Upon RCS pressure
below 650 psig.

2
2 Vessel nozzles

common with LPI.

Upon RCS pressure
below 600 psig.

4
Cold legs, via
inlets common
wi th HPI!LPI.

Upon RCS preRsure
below 200 psig.

3 (Of three cylin­
der positive dis­
placement type)

Chemical and Volume
Control System (CVCS,
Charging Mode) Charg­
ing Pumps

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

3 (Of three cylin­
der positlve dis­
placement: type)
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Table 2.1 (Continued)

Indian Point 3 Oconee 3 Calvert Cliffs I

Maximum Makeup Flow
Rate Independent oE
Res Pressure

Containment
Penetrations

98 gpm

2

-100 gpm in CMS 132 gpm
Mode

2 2

Number of Li nes

Line Size

Table 2.3.1
LP1 (RHR) Injection Linest

Indian Point 3

4

6"

Valve Number

Valve Location
Type
Operator
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requ~~ement

838A.B.C.D

I
Check

Closed

In

*

HOV899A.B

I
MO Gate
AC
Open

Open

Opened on
51 Signaltt

In

**

I
MO Gate
AC
Open

Open

Opened on S1 signaltt

In

**
Relief Valves

Associated Pump
Surveillance

733A.B set at LPI design pressure: 600 psig.

Mtinually started monthly. flow tested at cold
shutdown and refueling.

t1nformation on check valves from the series 897 is given on Table 2.3.4.
ttMa)' be closed manually for isolation.
*Flow and leak tested at each Res depressurization. Test for gross leakage at
every refueling and midway between refuelings.

**Position 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

:::ndian 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

1

14"

MOV-731 MOV-730

I I
MO Gate MO Gate
(special (special
design) design)
AC AC
Closed Close~

Closed Closed

RC pressure RC pressure
interlockt interlockt

Out Out

* *

7'32

o
Manual Block
(double disk.)

Manual, Locked Closed
Closed

Out

**

Relief Valves

Associated Pump
Surveillance

1896 Setpoint: 600 pslg.

Manually started monthly, flow tested at cold
shutdown and refueling.

tRHR operation is not indicated.
*nisk integrity (leak) and stroke tests at each cold shutdown. Automatic
isolation and interlock action test at each refueling. If not done during 18
monthS, the check will be performed during the next cold shutdown.

**Operability test through one complete cycle of full travel at each refueling.
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Table 2.3.3
High Pressure Injection Lines
A. Branch Lines of Line S6t

Indian Point 3

Number of Lines

Line Size

5

2"

Valve t~umber

Valve Location
Type
Operator
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requirement

857A.B.G.H.
Q.R.S.T,U,W

I
Check

Closed

In

*

MOV-856J.H

I
MO Gate
AC
Open

Open

Opened on
SI signal

In

**

MOV-856A.K

I
MO Gate
ACfJ
Open

Open

In

ti

MOV-856B

I
MO Gate
I.Cttt
Closed

Closed

In

***

Relief Valves

Associated Pump
Surveillance

RV-855. set at HPI design pressure. 1500 psig.

HPI pumps started and run monthly. HPI system test
~t each ref~eling.

tlnformation on check valves from the series 897 is given in Table 2.3.4
ttVerify open quarterly.

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

**Verify open quarterly, stroke at each cold shutdown.
***Verify closed quarterly. stroke at each cold shutdown.

#Motor operator disconnected.
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Table 2.3.3 (Continued)
High Pressure Injection Lines
B. Branch Lines of Line 16

Indian Point 3

Nu:nber of Lines

Line Size

5

To cold legs: 1.5", to hot leg: 2".

Valve Number

Valve Location
Type
Operator
Normal Position

Power Failure Position

Automatic Signals

857C,D,E,F,J
K,L,M.N,P

I
Check

Closed

MOV-856C,E

I
MO Gate
AC
Open

Open

Opened on
51 signal

MOV-856D,F MOV-856G

I I
MO Gate MO Gate
ACt! ACttt
Open Closed

Open Closed

Normal Flow Direction In

Surveillance Requirement *

Relief Valves See Table A.

Associated Pump See Table A.
Surveillance

In

**

In

tt

In

***

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

**Verify open quarterly, stroke at each cold shutdown.
***Verify closed quarterly, stroke at each cold shutdown.
ttVerify open quarterly.

tttDeenergized.
OHotor operator disconnected.
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Table 2.3.4
Core Flooding Tank (Accumulator) Outlet Lines

Indian Point 3

Number of Lines

Line Size

4

10"

Valve Number

Valve 'Location
Type
Operator
Normal Post tion

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requirement

Relief Valve~

897A,B.C.D

I
Check

Closed

In

*
892A.B.C.D

895A.B.C.D

1
Check

Closed

In

*

MOV-894A,B.C,D

I
MO Gate
AC
Open

Open

Open safeguard actua­
tion signal

In

**

*Flow and leak tested at each RCS depressuri~ation. Test for gross lea~ge at
every refueling and midway between refuelings.

**Cycled and verify open every RCS depressurization. Tested open every
refueling.
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Table 2.3.5
l.etdown Line

Indian Point 3

Number of Lines

Line Size

1

2"

Val ve Number

Valve Location
Type

Operator
Normal Position

Power Failure Position

LCV459

I
Globe

118V ac air
Open

Closed

LCV460

r
Gate

118V ac air
Open

Closed

200A.B,C

I
Globe

Air
B open, A and
C closed

Closed

201.202

o
Globel
Solenoid
118V ac
Open

Closed

Automatic Signals Close on low pressurizer
level

*

Normal Flow Direction Out Out Out Out

Surveillance Requirement

Relief Valves

Not yet identified

RV 203. setpoint at 600 psig.

*Trip to close on containment isolation signal, p~~se A.
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Line Sizoe

2-45

Table 2.3.6
Excess Letdown Line

Indian 'Point 3

1

1"

Valve Number

Valve Location
Type
Operator
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

I
Globe
Air 118V ae
Closed

Closed

Out

HCVI23

I
Globe
Analog instrument. 118V ac
Open

Closed

Out

Surveillance Requirement

ii.eiiet Valves

~ot yet identified
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Table 2.4.1
LPI Injection Lines

Oconee "3

Number of Lines

Line Size

----------------
2

l[)"

Valve Numu~r

Valve Location
Type
Nor:ual Pos 1. t ion

Power Failure Positioa

Automatic Signals

Nor~al Flow Direction

Surveill~nce Requirement

Relief Valves
Setpoint: 505 psia

CF-12.14

[

Check
Closed

In

...

LP-36. LP-37

LP-47,48

[

Check
Closed

In

***

LP-le,17

o
t10V
Closed

Closed

Low ReS Pressure
High RB Pressure

In

.*

.Leak tested after a cold shutnown, at least once every nine months•
••Stroke tested quarterly, at cold shutdown o~ly.

·*·Flow tested at each cold shutdown.
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Table 2.4.2
Decay Heat Removal Suction Line

Oconee 3

------------------------_._-------------
~Jurober of 1_ i nes

Li ne Si:>~e

Valve L()(''l.tion
Tv~..
~hrlDal Pes i t ion

POloier F.:iilare Position

Autom.:itic SignAls

~nrmal Flo~ Direction

"llrv"'ill.:ill.ce Requireroent

Rl?lief Valves
~~tpoint: 388 psta

1

12"

L[,-1,2

I
:~o·{

Closed

Closed

RC pressure
interlock

Out

LP-25, LP-26

LP-3

o
MOV
Closed

Closed

Out

Stroke Test"''''

-------------------
*On.ce per cold shutdown.

**Once ~~ery three months.
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Table 2.4.3
Core Flood Tank Outlet Line

Oconee 3-

Number of Lines

Line Size

Valve Number

Valve Location
Type
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

2

14"

CF-ll,13 CF-12,14 CF-l.2

I I I
Check Check MOV
Closed Closed Open

Clo~~ed Closed Open

Surveillance Requirement * * **

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

Table 2.4.4
Auxiliary Spray Line

Oconee 3

Number of Lines

Line Size

2

1 1/2"

Valve Number

Valve Location
Type
Normal Position

Power Failure P~sition

Automatic Signals

Normal Flow Direction

Surveillance Requirement

*Not identified.

LP-45,52,63

I
Manual Gate
Closed

In

*

LP-46

I
Check
Closed

In

*
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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 AOV
Normal Position Open Open

Power Failure Position As is Open

Automatic Signals 51 51

Normal Flow Direction Out Out

Surveillance Requirement ** **

*These are containment isolation valves. The pressure boundary is the pressure
reducing flow orifice and 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

4

6"

Valve Number

Valve Location
Type
Normal Position

Power Failure Position

~utomatic Signals

Normal Flow Direction

Surveillance Requirement

51-11S.128,
138,148

I
Check**'"
Closed

In

**

51-114,124,
134,144

o
Check
Closed

In

"'t

51-615,625,
635,645

o
~10 Gate
Closed

As it is

OJ>en on 51

In

Relief Valves

Associa ted Pump
Surveillance

51-439, set point is 500 psig.

}~nually started monthly, flow tested at cold
shutdown and refueling.

tlnformation on check valves 51-217, 227, 237, 247 is given in Table 2.5.4.
*Verifying closed position at least once per month after cycling upon 51

signal. Quarterly stroke (operability) test.
**Full flow and leak test during refueling outages (cold shutdown) (inbo~rd

checks) •
*tFull flow test during refueling outages (cold shutdown), leak t~st quarterly

during plant operation (outboard checks).
***These check valves are of "weighted closed" types.
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~Lable 2.5.2
Residu31 Heat R~moval (Shutdown Cooling Syste~) Suction ~in~

Calvert Cliffs 1

Number of Lines

Line Siz:e

Valve Number

Valve Location
Type

Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requirement

Relief Valves

Associated Pump
Surveillance

1

1411

51-652 51-651

I 0
110 Gate* no Gate
(Special (Special
design) design)
Closed Closed

Closed Closed

RCS pressure RCS pre::;sure
interlockt interlockt

Out Out

** **

51-469, setpoint: 2485 psig,
SI-468, setpoint: 315 psig

See Table 2.5.1

tRHR operation is not indicated.
*Continuous leak ~urveillance. Disk integrity (leak) and stroke tests at each
refueling.

**Disk integrity (leak) and stroke tests at each refuelin:~.
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Table 2. S. 3
High Pressure Injection Linesi

Calvert Cliffs 1

Number of Lines

Line Size

4 (per train)

2"

Valve Number

Valve Location
Type
Operator
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requirement

51-113.123,
133,143

o
Check

Closed

In

**

51-616,626,
636,646 (main
header

o
MO Gate
AC
Closed

Fails as is

Open on SI

In

*

51-617.627,637,
647 (auxiliary
header)

o
MO Gate
AC
Closed

Fails as is

Open on SI

In

*
Relief Valves

Associated Pump
Surveillance

51-409. 51-417, setpoints @ 1485 and 2505 psig.
respectively

Manually started monthly. flow teted at cold
shutdown and refueling.

iInformation on check valves: 51-217, etc. and 51-118. 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 51 signal. Quarterly stroke
(operability) test.

**Leak 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') Outlet Lines

Calvert Cliffs 1

Number of Lines

Line Size

4

12"

Valve Number

Valve Location
Type

Operator
Normal Position

Power Failure Position

Automatic Signals

Normal Flow Direction

Surveillance Requirement

51-217,227,
237,247

I
Check

Closed

In

**

51-614,624,
634,644

I
MO Gate
(Globe)
ACt
Open

Open

In

*

51-215,225,235
245

I
Check

Closed

In

*t

Relief Valves 51-211,221,231,241 setpoint: 250 psig, this is also
the design pressure of the SITs (Size: I").

tLocked open, deenergized.
*Valve position in every 12 hours. Verifying open position within four hours

prior increasing ReS pressure above 1750 psig.
**Valve seat leakage is monitored continuously. Full flow test during refueling

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



T3ble 2.5.5
Letdown Li ne

Ca I'le rt eli. f£ s

---,------------------ .--------------
Number of Lines

Line Size

Valve Number

V.~lve Lo,;']ti""
Type

Oper.Jtor
Normal Po.. ition

2"

110M3

[

Gate

'·!anu;'\ 1
')pl:: 11

r-:V-515 r-cv-511J

[ I 1
Gate (~.1.[t~ c./Ccess

~l,",'J

'\ir/dc Air I:h: Check
Ope rl .. , J' ~.:Io: 1 L)!)~ n

Cll):-lo:d .~ t,).oieJ

Auto~~tic Signals

NQrmal Flow ~lre~tion

Surllei Llanc~ R~;'i 11 i r~m",nt

Out Out

--------- --- - -- --- -- ------- --------_._._----- ---- --- - -- --------
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3. SURVEY OF OPERATING EXPERIENCE FOR 1SL PRECURSOR EVENTS AT PWRs

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 bac~ to the
1970's. BNL has perfo~ed a search for 1SL precursor events at PYas by using
the RECON l data base and the NPE operating events listing. 2 The ~vail~ble
information mostly consists of LER submittals and, in the NPE, additional
component engineering and failure reports are listed. The data bases have
been systematically searched for isolation boundary cocponent failures in
systems connected to the RCS. All operational events i~volving pressure
boundary isolation valves have been collected and reviewed.

Even though the actual confieuration may vary greatly between systems,
plants, and vendors, the isolation boundary generally consist of a number of
check valves and/or motor-operated 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 isolation check valves, (b) motor-operated valve failures, and (c)
procedural or manggement 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 two dominant failure
modes for each class of isolation valves.

a. Check·Valves - Lea~age across the
failure mode for the check valves. A less
operational failures of the check valves.
valves froQ reseating after opening.

seat interface is the most typical
frequent class of events involve
These failures prevent the check

b. Motor-Operated Valves - The improper operation of the electrical
control circuitry and various problems with the limit and torque switches seem
to be the principle causes of failures for motor-operated valves.

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

3.1.1 Events Involving Isolation Check Valves

Reported operating events involving pressure boundary isolation cheCK
valve failures were classified according to the two main typ~s of failure
modes: leak and demand related operational failure modes. The events 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 not suitable for 1SL analysis. The available data are related to a
conglomerate of check valves of different type, size and ~ke, which are built
into variou~ reactor systems. Also, the leak and reseat failures are
typically treated together. However, for the 1SL 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 ~esult in markedly
different accident developments. Therefore. it was clear that specific
information was needed about the frequency of leak failures exceeding certain
leakage flows through the valves and that that information bad to be extracted
from available data.

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

The events of Table 3.1 are presented in a format chat further serves the
leak failure frequency analysis (see Section Appendix A.l). 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 involves 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 info~mation available, the similarity to other occurrences
for which the leek 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 moni~oring of
the accumulators, or it might reflect a partiCUlarly severe environment acting
on the valves.

It also can be seen that an accumulator cannot easily be overpressurized
by small back leakages from :he ReS. since it is a relatively large reservoir
of water capable of relieVing pressure through relief valves. In addition,
increasing water level in the tank (and dilution of boron concentration) can
ea~ily 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
accurate set of data for a new estimate of the operational failure probability
of check valves in the ReS/BCCS 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 tables there are events involving valve disk separation or
stuck open failures yielding a total loss of the pressure isolating function
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 system LOCA testing, which is designed to detect
any deterioration of the pressu~e 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 failures 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 BPI 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 circuitry 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 RRR suction lines. Mechanical failure does not seem to be a major
problem.

3.1.3 Events Involving Procedural or Other Problems

The pressure boundary isolation 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 integrity of the pressure boundary. All events listed in 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 Safety 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. December 1983.
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Table 3.3
Summary of Operating Events

}lotor-Operated Isolation Valves

-----------------------------------
Plant

Turkey Point

Date

6/72

System
Involved Description

RHR* RHR suction valve had cracks in the v~!vc

lower retainer. The rt::tain~r crac'kc.~ due
to over travel, operacion.al contruL
improperly designed.

Robinson 2 173 RHR* RHR pump suction valve from Res had ! .~;I"-,,:i

due to seat wear.

Oconee 1 1/74
Docket 50-269

Cook 1 8/75

Trojan 2/76
Docket 50-344

Calvert Cliffs 1 5/76
LER 76-8/3L

Crystal River 3 2/78
LER 78-01)6

ANO 2 4/78
.Jacket 50-368

Davis-Besse 1 1/79
!...ER 79-015

n·.-ds-Besse 1 3/79
";;'R 79-036

No::th Anna 1 4/79

Cook 1 lO/79

Robinson 2 12/80
LER 80-029

LPI/RHR

LPI/RHR

Ace

HPI

HPI

IiPI

Ace

HPI

LPI/RHR

RHR*

LPI containment isolation \falv€' f.-liled ~l-'

close. A control po~er Eus~ Ql~~.

LPI discharge isolation valve COtlld -l.,t ,,':'
closed. ~isaligned electric3l 5witc~.

The accumulator outlet i<;.;l"\tion V.1lv~~

reopened after the operator closed rh~~.

There was a design err'Jr in lILt" r:ll:1tr"l
wiring.

HPI loop isolation valve failed ro
operate. A control -::in.:uit fll>;" !Pl,j

blown.

H?l isolation valve inadvert~ntly or~ned

and tagged out of service.

HPI header isolation valve failed (h~ to)

flow conditions and check valv~ fdilute.

Core flooding tank isolation valve iHil~J

to close r~motely. MechanicAl cornpu~ent

failure.

H?l isolation valve inaGvertentl)' op.. ,(·,j

due to electrical cOlilponent f:.til!lre i:. t!l.~

control logic circuitry.

RHR isolation valve failed to clo~c

automatically. ~i5ali~ned limit switch
contact.

RHR discharge isolation valvp. f~iLen to
close. Valve o;>~rator to=qUt ,;witciJ
failpd due to conden~ation.

RHR pump suction isolatio'1 valv':' frolll ReS
hot leg leaked through clue to I\;>rrnal ....ea!'.
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Table 3.3 (Contin~ed)

Plant

Millstone 2
LER 82-004

Yankee Rowe
U':R 82-022

Millstone 2
LF.R 82-0'37

San Onofre 3
LER83-0li

Main Yankee
LER 83-016

Date

1/82

7/P.2

9/82

2/83

5/83

System
Involved

llliR

ACC

RHR

HPI/ACC

HPI

Description
-------------

The pressure interlock setpoint for the
RHR suction valve was set above the
li~its. Pressure transmitter had
electrical problems.

Accumulator isolation valve failed to
operate. Motor operator was dis~bl~d due
to zrounding conditions.

RHR isolation valve wu~ld not close.
Torque switch was found to he out of
adjustment.

HPI isolation valve leaked through.
Accumulator level increased. Tank relief
valve lifted and failed to reseat.

HPI isolation valve fail~d to close.
Excessive tighte~ing due to limit switch
misadjustment.

"'Events selected for calculation of "MOV internal leakage" failure freqL!ency
(see Section Appendix A.2.2).
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Table 3.4
Summary of Operating Events

Procedural or Ocher Problems Involving Iso1acion Valves

P1anc

Crystal River 3
LER 78-006

Sequoyah 1
LER 81-099

Salem 1
LER 83-005

Davis-Besse 1

DaCe

2/78

7/81

1/83

1/83

System
Involved Description

BPI HPI isolation valve was inadvertently
opened and tagged out of service.
Technicians cleared the wrong breaker.

RHR RHR check valves were not tested within
the required time period.

RHR The RHR automatic isolation function had
not been tested prior to placing the RHR
in operation.

RHR Pressure interlock for RHR suction valve
(from Res hot leg) was bypassed. Operator
error and design deficiency.

Oconee 1 3/84 ACe
LER 84-001
(Listed also in Table 3.1)

Accumulator in1eakage through leaking
valves. Administrative deficiency no
management control over a known problem.
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4. INITIATOR FREQUENCIES OF ISLs FOR VARIOUS PATHWAYS IN REPRESENTATIVE PWR.
PLANTS

4.1 Introduction

This section describes one of the most important parts of the present
study; the determination of the initiator frequencies of ISLs through the
various pathways ide~tifled in Section 2. It also analy~es the sensitivity of
these fre~uencies to certain administrative measures (e.g., chenges in valve
testing policy) or design changes (e.g•• application of permanent pressure
sensors in spaces between valves) envisioned to decrease the likelihood ~f

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 ~o construct a
base case model with no leak testing provisions as the three reference plants
all have various leak testing requirments al~eady 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 arrangements is based on the simple.
well-known multiple sequential standby system model. This simplified
model has been seleceed instead of a somewhat more accurate 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-specific 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 sensitivity
of the 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 in the
pathway groups given below:

a. Accumulator Lines
b. HPI Li·nes
c. LPI t:ines
d. RBR Suction Lines
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The letdo..n liCl'!s are 'i'lillyzed se;>arately because their function and
desi~n require specific treatment.

4.3 Calculation of Initiator Frequencies for Accumulator, LPI, and HPI
Pathways

At the m.3j 0 ri tf o( PloJRs. the L1'1 inj ection line,; and the :\ccumulator
outlet li:'1F>s have a common inlet header to the ReS. At PH'Rs of l.1estinghouse
and Cornbustio~ F.nsineering designs this inlet header is also shared with the
HPI system. ~t PWRs of Babcock and Wilco~ design the HPIS injects to the
reactor ve,;~el via ser-arate line,;.

In all previous analY5es of 15Ls through the LPI (or HP1) lines the
effect of the cornrncn inlet header was not taken into consideration and the 1SL
initiator frequencies were estimated assuming the LPl pathways to be
independent from the ~ccumulator system.

A thorough analysis of the check valve failure events occurring in the
LPI/accumulator injectlon lines (for details see Appendix A.I) 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
rroneness to failures of this type is due to the combined effects of boric
acid corrosion, boron deposition, and the valve being initially in an
unstable (neutral) positLon when both sides of its disk are exposed to the
accumulator pressure. Since the differential pressure across its disk is
almost ze:o (~p~) and the accumulator is subject to many small pressu~e

changes. the valve is expected to be open frequently. ~ith each opening, the
chance that it will fail to reseat upon a demand due to a leak in the first
valve, increases.

The result of the process is, that the second valve behaves like a
"safety valve" with respect to the overpressurization of the common inlet
header. That Is. whenever the first (upstream) isolation check valve to the
ReS leaks (or in the worst case ruptures), in the majority of the cases, the
second check valve will not completely prevent co~pletely the propagation of
the leakage (or pressure wave) to the acc~ulators.

Based upon the results of the check valve failure analysis. it was
concluded that in any study of 1515 involving common injection inlet pathways,
the proneness of the accumulator outlet check valve to the "failure to operate
(reseat) on demand." failure mode has to be taken into account. It has been
inferred that the nature and frequency of 1515 through the LPI!HPI pathways
will be significantly different depending upon the state of this check valve
(whether it is capable cf reseating or not) and upon the ra~e 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 tenninology "safety valve effect") to the
accumulators. ISLs through the LP1!HPI pathways. even with a
moder'! te leak rate. may cause core damage. TI'.at is. leaks chat are
larger than the total charging capacity (-100 gpm) but smaller than
the total capacicy of LPI!HPI relief valves, will depressurize the
RCS to drain collecting t~nks (e.g., the Pressurizer Relief Tank)
inside or outside the containment. When, these drain collecting
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t3nk~ F~il. a small LOCA arises. Leaks that e~ceed the total relief
valvE' capacity of the LPI!UPI systel:ls have of course, more potential
risk impact since they cause overpressurization ~ith the potential of
..i large UlCA.

b. If the 'Jall.roa i.s open and fails to reseat, the preferred direction of
an I~t will he throu~h the accumulator (in the above terminology
there will be a "safety valve effect") and not through the LPI/HPI
pathways. Should an 1St with a l:Ioderate leakage flow rate (i.e.,
smilllp.r than the total capacity of LPI!HPI relief valves) still occur
th rough ::he"t: pathways, it will only lead to small LOCAs through the
relief valves in addition to lea~ge into the accumulator. Since the
~ccumulators are continuously ~onitored, leaks ::hrough the first
ch~ck valve and the concomitant small LOCAs through the relief valves
will have high potential for early discovery and preventive actions.
In the case of an ISL a with high leak rate (e.g., check valve
ruptures), ~either the open accumulator ch~ck valve nor the relief
valves will prevent the overpressurization of the low pressure piping
and large LOCA may happen outside the containment. (The relief
valves will be open but choked.) While a LOCA chrcugh an accumulaCor
may potentially increase confusion in the accident management, due to
the uneKpected loc~tion, it will have th~ beneficial effecc of
rendering a large part of the RCS inventory available for
recirculation and immersing the containment sump. The acivent of core
damage would be delayed and the source term would be reduced through
the decontamination pocential of a submerged release.

The ~tructure of the calculation of ISL initiator frequencies through the
sh:orp.d A.cclll1lulator!LPI!HPI inlet to the ReS is shown schematically in a
flow chart presented in the form of an event tree in Figure 4.1. Multiple
v~lve failure$ for piping wich individual (not shared) inlets to the Res
should be understood in the chart as falling into the event category "w/o
accumul:'l.tor inleakage."

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

4.1.1 1S1 Initiator Frequencies for Accumulator Pathways

In order to determine the 1St initiator frequencies for the accumulator
p:'l.thways, che frequency per year of experienced accumulator inleakage events
eKceeding certain leakage flow rate (s~~ ~ab1e A.2 and Section A.l.l of
Appendix A) is plotted in Figure 4.2. The plot is fitted with a "best"
gtraight 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 percenti:es and the cean
values of che lognormal dIstribution. The curves for the percentiles were
obtained by statistical confidence band estimates of the parameters describing
the besc fit line. The curve de~cribing mean exceedance frequency values can
be taken as a. direct estimator of the 1St initiat:or frequencies.

The application of a straight line fir co che observed values is
Suppocted by generic experience: there are more small leaks than large, more
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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 Prees, 1958).

To estimate 1SL initiator frequencies for a specific plant by using the
mean curve in Table 4.2. the most important parameter is to choose an
appropriate leak flow rate value at which the estimate is to be evaluated.
For that purpose a reasonable choice is that leakage flow rate that fills up
the "free volume" of an accumulator within a "critical time" deemed to be
required for operator actions to safely mitigate an accumulator inleakage.
Table 4.1 presents the free volumes of the accumulators for the selected
PWRs. The table also shows. for convenience. some other relevant design
characteristics of the accumulators.

Table 4.2 lists the filling time of the free volumes for various leak
rates. (The filling times presented in the table are conservative because it
does not take into account the delay in the filling due to the compression of
the N2 gas.) Ten minutes was selected as the critical time for all the
plants. This time was deemed to be long enough for the operator to respond to
the specific accumulator alarms (high pressure. high level) and to take
successful corrective actions. Table 4.3 gives the corresponding lesk rares
and the mean values of the leak rate exceedance frequencies per accumulatrr
line per year. The leak rate exceedance frequencies were obtained simply by
reading-off from the curve providing mean values in Figure 4.2.

The value which is 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:

(1)

where Ai 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.1 of Appendix
A).

In order to determine the plant-specific 1SL initiator frequencies. the
exceedance frequencies 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 lines 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 initiator frequencies were
calculated for each plant. The values obtained are presented in Table 4.3.

Since these initiator frequencies relate to the exceedance of given leak
rates. it should be app~eciated 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 frequencies 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 conditions 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 boron 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 operations) associated with accumulator
inleakage. the~efore, is considered to be a failure detectable during start up
or shortly after start up in the initiator analysis.

As a consequence of the constant surveillance of the accumulators and the
high effective reseat failure probability of th~ 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 is best suited to their
particular experience; e.g., at Calvert Cliffs I, 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 3.1). The causes
were found to be seal failures of the second check valves due to the ha~sh

boric acid environment. At Indian Point 3 the check valves are leak/seat
tested afeer each RCS depressurization (-3 time/year) and at OConee 3 once
per nine month interval.

An upper limit on the time period without test/maintenance can be
estimated from the exceedance frequency curve of accumulator inleakage events
(Figure 4.2). The estimate is based on calculating the mean time to failure
(HTTP) values for leakage events with small flow rates expected to occur
frequently (e.g., leaks with flow rate higher than or equal to 1.5 gpm). The
MTTF values obtained for ehe plants selected are given in ehe lase 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
frequencies for the LPI systel!1s via the shared inlet under "base case" (no
leak test after cold shutdowns over a protracted period of time) conditions.

4.3.2 1SL Initiator Frequencies for LPI Pathways

The check valve arrangements on the interfacing LP1 lines of the
representative plants have the following basic configuraeions:



a. Indian Point 3.
Tw~ check valves and tva open
~10Vs •
(Valve descriptions are giv~n

in Table~ 2.3.Z and 2.3.4)
Number of paths: 4

RC ~

A

~
I 2 ~ov ~Ov

b. Oconee 3.
Two check valves and a closed
HOV. (Valve descript ion,. .:l.r,~

given in Tables 2.4.2)
Number of paths: 2

Rc S

2
~
MOV

c. Calvert Cliffs 1.
Three chec~ valves and a
closed MOV. (Valve
descriptions are given in
Table 2.5.1 and 2.5.4)
Number of paths: 4

A

RC,I, AI,~
~~i 3 Hey

The ISL initiator frequencies f:Jr the LPI pathways are calculated by
using

a. the formalism for the appro~riate valve configuratioll developed in
Appendix B,

b. ::he dependency of the leakage: f ai lure (-::eq llency on the leak flow
rate given in Figure A.2.

c. the condition th&t the Accumulator check valve is frequently in the
failed state, and

d. the assumptions that (1) ISLs with leakage flow less than the total
relief valve capacity of the injection side of the LPI syste~ do not
lead to overpressurization of the low pressure piping, but contribute
to the small LOCAs throu~~ the relief valve, and (2) 1SLs with
leakage flow below tae total capacity of the charging system are
easily treatable and are therefore negligible events.

4.3.2.1 calculation of 1S1 Frequencies for LPI Lines at Indian Point 3

The ISL frequencies for 1P1 lines at Indian Point 3 are calculated for
three cases:

a. the standard case which corresponds to the present status of
operational conditions and check valv~ test policy,

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

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

At Innian Point 3, the check valves in the LPI lines are flow and leak
tested after each ~old shutdown. This test policy should preclude the check
valves being left in an open position. (This assessment sl:ould be understood
such that the check valves are accepted to be seated if their leakage flow



4-7

is !;mJ.ll~r t:lan a li:uitil1~~ fl<)1J r'lto> defineti in th~ Tcchlli~1l Specifications
and te.;t rt!lll1irern~nt<;.)

5inc: ... t:,<, <,:,ll"rl;'nr l.~:-l;;' cc~t rolicy at Inilian U"int 3 ic: <>rri-n.l1
concerl1.in.,; le,'lk t,~.;t fr.. quell':Y, :] cal.:ul.lt ion was l'~r-l(>::-r.;<:!j llroly ~o see the
effect f)f a pt!,.rnal1~llt ~lrt:>i."i~::-C St!l1sor.

The t't"l~·.r:'lnt average fai lll("~ fre'luency fori1lula,; t0 b~ used to deh~onstrate

th", l:'11 culati 0;,\ ... 1 .-'l',)CeSS in th is ,;irnple CIl.S~ ·1.re ,l,'rived il1 Section 13.1 of
Appendi'C R. They oIi11 je rep ... ;:jtej I,ere for curwenlenC""!. The average failure
frequf;!ncies I,),. r:i'"1~1~'? cheCK valve f~ilure<; ,1r~:

;{. fot:" the "'t1.nd'1rd case, (Eq. (6) of App~ndi-~ B);

( 2)

b. for tht! c'ilse of pre.ss~t'e sensor, PS; (r:;q. (9) of Appendi.\{ B);

(3)

f",. the base case, (Eq. (8a) of Appendi:< B);

(4)

In these formulas,
At is the mean frequency of the leak failure mode,
Ad i,.; the mean pr'lbability of the "failure to operate (reseat) on
demand" valve failure rnode>
d is the demand (opening) rate of the check ~alve~. and
T is the time interval between leak tests of the check val~es.

The fot'~ulas can be applied directly to calculate the total average
frequency of double check valve failure events unaccompanied by check

valve failure in the accumulator line, denoted (l,2,A). The application can
be performed simply by multiplying the formulas (2) through (4) by the term,
(I-C), where C is the "efEecti~e probability" that the Il.ccumulator outlet
ch.eck valve will not operate (reseat) UpO!1 demand. The term, (I-C) expresses
the probability that the accumulator outlet check valve will reseat on demand.

The formulas obtained [Eq. (2b) through 4b)J are listed in Table 4.4. In
the formula,.; the factor 2.88 accounts for the condition that there are four
similar LPI 1in~s and the capacity factor of the rea,ror is: .72. The
c'ilpacity factor was determined from the plant's histo~y given in NPE. 1

If the accumulator outlet check valve is stuck o~~n, a left open first
check valve, as well as leakage failures developing randomly in time through
either check valve 1 or 2, would be ~.·'ected by pr~ssure/level/concentration

changes at the continuously monitored <1ccumulator. The monitori.ng role of the
"tc/,:'JlI1ulator i~ reflected in the formula (Eq. C2a) of Table 4.4) describing the
total average failure frequen~y of double check valve failure events
~ccQmpanied by check valve failure In the accumulator line, (1.2.A).
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Clearly, a pressure sensor viII not "discover" more failures than will a
monitored accumulator, given an open outlet check valve. Thus, the average
failure frequency CEq. (3a» viII not change given the presence of the
pressure seasor compared to the previous case.

The base case considers the hypothetical "\lorst case condition," that in
spite of the accumulator outlet check valve being stuck open 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
flo\l rate through 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 failure to operate (reseac) on
demand" failure mode was taken to be Ad • 2.8l(E-4)/deman.:i (see Appendix
A.l. 2). In the "stand,ard" case and in the case of the application of a
permanent pressure sensor, the time parameCer CT) was taken to be 1/3 year.
the average time between cold shutdowns. In the base case, the time parameter
was chosen to be T • B years (see Table 4.3) and the demand rate for the check
valves (cold shutdowns) to be d • 3/year.

For the numerical evaluatio~. a PC computer program was developed. From
the results obtained. Figures 4.3a and 4.3b show the ISL frequency exceedance
curves related to the "scandard" ar.d 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 flo\l rates through the shared inlet. In
order to obtaiu final initiator fraquencies in an appropriate form for the
"small LOeA vithout overpressurization" and "overpressurization" event trees
of the low pressure system, the frequency values have to be read from the
curves (or calculated) at certain characteristic leakage flow rates.

The question arises as to which double valve failure events should be
classif1ed as "small LOCAs without causing overpressurizatlon" and which as
"overpressurization" events'? Clearly. the answer is dependenc upon whether or
not there is simultaneous inleakage to the accumulator. Consider Lhe
situation in which there is no inleakage:

I. In this case, double check valve failure events in which the leakage
flo\l rate is larger than the maximum makeup flow C-98 gpm). but less than
the toCal capacity of the LPI relief valves on the injection side (740 gpm).
result only in small LOCAs through the relief valves and do not cause piping
overpressurization.

II. In contrast. double check valve failure events in which the leakage
flow rate is larger than the total capacity of the LPI relief valves (740 gpm)
on the injection side result in piping overpressurization.
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If there is inleakage into the accumulator, the situation is somewhat
more complicated because now two pathways are open, one to the accumulator and
one through the LPI relief valve(s):

III. In order to avoid double counting of tOCA initiators through relief
valves and through the accumulator, the only failure events assumed to result
in a small LOCAs whose leakage flow rate lies between two values: the leakage
flow rate value re~uired to exceed the total charging capacity given a
Simultaneous accumulator inleakage (272 gpm, see its calculation below), and
the leakage flow rate value required 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 if the leakage flow rate at the shared inlet exceeds
the capaCity of the tPI relief valves in spite of flow diversion to the
accumulator (this occurs at a flow rate of -2100 gpm).

(Note: The core damage frequency through overpressurization of low pressure
piping is calculated by use of event trees (for LPI or BPI systems) that
differ from that associated with LOC~ simultaneously occurring through the
accumulator. Thus, the core damage frequencies obtained from the accumulator
and e.g., an LPI event tree are essentially double counted contributions from
the same initiator. This does not cause any significant bias in the total
COre damage values because the core damage contributions from the
overpressurization event trees of low ~ressure piping are usually 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 caken as inputs to the "small LOeA
without overpress'~rizacion"and "overpressurizacion" 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 whieh are ealeulated as inputs for event trees are listed
in the last two columns af the table.

The leakage flow rates at the shared LPI/HPI/Accumulator inlet required
to exceed certain critical values were estimated by assuming that only a
fraction, F, 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
F • (10") • .36

Thus, • the flow required to exceed the total charging flow (98 gpm) going
through the LPI relief valves given accumulator inleaK~ge 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 relief valves is: 300
gpm/.64 • 470 gpm, and
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th~ Flow r-e<l'lir~u tl) e"c{·l~d the Cilpacity of t!h~ relief valv"," iii'J~n

.'l~clj,"l1liltor inl~:.ti<.<3~e is: 740 ep!:1/.'3h" :!lOO?;PGl.

4.3.Z.2 Calculation of ISL Frequencie~ for LPI Lines at Oconee '3

The ISt ff"equenci~,; r'lf" the LPI line,; <'It Oconee') "Ire c.;.icul"lt~d f"1" tl1~

following C3seM:

d. th~ standarli case Io1hich cOl"responds to the pl"esent o;t"",tu<; ilf
i)l)l.:r'1tlol1al cnnditions and check valve test policy,

b. an i~,roved CR,;e where the irnpro'Jement is the appliCRciQn of ~

permRn~nt pre~sure ~ensor- between check valveM 1 an~ 2.
c. an im~roved ch~ck valve test policy which involves perf~rmin!, ~troke

ant'\ leal< testin8 of check valves after each cotd shutdOwn,
d. ~imult~neous application of band c,
e. applic3tion of a "rela~ed" check valve leak testin~ policy (leal< t~st

requirement only at e"",ch refueling tQ determine the effects '1r.d t:H~

cost-benefit rel~cionships Qf institucing leak testing prugracs of
pr~ssure isolation valves for those plants that do not currenrly have
such a requirem~nt). and

f. a base case corl"esponding to the hypothetical condition that the
check v3lves ~re not tested for lea~ failure over a lon~ period of
til'!le.

';n I~L lolould OCCLH' through an LPI Ii ne at Oconee 1 1.f t'.lO ';r,~ck .,,'al veo;
and a normRlly closed ~fOV were in an "open" fai.lure .,tate. The fro,!t:1ut:!ncy of
these events can be cal~ulnted oy applying F.q. (19) of Section B.2 Qf Appendi~

B. In applying the furmula, one has to use tt>.e appropriate tall'lro: mudes of
both types of valves (check valves and MOVs) and the specif[c te~ting policy
of the valve~. The testin~ policy of the valves is discussed fir~t.

A.t Oconee 3, there is leak testin,~ eqLlipment (a rig) to coirry Qut the rSL
tests at nine month int~rvals. These tests, which are intended t r) verify that
the check valves of the ECCS system properly re<;l'!at .~fter cold ,;h'ltJown, :lav,=,
been judged tQ be efficient after having stlldi~d the prllCt!dnre ;'lnn discussed
it wi.th plant per:;onnel. qowever, there "re usually tlo/O addit.ional cold
shutdowns during the nine month leak testing pe~iod ~hen the LPI line~ ~I"e

flow tested an~ the ~10Vs are ,troked. After these cold shutdouns the ch~~k

val"es lDay sti.ck open ,1n:-l the il0Vs may relilain in failed st:He such that they
would not 0[lerate on de:nan~. The IlrVs are never tested for l~;iks. The.;e
condirions are taken int0 ~cc~unt in the calculation of the initidtor
frequencies.

The calc\11'lti.onal procedure (see Secti.on B.2.l • .:.) is silJlilar 1:-:> that
f0110wed for the LPI li.n~s at Indian Point 3.

Step 1. J::q. (19) of Appendix B.2 is adapted to the "two (:h~d;, "alve~ <J.IlJ

one normally ~los~d MO~' configuration.

Step 2. The n';:l<01 equation is appropriCltely "Iodified to tiesc;ribe the
various cases pr~viou~ly defined. In e~ch c~s~ rhe possibilities that
the ~ccu'l\ulat~)1" 011tt",t ch~ck valve i..; 'Stuck Open was a1.,-;0 tak~n i.nto
'"ICI;'l'lnt. ThE:! F.)rr:luln.; obtaLr'l.erl (lt~ter:l LI'l 7""ble B.4) r",flect tht:!
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beneflcial eff~ct~ Qf leak te~ts aft~r each cold ~hutdown and the
app I ication of a p~rmall.:nt pressure sensor.

Step 3. The formula~ are evaluated numerically as a function of the
le'lkage floll rate through the shared LPI/HPI! Accumulator inlet.

Quantification

In the formulas, a factor of 1.72 accounts for the tllO similar LPI lines
and that the capacity facto~ of the p:ant is 0.86. The capacity factor Ilas
determined from the plant' s his tory given 1n t1t'E. 1

The check '0/alve leaka.:::e and delij-3nd failure data are the S3me as those
applied in In,Hall Point 3 calculation.

The total mean frequency of ~!O1l failures, A3' leading to the inadver'cent
open state Qf the Ilor'roally closed MOV is obtained froro the following
contribotors:

~eneric value for
The Oconee ?RA3

a. HOV disk rurture (A.2.L)
b. MOV internal leaka~e (A.2.2)
c. MOV transfer open (A.2.4)
d. Inadvertent Sl signal

1. 20x:10- 3/year
4.85xlO- 3/year
8.1xlO-"/year'
6.4xlO- 2/year*

-7.lxIO 2/ year

(*This value is caken from the Indian Point 3 PRA 2 as a
esti~atint the Fr~quency of an inadve~tent S1 signal.
3ssornes a lIlot'"e morlerate vnlue of b:IO- 2/year.)

The mean fr'e'l'Jencj" of the failure mode "MOV disk fails open while
indic'ittng clost!c.I," \:!3' i.s t~lten to be 1.07xlO-'+/demand (see Sections .\.2.,
and A.2.5).

In the var[cui; cases the tLme ~et'"lods for leak tasts (T) and dt!mand rates
for check valves Cd) and for HOVs Cd 3) ar'e the following:

Stand'ird cas<! and in the case of application of a pressut'e sensor:
T = 3/4 y~ar. d = d 3 = 4/year.

• In the ca..es 0 f "leak ::e.,; t of check valves at e"lch cold shutdQwn ," and
"leak te<;t: plus prf',,;surt! sensor:"
T - 1/4 year, d~ - 4/y~ar'.

• "Relaxed" check V>il'oI'" leak ce~ttng' policy (leak tests at each
refllel ir!g) :
T = 1.S year, d ~ J 3 ~ 4!year.

• 'Base case Cfor the t iflll;' per'iod choser! see I1lso Table 4.3):
T = 16 fe'SL, d = d 3 = :'/ytf:iI.r.

F[gures 4.3a and 4.3b show the 1St frequency ex:c:eedance curves obtained
for the standaLd an~ impr~vtf:d c~ses. More precise ISL initiator frequency
values at the relevant leakagt! flow rates for each of the cases discussed are
listed III Table 4. '5. (Th.. numbers ~i\len in bracket .. shOll the re<;ulcs 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 outlet check valve.)
The values not in 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:

10" 2
F - (14',) - .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 required to exceed the capacity of a relief valve (-330
gpm) given accumulator inleakage is: 330 gpm/.51 • 650 gpm (at OConee
3 each line has its own independent relief valve).

The difference between Oconee 3 and Indian Point 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 Frequencie~ for LP1 Lines at Calvert Cliffs 1

The 1SL frequencies for LPI lines at Calvert Cliffs 1 are calculated for
the following cases:

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

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

At Calvert Cliffs an 1SL occurs through the LPI lines if three check
valves and a normally closed MOV are in an open failure state. The frequency
of the events can 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 failure 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 v~lve 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 conth.
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The hIgh valve redundancy in that conf igurat ion. as well as the use of a
permanent pressure sensor. leaves little scope for considering additional
i~provement 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 siQil~r to those the for previously
considered plants.

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

Step Z. 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.5) are evaluated
numerically as a function of the leakage flow rate through the shared
LPI/HPI/~ccumulator inlet.

Quantification

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 capacity factor is
determined from the plane's history given in NPE. 1

The check valve leakage and demand failure data are the same as those
applied to Indian Point 3 and Oconee 3. The i1QV faililre data are the same as
those listed for Oconee 3.

Since the test interval for the components ranges from zero to 1.5 years.
in quantification of the standard case. the basic time period (T) over which
the average mUltiple valve failure frequency is calculated, is chosen to be T
- 1/4 year. The demand rate of the second check valve (opening) is taken to
be. d 2 = 4/year. The demand rate of the MOV is d,+ ~ 12lyear.

In the base case, the time period during which no leak test is assumed to
be performed for all the check valves e~cept the first one (which is
constantly monitored) is ta~en to be: T = 8 years (see Table 4.3). The demand
rate of the check valves was assumed to be, d = 4/year (four cold shutdowns)
and the demand rate of the MOV. is taken to be the s~me as before: d,+ =
12/year. Figures 4.3a ann 4.3b show the rSL frequency e~ceenance curves
obtained for the standard case. Hore precio;e ISL initi.~tor frequency values
at the relevant leak flow rates for both the standard and base cases are
listed in Table 4.5.

The values given in the table are ul5ed as inputs to the "small LOCA
without overpressurization" and "overpro::ssurization" event trees. (The
numbers given in brack@ts 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 nccumulator check valves.)
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At Calvert Cliffs 1 the flow diversion ratio is defined as the ratio of
the cross sections of the LPI and accumulator lines:

Thus, • the flow required to exceed the total charging flow (132 gpm) going
through the LPI relief valve given accu~ulator inleakage is: 132
gpm/.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 relief 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 LOeA at Calvert Cliffs 1 is also a
containment bypass ISL as in the case of Oconee 3.

4.3.3 15L Initiator Frequencies for BPI 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
HPI system of Indian Point 3.

4.3.3.1 Calculation of ISL Frequencies for BPI Lines at Indian Point 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 to the cold legs of the Res
with the LPI/Accumulator System.

B. Four lines whose valve arrangement is of the ~1pe: two check valves
and an open MOV. The lines have no shared inlets with the accumulator.

c. Two lines whose valve arrangement is of the type: ~wo check valves
and a closed MOV. The lines have no shared inlets with the accumulator.

There is a relief valve for these lines with a setpoint of 150 psia and
an estimated capacity of 580 gpm. Valve descriptions are given in 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 condition~ and check valve test policy (the test policy
is somewhat different for ~ach 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
shutdown) ,

d. simultaneous application of b. and c., and
e. a base case, corresponding to a highly hypothetical condition in

which the check valves are not tes~ed 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 te~ts of the individual check valves on these lines
are different. The first check valve (upstream) common with the
LPI/Accumulator line is stroke and leak tested at each cold shutdown. The
other check valves 2re stroke tested at each cold shutdown, but leak tested
only at every refuellng. The average valve failure frequencies per line were
calculated for both the cases without and with accumulator inleakage.

The calculation is based on applying Eq. (19) of Section B.2 of AppendiK
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 nucerically 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 z

2.88).

The frequencies of the ~heck 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 period, T G 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 outlet check
valves. However. stuck open second and third check valves are assumed to
remain undetected (the setpoint of the HPI relief valves 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
application of pressure sensor" cases. the time period of leak testing is. I ­
1/3 year. Other assumptions are the same as in the previous cases.

Base Case - The HPI injection system is a standby saf~ty system compared
to the LPI!RHR system which is used at each cold shutdown. 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 ISt frequency elCceedance Cl1rv,=s For t:te Varil)u,:; <':,i-;~'" (ex:cept the
'::lase case) are plotted as a function of th~ leaka6~ flo,", rate throu~h the
shared HPI/LPI/Accumulator inlet in Figures 4.3a and 4.3b.

Numerical values that provide input to the "small LOCI\ witltuut
overpressurization" and "overpressurizatio;J." event trees are gi.ven in Tabl~

4.5. The table also presents the leakage flo~ rate.., u,:;ed to disti.n~uish

between "small tOeA" and "overpressuriz"Ition" event,>. Th~ same leakage flow
rate values are used in each of the cases a. through e. in Table 4.5,
therefore, they a.e indicated only once in the "'itandard case."

The relevant leakage flow rates for Group 1\ lines are obtained by the
following consideration. The flow diversion ratio for the Group A lines can
be calculated from the pipe sizes as;

Thus, the flow required to exceed the total chargin.'1 flow (q8 gpm) going
through the HPI relief valve given accu~111ator inleakage is: q8 gpm/.04 ~ 2450
gpm. This flow rate is higher than the flow rate required to exceed the
accumulator flow rate (300 gpm) at the c~ltical time ~iven f10w diversion to
the relief valve, which is: 300 gpm/.96 .. 312 gpm. Therefore, the "small
LOCA" initiator 1s evaluated for flow rates betlJeen 2450 gpr.! and the flow rate
required to exceed the capacity of HPI relief valve (580 gpm) given
accumulator inle~kage. This latter value is: 580 gprn/.04 = 14500 gpm and i~

the threshold leakage flow rate for overpressut"izat ion of th~ HPI piping.
given accumulator inleakage.

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

The lines halle no shared inlet with the ;:[cCllmulator. Cono;equently, Eqs.
(2) through (4), multiplied with a constant f~ctor, can be used directly
to calculate the total average frequencies of double vallie f~ilures on these
lines.

In the quantification the follo~ing parameters are used: A con~t;:[nt

factor of 2.88 (4 lines x .72, where .72 is the capacity f~ctor of the
reactor).

Under the present operational condi:ions, the check valves on these lines
are stroke and leak tested only at each refueling period. In the standard and
"application of pressure sensor" cases, therefore, the time paraTJeter ul5ed is,
T ~ 1.5 year. It is ~ssumed that durin~ this til;Je pedoct the valves have not
been opened.

In the cases of more frequent testi.ng •.•nd also I ...hen a pressure sensor is
used, the time period is taken to be T = 1/3 year.

In the base case, the time period is T ~ 30 year.;. The frequency of
valve openings without subsequent leak t~$t is assumei to be d = 2/3 per year.
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Figur~ !o.1c .. !'!ow<; t'l.;> lSI. fre'luency e"ceedance curves for the various
caseA (e~cept the b~ ..e ca~e) ~~ ~ function nf the leakage flow rate through
the inlet of the HPI 1 int-s.

'!umt>ric-lol valuE'C:: fnr in[111t tv the "snall :"OCA. without overpressurization"
and "oveC"pr~ssuri7.ation" eVc'nt tr€es are listed in Table 4.5. The table also
sho""s the lellkaG,.' flow r-lot,><; :.lS,·r! tQ dil:iti.ngui"h between "small LOCA" and
"ave rp reSC;'J r i Z!l t ion" e"en t <;.

3. O:llcul'ltlon of .1"L'r'~i:e r:lultiple check valve failure frequencies for
Group C li.,e.;.

Similar t~ Crou~ B Lines, Group C lines have no shared inlet with the
..l.ccumuL.l.tor eirhE'r. The t<Jt;l1 r.Il1erage failure rate for these lines can be
ohtai.nerl fr.)nl applic-Hii):", or Eqs. (L7) and (19) r.>t Appendix 8.2.

Since there ~re nnly two lines, the multiplication constant in the
equations is: 2,.-;.72 = 1.44, ",here .72 is the capacity factor of the reactor.

Tile MOVs of the __ " 11'.'1' "e conf i.gurations 'ire locked closed during normal
operati.on. Ther.:!fore, only tlte "nov disk rupture," "MOV internal leakage" and
"~IOV f~ilure to oper-'lte (h,)ld) nn der.J.and" failure modes were selected as
credible ~IOV failures. In thl;' quantification of the equations, the rounded
sum of the frequencies ,)f the fir,-;t two fr.lilure modes is used for the
nunerical value oC, ~3; A3 = 6.I(E-3)/year. ~s for the demand failure mode,
the value Ad3 = I.07(E-4)/demand is applied (see Sections A.2.I through
A.2.2.6 for ~ov failure rates).

The check valves on the Group C line~

refuelini period. Thus, the time interval
s~nsor" cases is taken t,) be T = 1.5 year.
more frequent leak test and leak test plus
the cold shutdowns: T = 1/3 year.

are stroke and ler.lk tested at each
in the standard and the "pressure

The time period for the cases of
pressure sensor cases is that of

The time period for the base case is T = 30 years. During this tice
interval the check valves are r.Issumed to h~ve no leak testing performed.

The 1SL frequency e~ceedance curves are shown in Figure 4.3a as a
function of the leakage flow rate thrOlll1;h the inlet of these lines.

~umerical values for inputs to the "small LOCA without
overpressurization" and "overpressurization" event tC"ees lire listed in Table
4.5. The table nlso indicates those leakage flow rates which were used to
distinguish bp.tW'een "small LOeA" and "overpressurization" events.

4.3.3.2 Calculation of 1SL Frequencies for HPI Lines at Calvert Cliffs

The val"e arrangement of the HPI lines at Calvert Cliffs 1 is similar to
that of the LPI lines: three check valves and a closed MOV. (The valve
de~criptions are given in Table 2.5.3.) The number of lines is four.

The te,:;ting policy foro the isolation check valves is also similar to LPI:
continlJouc; l~ak pr.essure indication of the first check valve (in common with
the a,:cum'llator and LPI line,:;), 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 at 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 also 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 failure frequencies were used here also. An
exception is the base case, where the time period of leak testing is assumed
to be T-30 years. The 1SL frequency exceedance vs. leakage flow rate curves
in Figures 4.3a and 4.3b relate not 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 differe~t for the LPI and BPI 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 ratio for the HPI lines can be calculated from the
pipe sizes:

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 R

6600 gpm. This flow rate is higher than the flow rate required to exceed the
accumulator flow rate (665 gpm) at the critical time, which is: 665/.98 • 678
gpm. Therefore, the small LOCA initiator is 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
overpressurization of the HPI piping, given accumulator inleakage.

4.4 1SL Initiator Frequencies For RHR Suction Paths

At all the plants selected, the RHR design includes a sing~e suction line
(Tables 2.3.3, 2.4.2 and 2.5.2). The line is separated from the RCS by two
specially built MOVs in series. The basic failure model for two valves in
series described in Section B.1.2 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 also different at each plant, the initiator frequencies are calculated on
a plant-specific basis.

Leak failure exceedance frequency data as a function 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. cannot be applied. Under these circumstances the role of the suction
side relief valves in the development of an ISL accident is problematic.

In order to overcome the problem. the following ~pproach has been adopted
in the calculation of initiator frequeneies:

At plants where the suction side relief valve capacity is equal or larger
than 1000 gpm (Indian Point 3 and Calvert Cliffs-I). failure combinations
involving the HOV internal leakage failure mode are considered to represent
double valve failure events. where the leakage into the RHR system is equal to
or less than the relief valve car,acity and therefore results only in "small
LOCAs." Failure 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 into the suction line is assumed to be higher than the relief
valve capacity).

In rhe case of OConee 3, where the relief capacity on the suction side of
the RHR system is stlaller than 1000 g~:D. a fraction of "small LOCA" events are
assumed also to contribute to the "overpressurization" event frequency. These
small LOCA events 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 similar way to the procedure used for the injection
lines. The cases are as follows:

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

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

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

d. Simultaneous application of band c.
e. A "relaxed" MOV testing policy. (Stroke and disk integrity testing

required only at each refueling. This case is calculated simply to
deterQine the effects and cost-benefit relationship of instituting
leak testing programs of pressure isolation valves for those plants
that 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 integrity) tested at
each cold shutdown. The leak test rules out the possibility of leaving the
valve open even though the control room has a signal indicating a closed
position. (If both 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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oper-ation. Both MOVs ar~ located inside the cOl1tailVllent. The gr-oss ex:ternal
leakage failur-e mode would reslllt in a. tOeA In<iide the containment with the liP
and LP r-eclrculation paths re~aining open. T~is would not cause an
overpressur[zation. The frequellcy of this faiillce mode (Appendix 11..2.6) is
rather s;uall, so its failure frequency contributlon was assumed to be
negligible.

Since the capacity factor of Indian Point is .72. the frequencies of
doubl~ ~OV failures, Is resulting in '~mall LOCAs" and "overpressurizatlon"
events are calculated by use of F.qs. (lla) and (lIb) of SectIon B.1.2 of
Appendix: B for the .. tal1dard and "perr:Lanent pres"ure sensor" cases:

( Ov .. ) PS 7 2 ( 2 T )Is erpressuru:atlon =. AR '2 + \~

where At' AR and ~ denote the maan frequencies of the 1)
leakage, 2) MOV disk rupture. and 3) MOV ~ails open
closed failure modes (the numerical values of these
are given in Appendix 1\.2).

( 5)

( 6)

(7)

(8)

MOV i nte rnal
~hile indicating
failure frequencies

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

For the base case calculation, it was assu~ed that during TL = 30 ye~rs

of operation there is no leak test performed on the MOVs. It ~as also assumed
thoSt the stroke test performed at each refueling (TR = 1.5 year) would
reveal disk rupture.

The formulas used t..J calculate the average failure frequencies (see Eq.
(12a) of Section B.l.2 of Appendix B) are:

and

Base Case
I ( Sma 11 LOCA)

5

2 dT +1
.72 [\.TL + AR\.TL + 2:\Ad (+)) (9)

Base Case
I (Overpressurization)

s

2 dT +1
.72 (ARTR + 2-\Ad (+) (l0)

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

The results of the qu.ant'lfic.ation of Eqs. (5) through (10) are presented
in Table 4.7 for compari8on with other initiator frequencies obtained for-
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,)ther nlants und.. r vari.,)u~ r)p~ral:ic)l'l an·l t.,,;tin~ e:'mJi::in'jS. Tl-)~ \/'3.lues
listed in the table :lore ll>;ed OilS input .. t" t h.> "sr:lall LOeA" dill!

"overpressurlzatLon" event tre~~.

4.4.2 Calculation ,)f the Frequency of ISL" Tlirnu;.l;h the PJ{R Suction Lin.. at
Oconee 3

At Oconee >. the MOV,. of thl' R![~ suc:tiol1 line an:' lncated insi<ie the
containmel1t. thu", t~H! "t10V elttee-,vl] l,>ak.a._~"" tai 1 'Ir<, moJ" is not in::llided in
the analysis. As W:loS ",entlollpfl L·, th"" descrlptiOI1 n; the "IOV,; "it Ind.i~11 ?"iilL
3. this E'3.i.lure mode "'Clilld re'iuLr: il"' an insi,:j.;: c:oI1taln;no=nt ";Mall LOCA of very
small o~currenco::! frequency. The "tm·J1.t-tneO'l.<; l)ccurr.->nce af "M.OV fails ')pen.
whil", indic'itinc; c:l,)sed" faiLllre event" :ire (!"p~ct"',l tn be recol,nized dilrill~

plant heatup.; and are not f'lrth"!l" ,:,>nsidere<l.

At Oconee 3 the two MQV,. 'I re:

• stroke tested at e'lch ~old sh~tdow~ anrl
leak (disk inte~rity) tested ev~ry ni'1e I'll)~t~s.

Since the leak te!;it,. are carried out lp.<;s frequently than the stroke
te!;its. the "MOV fails op.:n, IJhile indicating closed" (demand type) failur.>
mode would increase after e'3.ch culd .;huttiown during the nine l:Ionth pedod
between the two leak tes ts. The f ai lu re morle "MOV i Ilte rna 1 leakage" "lnd "~lQV

disk. rupture" are also inclllderl in the analfsis.

Elect rical power is not rl i<;~onnected f rom the MOVs. therefore ..MO ....
transfer open" failure events may arise at Oconee 3. This particular. failure
mode affects only the second (tiownstrearn) ~1OV. The first (upstream) valve is
always subjected to the full ReS pressure. and these valves '3.re designed i~

such "l way that the normal torque capability of thelr motors ~annot open the
valves against such a high differential pressure.

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

-Soth frequencies, those of "small LOGA" and of "overpressurization." are
determined by use of Eqs. (lla), (lIb). (12a), and (12b) of Section B.I.2 of
Appendix B. The equations are adapted to the specific failure modes
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 he~e. They are listed in Table
B.1 of Appendix B. ner~, information on the numerical values of parameters
used in the quanttfication a~~ det'liled:

The f~equencies of relevant ~OV faiLure modes can be found in Section
A.2. The capacity factor of the plant is: .86.

In the standard and "p're"sura sensor" case" the tim"! period between leak
te"ts is TL ~ 3/4 year. The demand r~te for ~ov openings (cold shutdowns)
is d ~ 4/year. The eiven time periorl t'eLatec; to the "small. LOCA" events. The
ttme p"!riod for "overpressurizstlon'· events is ta1<.en to be. TR = 1/4 year,
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because It is assumed that stroke testing at cold shutdowns vill reveal disc
rupture.

In the cases of "increased leak test frequency" and "increased test
frequency + pressure sensor," the time periods ar~ TL ~ TR - 1/4 year.

In r:he case of a "relaxed" MOV testing policy, stroke and disk integrity
testing is assumed to be carried out at each refueling, TL • TR • 1.5
year. The demand rate for MOV openings (cold shutdowns) 1s d • 4/year.

In the base case it is assumed that no leak test is performed during
the period TL • 30 years, a stroke test ho~ever is assumed to be carried out
at each refueling period TR • 1.5 year. The demand rate of MOV openings
(cold shutdowns) is d • 4/year.

The fraction of "small LOCAs" which may cause "overpressurizatlon" events
is estimaced co be abouc -13% in all of the cases. This estimacion 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
function of the leak rate.

The resulcs of the quantirfcation are listed in Table 4.7. The values
indicated serve as inputs to the "5:11811 LOCA" ancl "overpressurization" event
trees for this plant.

4.4.3 Calculation of the Frequency of 151& 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. Thi~

requires consideration of the "MOV external leakage" failure mode for that
valve because such a failure event would lead to an 1SL bypassing the
containment even though overpressurization would not occur.

An interesting feature of the calvert Cliffs isolation valve system is
that a relief valve is located between the two MOVs, inside the containment.
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 out as to whether
the valves are indeed closed by using a calibrated torque ~rench. A
maintenance crev (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 HOVs at Calvert Cliffs 1 are normally not
kept open. Consequently, the "MOV transfer open" failure mode was considered
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to be credible for the second (downstream) MOV whose disc is not exposed to
high differential pressure.

The failure frequency of the valve arrangements is calculated for all
cases from a) to e) listed in the introduction to section 4.4. "Small LOCA"
and "overpressurization" event frequencies are determined b1 use of Eqs.
(lla). (11b). (12a). and (12b) of section B.1.2 of AppendiX B through adapting
them to the failure modes occurring at Calvert Cliffs 1 ("){OV internal
leakage" and "MOV disc rupture" failure modes are also assumed to occur). The
foros of the equations are similar to those given for Indian Point 3 and
the~efore are not presented here. They can be found listed in Table B.2 of
Appendix B. Information concerning some 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 TR • IL • 1.5 year (refueling period). The demand rate of
MOV openings (cold shutdown) is d • 4/year.

In the cases of "increased test (stroke and leak) frequency" and
"increased test frequency plus pressure sensor," the chosen time period is the
time interval between cold shutdowns TR • TL • 1/4 year.

In the base case, it was assumed that no leak test is performed during
I L • 30 years and no credit was given to the torque test procedure. Stroke
tests, howeve~, were assumed to be efficiently carried out to discover disc
rupture at each refueling period TR • 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 ~lOV located in the Auxiliary Building
may escape detection is 8 hours/day. This is believed to be a conservative
estimate.

The results of quantifying Eqs. (11) and (12) in Secti~n B.1.2 for the
frequencies of "small LOCA" and "overpressurization" events are presented in
Table 4.7. In the table. external leakage contributions to the small LOCA
frequencies are indicated separately. The data presented serve as inputs to
the "small LOCA" and "overpressurization" event trees of the plant.

4.5 'Letdown

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

4.5.1 Indian Point 3

Reactor coolant is withdrawn from the intermediate leg of the RC piping
through a manual and two air-operated fail closed stop valves, LCV-459 and
LCV-460. Three letdown orifices are provided to reduce the letdown flow
pressure from Res operating pressure (2235 psig) to the CVCS operating
pressure (225-275 psig). Normally, one orifice is in operation allowing
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n~rm~l l~tdown flow at optimu~ le~el. One of the other t~o orifices is for
backup and the other is to increase l~tdown flo~, when required, to the
maximum capact ty of the eves. A re lief val VP. is proviJed on the ins ide
cont~inment section of the low pressure piping to protect it in either the
event that the letdown control valves fail open resulting in rupture of the
flow orifice or in the event of any Ijf the 10''; pressure blQck valves (201,
202) faili.ng in the closed position. These Eailure modes combined with the
f~ilure oE the relief valve may result in a pipe rupture. In case that thp
relief valve opens, the resule would be ~ small tOeA inside the containment.
A failure rate for air-operated valves failing to remain open or failing in
the open posicion has been obtained from the ddta base included in the Oconee
PRA3 and ha~ the value of AValve = 2.0l(-03)/year. The orifice rupture rate
has b~en obtained from the data base provided in the Calvert Cliffs ?RA,4
AOrifice - 2.63(-4)!year. Similarly, the failure rate for a relief valve to
open on demand is ARV = 3.0(-4)/d. The to~al average fa~lure rate at Indi~n

Point-3 resulting in a pipe rupture is

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

2.28(-3)/year- •

4.5.2 Oconee '3

The letdown flow froQ ehe RCS is routed through ehe normally used 3A LD
cooler. The MO block valves HP-l and HP-~ are pr-ovided on this line inside
the contain~ent. There is a redundant coo~ ~ and associated block valves (38,
HP-2 and ~P-4). Outside the containment there are two air-operated HP stop
valves (HP-5, HP-6) upstream of the pressure reducin8 orifice and a letdown
flow contr-ol valve (HP-7) parallel with the orifice. The HP!LP boundary is
located outside the containment including the relief valve on the LP piping.
Failure~. such as orifice rupture. deminerali7.ed inlet valves failing closed
or the letdown flow control valve failing open leading to overpressurization
of the LP piping, result in a small tOCA outside the containment, even if the
relief valves open. The failure modes eo be considered are the same as
previously discussed in Section 4.5.1.

AValve = 2.0l(-3)!year
AOrifice = 2.63(-4)!year •

The average Eailure rate for the letdown syseem including s~aLI LOCA
events due to overpressurization and consequent opening of the relief valve is

<~ > = A_ + AO 'f' = 2.28(-3)!year •
LetdownValv~ r. lee

4.5.3 Calvert Cliffs 1

Coolant letdown fro~ the cold leg first passes through the regenerative
heat exchanger and then through the letdown control valves. The valves,
controlled by the pressurizer level control syst~m, control the leedown flow
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to maintain proper pressurizer level. An excess flow check valve is installed
before the control valves to limit the letdown flow in abnormal
ci~curnstances. RC pressure is reduced to eves npe~atLng pressure in one of
the ai~-ope~ated letdown cont~ol valves. A relief valve on the low p~essure

side prevents overp~essurizationof the LP pipin~.

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 estir.lated as:

2.28(-3)/year •

4.b References

L. Nuclear Po~er Experience, N?E, published by the S. ~. Stoller Corp.

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

3. "Oconee PM, A Probabilistic Risk Assessment of Oconee Unit 3," NSAC-60,
June 1984.

4. "Interim Reliability Eva'l.uation Pro~ram: Analysis of the Calvert Cliffs
Unit 1 Nuclear POlJe~ Plant," NUREG/CR-351L, Vol. I. May 1984.



4-26

~u ~~~~ge Into The, 15L

! '.? L Syst"", HPI
IniCiator

Accum.ulator S~st"'" Freouencv

I
Success

l Table 4.5
Colu.... :

I
,,/0 Accum.

I
Table 4.6

I
Column:
,,/0 Accu:n.

Negligible
Ilultiple

Valve
Failure

Table 4.3

Table 4.4
Colu.... :
v. Accum.

'lable 10.5
Column:
y_ A~(:um.

Negligibh

Figure 4.1 Schematics of 1SL initiator frequency calculation for
accumulator. LPI, and HPI injec:ion lines.



1.-27

!:j'
TTI~ ---,,';' -f-H-II+i"'',,;,"+,",+;;"H .~ ;C-

'1

,. 10-1 J • 1 I ~ 1'1 t 11 I 1 1'1 • i I J I II , • , I I I

..x .! ..~:~.•. -,. 0~'a;;:;- ---I
~ ,- , : , I

r ~:-,_. p! ... , ~:;I
, "'-!,--:i ~- '-. 1--
!~1 I ~:;~ ;!;: ··;·1-: !:!: !!~i

'-, '-.--:--J=-Fttt:m~~tm:tt:l::tttttitittH::tttH::ttt~H±l:±titH-±+::1~-, ·:1; ·"'··~:··::~I- ",' "--,... -- ..
1 • L.. -;-"N~-H-+l-+H"""H' ~1;;;.,f,-4",!.J-;-'I~-H+l'~':I~ :_ -:-

-, • r ~.

!: i i -:d.......~~'.1·,+~::.-I-,~-l-l-I-I"'! ~:..!:.l.i~.._~
!::: =i:"

-:-...:. "::",_ _ l~ .. :~;
: I : I -;. ~. :: I" ".-

~ " I·!

:..
u
c:

""CT

~...

...
;;
>­.....
.~

+- .-" ..:.... .... ~- - -I

-4
1.0xl0 I

1.0 10 100 LOOO

I.eak Flo'" Rate Through AeeulIU laC'Jr [njecCion L, ..,. llSr"':

Figure 4.2 Frequency of accumulator inleakage events.



lIndi~n
Point ]

l.illl.!O-'io

-6
1.O~IO

1.0x10· IO

I.O.<lO-7

~.,
~

:--

"..c
'" 'It·(ln ...·~ J-~
::.

I.O:<W-8
...lv,

'(;
:'..
'J
C
"J
~

c-

".....

1.OxIO-~

100 lOon lODlln

LC;lk Fl.,.., h.]tt.: "(hrc"'III"',h ::h",C'cd LPrJllrr/'\L'-=~

In (,,"t (Linn)

F1Hure 4. ':1 Freqllency of I~L inf tl~'tor:; through Ll'I llne~

withollt. <ICCtlmlll:.ltor inlo.!"ka~e vs. le~lk flow rate.



4-29

I· ,

: . i
~. ,;t-+

I I ,.: ,I; .... ,

t ',0:1 -- 'J.: 'I,

I ~(-i::J..;...Li,'-+'++;-:r-;....-.+;.;.;..'"t-:-.H'--++-:-H-+H­
;~-i II : I I, I., ... ;'1- i I'

Indian
Poil1t 3

Oconee 3

I

I

1~,:::"'''''1-....!-:--+,'-"';'+..L..\-4-++I+I"';';';';';'':;''+,,-4,1""'-H-++-H+f-
.,....-t ~K.--

1 r+- -i- +>-'-T";":I..±i~f-.;,;..':",*",:", 1-,':"".1-..'+.,-+1t,';':..I-,,~,t-+tf'Standard

1 .: =1:: .r i ;r~: ::~.~~ -:;; _: lease (Pressu'Cp.

I
j: Sen&Or Already., .j .... .'1': ':', 'Ii~i. ;i:::,,·:I:iil·,t,';;:,~: ':; Installed)

~~"m""'''m'''-'''B'-'',

-7
1.0xlO

...
oj

"S...
~
~

.::-....: -s::; 1.0,,10

'0
>.

::!
~
5-
"......

1.0"10-9

..1: I

I I
, .. !ii- .. I .. .. I

i i
,.

ii:: :::1:: ·1 :',Ii ..

1
\ r...l·...ertILUffs I

II
II

, 'I! i ,I I
-I- --1--1+ -r-f--;-

':1 I' I

I ~l__1,_ .L 1_ ':'-I-i+l j--+-'---l-''-I-"'H-4-
I ,I :!,

1.0xl0- 10

100 1UUU 10000

tl1ak Flow R~te Through Shared LrI/~rI/Acc.

inlet (.,;pm)

Figure 4.3b Frequency of ISL ini~ia~ors through LPI lines
with accumulator inleakage vs. leak flow rate.



4-30

.,
;·1 I

·°1

I

~·!·I

Group A. Leak Tes"" @

.L.
Each Cold
Shu "down

I
leak Tes"s @

/
Each Cold
Shu"d""",

Leak Tests +
Press. Sensor,'" ",,·1I·

I
......- .. :c :--1. -.

"

~~:.: ::: ':::1:- J
'0" "';" ., .. ,I .• -:.f:

::: ~r': :1: :1 .....

1.OxlO-7....
co
>-.......
~

0..
u-c:-:;:-... 1.0><10-80

>-
u

"..
"go.......

! ! • ~ ; I;,' :.

I,:·· ."': :~:

't~t:t=tjtt=t:t:ttlt:::]~t:t:a$±~tt~rc. Croup A. Leak Tests +,_ I'"l Press. Sensor

1.0xl0-10 : ::: :::: :~:: :::

t .- ...
"1' ::: .:: ~.­: ..: -::: ,.~ .., - .

.- -.._ --- .-

:::;1 :.:: ::~ .::- .- II
100 1000 10000

Leak Flo~ Rate at the I~lets of RPI Lines (&pm)

Figure 4.4a Frequency of ISL initiators through HPI lines
(Groups A and C) vs. leak flow rate - Indian Poine 3.
Case: ~1thout accumulator inleakage.



4-31

, ~I:! ."T. ..,.-rrrrrrTT"""";:;"T::...,..,,,. ..,..,.;:.r""'l..::"T.1,....:;:"T'""T'"'11

~I·l -fl::.: !i~~ Y~l~J:~ :::.J I

1.Oxl0-6

..... ::::1:::'

:;:i i:~ ;;:; :::/.1 ;~: ::~:.. ~•.._..- .,. t~ .... ,....

I"
'r:.

....
'":>-.....
OJ..
~
.:!!­c:...

"1·

::::j:;:..:y. I'
.. "1-- --:1 I•• •• _ .'_0

::;: "::,-:;":: ..

...
on...

II.,

,.1'

.. '

'1· I

....• I

. ..... , :~:t: --I'

...
o

'"uc:..
"...........

+-t-+-+-l-i-++-H+t+-'-:.:-1,r"'.:-~.f."..H-~:~.I:'.::l.-.H+I-i Croup A.

I

';1' ....

Leak Test @
Each Cold
ShutJ""".
Pressure Sensor
Cases

.... ,... .--... -. -." .,-..... ., - :;::.: ::;: ..:.:::.
;t-:t ;..;!: ::: :;:.. ....

100 1000 10000

Leak Flow Rate at the Inlets of HP! Lines (gpm)

Figure 4.4b Frequency of 1SL initiators through HP1 lines
(Group A) vs. leak flow rate ... Indian Point 3.
With accumulator Inleakage.



4-32

:; I.QxIO-4

",..........
~..
u
~

"
-'
V>

...
o
>.

~ 1.0x10-5

g.........

1.OxlO-6

lUU 1000 10000

Flo~ Rate ae the Inlets of HPI L1nes (gpm)

Figure 4.4c Frequency of 1SL initiators through UPI lines
(Group B) vs. leak flow rate - Indian Poin~ 3.



4-33

Table 4.l
SOllie Design Characteristics of The A.ccul:lulators

(Core Floodin6 Tanks) at The selected PWRs

Design Characteristics

Number of a~cumulators

Design pres5~re (psig)
Operating pressure (psig)

Tank total volume (gallon)

Water volume (gallon)

"Free" volume (gallon)

Number of relief valves

Indian Point-1 Oco~ee-3 calvert Cllffs-l

424

700 700 250
650 600 200

8230 l0547 14960

5240 7780 8325

1

~l~ef valve size

Relief valve set point

Relief valve capacity (est.) (gpm)

Drain line (accessible) and
size (inch)

Drainage capacity (gpm)

I"

700

710

1 (I")

1"

-700

710

1 (1")

1"

250

425

1" (1")

-1250



Table 4.2
Filling Time of Accumulator's "Free" Volumes

For Various Leak Rates*

Indian Point-3 Oconee-3 Calvert. Cliffs-l

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

lQQ. .!Q. 280 10 300 ZZ

500 6 467 6 500 13

740 4 700 4 665 10

1000 3 1000 -3 LOOO -7

*Leak rates underlined correspond to the "critical time" necessary to 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

Reactor at power

Number of lines,
Size (inch)

Leak r3te (gpm) at the
"critical time, 10 min.,"

Leak failure exceedance frequency
at above leak rate (per
line-year)

Indian Point-J Oconee-3 Calvert Cl1ffs-l

.72 .86 .88

4 2 4
10 14 12

300 280 665

2.45( -3) 2.5(-3) 1.75(-3)

ISL initiation frequency at
above leak rate: "small LOCA
through the accumulator relief
valve or accumulator overpres­
surization" (per year)

ISL frequency at accumulator
relief valve capacity: "over­
pressurization" (per year)

Leak failure exceedance frequency
at leak rate of i.5 gpm (per line
yeaL}

Maximum frequency of accumulator
inleakage (per year)

Mean time to failure, MTTF (year)

7.05(-3)

4.90(-3)
(710 gpm)

3.9(-2)

1.1(-1)

9.0

4.30( -3)

2.93(-3)
(710 gpm)

3.9(-2)

5.6(-2)

17.9

6.15(-3)

*

3.9(-2)

1. 4( -1)

7.1

*Not calculated (relief valve capacity is s~ller than 665 gpm).



Table 4.4
Formulas to Calculate Initiator Freqllenctes f'Jr ISL

Through LPI Lines 3t Indi~n Point 1

Fre uenc of Double Valve Failures
cases With Accumulator- Inleilk.age Without Accumulator Inle""lcage

Standard Case 2.S8( AIAd)C ( 2a) 2.88 [0.;0,2» ](l-C) ( 2b)
T .. 1/3 year

T (3b)Applicat ion of Same as above (3a) 2.~8[<AS<1,2)psJ(1-C)
Pressure Sensor

dT + I)C (4a) 1.88 k ~.r( 1,1,d»]< I-C) <4b)Base case 2.880.1 Ad )( 2
' s
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Table 4.5
ISL Initiation Frequencies for LPI Pathways*

ILPI In1 t lator
loP! Inleakage Frequencies Frequencies Selected

Leak Rate ~ With Without For Further Analysis
Nun:b€r The Shar-ed P.cculllulator Accumulator (Per Year)
of LPIJ RPII A.ccum. In leakage Inleakage Small O'lerpres-

Plant Lines Case Inlet (3?m) (Pe r Year) (Per Yea~') LOCA+ surization++

Indian 4 Standard 'Between 98
Point and 740 2.71(-6) 3.06(-6)
'3 Between 272

and 470 3.53(-7)
)740 i.78(-6)

>2100 6.11(-7) 2.39(-6)

Pressure Between 98
~nsor and 740 1.36(-6)

Between 272
and 470 3. 53(-7) 1.71(-6)

>740 8.90(-7)
>2100 6.11(-7) 1.50(-6)

Base Between 98
(No Leak and 740 6.20(-5)
Test in 8 Between 272
Years) and 470 1.27(-5) 7.47(-5)

)740 4.10(-5)
>2100 2.20(-5) 6.30(-5)

Oconee 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)]

>330 1.72(-7)
)650 5.71(-7) 7.4 3{ -7)

[4.25(-10)] [1.72(-7) ]

Pressure Between 100
Sensor and 330 4. 59( -8)

Between 200 3.41(-7) 3.87(-7)
and 570 [2.92(-10)] [1.40( -7)]

)330 5.6l( -8) &.27(-7)
)650 5.71(-7) [5.65( -8)]

[4.25(-10)]

Leak Between 100
Test and 330 1.&4(-8)
A.fter Between 200 4.00(-8) 5.64(-8)
Each and 570 [8.60(-11)] [1.65(-8)]
Cold >330 2.0l( -8) 8.63(-8)
Shutdown )650 6.62(-8) [2.14(-8)]

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

ILPI Initiator
LPI Inleakage Frequencies Freqaencies Selected

Leak Rate @ With Withou~ For Further ~lysis

Number The Shared AccUlllulator Accumulator (Per Year)
of LPI/HPI/Accum. Inleakage Inleakage Small Overpres-

'Plant Unes Case Inlet (gpm) (Per 'fear) (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 [8.60(-1.;,)] [5.46(-9)]
Sensor >330 6.52(-9)

)050 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

>330 6.86(-7) 2.87(-6)
)650 2.18(-6)

Base Between 100 6.37(-5)
(No and 330
t.cak Between 200 1.47(-4) 2.11(-4)
Test and 570 [9.40(-8)] [6.38(-5)]
in 16 >330 7.73(-5)
Years) >650 2.47(-4) 3.24(-4)

[1.38(-7)] [7.36(-5)]

Calvert 4 Standard Between 132 1.41(-10) 5.91(-10)
Cliffs (Pressure and 330
1 Sensor Between 530 4.5(-10) [1.4l( -10)]

Installed) and 890 [2.6(-13)]
>330 2.52(-10) 2.31(-9)

11320 2.06(-9) [2.S3( -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)
>1320 6.61(-5) [8.07(-6)]

[6.06(-9»)

*The numbers in brGckets correspond to the case chat leakage through the second (and third)
check valve. as well as through the MOV. is detected given stuck open accumulator check
valve.

+Events without overpressurizing the LPI system.
++Event overpressurizing the LPI system. (For a more precise definition of the above

events see the text (e.g., pgs. 4-12. 4-13).)
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Table 4.6
ISL Initiation Frequencies for HPI Pathways

1 lone
Group LPI Inleakage IHPI Initiator
NalOle & Frequencies Frequencies Selected
No. of LeaK Rate @ With Without For Further Analysis
tines The Shared Accumulator Accumulator (Per Year)
in the LPI!HPI/ Accum. Inleakage Inleakage Small Overpres-

Plant case Group Inlet (gpm) (Per Year) (Per Year) LOCA+ surization++

Indian Standard A Between 98
Point 4 and 580 1.35(-6)
3 Between 2450

and 14500 5.31(-7)
>580 1.28(-6)

>i4500 3.30{-6) 1.59(-4) 1.22(-4)

B Between 98 No shared 1.57(-4)
4 and 580 inlet

>580 1.17(-4)

C Between 98 No shared 7.13(-7)
2 and 580 inlet

>~80 5.47( -7)
Pressure
Sensor 7.79(-5) 6.22(-5)

Leak Test
After Each

- Cold 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)
>580 2.01(-10)

>2'9000 1.54(-9)
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i:able !t.o (Continue,l)

Plant Case

Line
r;roup
Name &
No. of
Lines
in the
Group

Leak Rate @
The Shared
LPI!IIPI! Accum.
Inlet (gpm)

LPI Inleilka6e
Frequencies

With without
A.:curnuLat"r AcclImul,ttoC'
Inlea~.?,p. Inteaka~e

(Per Year) (Per Ye:1r)

IHPI rnit iator
Frequencie~ Selected
For Further Analysis

(Per Year)
Small Overpres­
LOCA+ surization++

Betweell
and
Between
and

Base (No
Leak Test
During
30 Yea rs)

112
58IJ

6600
29000

>580
>29001)

3.24(-4)

1.50(-5)
3.40(-4)

2.61(-3)
3.79(-4) 2.95(-3)

+Events without overpressurizin~ the H?I system.
++Event overpressurizing the HPI system. (For a ~)r~ rreci~e neEinition of the above

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



Tel b 10;> ~. 7

I SL In 11"1"1'01" FI" ...'1.J.,.'cig~ I"r RH'l Suc-tlon P;!Th .... IIS*

Ind I"n Pol n"'-3 Oconee- ~ ~''''~~T Clltts-1
F'r'P.(lII,QI1«:f (;');l" Ve!r") ~reClllencV (per yea 1") FI".,auency (pel" yea 1")

C!r>el"i'I TIon/'! I .\ Te~;t Cone 1.,.lons "t MOllo; Snail OvPl"pl"e~- Small OIi'el"pl"es- ~II Ovel"pl"es-
( Qlsesl LOCA surl zat 10" LOCA su...l~tlo" LOCA !;ul"l~tLon

Stroke and leak tests at ei'lch cold shuTdo~ ~.40(-~1

and ~ool Lcatlon ot cermanent pl"essure sensol".
At lndli'ln Polnt-3: TR&TL:1/4 veel".
DisconnecTed tuses.
A1' Oconee-3 i'lnd Qllvel"t CI,tts-l: TR"TL."11' v.."r.
Connected tuses. AT C!llverT CI Iffs-1 jll"ec1" eKto;>rndl
leakllQe.

7.811-6) 3.34(-7)

EXT. l~akaQe:

1.9';(-7)

Tota I:

"1.01(-6)

Ext. leekaQe:
7.78(-7)
Tot",. :
1.60t-5)

St..oka and leak teSTS at eech cold shutdo~n.

Standard case aT Indian Polnt-3.
A1" lndlon PQln1"-3: T"1/3 yeal".
Olsconnec1"ed fuses.
At Oconee-3 and C!l I vert Clltfs- 1: T"1/4 vp.al".
Connected fuses. AT Calver1" Cllffs-1 direcT
ex1"el"nal leakaqe.

1.5:2(-5) 5.61(-7)

Aoollca1"Lon of permanent pressure sensor.
Oconee-3: Lei'lk tests at each nine month oe.. lad:

T L"3/4 vea".
STroke test: TR"1/4 Veal" (at cold
shUTdown) •

Connected fuses.
Ql Ive ..t Clltfs-1: Leak and s1"I"oke tests i'lt

ei'lch I"etuellna: TL"T R"1.5 ve~rs.

CrediT Is alven to toraue test atter
each cold shutdo..n.

Oll"ect ex1"ernal leaki'Jqe.
COnnected fuses.

Standal"d ceses aT Ocone8-3 and CaIVel"T
CIIHs-1.
OConee-3: Lea~ TeS1"s i'lt eech nine monTh pel"lod:

TL:3/4 yea 1".
Stroke 1'est: TR=1/4 yeal" ~a1' cold
shuTdown) •

Connected fuses.
ca Iva..t Cl LHs-1: Leak and stroke tests a l­

each l"efuellnq: TL=TR"1.5 yeal"s.
Cl"edlt IS qlven to 1"ol"qua 1"est ettal"
ei'lch cold shutdo..n.

Connected fuses.
Oll"act e>rtal"na I leaki'Jge.

"Reli'lxad" MOV Testlna
Oconee 3: Le~k 8nd s1"~Oke 1'est at each I"efuellno.

Cold Shutd6~r~"d=~/~~~~

r~nnected tu~es.

2.38(-51* 5.47(-7) 4.68(-~) 2.00(-6)
EXT. I e.3 kaqe:
1.17(-6)
To1"a I:

4.80( -5)

q.l1(-5) 3.36(-6)

E"t. lei'lkaqe:
4.67(-6)
TOTa I:
9.58(-5)
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Tl'lble 4.7 (Continued)

OPeMlTlonl'l1 & TesT Conditions of MOYS

(Qlses)

Indilln
FreQuency
9ne11
LOCA

PolnT-3
(pe~ yBl'lrl
Ove~pr9s­

su~lzotlon

Oconea-3
F~equeney (per ye.!l~)

~ I 1 Overpres-
LOCA surizoTlon

calverT Cllffs-I
~equency (per Yellr)
~ II Overpres-
LOCA surl;m'!' Ion

Base Case

S'!'~oke TesT ~T 91'1ch refuellnq: T~1.5 veers.
Lel'lk tes'l' ~t ellch 30 veers: TL

E 30 years.
Cold ~hutdowns: d~3/Yellr Indl~n Polnt-3

d..4/Y8/lr OConea-3
calve~t CI tffs-l

ConnectBll fuses fo~ OConee-3 lind Cill vert
CI Itfs-1.
No c~edJt Is ~tven '!'o torQue '!'es'!' l'lt Cillver'!'
Clltfs-1.
Dlrec'!' exTerni'll leakage.

1.36(-3) 1.06( -5) 1.69(-3.* 1.661-51 1.73/-3) 1.701-5)

Ex'!'. 19I1ka~e:

9.94[-5)
TO'!'III:
'.83(-3)

Pipe DI~.: 2" I.
Pipe 011'1.: 3/4").

Pipe 011'1.: 1.5").

( SeTpo1n'!' : 600
I Setpolnt: 388
(Setpolnt: 315

2600 gpm
300 gpm

'100 gpm

Ind Ian Po In1"-':
Oconee-3:
Cillvert Cllffs-l:

the smell LOCA freQuency value may conTribute to '!'he oYe~pressurlzatlon freQuency because of the smell
valve capacity.
The tl'lble Is organiZed In order of less ooostrlllnlnQ MOV tes'!' policy.
"Small LOCA" defines double MQV fllilures whe~e the leak ~aTe Is smaller- Thlln The capacity of suctton side
re lief \1<11 yeo

"Overpressu~lzaTlon"defines double MeV fllilure$ were Tne leek ra'!'e Is nigher than the ~ellef valve
eepac\'ty.
EstimaTed Relief Valve Cilpacltles:

*, 3~ of
r-el tef

Notes:
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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 to an initiating event of the respective
PRA study of the particular reference plant. 1- 2..3 In this manner, all events
are classed as small or large LOCAs, inside or outside the containment
building with a respective conditional core damage frequency derived from the
plant PRASe 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 I5Ls, are listed in a summary format in Tables 5.2
through 5.6 for the three plants.

In order to mitigate LOCAs bypassing the containment, the operator 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
equipment and could range from 3-4 minutes (M6" break no LP, no HP systems),
to a few (M12) hours (-I" break HP aval1able).~ The Q3keup to the RWST
would be based on an "ad hoc" arrangement, and consequently was not model.led.
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
is the probability 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 listed 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 frequencies. Section 5.6 briefly describes the method used to derive
the conditional core damage frequencies from the plant-specific PRAs. The
core damage frequencies are presented in Section 5.7. In Appendix C,
assumptions used to quantify ope.ator performances are discussed and Appendix
D presents a brief summary of the thermal-hydraulic aspect of ISL events. In
Appendix E a more detailed discussion is presented regarding the derivation of
the plant-specific conditional core damage frequencies. A detailed analysis
of the pipe rupture probability is presented in Appendix F.

5.1 LP Injection

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 canaot be isolated; 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 is different from the other plants. because
a large portion of the system is routed inside the containment and, in
addition, there is isolation capability on each injection line. It is very
likely that an overpressurization event of the LP injection line at Indian
Point will result in a LOCA inside the containment. The injection line is
designed such, that the operator has the capability to terminate the blowdown
of the primary coolant by closing at least one of the two high-pressure-rated
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MOVs. In addition to the major pipe break event, tqe t?P e~ents are (a) pipe
break location (inside/outside containment building) and (b) operator
diagnoses the event and attempts to terminate Lt. The probability of a major
pipe break due to an overpressurization event has been determined in Appendi~

F and the numerical values used in the event tree are listed in Table 5.7. In
case of a small brea~, the probability of a ~ipe break inside the containment
was estimated 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,
depending on the actual break location, the ijy recirculation capability might
be disrupted increasing the core damage frequency due to an unisolated small
LOGA without recircul;tion.

Ther=l-hydraljlic calculations" have indicated (see Appendix D for a
brief summary) that there is ample time available (2-3 hours) to the operator
to diagnose a 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
coolant.

The NREP cognitive error function (see Appendix Cj has been used to
determine the probability of an operator error (2xlO-3) having -2 hours
a~ailable to recognize and isolate a small LOGA through the LP injection
Hnes.

The core damage frequency for terminated small tOCAs has been deter~inec

using the unavailability of the HP injection system.

A small break outside the containment on the recirculation line
connecting the LP outlet to the suction side of the 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.

A large LOGA inside the containment would disable one LP injection line
making the LP pu~ps unavailable, leading to core dacage. It is assumed that
the isolation capability would be lost during a large ~OCA, because the
isolation MOVs ~re not designed for high flow and high temperature conditions.

5.2 51 Discharge

The event tree (Figure 5.3), for the safety injection (51) line
overpressurization event is relatively simple at Calvert Gliffs. There is no
isolation capability, therefore, a pipe break (small tOGA) would eventually
lead to core damage, when the RINS! water supply is depleted and makeup cannot
be established.

At Indian Point, some low pressure portions of the 51 piping are inside
the contair.ment making the ev~nt tree somewhat more complicated (Figure 5.4).
In addition, an open MOV on each injection line can isolate a LOGA event.
Given an overpressuri~atlonaccident, the relIef valve common to both trains
will open leading to a small LOeA inside the containment. If the leak does
not e~ceed the relief valvp. capacity, then the core damage frequency is that
associated with a small LOC~. The integrity of both injection trains is
intact and they can be ~sed to ~itigate the accident. If the leak is large'



than the relief valve capacity. the integrity of the piping boundary may be
l()~t. The pipe rupture probability has been eSLimaLed in Appendix F and is
list~d in Table 5.7. If the pressure boundary is daoaged at the train
i~olating check valves (858A or a), then the other train may loose enough flo~

through the br~ak making the HP system unavailabl~. This leads to core damage
even if the blowdown is terminated by the operator (no makeup capability).

If the pipe break i$ located outside the containment (with a probability
of .1) and LS not terminated. core damage will result, because of the lost
recirculation capability. In addition. the RWST would most likely be drained
through the damaged train making the progress of this accident much faster
(r.educed RW5T inventory). In ord~r to terminate the accident outside the
containment on the HP pump discharge line, the operator has to (a) be able to
diagno~e the problem. (b) terminate the RC ~Lowdo~ with the 51 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 co~ple~ity of the accident and the short available time. the probability
of an error in the operator's action is taken as .1.

The core damage frequency associated with the small LOCA outside
containment, terminated by the opera~or has been calculated using HP sysC~m

unavailability with one train in a failed mode.

5.3 RHR Suction

The event trees for all three reference plants are very similar and are
shewn in Figures 5.5 and 5.6. The main difference ~~ Calvert Cliffs is that
the pressur~ isolation boundary is located outside the containment leading to
T.OC~s that always bypass the containment. ~t Indian Point and Oconee the
initiator or overpressurization event may cause a pipe break either insid~ or
ol1tside ~he containment. The first top event is to decide if the event is a
small «6") or large break. The major pipe rupture probability has been
derived in AppendiK F and is listed in Table 5.7. The location of Che pipe
break is of utmost importan~e and the second top event determines if this is a
break inside the containment or bypassing it. The pro~ability of a pipe break
outsi~e the containmen~ a~ Indian Point has been based on field ~bserva~ions

and ~as e~timated at .1. The LP piping inside the containMent is -5 times
longer than the outside segment with numerous pipe turns and bends with all
supports inside containment and only one pipe support outside. The low
probability of an outside pipe break has also been supported by the resul~s of
a detailed V-~equence analysis5 completed for the Indian 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 relief valve (388 psi setpoint), which could not relieve the full
pressure. nle relief valve and the schedule 10 line are the most likely
failur~ points. The probability that pipe break occurs inside the containment
was e~timated, based on these considerations at .9. If the overpressurization
is such that the relief valve is lifted and the leak does not e~cecd the
relief valve capacity the end result is 3 small LOCA inside the containment.
Each plant has an additional low-pressure-rated normally closed valve on the
suction line after the two closed HOVs. The assumption has been made that a
major pLpe break outside the containment would disable ~his valve. Hovever.
for s~all break~, this third i~olation valve would maintain the pressure
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boundary. Large LOCAs outside the contaInment evenLually 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 relief valve opens or fails in th~

closed position. Its failure rate (3xIO~) has been estimated using generic
data from Reference 1. The primary cop event asks whether the operator can
recognize the nature of the accident and what action might be taken. The time
available. even when the HP system is unavailable. is about 1-2 hours before
the RWST ~ater supply runs out. The blowdown can be terminated by closing the
high-pressure-rated letdown stop valves. The rrobability oE the operator not
being able to recogni~e and terminate t~e accident (5xlO-3) was determined
from the NREP cognitive error function (Appendix C). In this accident a
substantial amount of primary coolant may be lost requiring makeu? capability
using the HP pucps. The core damage frequency associated with termin~ted

small LOCAs reflects the unavailability of the HP system.

~t Indian Point. in ~ddition to operator action. a top event representing
inside or outside break lor.ation is also included. The probability of a
letdown pipe r~pturing out&ide the containment (.5) has been estimated as
previously described in Section 5.3.

5.5 Accumulators

The event tree for the accumulator system is shown on Figure 5.9. The
accumulators are well instrumented including high pressure and high-low level
alarms. The operator can easily recognize and diagnose a small lSL event with
ample time available to terminate it. Therefore. the ISL's are essentially
non-events below a certain critical leak rate (see Section 4.3.2.1). If the
leak rates are above the critical level, the time available for operator
action is 00 the order of a few minutes. It has been assumed that. Initla11y.
the operator would try to maintain the water level in the accumulator by
draining the excess leakage. The operator error associated with the draining
action is based on the lower bound HEP values of Figure C.I (Appendix C). For
Oconee. no remote draining capability has been identified; eliminating the
possibility of this action. If the back-leakage is in excess of the drain and
relief capacity. a major pipe rupture may occur. The probability of a major
pipe rupture has been derived in Appendix F and is listed in Table 5.7. The
operator may be able to terminate the ISL event by closing the high-pressure­
rated MOV on the accumulator outlet lines. which is deenergized-open in normal
operation and thus would require local action at the valve MCC. The
probability of an operator error, including the probability of an MOV failure
to close on demand. has been estimated at 3.0xlO-3 using generIc MOV data with
the error recognition function. In case of a major pipe or tank rupture. the
event is equivalent to the large LOCA design basis accident (DBA) of the FSAR
with one accumulator not being available. All three reference plant PRAs
discuss and quantify this event.

5.6 Conditional Core Damage Frequencies (CCDF)

The CCOF values have been derived from the plant-specific PRAs l - 3 and are
fully explained in Appendix E. All ISL events result 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 soae of the safety systems required to mitigate the
accident has also been considered.

5.6.1 Indian Point. Unit 3

In the following evenes, the operator is unable to isolate the primary
coolant leak and a failure in one of the required safety systeas leads to core
damage. For detailed discussion see Appendix E, Chapter E.l.

1. Large LOCA Inside Containment - 8.4-03.

This sequence is basically dominated by sequences AEFC and ALFC.
which reflects the failure of the LP injection or recirculation
functions (see Appendix E.l.3.1).

2. Small LoeA Inside Containment - 4.5-03.

The Indian Point PRA has three tOeA classes (large, medium. and
small). In this study, medium and small tOeA l~ve been grouped
together (small loea <6"). In this case, the dominant sequences are
again related to the injection and recirculation functions (see
Appendix E.l.3.2).

3. Large LOeA Outside Containment - 1.0

In case of a pipe break larger than 6". ehe available time is very
limited before core damage sta~ts. Thermal-hydraulic studies,
documented in ~ppendiK 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 mechanisos may be required to
prevent fuel melting. In this study. no credit has been given for
these limited thermal-hydraulic calculations and it was assumed ehae
once a large 1St bypassing the coneainment occurs core damage is
certain, i.e•• CCDFLOCA· 1.0.

4. Small LOCA Outside Containment - 4.5-03.

In case of a small interfacing system LOCA bypassing the containment.
the operator has to use a basically once-through cooling method
supplying water from the RWST. Even though the available water
supply is limited in the RWST, tne operator has, in mose cases, other
sources/of water to establish additional makeup, if needed. The
dominarit failure modes are a) HP system unavailability and b)
operator error in establishing or finding other sources of cooling
water. The first function is identical to the failure of the
injection function in the case of an inside LOeA. It was assumed
that the other failure mode, operator error in the makeup phase, is
similar to the failure of the recirculation mode.

15L events terminated by the operator result in core damage only if the
makeup capability to the ReS is lost.
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5. Small LOCA Inside/Outside, Terminated - 1.7-04.

In this case the operator is able to terminate the loss of primary
coolant, but it is assumed that ~akeup is still required to prevent
core damage using the HP injection system. This value essentially
represents the HP system unavailability (see Appendix E.I.3.3).

6. Small LOCA Inside/Outside HP Traiu Affected - 5.74-03.

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

5.0.2 Oconee, Unit 3

1. Large LOCA Inside Containment - 1.03-02.

Large break LOCA events are contained in Bin V and VI. 2 Bin V
sequences include all those initiating events where core melt result~

due to failure in 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.l.

2. Small LOCA Inside/Outside Containment - 2.1-03.

The dominant sequences leading to core melt are priC4rily related to
the unsuccessful operation of the HP injection and/or recirculation
system. These sequences are contained in Bin 1 (SUs and SYsXs )
and Bin II (SXs). Again, the dominant cutsets along with the
initiators are listed in Appendix E.2.3.1.

3. Large tOCA Outside Containment - 1.0

The value of the conditional core damage frequency, 1.0, reflects the
assumption that core damage is certain to occur if there is a large
ISL outside the containment (see Section 5.6.1).

4. Terminated Small tOCA Inside/Outside - 1.6-04.

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

5.6.3 Calvert Cliffs, Unit 1

1. Large tOCA Inside - Z.8-02.

The quantification of all large LOCA sequences, indic~ted on Figure
E.3.1 of Appendix E. is discussed in Section E.3.3.1. The CCDF due
to large LOCA has been calculated based on the initiator value listed
in Iable 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 initiator value
fro~ the same table. The numerical values of the sequence
probabilities are discussed in Chapter E.3.3.Z of Appendix E.

3. Large LOCA Outside Containment - 1.0

In case of a large interfacing system l.OCA bypassing the con~ainment

the value of the CCDF, 1.0, reflects the assumption that core damage
is cer:ain to occur (see Section 5.6.1).

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

Ihe HP system unavailability has been derived using the S2D" sequence
with the corresponding initiator (see Appendix E.3.3.3).

5.7 Core Damage Frequency (CDF)

The plant and system-specific CDFs are listed in Tables 5.13 through
5.4b. In Tables 5.2a, 5.3a, and 5.4a, only ISL events resulting in
overpcessurizatlon are shown. If the system is equipped with a relief valve,
then ovecpressurization 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 CDr 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 PRAse

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

The first column 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 overpressurization occurs).
The second column lists the CDr values corresponding to only those ISL events
which overpressurize the low pressure system in addition to bypassing the
containment.

At Indian Point and Oconee stations the total CDF with overpressurization
is dominated by che contributions from two sequences. A large tOCA on the RHR
suction side piping contributes 50% (IP), 12% (OC) of the total CDF, and an
1St event on the LP injection side is 39% (IP), 88% (OG) 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%).
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ISL Event Trees - LP injection, Indian
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Tabl<! ';.1
Conditional Core PalD'1ge Fr.u'lllencies for 1.OCAs

-------------------- --------- -----------
Indiar'l Point ()(.one~ ~l'Jert Gl'i ffs

--------------------------- - - -- ------------------
No Operator Action

Large LOCA Inside Contaln:nent
Small LOGA Inside
Large LOCA Outside
Small LOCA OUtside

LOGA Terminated by Operator

8.4-03 1.0'3-02 2.8-02
4.5-03 2.10-03 1.3-03
1.0 1.0 1.0
4.5-0j 2.10-03 1.3-03

Small LOCA Inside
Small LOCA Outside

Spedal Case

Small LOCA Inside
One Train of HP System
Not Available

2.2-04
2.2-04

5.74-01

1.6-04
1.6-04

7.5-05
7.5-05

---------------------_ .._---

Table 5.2a
Core Damage Frequency

Indian Point
----------------

System
Overpressurization

Initiator P(Rupture)

CCDF
(Including ISL
Event Trees) CDF/Year

---------------------_.
LPI

51*

RHR Suction

Letdown*

Accumulators

TOTAL
(COF· due to over­
pressurization)

2.39-06

1.22-04

6.79-07

6.82-07

4.90-03

8.6-03

7.5-04

2.00-02

1.00

2.00-02

1. 10-02

6.75-04

6.55-03

4.50-03

3.'32-04

2.64-08

8.24-08

4.46-09

3.07-09

1.&3-06

1.75-06

------ -----------------------
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.~b

Core Damage Frequency Without O~erpre~~u~ization

Indi.an Point

------------_._--------------
System

LPI

Sl

RHR

Letdown

---------------
Initiator*

3.06-06

1.59-04

1.68-05

2.28-03

CCDF
(Small LOCA.)

4.5-03

4.5-03

4.5-03

4.5-03

C~F/Year

1.38-08

7.16-07

7.56-08

1.03-05

Total
(COF w/o over­
pressurization)

*No overpressurization. relief va1~es open.

Table 5.3a
Core Damage Frequency

Oconee

1.11-05

Syste:::
Over~ressurlzatlQn

Ini.tiator P(Rupture)

CCDF
(Including 1SL
Event Trees) COF/Year

LPI

RHR Suction

Letdown*

A.ccumulators

7.43-07

9.90-07

2.28-03

2.93-03

1.00

1.00

1.00

2.00-02

1.00

1.09-01

5.09-08

3.69-04

7.43-07

1.08-07

1.16-10

1.08-06

TOTAL
(COF due to over­
pressurization)

1.93-06

Note: P(Ruptuce) 2 Probability of a major pipe rupture.
*For this system P(Ruptur~) = Probabtlity of pipe pressure boundary NOT

maintained.
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Table 'i.3b
Core Damage Freq~ency Without Overpressurization

Oconee

System

LPI

RHR

Letdown

Total
(CDF w/o over­
pressurization)

Initiator*

4.81-07

4.63-05

2.28-03

CCDr
(Small LOeA)

2.1-03

2.1-03

COr/Year

1.01-09

9.72-08

3.87-07

4.85-07

*No overpressurizatlon. relief valves open.

Table 5.4a
Core Damage Frequency

Calvert ClLffs

System

LPI

SI*

RHR Suction

Overpressurization
Initiator P(Rupture)

2.31-09 1.00

1.74-09 9.7-04

3.36-06 1.00

CCDF
(Including ISL
Event Trees)

1.00

1.26-06

1.00

CDF/Year

2.31-09

2.19-15

3.36-06

Letdown* 2.28-03
(Includes relief
valve opening)

Accumulators 6.15-03

TOTAL
(CDr due to over­
pressurization)

1.00

2.00-02

2.43-08

4.34-04

5.55-11

2.67-06

6.03-06

Note: P(Rupture) - Probability of a major pipe rupture.
*For this system P(Rupture) g ProbabIlity of pipe pressure boundary ]Q!
maintained.
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Table ).4b
Core Damage ~requency Without Overl'ressurization

Calv~rt Cliffs

S)"stem

LPI

Sl

RHR

Letdown

Total
(COF 'Wlo over­
press;1rization)

Initiator*

5.91-10

L. 9 5-10

9.50-05

2.28-0l

CClJf
(SI\l:'ll1 LOCo!,.)

1.3-0'3

1.3-01

COF/Year

7.68-13

2.5'3-n

1.24-07

L.8S-Q7

3.08-07

-----------
*~o overpressurization, relief valves open.

Table 5.5
Core Damage Frequency

Summary

Total CDF Lotal CDr
Oue to Without
Overpres- Overpres- Total CO'F* in

Plant surization surization CDF/Year PM (/Year)

Indian Point 1.75-06 1.11-05 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-Q7 6.34-06 3.34-05
Clif fs

------
*O\1e to tOGA on.ly.
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Table 5.6
Core Damage Freq1lency Due to lSI.

Bypassing Containment

---------------~--------

Plant

Indian Point

Oconee

Calvert
Cliffs

Total CDF/Year ISL
Outside Containment
With/Witnout O~er­

pressl.lri:zation

2.78-09

1.23-06

3.69-06

Total COF/Year ISL
Outside Containment

With Overpressurization

2.78-09

8.42-07

3.38-05

COF* in
PRA (jYear)

1.18-04

1.5Y-05

'3. '3"-05

---------,-----
*Due to I.OCA only.

Table 5.7
?ipe Rupture Prob~bilities

--------------- --------------------------

Plant

Indian Point

Oconee

Calvert C1 if f 5

N.A. - Not a~ailable.

*Estimated.

Pipe Size Pipe
System (Inch) Schedule

LPI I) 4U
RHR 14 N. ~.
liP I 2 N.A.
Accumulator 10 40

LPI 10 20
RHR 12 105
Accumulator 14 405

LPI 12 40s
RAR 14 10
IiPI 6 80s
Accul1\ul'1tor 12 40

Failure
Probability
(Corroded)

8.6-03
2.0-02*
7.5-04*
2.0-02

1.00
1.0
2.0-02

L.0
1.0
9.7-04
2.0-02
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6. EFF~CT~ OF CORRECTIVE ACTIONS AND LEAK TESTING ON CORE DAMAGE FREQ~ENCY

In ordee to reduce the core damage frequency due to IS15, numerous
options appear to be available. Feom these options. howevee. corrective
actions within the peLspecti~e 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 correctLve actions considered are e~sentially plant specific ones.
The reason for this is that one or two plants already have certain safety
fe~ture~ ~gainst ISLs. while others do not.

In the f~llowing calculations. the effects of the remedial actions on the
initiator frequencies of LOCAs and oYerpressurization, as well as On the core
da~ge frequencie~ are presented.

All three reference plants have already instituted certain testing
procedures In order to preclude ISL. !hese various leak and/or stroke testing
procedure~ (verifying the conditions of the pressure isolation devices) are
not uniformly required for all PWRs. In Section &.4 the effects of leak
testing are quantified with respect to CDF.

The sensitivity calculations found in the succeeding sections list a
number of different COF v~lues based on the location and size of the pipe
break. In the following. a brief description of these CnFs are given:

1. Total CDF with Overpressurlzation - Total CDF due to IS~ events
occurring inside and outside the containment building that
overpressurizes the low pressure system. (The capacity of the relief
valves a~e eKceeded.)

2. Total CDF Without Overpressurization - Total CDF to lSL events
occurring inside and outside the containment where the capacity of
the relief valves are not exceeded. (The low pressure system is not
o~erpressurized.)

3. Total CDr - This includes all inside and outside lSL events with and
without overpressurization (sum of Items 1 and 2).

4. Total COF OUtside - Total CDF due to only those 1SL events which
bypass the containment. (This includes ~oth overpressurization
events and those without overpressuri~ationdue to relief valve
opening.)

s. Total CDF OUtside with Overpressurization - Total CDF due to only
those lSL events which bypass the containment and overpressurize the
low pressure system.

6.1 Corrective Actions at Indian Point 3

At India~ Point 3, leak tests are performed on the pressure isolation
valves (check valves as well as MOVs) after each cold shutdown. Thus, there
15 no co~pell1~I reason to investigate an increase in the frequency of leak
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tests. However, as the calculations below demonstrate. there is room for
some improvement by implementing the following corrective actions.

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

2. Application of pressure sensors (or equivalent continuous leak sensor
devices) between the first (ReS side) and second pressure isolatl~~

valves on each of t~~ LPI/HPI!RHR pathways. (This is a feature whi~h

can be found at the common LPI/HPI/Accumulator inlet at Calvert
Cliffs 1.)

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

4. Establishing a procedure for RWST cakeup in case of an ISL.

Table 6.1 presents the results for Indian Point 3 to be compared with the
results of each potential corrective action taken separately and then
cocbined.

6.1.1 Leak Test of the HPI Isolation Valves

The possibility of leaving the HPI check valve and MOVs open can be
eliminated by performing leak testing after each cold shutdown period when ReS
pressure is being increased to operating level. Table 6.2 lists the results
of these calculations.

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 is that whenever the first isolation
valve leaks, an overpressurization alarm would call the attention of the
operator to take preventive action. The effect of this potential corrective
action causes the time dependent terms to vanish in the expressions describing
initiator frequencies. Table 6.3 shows the pathway by path~ay results if
permanent pressure sensors would be implemented. (The results reflect the
~ssumption that the pressure sensors will perform as intended.) The last
column gives the core damage reduction values relative to the existing plant.
The effect 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 Indian Point 3 and study of the LOeA
procedure, it was felt that it would be very useful to improve the ability of
operators to manage an ISL accident. This would seem to be easily achieved by
training on control rooe simulators. However, Table 6.4 shows that the effect
of considering improved operator actions in the ISL event trees is
negligible. This reflects the fact that the CDF due to ISL is dominated by
sequences where eIther the pipe break cannot be isolated (RHR) or the
reci~culation capability may be lQpalred (RHR. API) reducing the effectiveness
of any action by the operator.
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&.1.4 Establishing RWST t~keup Procedure

In case of an inte~Egcing LOeA bypassing the containment. the operator
ha.. to rO:!ly 0'1 the water supply available in the RWST. The makeup to the RWST
Ls ~ellerally based on "ad hoc" arrangements depending on the type of accident
and any uther available water supplies. If this procedure were to be
fO'C'l'Jalized with rl:!spect to the various 1St. scenarios, the CUF associated with
sQall LOCA outside contain~ent would be greatly ~educed (effectively
reflecting only RPI unavailability and typically a conditional CDF-IO-4 ).

Table 6.5 lists the corresponding CDP values and the total CDF for ISL
outside containment is reduced by a factor of-2.

Table 6.6 provides the results if all of the above corrective actions
would he i'nplemented. A comparison with the results for the existing plant
shows rl significant advalltage by implementing all of the aboITe co'C'rective
;lction,;.

6.2 Corrective Actions at Oco~ee ~

At Oconee '3 the leak tests of th oe isolation check valves and 11QVs are
performed ~t nine month int~rvals. After cold shutdown (there are two assumed
durin~ th~ leak test period) tne isolation valves may relQain in failed states
(open). Therefore, for this plant the simplest remedial action is to increase
the frequency of the leak testing. In addition, there are other options. ~

list of possibilitL~$ are:

1. Leak testing of the isolation valves (check and MOVs) after each cold
shutdown.

1. Applic~tton of permanent pressure sensors between the fir~t and the
second isolation valves on each LPI/RHR pathway.

1. Improving the ability of the operators with respect to 1St
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
e,)'obi necl.

6.2.1 I~ak Testing of The Isolation Valves After Each Cold Shutdown

With the ilQplementation of leak testing after each cold shutdown. the
possibility of leaving the isolation valves open can be eliminated.

The appropriil.te initiators and the results of the calculations are listed
in Table 6.8.
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6.2.2 olication of Permanent Pressure Sensors Between The First and second
Isolation Valves on Each LPI RHR Pathway

The application of p~essure sensors (o~ other equivale~t l~ak sensor
devices) has the same effect as ~as explained for Indian Point 3 (section
6.1.2). Table 6.9 shows the results fo~ each pathway.

6.2.3 Improving The Ability of Oper~tors For IS1 Recognition and Accident
Management

Table 6.10 pres~nts the results of this potential corrective action.

6.2.4 ~ST Makeup Procedure

Establ i.!ihin~ Il.n ~WST r:lakeup proc,edure has a slight effect in reduci.ng
total CDF for 15Ls outside containment. T~ble 6.11 lists the results of thi~

corrective action.

The combi~ed effect of co~rective-actions 1, 2, 3, and 4 is shown in
Table 6.12.

6.3 Corrective Actions at Calvert Cliffs 1

At Calvert Cliffs the~e is a permanent pressure sensor at the common
LPI!IIPI!Accllmul~tor inlet.

Thus, for CallTert Cliffs the list ()f corrective actions is as follows:

1. ~pplication of permanent pressure sensors between the two UOVs in the
RHR suction line.

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

3. Improving the ability of the operators with respect to 15L
recognition and accident management.

4. RYST makeup procedure.

Table 6.13 summarizes the results for Calvert Cliffs 1 to be compared
with the results of each potential c~rrective action taken separ~tely and then
combined.

6.3.1 Application of Additional Permanent Pressure Sensors

In the cll.lculations for the existing plant, full c~edit Nas given to the
effect of the pressure sensor at the shared inlet of LPliHPI lines. No credit
was given to the effect of the relief valve between the two MOVs on the ~HR

suction line.

Table 6.14 contains the results of the calculations if the additional
permanent pressure sensors would be implemented.
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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 6.15 lists the results assuming leak and stroke tests
are performed in each cold shutdown period.

6.3.3 Improvement of The Ability of Operators For ISL Recognition and
Accident Management

Table 6.1& shows the results of this potential corrective action.

6.3.4 RWST Makeup Procedur~

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

The co~bined effect of corrective actions I, 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,
r~quired to perform periodic tests on valves that isolate the primary reactor
coolant system from interfacing safety systems. These in-service tests are
intended to demonstrate the operability of the valves and to identify leakage
due to valve degradation. The identification of valves to be tested, test
~ethods, and acceptance criteria are generally specified in the plant
Technical Specific~tions and in most cases refer to the appropriate section of
the ASME boiler and pressure vessel code. However. these periodic testing
requirements are not uniformly applied across the PWR population (e.g., old~r

PWRs are not required to specifically test all pressure Lsolation v~lves to
ens~re the ~tructural and leak-tight integrity of these components). In this
~ection the results of calculations demonstrating the effects of le~k testing
requirements on CDF are presented.

The three reference plants l~ve all instituted certain periodic test
procedures to preclude ISL accidents. The calculated initiator frequency
values of the ISL ~equences are all based on these plant-specific test
practices and are discussed in ~ore detail in Section 4.

The effect of leak testing on the core damage frequency 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 initiator frequency
values, are documented and discussed in Section 4.

The core damage frequency, calculated with new initiators that reflect no
leak testing during the lLfeti~e of the plants, are presented in Tables 6.19
through 6.21 for the three reference plants. In the following, t~o COFs are
discussed. The first, CDrl. Is the total CDr including all ISL events inside
and outside the containment. The second. CDFZ' is the total COF with an ISL
event bypassing the containment and o~erpressurizing an interfacing safety
system.
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In general, ~he effec~ of no leak testing on CDFs is to incre~se thei~

values by at leas~ one or two orders of magnitude. At Indian P0int, the
initiators of the dominant contributors are All increased by a~nut a factor of
20, and this is directly reflec~ed in the increased value of the CDFs, CDF 1 bj
a factor of -4 and CDF2 by -20. At Oconee, the dQminant concrlbutor tl)
CDP is an I5L sequence on the LPI line. The initi~tor frequency of this
sequence i,:; increased by tW'o orders of magnitude and correspondingly both CDr"
are similarly increased. The increase in CDr1 is ,;olllel.:ha t less re flecti n~ th",
relative Lncr~ase of the contributions from the other sequences. ~t C~lvert

Cliffs the dominant sequence is an 1SL event on the RHR suction line. The
initiator of this sequence is increased by a factor of -S end for the nt:ler
nondominant sequellces the increAse was even higher. This is reflect~d i.n the
higher values of both CDF 1 and COF 2' which are increased ~y about thl'! <;ilJ:lC

order of magnitude.

In summary. leak t~sting of isolatiop. components at int~rfacin3 system
boundaries is very effecti"e and the core damage frequency .:lsst)cia.ten Io"ith 1St
events bypassing the concainment may be reducert by one or two orders of
magnitude.
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Table 6.1
Core Damage Frequency - Indian Point

Exis ting Plant

Sy;teu> Initiater
CDF/Year

Base

A - C-."",':.P::-essurization

2.39-06 2.64-08

SI

?RR Suction

Letdown

Accumulators

B - Without Overpressurization

LPI
SI
RHR
Letdown

Total CDF

A - Overpressurization

B - Without Overpressurization
tt, and B

Total CDF With ISL Outside
With Overpressurization

1.22-04

6.79-07

6.82-07

4.90-03

3.06-06
2.73-04
1.68-05
2.28-03

8.24-08

4.46-09

3.07-09

1.38-08
1.23-06
7.56-08
1.03-05

1.75-06

1.16-05
1.34-05

2.78-09
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Table 6.2
Core Damage Frequency - Indian Poine

Wieh Leak Test After Each Cold Shucdown

System

A - Overpressurization

Initiator
CDF/Year
PerCurbed

CDF/Year
Base

CDP PerL
CDF 8as~

LPI

5I

RHR Suction

Letdown

Accumulators

B - Without Overpressurization

No change 2.64-08 1.00

2.78-05 1.88-0B 8.24-08 .23

No change 4.46-09 1. 00

No change 3.07-09 1.00

No change 1.63-06 1.00

LPI
51
RHR
Letdown

Total COF

A - Overpressurization

B - Without Overpressurization
A and B

Total CDF With ISL Outside
With Overpressurizacion

No change
3.65-05
No change
No change

1.64-07

1.69-06

1.06-05
1.23-05

2.74-09

1.38-08
1.23-06
7.56-08
1.03-05

1.75-06

1.16-05
1.34-05

2.78-09

1. 00
.13

1.00
1.00

.96

.92

.92

.99



6-9

Table 6.3
Core Damage Frequency - Indian Point

Wi~h Con~inuous Leak/Pressure Monitoring

Sys~eCl

A - Overpressurization

LPI

S1

RHR Suction

Letdolo1.1

AcculDula t .,rs

B - Without ~,erpressurization

LPI
SI
RliR
Letdown

Total CDF

A - Overpressurization

B - Without Overpressurizat1~n

A and B

Total CDF With ISL Outside
With Overpressurization

Initiator

1.50-06

6.22-05

3.30-07

No change

No change

1.71-06
7.79-05
8.40-06
No change

COF/Year
Perturbed

1.65-08

4.20-08

2.17-09

7.69-09
3.51-07
3.78-08

1.69-06

1.07-05
1.24-05

1.50-09

CDF/Year
Base

2.64-08

8.24-08

4.46-09

3.07-09

1.63-06

1.38-08
1.23-06
7.56-08
1.03-05

1.75-06

1.16-CS
1.34-05

2.78-09

CDF Pert
CDF Base

.63

.51

.49

1.00

1.00

.56

.29
• .50

1.00

.97

.92

.92

.54
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Table 6.4
Core Damage Frequency - Indian Point

With Enhanced OperatoC' Trai.ning

System

A - Overpressurization

LP1

51

RHR Suction

Letdown

Accumulators

B - Without Overpressurization

LP1
SI
RHR
Letdown

Total CDr

A - Overpressurization

B - Without Overpressurization
A and B

Total CDF With ISL Outside
With Overpressurization

Initiator

No change

No change

No chanee

No change

No change

No change
No change
No change
No change

CDF/Year
Perturbed

2.21-08

1.43-06

1.54-06

1.16-05
1.31-05

2.78-09

CDF/Year
13ase

2.64-08

8.24-08

4.46-09

1.07-09

1.63-06

1.38-08
1.23-06
7.56-08
1.01-05

1.75-0&

1.16-05
1.34-05

2.78-09

CDP Pert
CnF Base

i.OO

1.1)0

1. 1)0

.~8

1.0
1.0
1.0
1.0

.88

1.00
.97

1.00
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Table 6.5
Core Damage Frequency - Indian Point

With RUST Makeup P.ocedu.e

COF/Yea. CDr/Yea. CDF Pert
Sys:et:! Initiator Perturbed Base CDr Base

A - Overpressurization

LPI 1oJo change 2.53-08 2.64-08 .96

51 'Jo change 8.24-08 1.00

RHR Suction No chanse 4.17-09 4.46-09 .94

Letdown No change 3.07-09 1.00

Accumulators :-lo change 1.63-06 1.00

B - Without Overpressurization

LPI No change 1.18-08 1.00
51 No change 1.23-06 1.00
RHR No change 7.59-08 1.00
Letdown No change 1.03-05 1.00

Total CDF

A - Overpressurizatlon 1. 75-06 1.00

B - Without Overpressurization 1.16-05 1.00
A. and 'B 1.34-05 1.00

Total CDF With 1ST. Outs ide 1.47-09 2.78-09 .53
With Overpressurization
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Table 6.6
Core Damage 'Frequency - Indian 'Point

Witlt 1\11 Four Corrective I\ct i"ns

COP/Yea.r COr/Year ':OF P~~r.

System Initiator Perturbed '8as~ r.DF Base

A - Overpressurization

LP1 1.,0-06 1.33-08 Z.64-03 .50

51 1.'39-05 9.39-0Y l:l.24-08 • 11

RHR Suction 3.,0-07 2.03-09 4.46-0~ .4~

Ler.down 6.82-07 3.07-09 1.00

Accumulators 4.90-03 1.43-06 1.~3-06 .88

B - Without Overpressurization

LP1 1.71-06 7.69-09 1.38-08 .56
51 1.82-05 8.19-08 1.23-06 .07
RHR 3.40-06 3.78-08 7.51)-08 .50
Letdown 2.28-03 1.03-05 1.0

Total CDF

A - Overprcssuri~~r.ion 1.46-06 1.75-06 .83

B - Without Overpressarlzation 1.04-05 1.16-05 .90
A and B 1.1Q-QS 1.14-0') .89

Total COF With 1St Out~ide 7.06-10 2.78-09 .25
~ith Overpressurtzation
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Tablo;o 6.7
Core Dacage Frc'lll<:!ncy - Oconee

Exist:ing Plant:

A - Overpressurization

LPI

RHR ~uct:inn

Letc!Qlo1n

A.cCl\IlILll a t:n [".S

n - Without Overpressurization

LPI
RHR
L.:!tc!own

Total cnp

A - Overpre~surization

B - Wit:hout Over~ressurization

A. and B

Total CDF With 1SL Outside
lfith and lUt:hout: Overpressuriz;at:ion

Total CDF With 1SL Outside
WIth O~erpressurl~ation

Init:iat:'H

7.43-07

9.90-07

2.~8-03

2. cn-03

4.81-07
4.63-05
2.28-03

COF/Year
Base

7.43-07

1.08-07

1.16-10

1.08-06

1.01-09
9.72-08
3.87-07

4.85-07
2.42-06

1.23-06

8.42-07
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Table 6.8
Core Damage Frequency - Oconee

With Le~k Test After Each Cold Shutdown

CDF/Year CDF/Year CDF Pert
System Initi.ator Perturbed Base CDr 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

Letdown No chan;;e l.16-10 1.00

Accumulators No change l.08-06 1. IJO

B - Without Overpressurization

LPI 5.64-08 1.18-10 1.01-09 .12
RHR 1.42-05 2.98-08 9.72-08 .3l
Letdown :'0 change '3.87-07 1.00

Total CDF

A - Overpressurization 1.25-06 1.93-06 .65

B - Uithout Overpressurization 4.17-07 4.85-07 • '3"
A and B 1.67-06 2.42-06 .69

Total CDF With 15L Outside 5.50-07 1.23-01) .45
With and ~ithout OverpressurizatLon

Total CDF With 15L Outside 1.63-07 8.42-07 .19
With Overpressurization
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Table 6.9
Core Damage Frequency - Oconee

Wi~h Con~inuous Leak/Pressure Tescing

COF/Year COF/Year COF PerC
Syscem Initiator Perturbed Base CDF Base

A - Overpressurizacion

LP1 6.27-07 6.27-07 7.43-07 .84

Rl-lR Suction 5.47-07 5.98-08 1.08-07 .55

Letdown No change 1.16-10 1.00

Accumulacors No change 1.08-06 1.00

B - Without Ove.pressurization

LPI 3.87-07 8.13-10 1.01-09 .80
RHR 2.38-05 5.00-08 9.72-08 .51
Letrl"W'n No change 3.87-07 1.00

Total CDF

A - Overpressurization 1. 76-06 1.93-06 .91

:s - Uithout Overpressurization 4.38-07 4.85-07 .90
A and B 2.20-06 2.42-06 .91

Total CDF With 15L Outside 1.07-06 1.23-06 .87
With and Without Overpressurization

'iotal cor With 15L Outside 6.82-07 8.47-07 .81
With Overpressuri~~tion
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Table 6.10
Core Damage Frequency - Oconee

Wi~h Enhanced Opera~or Training

CDF/Year CDF!Year COF Pert
Sys~em Initiator Perturbed Base COF Base

A- Overpressurization

LPI No change 7.43-07 1.00

RHR Suction No change 1.0S-07 1.00

Le~down No change 4.80-08 1.16-10 .94

Accumulators No change t.06-06 1.08-06 .99

B - Without Overpressurization

LP! No change 1.01-09 1.0
RHR No change 9.72-0S 1.0
Letdo<orrl No change 3.65-07 3.87-07 .94

Total CDF

A - Overpressurizatlon 1.91-06 1.93-06 .99

B - Without Overpressurlzatlon 4.63-07 4.85-07 .96
A and B 2.37-06 2.42-06 .9S

Total cor With 1SL Outside 1.21-06 1.23-06 .98
With and Wi~hout Overpressurization

Total CDr With 1SL Outside 8.42-07 8.42-07 1.00
With Overpressurlzation
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Table 6.11
Core Damage Frequency - Oconee
~ith R~ST Makeup P~ocedu~e

CDF/Year CDF/Year CDF Pert
Syst:em Ini tiator Perturbed Base CDF Base

A- Overpressu~ization

LPl 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

Accurnula tors No chanee 1.08-06 1.00

B - ~ithout Overpressurization

LPI No change 7.70-11 1.01-09 .08
RHR No change 9.72-08 1.00
Letdown No change 3.r;S-07 3.87-07 .9"
Total CDF

.. - Overpressurization 1.93-06 1.93-06 1.00

B - Without Overpressurization 4.62-07 4.85-07 .95
A and B 2.39-06 2.42-06 .99

Total CDF With ISL Outside 1.21-06 1.23-06 .98
With and ~ithout OverpressurizatLon

Total CDF Wit:h ISL Outside 8.42-07 8.42-07 1.00
With Overpressurization
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Table 6.12
Core Damage Frequency - Oconee

With All Four Corrective ~tio~s

CDF/Year CDF/Year CDF Pert
System Initiator Perturbed Base CnF Base

A- Overpressurization

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

RHR Suction 4.36-07 4.76-08 1.08-07 .44

Letdolom 2.28-03 1.09-10 1. L6-10 .94

Accumulators 2.93-03 1.06-06 1.08-06 .99

B - Without Overpressurization

LPI 7.27-08 1.16-11 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 .94

Total CDF

A - Overpressurization 1.18-06 L.93-06 .61

B - Without Overpressurizatlon 3.82-07 4.85-07 .75
A and B 1.56-06 2.42-06 .65

Total COF With lSL Outside 4.81-07 L.23-06 .40
With and Without Overpressurization

Total CDF With ISL Outside 1.16-07 8.42-07 .14
with Overpressurization
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Table 6.13
Core Damage Frequency - Calvert Cliffs

Edsting Plant

A - Overpressurization

LPI

S1

RHR SuctLO'l

Letdown

AcculDulators

8 - Without Overpressurization

LPI
51
RflR
Letdown

J:'otal CDF

A - Overpressurization

B - Without Overpressurization
A and B

Total CDF Uith ISL Outside
With and Without Overpressurization

Total CDF With 1SL Outside
With OVerpressurlzatLon

Initiator

2.31-09

1.74-09

3.36-06

2.2.8-03

6.15-03

5.91-10
1.95-1.0
9.50-05
2.28-03

CDF/Year
Sase

2.31-09

2.19-15

3.36-06

5.55-11

2.67-06

7.68-13
2.53-13
L.24-07
1.85-07

6.03-06

3.08-07
6.34-06

3.69~6

3.38-06
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Table 6.14
Core Damage Frequency - Calvert Cliffs

With Continuous Leak/P~essure Monitoring

CDF/Year CDr/Year CDF Pel:'t
System Initiator Perturbed Base CDP Base

A - OVerpl:'essurization

LPI No change 2.31-09 1.00

51 No ch~nge 2.l9-lS 1.00

RHR Suction 2.00-06 2.00-06 3.36-06 .60

Letdown No change 5.55-11 1.0

Accumulatol:'s No change 2.67-06 1.0

B - Without Overpl:'essurizaticn

LP1 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 1.85-07 1.00

Total CDr

A - Overpressurization 4.67-06 6.03-06 .77

B - Without Overpressurization 2.47-07 3.08-07 .80
A and B 4.92-06 6.34-06 .73

Total CDF With I5L Outside 2.26-06 3.69-06 .61
With and Without Overpressurization

Total CDF With 1SL Outside 2.02-06 3.38-06 .60
With Overpressurization
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Table 6.15
Core Damage Frequency - calvert Cliffs

1.lith Leak After Each Cold Shutdown Test

CDF/Year CDF/Year CDF Pert
SysteQ Initiator Perturbed Base CDF Base

A - Overpressurization

LPI No change 2.31-09 1.00

Sl No change 2.19-15 1.00

RHR Suet-Lon 5.&1-07 5.61-07 3.36-06 .17

Letdo\oTn No change 5.55-11 1.00

Accumulators No change 2.67-06 1.00

B - Without Overpres3urization

LPI No change 7.68-13 1.00
51 No change 2.53-13 1.00
Rf-iR 1.60-05 2.08-08 1.24-07 .17
Letdown No change 1.85-07 1.00

Total CDr

A - Ove.pressurization 3.23-06 6.03-06 .54

B - Without Ovecpressurization 2.06-07 3.08-07 .67
A and R 3.44-05 6.34-05 .54

Tctal CQF With lSL Outside 7.84-07 3.69-06 .21
With and Without Overpressurization

Total CDP With 1SL Outside 5.78-07 3.38-06 .17
With Overpressurization
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Table 6.16
Core Damage Frequency - Calvert Cliffs

With Enhanced Operator Training

CDF/Year COF/Year CDr Pert
System Initiator Perturbed Base CDF Base

A - Overpressurization

LPI No 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 OverpressurizatioD

LPI No change 7.68-13 1.0
SI No change 2.53-13 1.0
RHR No change 1.24-07 1.0
Letdown No change 1.71-07 1.85-07 .93

Total cor

A- Overpressurization 5.48-06 6.03-06 .91

B - Without Overpressurization 2.95-07 3.08-07 .96
A and B 5.78-06 6.34-06 .91

Total CDr With ISL Outside 3.66-06 3.69-06 .99
With and Without Overpressurization

Total COF With ISL Outside 3.36-06 3.38-06 .99
With Overpressurizatlon
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Table 6.17
Core Damage Frequency - Calvert Cliffs

With RWST Makeup Procedure

CDF/Year CDF/Year CDF Pert
System Initia.tor Perturbed Base CDF Base

A- Overpressuri~ation

LPI No change 2.31-09 1.00

51 No change 1.27-16 2.19-15 .05

RHR Suction No change 3.36-0& 1.00

Letdown No change 5.13-11 5.55-11 .92

Accurnulators No change 2.67-0& 1.00

B - Without Overpressurization

LPl No change 4.43-14 7.68-13 .'·'6
51 No change 1.4&-14 2.53-13 .06
RHR No change 7.13-09 1.24-07 .06
Letdown No change 1.71-07 1.85-07 .92

Total CDF

A - Overpressuri~ation 6.03-06 6.03-06 1.00

B - Without Overpressurization 1.78-07 3.08-07 .58
A and B 6.21-06 &.34-05 .98

Total CDF With ISL Outside 3.54-06 3.69-06 .96
With and Without Overpressurization

Total CDF With ISL Outside 3.36-06 3.38-06 .99
With Overpressurizatton
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Table 6.18
Core Damage Frequency - Calvert Cliffs

With All Four Corrective Actions

CDF/Year COr/Year CDF Pert
System Initiator Perturbed Base CDF Base

A - Overpressurization

LPI 2.31-09 2.31-09 1.00

51 L.74-09 1.27-16 2.19-15 .06

RHR Suction 3.34-07 3.34-07 3.36-06 .10

Letdown 2.28-03 5.13-11 5.55-11 .92

Accumulators 6.15-03 2.12-06 2.&7-06 .79

B - Without Overpressurization

LPI 5.91-10 4.43-14 7.68-13 .06
SI 1.95-10 1.46-14 2.53-13 .06
RHR 8.00-06 &.00-10 1.24-07 .005
Letdown 2.28-03 1.71-07 1.85-07 .92

Total CDF

A - Overpressurization 2.45-06 &.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 Outside 3.36-07 3.38-06 .10
With Overpressurization
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Table 6.19
Core Damage Frequency - Indian Point

Assuming No Leak Testing During Lifetime of the Plant

COF/Year CDF/Year COF Pert
Sys':.em Initiator PertlIrbed Base COF Base

A- Overpressurization

LPI 6.30-05 6.95-07 2.64-08 26.4

51 4.36-03 2.94-06 8.24-08 35.7

RHR SlICt ion 1.06-05 6.95-08 4.46-09 15.6

Letdown No change 1.07-09 1.0

AccumlIlators No change 1.63-06 1.0

B - Without Overpressurization

LPL 7.47-04 3.36-06 1.38-08 244.0
51 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 1.0

Total CDF

A - Overpressuri~~tion 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 COF With ISL Outside 5.58-08 2.78-09 20.1
With Overpressuri~ation
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Table 6.20
Core Damage Frequency - Oconee

Assuming No Leak Testing During Lifetime of the Plant

System

A - Overpressurization

LPI

RHR Suction

Letdown

Ac cUlIlul a tors

B - Without Overpressurization

LPI
RHR
Letdown

Total CDF

A - Overpressurization

B - Uithout Overpressurization
A and B

Initiator

3.24-04

1.&6-05

No change

No change

2.LI-04
1.69-03
No change

CDF/Year
Perturbed

3.24-04

1.81-06

4./~ 3-07
3.55-06

3.27-04

4.38-06
3.31-04

CDF/Vear
Base

7.43-07

1.08-07

1.16-10

1.08-06

1.01-09
9.72-08
3.87-07

1.93-06

4.85-07
2.42-06

CDF Pert
CDF Base

436.0

18.1

1.0

1.0

439.0
36.5

1.0

169.0

9.0
137.0

Total CDF With ISL Outside
With and Uithout Overpressurizat ion

Total CDF With ISL OutsLde
With Overpressurization

3.26-04

1.26-04

1.23-06

8.42-07

265.0

387.0
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Table 6.21
Core Damage Frequency - Calver~ Cliffs

Assuming No Leak Tes~ing During lifetime of the Plant

CDF/Year CDF!Year COF Pert
System Initiator Perturbed Base CDF Base

A - Overpressuriza~ion

1.P1 7.42-05 7.42-05 2.31-09 3.21+04

Sl 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 No change 5.55-11 1.0

Accumulators No change 2.67-06 1.0

B - Without Overpressurization

1.P1 1.89-05 2.46-08 1.68-13 3.20+04
SI 3.79-04 4.93-07 2.53-13 1.94+06
RHR 1.83-03 2.38-06 1.24-07 19.3
Le~down No change 1.85-07 1.0

Total CDF

A - Overpressurization 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

To~a1 CDF With lSI. Ou~side 9.43-05 3.69-06 25.6
With and Without Overpressurization

Total CDF With lSI. Outside 9.12-05 3.38-06 27.D
With Overpressurization
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7. REGUl.A.TORY ANALYSIS

7.1 Introduction

This entire section of the report is formatted according to the
guidelines of NUREG/BR-0058 , Regulatory Analysis Guidelines of the USNRC. 1

Statement of Problem

Interfacing system tOCAs have been identified as significant contributors
to the risk resulting from core melt. Even though Probabilistic Risk
Assessments (PRAs) have shown that the e,.;pected core damage frequency due to
ISl.s is typically a fe~ percent or less of the overall cor, it can be expected
to dominate the risk associated with core melt accidents.

Objectives

The primary objective of this study is to investigate in detail the
interfacing LOCAs at pressurized ~ater reactors. The further objectives are
to find and analyze any key improve~ents that would significantly aid in
further reducing the frequency of ISLs and/or mitigate their consequences.

Alternatives

In order 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 isolation valves. The reference
plants were also investigated for other possible improvements that could
further reduce t~ei~ specific vulnerabilities to overpressurization events and
ISLs. A numuer of alternative actions have been identified for each of the
models. All proposed actions have undergone a cost-benefit analysis
documented in the following subsections.

Consequences

There ~re three basic concerns to be considered in the consequence
analys~s for any proposed corrective action. These concerns are (1) the
cost-benefit considerations, (2) the potential impact on other NRC
requirements, and (3) any constraint that may have to be placed upon the
i~plementation of a given proposed corrective action. The cost-benefit
considerations are discussed In detail in the following subsection and impacts
on other requirements are addressed In the succeeding subsections. In terms
of constraints (as defined in NUREG/BR-OOS8), we have not identified any such
considerations that would imp~ct the proposed corrective actions.

7.2 Cost-Benefit Consideration~

Aporoach for Determining Costs

The implement~tion of the corrective actions discussed in Section 6
requires revisions of e~istLng procedures, development of new procedures,
improvement in operator tr~ining and application of additional
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instru~eneaeion. In order to obtain accurate estimates of the coses involved
and to solicit comments on the study, copies of the first five sections of
this report ~ere sent to the plants being studied and the utility companies
that own the plants.

This section de~cribes the costs involved in implementing each of the
proposed corrective actions for each plant. Cost estimates are provided based
on the Information f~om the plants where available. In all the other cases
the cost estimates are based partially on previously collected data,
engineering judgement, and other generic methods. Tables 7.1 to 7.3 summarize
the cost-benefit analysis for each of the reference plants. The costs and
benefits are expressed in units of dollars. A man-rem is assumed to be
equivalent to $1000. 2 An acute fatality is assumed to be equivalent to
$5,000,000. 3 Costs that recur over the years, e.g., costs of performing leak
tests, are discounted using ~ discount rate of 10% per year 1 to determine
their present value.

Approach for Dete~ining Benefits

Benefits are divided into two major categories, i.e., those derived from
lowering the predicted core damage frequency and those associated with
lowering the frequency of overpressurization events. The latter category does
not 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 overpressurizatLon frequency are calculated using the results of
Section 6. They are e~pressed in units of per calendar year. It is 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 given year).

The CRAC2 code was used to estimate the consequences of a LOCA event that
bypasses containment. Two CRAC2 runs were made. The first assumes a release
without the benefit of being submerged and the second including the benefit of
a submerged release. A decontamination factor of 10 was applied to all but
the noble gases 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 interfacing LOCAs at pressurized 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 CRAC2 runs were
made using these generic input data with respect to power level and
plant-site, meteorology, population, etc. The consequence analysIs is
documented in Appendix H.

The following items will be constant for the succeeding cases given an
IS1 resulting in core damage:

• Public Health Effects
Nonsubmerged Release
(2.18xl06 man-rem) (~1000/man-rem) - $2.18xI09

(6xl0-3 acute fatalities) (5xl06/acute fatality) • 3.00xIO~
Submerged Release
(1.08xl06 Man-rem) ($IOOO!man-rem) s $1.08xl09

Zero acute fatalities ~ $0.0
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• Occupational Health Effects (Best estimates of Ref. 2)
Immedi~te Dose (1000 man-rem) (SlOOa/man-rem) = Sl06
Long-Term Dose (20,000 man-rem) (SlOOO/man-rem) = S2xlOJ

• Onsite Cle~nup Costs (Estimated based on !HI experience~)
lxl0B/year for 10 years

• L~nd Xnterdiction w/o necont~mination

Nonsubmerged Rele~se $1.26xl09

Submerged Release $2.76xl08

Concept of Discounting

In evalu~ting the economic consequences of a potential accident that can
occur ~ny time in the ILEa of ~ plant, we Dust 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 ~ith a rate representing the depreciation as
the function of time. In ~ddition, it also has to be considered that the cost
might be a on~ time only expense or a periodically occurring item lasting
either through a fixed p~riod or t~€ ~hole 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:

l_e-rtf
Cof r He~lth effects, offsite property damage.

C f-I- (l-e-rtf) (l-e-rtM) Cleanup expense.
r

Cof (l-e-rtf -rt
~~--~ -e f t) Replacement power.

r r f

~here Co - present C06t of a consequence
f ~ frequency of accident

tf - end of plant life
r = discount rate
M a duration of ~n expense that recurs for several years.

(7.1)

(7.2)

(7.3)

Basically. the formulas ace used to determine the multiplier of Cof.
For example, in rhe case of a core damage accident, 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. 4 For a plant with 30 years of remaining
plant life, the discounted cost of cleanup over 30 years can be calculated
using the second formula, i.e.,

60*C f
o
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where the discount rat~ is taken to be 0.1 which is the suggested value by the
Regulatory Analysis Goideline. L

7.3 Cost Estimates for the Proposed Corrective Actions

The risk due to interfacing sy~tem~ tOCA could potentially be reduced by
implementing any or a combination of the various corrective aetions discussed
in Section o.

In this section a generic analysis of the costs involved in imple~€nting

each corrective action is presented. The cost estimates are based partially
on previously collected data, discussion with engineering personnel at BNL and
engineeting judgement using generic 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 various corr~ctive actions consist
of engineering design changes. modification of test procedures. application of
additional instrumentation and improvement in operator training. In order to
obtain plant-specific cost estimates, appropriate portions of this report were
sent to the three reference plants being studied with requests for their
input.

All costs are redueed to the ~resent worth of dollars. A man-rem is
assumed to be equivalent to $1000, and all costs are avera~ed through the
plant lifetime.

The benefit associated with any particular corrective action is primarily
measured by a reduction in core daaage frequency and is calcalated using the
results of Section 6. Tables 6.1 through 6.l9 vf Section 6 list various CDr
values; 1) total due to overpressurization, 2) total without overpressuriza­
tion, 3) the sum of total with and without overpressurtzation. and 4) total
CDF with 1St bypassing containment (see Section 6 for a more detailed
description). In the (cost-benefit calculations, only the total CDF with 1St
outside containment with and without overpressurization) is used as a measure
of benefit. since the other CDFs may not reflect a similar reduetion in the
risk associated with lSLs.

7.3.1 Generic Cost Estimates for Corrective A~tlons

In Section 6. plant-specific corrective actions have been identified
which could potentially be tmple~ented without e~cessive difficulties. In the
followina. cost estimates for each of those corrective act tons are given and
applied to each plant to complete a cost-benefit analysis. Oiscounting t~

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 installation of a pressu~e senSing
device wtth associated tubing. fittln~s. s~pport5 and cable~. In addition,
control board modification is also required for alarm or indicatine
functions. The pre5sure connections are gener~lly located in pipe segments
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inside the rontainment. In most cases, test connections are already in place
and could be utilized to connect the permanent pressure sensors.

The average cost of the installation of a pressure instrument is
e~timated to be $5000 (including materials, the instrument itself, 30
man-hour-s for de!;igll, 16 man-hours for installation, and .2 man-rem). It is
~~tlmated that the cost of a man-hour Is $40 and a man-rem is SlOOO. The
control boar-d modification is estimated to cost 30 engineering man-hours for
deslgn and 50 man-hours for installation and wiring or $3200. The total cost
is $5000 + $3200 a $8200 per pressure instrument to 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.l.2 Additional Leak Tests of the Isolation Valves

~ll of the reference plants in this study alr-eady perform leak tests of
the pressure boundary isolation valves at regular intervals. Increasing the
fr-equency of these te!;ts could help eliminate certain failure 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
outage) and other means of replacing the electrical generation has to be found
for this tice period. It is estimated that the replacement cost of power is
- $500,000 per day.6

7.3.1.3 Improvement in Operator Training

The operator-'s ability to identify explicit ISL scenarios and thereby
i~prove his response can be enhanced by additiona~ traiuing 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 1St accidents is about 300 man-hours including analyzing, writing,
reviewing, and typing or $12,000 over the plant lifetime.

7.3.1.4 Formalized RWST Makeup Procedure

In case of an lSL 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 to the RUST should
be explicitly formalized with regard to the various ISL accident scenarios.

The cost of analyzing lSL accidents in relatiun to water inventory is
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 corrective action is 500 man-hours or equivalently
$20.000 over the plant lifetime.

7.3.1.5 Summary of Generic Cost Estimates

A summary of the cost esti~ates for each of the corrective actions are
Ji~~n below for further reference.
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1. Application of pressure sensors:
Installation $8,200/instrumeat
Maintenanee $ GOO/year a~d instrum~nt

2. Additional leak testing:
Test $1,lOO/test
Downtime Plant-$pecific

3. Operator training:
Training $1,200/year
Procedural $ 300/year
Total: $1,200 + $300 = SISOO/year

4. RWST makeup procedure: $450/year

These generie cost estimates have been used in the plant-specific
calculations.

7.4 Plant-Specifie Cost-Benefit Estimates

7.4.l Indian Point, Unit 3

7.4.l.1 ~

The remaining licensed plant lifetime is assumed to be 32 calendar
years. The estimated cost of replaeement power is -S500,0006 per day.

1. Additional Leak Tests - The plant model assumed that leak tests are
performed for the LPI/RHR lines at each cold shutdown. In addition,
the ~PI interface boundaries are tested at refu~ling only. The test
frequeney of the ~PI system may also be inLreased to test at each
cold shutdown, requiring on the average three additional leak tests
per year. The replacement po~er eost is estimated at $SO~,OOO/day.

Test: $l.lxl03 per test
Downtime (5 hours): Sl.D4xlOS per te$t
Diseounting the annual cost using Eqs. (7.1) and (7.3) (r=.I,
tf '"' 32)
Test z 9.G * $l.lxl03

z $1.06xl04

Do~time ~ 82.9 * $1.04xlOS
s $8.64xl06

Total (3 Tests + Downtimes) = $2. 59xl0"

2. Pressure Sensors - There are 11 lines with two or more isolating
valves in the LPI/HPI/RHR systems. The costs of installing and
operating the pressure instruments are
11*[($8200/32)+$600] = $9,400/year.
Discounting using Eq. (7.1)
Total • $9,400 * 9.6 • $9.02xl04

3. Operator Training - The cost is estimated at SI,500/year.
Discounted cost is (Eq. (7.1» : Sl.44xl04

4. RWST Makeup Procedure - $450/year.
Discounted cost is (Eq. (7.1» = $4.32xl03
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5. Combination of alL co••ective actions ­
S2.59x107 + S9.02x104 + $1.44xl04 + $4.12xl03

7.4.1.2 Benefits

For core damage e~ents. the benefit of a reduction in core damage
fr~quency can be expressed as follows:

oenefitCD = Af CD (man rem + replacement power + cleanup costs + land
interdiction)

Replacement power costs are depe~dent upon the region of the United
States in which the plant is located. 6 For the Indian Point Unit J
replacement power costs on a yearly basis is:

$500.000/day = $1.83x108 /year.

~iscounting the ~arious benefits yields the following:

• Public Health + Occupational Health
(Nonsubmerged Case)
~2.18x109 + S3.00x10~ + $106 + $2xl07 = $2.20xl0 9 /accLdent
Jiscounting using Equation 7.1 (with r=O.l, tf=32) ~ 9.6
$2.20xl09 * 9.6 ~ $2.11xl0 10

(Submerged Case)
Sl.Oaxl09 + Zero + S10 6 + S2xlC} = $1.lOxl09/accident
$1.lOx109 * 9.6 = $1.06xl0 JO

• Replacement Power - $1.a3x10Bjyear
Disco.:nting using Equ~tion 7.3 (r=O.l, tf=32) 82,9
Sl.83~108 * 82.9 = Sl.52xl0 10

• Cleanup Costs - $108 for 10 years
Discounting using Equation 7.2 (r=O.I, t r=32. tm=lO) = 00.6
$lxI08 * 60.6 = $6.06x109

• Land Interdiction
Discounting using Equation 7.1 = 9.6
(Nonsubmerged Case)
$1.26x109 * 9.6 = Sl.21xl010

(Submerged Case)
$2.76xlOB * 9.6 = $2.65xl09

For overpressurizatlon events that result in th~ introduction of primary
coolant outeide the containment hIlt without core da~age. the benefit of a
reduction in the frequency or overpressurization can be e~pres5ed as follows:

Eenefitop = AfOp * (replacement power costs)

Other costs ha~e not been incl~ded becau~e th~ re~lacement power costs
totally dominate thi~ type of event. We have broken this category of events
into two parts. One part addressing events that are isolated rather quickly
and thus limit the spill and cle~nup time and the other part addressing those
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that are not isolated until the spill represents hundreds of thousands of
gallons of primary coolant. Our model is sho~ as follows:

I

OP---{ _
- --- (60 days) large spill
10-2

$500.000/day * 5 days ~ $2.50xl06

$500,OOO/day * 60 days = $J.OOxl07

BeneficOp = $2.50xl06 + (10-2 * $3.00x10') - ~2.80xl06/0p
Discounting using Equation 7.1
$2.80xlOG/OP * 9.6 = $2.69xlOJ

The overall benefit of the design changes can be calculated based upon
the foregoing input as follows:

BenefitTOT = ~fCD (man rem + replacement power + cleanup + land
interdiction) + bEOp (replacement power)

(For Nonsubmerged Case)
~ ~fCD (2.11xl010 + 1.52xl0 1D + 6.06x10 9 + 1.Zlxl0 10 )

+ ~fJP (Z.69xI07 )
~fCD * 5.45x1010 + ~fOp * Z.69xlOJ

(For Subwerged Case)
~fCD (i.06xl0 10 + 1.S2xl0 10 + 6.06xl09 + 2.6Sxl0 9 )
+ ~EOp (2.69xlOJ )

~ ~fCD * 3.45xl010 + ~fOp * 2.69xl01

7.4.1.3 Results

There are four separate proposed corrective actions and a fifth which
includes all of them from SectIon 6 based upon the Indian Point design,
namely:

I. Additional leak tests.
2. Installation of pressure $easors.
3. Improved operator training.
4. RWST makeup procedure.
5. Implementation of all of the above.

The estimated costs and benefIts for the above five items are presented
in Table 7.1. In general, the proposed corrective actions for Indian Point 3
~re largely ineffective, as shown by the cost-benefit calculations. A
comparison of cost-benefits for the first cOLrective action indicates that the
single most important cost factor is the replacement power, which dominates
the costs and overwhelms all bene~lt considerations. It also suggests that
testing may in general be much more cost aeneficial w~en performed not in the
critical path. This alternative will be examined in ~ore detail for the
generic b~se case.
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7.4.2 Oconee, Unit 3

7.4.2.1 Costs

The remaining plant lifetime ~ould be 31 calenda~ yea~s.

1. Inc~eased Frequency of Leak Tests - Oconee plant personnel have
provided plant-specific cost estimates to he used in the analysis.
The replacement of electrical power due to shutdowns is estimated to
cost $300,OOO/day. The duration of the leak test is estimated to be
25 man-hours (S men!S hours) with I man-rem total exposure. There
are two isolation boundaries where increased test frequency is
suggested in the LPI!RHR systems. It ~s estimated that in each nine
month period there are on the average three cold shutdowns. If
Oconee were ~equired to perform leak tests at each cold shutdown.
this could entail two additional tests per ntne months or three
additional tests per calendar year.

~owntime:

ltan-hours:
Man-rem:
Total

5 hours - $60,000
25 hours - $1.000

1 rem $1,000
$62,OOO!Test

The additional cost of three tests per year is 3 * $62.000
$186.000!year.

Discounting the annual cost using Eq. (7.1) (r-.1, tf=31) and Eq.
(7.3).
Test = 9.6 * (Sl.000 + SI.OOO) ~ Sl.92x104

Downtime = 81.5 * S6.00xl04 - $4.89xI06

Total (3 Tests per year) - SI.47x10J

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[($8200!3I)+$600J • $2,600/year.

Discounting using Eq. (7.1)
Total = 9.5 * $2.000 = S2.50~104

3. Operator Training - Estimated cost is $1.500/year.
Discc~nted cost is SI.44x10~

4. RWST Makeup Procedure - Estimated cost is $500/year.
Discounted cost is $4.8xl03

5. Comhination of all of these corrective actions ­
S1.47~107 + $2.50~10~ + $I.44xlO~ + $4.8xl03 ~ $I.47x101

7.4.2.2 Benefits

For core damage events, the benefit of a reduction in core damag~

frequency can be e~pressed as follows:
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BenefitCD ~ ~fCD (man rem + replacement power + cleanup costs + land
interdicl:ion)

Replacement power cases are dependent upon the r~gion of the United
States in which the plant is located. For the Oconee plant the replacement
power costs on a yearly basis is (-S300,OOO/day):

$300,OOO/day * 365 days/year ~ I.IOxl0S/ye a r.

Discounting the various benefits yields the following:

• Public Health + Occupational Health
(Nonsubmerged Case)
SZ.18xl09 + S3.00xl04 + S106 + SZxl01

= S2.20xI09 /accident
Discounting using Equatio~ 7.1 (with r=O.I, tf=31) = 9.6
SZ.ZOxl09 * 9.6 = S2.1Ixl010

(Submerged Case)
Sl.08xl09 + Zero + $106 + S2xl07 ~ $1.10xl09 /accident
Sl.10xl09 * 9.6 = Sl.06xl0 iO

• Replacement Power - Sl.10xl0S/year
Discounting using Equation 7.3 (r=O.l, tf=31) = 81.5
SI.10xl08 * 81.5 = $8.97x109

• Cleanup Costs - $10 8 for 10 years
Discounting using Equation 7.2 (r=O.l, tf-31, tm-l0~ = 60.4
Slxl08 * 60.4 = S6.04xl09

• Land Interdiction
Discounting using Equation 7.1 9.6
(Nonsubmerged Gase)
SI.26x109 * 9.6 = $1.21xl010

(Submerged Case)
SZ.76xl08 * 9.6 = SZ.65xl09

For overpressurization events that result in the introduction of primary
coolant outside the containment but without core damage, the benefit of a
reduction in the frequency of overpressurization can be expressed as follows:

BenefitO? = ~fOp * (replacement power costs)

Other costs
totally dominate
into two parts.
follOWing:

have not been included because the replacement power costs
this type of event. We have broken this category of events
Using the model described in Section 7.4.1.2 we have the

$300,OOO/day * 5 days = $1.50x106

$300,OOO/day * 60 days - 51.8xIOI

Benefitop = 1.50x10G + (10-2 * 1.SxIO})
Discounting using Equation 7.1
$1.68x106/0P * 9.6 = $1.61xl0"
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The overall benefit of the design changes can be calculated based upoo
the foregoing inp~t as f~llo~$:

BenefitIO! = bfCD (man rem + replacement power + cleanup + land
interdiction) + ~f~p (replaceme~t power)

(For

(For

Nonsubmerged Case)
= 6fCD (2.IIXI0 10 )+ 8.97x109 + b.04xl09 + 1~2Ix10IO)

+ ~fOp (l.bIxlO )
6fCD * 4.82xl0 10 + ~fOp * 1.6LxI0}

Submerged Case)
• 6fCD (l.06XI0 10 )+ 8.97xl09 + 6.04xl09 + 2.65xI09)

+ ~fOp (1.6IxI0 )
= 6fCD * 2.8~xlOlO + afOP * 1.61xl01

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:

1. Additional leak tests.
2. Installation of pressure sensors.
,. Improved operator training.
4. R~ST 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 previo~sly discussed for the Indian Point design.
The placement of testing in the noncritical path will be discussed in the
generic base case calculations.

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 replacemer.t power is -$400,0006 per day.

1. Pressure Sensors - There are eight lines with multiple isolation
boundary 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.S3xlO·

2. Increased Frequency of Leak and 5troJke T:~stlng - Three additional
leak tests have been suggested. Each test d~ration is estimated at
-5 hours ~ith .3 man-rem exposure.
Test: $1.1x:103

Downtime: S8.33xl04
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Discounting using Eq. (7.1) (r-.l. tf=33) and Eq. (7.3)
Test = 9.6 * Sl.lxl03 - Sl.06xlO~
Do~ntlme = 84.1 * S8.33xIO~ - S7.01xl06
Total (3 Tests) • SZ.llxlOJ

3. Operator Training - Estimated cost is $l,500/year.
Discounted cost is Sl.44xlO~

4. RWST Makeup Procedure - Estimated cost is S400/year.
Discounted cost is S3.84xl03

5. Combination of all of the corrective actions -
$6.53xl04 + $2.11xl0J + Sl.44xl04 + $3.84xl03 = $2.12xl0J

7.4.3.2 Benefits

For core damage events, the benefit of a reduction in core damage
frequency can be expressed as follows:

BenefiteD = ~fCD (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 basis is:

$400,OOO/day * 365 days/year - $1.46xl08/year.

Discountln~ the various benefits yields the follOWing:

• Public Realth + Occupational Health
(Nonsubmerged Case)
$2.18xl09 + $3.00xlO~ + S106 + $2x107 - $2.20xl09/accident
Discounting using Equation 7.1 (with r=O.l. tf-33) = 9.6
S2.Z0xl09 * 9.6 = S2.11xl0 10

(Submerged ~ase)

Sl.08xl09 + Zero + S106 + SZKIO' = Sl.10xl09/accident
Sl.10xl09 * 9.6 = 1.06xl010

• Replacement Power - SI.46xl08/year
Discounting using Equation 7.3 (r=O.l, tf=33) 84.1
Sl.46xl08 * 84.1 = $1.23xl010

• Cleanup Costs - Sl08 for 10 years
Discounting using Equation 7.2 (r-O.l. tf=33. tm=lO) 60.9
$lxl08 * 60.9 = S6.09xl09

• Land Interdiction
Discounting using Equation 7.1 - 9.6
(Nonsubmerged Case)
$1.Z6xl09 * 9.6 = $1.21xl010

(Submerged Case)
S2.76xl0B * 9.6 = SZ.65xl09
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For overpressurizatlon events that result in the introduction of primary
coolant outside the containment but without core damage, the benefit of a
reduction in the frequency of overpressurlzatlon can be expressed as follows:

Benefitop - 6fOp * (replacement power costs)

Other costs
totally dominate
into two parts.
following:

$400,OOO/day * 5 days - $Z.OOXI0;
$400.000/day * 60 days - $2.4DxlO

Benefitop - $2.0Oxl06 + (10-2*$2.40xl01 ) - S2.24xl06/0P
Discounting using Equation 7.1
$2.Z4xl06/0P * 9.6 - $Z.15xl07

The overall benefit of the design changes can be calculated based upon
the foregoing input as follows:

BenefitTO! - ~fCD (man rem + replacement power + cleanup + land
interdiction) + 6fOp (replacement power)

(For

(For

7.4.3.3

Nonsubmerged case)
- AfCD (Z.1Ixl010 1+ 1.23xl010 ~ 6.09xl09 + 1.21xl0 10 )

+ AfOp (2.15xl0 )
- AfCD * 5.16xl010 + AfOp * 2.15xl01

Submerged Case)
- AfCO (1.06xl010 + 1.23xl010 + 6.09xl09 + Z.65xl09 )

-7+ AfOp (2.15xlO )
- Af co * 3.16xl010 + ~fOF * 2.15xl07

Results

The following represents the proposed cOLrective actior~ derived for the
Calvert Cliffs design in Sect~oa 6:

1. Installation of additional pressure sensors.
2. Additional stroke and leak testing.
3. Improved 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 7.3. From this table, it can be seen that the corrective
action establishing an RWST mak~up procedure is the only clearly effective one
from the cost-benefit considerations. The corrective action requiring the
installation of additional pressure $ensorS falls within the benefit range.
ho~ever, it is felt to 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 not 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 ~as to dete~ine the
cost-benefit relationship of requiring 3 plant that does not perfo~ leak
testing of the pressure isolction boundaries to do so. NRC guidance in
defining this base case included the provisIon that those who voluntarily test
the pressure isolation boundaries but are not required to, would also fall
into this category.

In order to construct a representative generic base case plant, the
previously developed Oconee plant model ~as selected and modified to remove
the credit given for th~ current leak testing provisions. The details of th~

model with respect ,to the initiators are discussed in Section 4.

In order to cover the various possibilities with respect to test
frequency and placement of testing. three cases were analy~ed and evaluated.
Initially, two leak testing schemes with different time periods of testing
were calculated in detail. The first was to perform leak testing every nine
months and the second was every refueling period (-18 months). Both of
these cases include the requirement to perform the leak testing in t~~e

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
tnird case I~s also been analyzed where leak testing would be performed in
eacn refueling outage, but not in the critical path. The results of the first
two cases, the reduction in the frequency of core daoage due to leak testing
of the pressure isolation boundaries, are presented in Table 7.5.

7.5.1 Costs

The various 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 various
systems, such as LPI, HPI, RHR, etc., is estimated assuming the tests to last
about five hours requiring about 50 man-hours with one man-rem exposure. If
the l~ak test is performed in the critical 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 - S400,OOO!day.6 The generation of the
appropriate test procedures, distribution, typing, and other costs is
estimated at -700 man-hours. Assuming that the plants have not been
originally designed to accoQmodate periodic leak testing: test taps, valves,
test tubing, etc., may not be available. The installation of the necessary
test connections and other accessories and the associated documentation is
estimated to cost -$150,000 (base~ on discussion with plant personnel).

One Time Expenses

Test Procedures = 700 man-hours * $40
Test Taps, Installation, Etc.

$ 28,000
$150,000
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Periodic Expenses

Test ~n-Hours - 50 man-hour~ * $40 = $2,000
Test Han-Rem = 1 man-rem * $1,000 = $1,000
Total Test = $2,000 + $I,~OO = $3,000
Replacement Power (5 Hours) = S8.13xl04

Discounting the periodic cost of te~tin~ and replacement power by Eq. (7.1)
(r=.l, tf=31) and Eq. (7.3).

Test = 9.6 * $3,000 - $2.88x10~
Replacelllellt Power = 81. ') * $8.33xlC)'· = S6.791d06

Total cost - 9 months testing in critic'Sl path:
S150,OOO + $28,000 + 12/9 * ($2.8Sxl04 + $6.79KI06) $9.27xl06

Total cost - 18 months te~ting in critical path:
S150,OOO + $28,000 + 12/18 * ($2.88xl04 + $6.79xl06) $4.72xl06

Total cost - 18 months testing not in critical path:
$150,000 + $28,000 + 12/18 * (S2.88xl04 + 0.0) = Sl.97xlOS

7.5.2 Benefits

By assuming that the base case plant physically resembles Oconee, we are
able to use the two benefit equations developed in Section 6.2.1. These two
equations are:

(Nonsubmerged Case)
BenefitTOT ~fCD*4.82x10l0 + ~fOp*1.61Xl07
(SUbmerged Case)
BenefitTOT = hf cD*2.83x10 l0 + ~fop*1.61x10J

These formulas require the calculation of explicit core damage
frequencies. By comparing the periodic leak testing cases to the generic base
case ~fCD's may be derived. The two leak testing programs with different
time periods of testing in the critical path have been analyzed in detail and
the results of these CDF calculations are presented in Table 7.5. The cnp due
to ISL events bypassing the cOlltainment (see Item 4 in Table 7.5) may be
reduced by approximately two orders of magnitude by performing periodic leak
testing (the ratio of CDFNo Leak Test!CDFLeak Test is 265 for 9 months and
90 for 18 months). It is important to note that the reduction in CDF between
the two different ti~e periods of testing is only about a factor of three.
This indicates that a leak testing program with 18 months test frequency may
he almost as effective in redtlcing the CDF as a progra~ with more frequent
tests.

The benefits due to leak testing have been calculated using the results
of the CnF analysis of the two leak testing programs and the formulas listed
above.

The cor.e damage frequency of the third case, which incl~s periodic
te~ting every 18 months but not in the critical path, may be~rived from the
c~~e where the test is performed with the same time period,~! in the
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critical path. by adding a co~ponent representing the increment~l risK
increase due to the placement of the testing (critical vs. noncritical path).
This risk incrp.~ent may be included in the base ~del by appropriately
changing the initiator frequencies. However, qoting that the difference in
~fcnF's of the two critical path testing schemes are almost negligible (less
than 1%. see Table 7.4; ~ - (3.25-3.22)xlO-4 ) and knowing that this difference
represents a definite risk differential. the following simplified approach has
been used to model the incre~ental risk. An upper bound of this risk
component may be estimated using the difference in CDFs of the two critical
path testing programs. The rationale for this assertion follows.

The difference ~tween the leak testing progra~ with the 18 months ti~e

period as compared to the 9 months period (both in the critical path)
represents ~n increase in risk due to the following factors:

1. In the time period between the 9th and l~th months an average of -3
additional cold shutdowns occur during the no~l operation of a typical
plant. In the shutdo~ period ther~ may be a number of demands to open
the PIVs for maintenance or other ~easons and in the case of the RIlR
sy~tem the ReS isolation valves definitely experience at least one demand
to open. since residual heat removal must be 9ro~ided to maintain safe
operation. The impor.tant aspect of this demand cycl~ from the 1St point
of vie~ is that at the end of the shutdown period these val~es are not
tested for reclosure. thus somewhat increasing the probability of an ISL
event. This component oE the total risk represents essential~y the demand
type failure modes for the isolation boundaries during the shutdown
period.

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 is performed now less frequently every 18 instead of 9 months.

In general. maintenanc~ and other activities are ~ore complp.~ in a
refueling period than in a single cold shutdown and consequently the operating
demands (open/reclose) on the isolation val~es gay be somewhat hLgher. We
have ~de the assumption that the risk due to -3 cold shutdowns with respect
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 (~f (refueling) ~ f(18) - f(9»). In fact. this
difference s~rves as an upper bound on the incremental risk. since a leakage
type failure component i~ also included, but its contribution is relatively
small as compared to the demand type component.

Based on the above argu~ents the ~fCD's for the noncritical path
testing scheme have been derived in the following manner.

The COf component due to the dtf{ere~ce between critical and noncritical
path testing is approximated as (fcn'e are listed in Table 7.5):

~
D COIllPonent~

due to 1\'0<'1-

crit~ca'i. ,l'3th

tesCLng ~
riticaJ

= fCD path 18 -
months
testing ~

riticaJfeD path 9
months
testing
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~(~fCD) • (3.67-06) - (1.23-.06) = 2.44-06.

The COF fo~ the noncritical path testing scheme is derived by ~dding this
cu~ component to fCO(critical):

~
'oncritical J

fCD path lR - fCD
months testing ~

riticaJpath 18 + ~(~fCD)

months
testing

fCO[noncriticall = (3.67-06) + (2.44-06) = 6.11-06.

Finatly, the AfCO corresponding to the leak testing prograo with
noncritical path testing is:

~
oncriticall

path 18
month testin~

~asJ~ ~oncrltica1 d
= fCD lease - fCD path 18

L- month testing

~fCD - (3.26-04) - (6.11-06)

The ~fOp numbers have been similarly derived.

3.19-04.

Based on these considerations the benefits for the noncritical path
testing scheme have been derived using the previous benefit fo~ulas with the
appropriate ~fCD's and 6fOp's.

7.5.3 Results

The cost and benefits for the three proposed alternative leak test
programs ~=e presented in Table 7.4. The first t~o columns represent the
results when leak tests are performed in the critical yath. Based on
cost-benefit considerations, the leak tests are not very effective in the 9
months cycle and only marginally beneficial in the 18 months scheme due to the
very high cost of the replacement power. The important fact to notice is that
if the leak tests are performed only in refueling periods the associated costs
can almost be hal-.r'!d without· appreciab'.y affecting the benef its. This
suggests that the frequency Ot leak testing should coincide with the refueling
period.

The third column represents the results when the leak tests are performed
i~ the refueling period, but not in the critical path. Th~ costs of this
te~ting program are reduced by an order of magnitude, since the cost of the
repl~cement power is ~liminated. It is ob~ious that this leak testing program
is a very effective method of reducing the risks from the cost-benefit
consider'itions.

These results suggest that leak testing of the pressure isolation valves
should be pe~formed after mainte~ance ~~d at each refueling. In addition, the
leak tests may be performed d~ring descending from power at the beginning of
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the ~efueli~g period without significantly incr~~sing the risk of an ISL
event.

The main purpose of. the leal<. test is to el{amine whether ~he conditions of
the PIVs have deteriorated to such an extent that specific maintenan~e actions
are required. If such maintenance has ta be p~rformed (~hich definitely
occurs with some frequency throughout the plant lifetime), the cost of such
actions should also be accounted for in the total cost e5timate. Even though
the pre"ious cost estimates did not incillde this COl'!lponent, it is apparent
that performing such maintenance in the critical path would significantly
increase the already high cost of those leak teosting pro15rallls that i"cllJde
critical path teosting requirements due to the high cost of replacement power.

In light of this, a ~eal<. te~ting program without the critical path
testing requirement has the additional advantage that maintenance of the PIVs,
iE required, does not have to be performed in the critical path, but rather in
the refueling period with significantly less costs and in a time period when
other regular maintenance activitie~ are already taking place.

It should be emphasized that the individual leal<. test of the PIVs t~

especially effective in finding the fail'lres of o~e element of a multiple
pressure boundary. One important advantage of the lea~ test is that it
provides information on the condition of the individual elements of the
pressure boundary irrespective of the particular failure mode. Even though
the leak tests are very useful to find and corr~ct failures that have already
occurred, the tests are somewhat ineffective in predicting possible future
failures. The exception is a slowly developing leakage failure mode. where a
trend 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 progrd~matic functions that could
be impacted by incorporating the recommendations of this study. The two
programmatic functions are the In-Service Testing and Inspection Prog~am and
the Techni~al Specifications. In each ca~e the impact would be to add certain
pressure isolation valves to the existing programs.

We have also identified an ongoing NRC program that interacts with the
Interfacing System LOC~ issu~. BNL is in the finalizin3 stages of a study
concerning Generic Issue 99. 7 This issue deals ~ith the risk involved with
PIlR RHR system performance with the plant at shutdown. The proposed
corrective actions derived from this 1St study do not impact the resolution of
the RHR generic issue. However, there is one prQposed corrective action in
the RHR study that potentially impacts upon the I~L issue.

One of the main concerns in the RHR study ls loss of the RHR function and
one of the major contributions to loss of this function is the spurious
closure af an RHR suction valve. Furtherlllore, the main contributor to closure
of an RHR suction valve is spurious or false ~ctuation via the auto~atic

closure interlock. The purpose of the interlock is to ensure that the suction
valves are closed when the pricary system is pressurized and thereby preclude
an interfacing LOCA.
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One of the RHR study's proposed corrective actions is to eliminate or
modify the auto-closure interlocks. It must be stressed that this trade-off
results in a reduction in overall plant risk. The removal of the auto-closure
interlock results in a significant reduction in the loss-of-cooling initiator
frequency and somewhat ~ore modest reduction in core damage frequency. In
te~s of 1SL initiator frequency, the increase is not considered significant
Oecausa the remo~al of the interlock in the proposed corrective 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.

7.7 References

1. "Regulatory Analysis Guidelines of the U.S. Nuclear Regulatory
COlDlllission," NUREG/RR-0058, January 1983.

2. s. w. Heaberlin et al., irA Handbook for Value Impact Assessment,"
NUREG/CR-3558, December 1983.

3. ACRS, "An Approach to Quantitative Safety Goals for Nuclea:- Power 'Plants,"
NUREG/-0739, October 1980.

4. USGAO, Three Mile Island: The Financial Fallout, EMD-80-89, July 1980.

5. David R. Strip, "Esti...otes of the Fin&ncial Consequences of Nuclear Power
Reactor Accidents," NUREG/CR-2723, November 1982.

6. "Inside NRC," MArch 16, 1987.

7. T-1:.. Chu et al., "Improved Reliability of Residual Heat Removal Capability
in PWRs as Related to Resolution of Generic Issue 99," NUREG/CR-5015,
May 1988.



]-20

Table 7.1
Cost-Benefit Estimates ~ased Upon the Indian Point Unit 3 ~esign

Corrective Actions
1 2 3 4 5

!!feD 4.00xl0-1l 1.28xlO-9 0.0 1.30xlO-9 2.1OxlO-9

(per calendar year)

.dfOp 3.03xlO-lt 2.07xlO-4 0.0 0.0 3.60,,10-1+
(per calendar year)

Benefits

Nonsubmerged $8.15xl03 $5.64xI03 SO.O $7.09xlO 1 S9.80d03

Release

Submerged $8.15xlO3 SS.61xl03 $0.0 $4.49xlO l S9.76xlO3

~elease

~ $2.S9xlO" S9.02xIO" Sl.44xlOl+ $4.32xlO3 $2.60dO'

Table 7.2
Cost-Benefit Estimates ~ased Upon tlte Oconee Unit 3 Design

Corrective Actions
1 2 3 4 5

flfcn 6.80xlO-7 1.60xIO-7 2. 08x 10-8 2.0xlO-8 7.49xlO-1

(per calendar year)

flfOp 3. 34xlO-S 2. 32xlO-5 0.0 0.0 3.99xlO-S
(per calendar year)

Benefit5
Nonsubmet"ged S3.33>tlO" $8.09x103 $1.OOxlO3 $9.64x102 $3.67xlO'+
Release

Submerged $1.98xlO" $4.9Oxl03 $5.89x:102 SS.66xlO2 $2.18xl04

Release

Costs $1. 47xlO 'l $2.5OxlOl+ $1.44>tlO" $4.80x103 Sl.47x:107
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Table 7.3
Cost-Benefit Estimates Based Upon the Calvert Cliffs Design

Corrective Actions
1 2 3 4 5

~fCD 1.43xlO-6 2.91xl0-6 3.00xl0-S I.S0X10-"J 3. 18xlO-6

MOp 4.86x10-5 8. 18xl0-5 0.0 0.0 9.00xlO-5

Benefits
Nonsubmerged $7.48xlOlt SI.52xlO5 $1.55xlO3 S7.74xlO 3 S1.66xl0S

Release

Submerged $4. 62x10'" $9.37xl0" $9.48xl02 $4.74x103 SI.02xl05

Release

~ $6. 53x10lt $2.11xl0"} $1.44xl04 $3.84xl03 $2. 12xl0 '

Table 7.4
Cost-Benefit Estimates Based Upon the Base Case Design

Leak Tests In
Critical Path

9 Months** 18 Months**

Leak Test Not In
CriUcal Path

18 Months**

* 3.25xl0-4 3.22xl0-lt 3. 19x10-4AfCD

'I<
2. 19x10-3 2. 14X:l0-3 2.09x1O-3~fOp

Benefits
Nonsubmerged Release 1.57xl01 1.56xl07 1.54xl0"1
Submerged Release 9.23x106 9.15xl06 9.06x106

Costs 9. 27xI06 4.72KIO G 1.97xl05

*Note: bf a fWithout Leak Test _ fWith Leak Test
**Iime period when tests are performed.
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Table 7.5
Co~e Damage Frequency Reduction Generic Plant

Base Dlse

Core Damage Frequency

Iteru*
Base Dlse Leak Tes~

No Leak Test 9 Months 18 :ionths

1. Overpressurization 3.27-04 1.93-06 4.39-06

2. WIO Overpre~surization 4.38-06 4.85-07 5.84-07

3. Sum of 1 + 2 3.31-04 2.42-06 4.97-06

4. Witn rSL Out~ide With and
Without Overpressurization 3.26-04 1.23-06 3.67-06

5. With lSL Outside With
Overpressurization 3.26-04 8.42-07 3.28-06

*Notes for Items
1. Total COF due to ISL events occurring inside and outside the containcent

building that ~verpressurlzes the low pressure system. The capacity of
~he relief valves are e~ceeded.

2. Total CDF due to ISL events occurring inside and outside the containment
where the capacity of the relief valves are not exceeded. The low
pressure system is not overpressurized.

3. The sum of Ttems and 2.

4. Total CDF due to only those rs~ events which bypass the containment. r~

includes both overpressurization events and those ~ithout

overpressurization due to relief valve opening.

5. Total COF due to only those ISL events which bypass the containment and
overpressurize the low pressure system.
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s. RESULTS AND CONCLUSIONS

The purpose of this section to highlight some of the results obtained and
to pre~ent the mo~t important conclusions.

The initiation. progression, core damage. and health risk aspects of ISL
accidents at PWRs havp. been completely reexamined at BNL. All the potential
1St pathways at three reference plants representing three different reactor
vendors ~e~e included in the analysis. The reexamination applied a more
advanced ap~roach to the 1SL analysis than any previous one performed with PRA
methodology. The new analysis utilized:

a. n~w valve failure rate data determined. by detailed root cause study,
the failure of e~periences of pressure isolation valves,

h. Elow rate dependent leak failure frequencies which allo~ed the
consideration of relief valve capacities 1n modelling of the accident
alld i'1 c1as!'lifying ISL initiators leading to small LOCAs and
overpressurization of low p~essure piping,

c. more accurate multiple valve failure model,
d. the results of a detailed investigation of valve testing procedures,

practices and maintenance records including clarifying discussions
with plant personnel on some problematic aspects of these activities.

e. ne~lf constructed event trees based on all available information,
including among others the results of an inquiry concerning emergency
ope~ating procedures, operator actions with respect of plant respo~se

and accident management.
f. .~analyzed failu~e probabilities of low ptessure piping.
~. scrubbed and unscrubbed source terms characteriZing pipe ruptures

below and above water level. and
h. generic site consequence model ~ith a ten mile evacuation.

8.1 Technical Results and Conclusions

The reexamination of the 15Ls provided the following important results
that may be used for future analyses of 15Ls at PWRs:

1. In all former studies of 15Ls through the LPI path~ays the analysis
did not consider th~ fact that the inlet header of the LP1 to the RCS is
~hared with the accumulator and also with HPI lines at Westinghouse and
Combustion Enginep.ring plants. rois shared inlet header may have an
~ppreciab1e effect on the development of the 1SLs 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
"fallure to operate (reseat) on demand" failure mode. Therefore. the
preferred direction of t~e ISLs is expected to be through the accumulator and
not through the LP1/HP1 pathways. One can conclude. that in any future study
of 15Ls 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 insight obtained
hy PLG in their Seabrook EPZ sensitivity study. that the relief valves have a
dp.finite rol~ in reducing the frequency of overpressurization of low pressure
piring. (In the p.es~nt study the sensitivity of initiator frequencies to
v-Irious reI i~f valve caplicities 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 piping 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 yield stress or above in the low rressure piping. In 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 yield to
almost certainty at the ultimate stress.

8.2 Results on Core Damage Frequency

The results of the core damage frequency (COF) calculations indicate that
the contributions from two groupo of lines, the RHR suction and LPI injection
lines, dominate the COF due to ISLs. In particular, at the Indian Point and
Oconee plants the total COP with overpressurization is dominated by the
contributions from two sequences. A large ISL on the RHR suction side piping
contributes 50% (IP), 12% (OC) of the total CDF, and an ISL event on the LP
injection side is 39% (IP), 88% (DC) of the total. At Calvert Cliffs an ISL
event sequence leading to a large LOCA on the RHR suction side is the dominant
contributor (99%). The total contribution of ISL events to COP is generally
less than a few percent of the overall CDF. However, 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
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 varl~US corrective
actions on the CDP due to ISL lead to the following results: Cor.ective
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
specific valve arrangements.

However, the results obtained from the cost-benefit calculations for the
three reference plants have indicated that additional leak testing and
installation of pressure monitoring instruments (which are the most effective
corrective actions for reducing the CDF) are rendered largely ineffective when
replacement power costs are considered in the analysis. The other proposed
corrective actions showed littl~ reduction in the CDP and consequently the
resulting benefits are neglig~~le.

8.4 Results of the Generic Base case Analysis

One of the primary goals of the present study was to detergine the
cost-benefit relationship associated with requiring plants that do not
currently have leak testing requirements on their pressure isolation 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 whiGh presently have no leak testing
requirements. Core damage frequencies have'been calculated for the following
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cases: (a) leak testing of the pressure isolacion valves is not performed
("base ease"), (b) leak testing would be required to be performed at each
refueling during startup and therefore in the critical path (18 months), (c)
leak testing would be required to be performed every nine months also in the
critical path, and (d) Leak testing would be required to be performed at each
refueling (18 months), but not in che critical path.

In general. the leak testing programs are capable of reducing the CDF due
to ISL by two orders of magnitude depending on the specific test
arrangements. The ratio of CDFNo TestfCDFLeak Test 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
a program with 18'months test frequency cay be al~ost as effective in reducing
the CDF as a program with more frequent tests.

The obtained cost-benefit relationship shows that the benefits associated
with the iarge core damage frequency and risk reduction due to a judiciously
selected 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 1SL event. This specific leak testing program is
capable of reducing the CDF by almost two orders of magnitude as compared to
a case without provisions for leak testing. CDFNo Leak Test - 3.26xIO-*
and CDFLeak Test - &.llxlO-G• The offsite risk benefit-to-cost ratio was
calculated to be within the range of 78 to 46 depending on whether or not
the break in the low pressure system was submerged under water. A submerged
break would result in 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 inspite of uncertainty in predicting fission
product release the benefits in risk reduction outweigh the cost of
implementing such a leak test program.

• 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
direction of an interfacing LOCA is expected to be through the accumulator
and not through the LPI/HP1 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 support the
insight obtained b{ Pickard, Lowe & Garrick in their Seabrook EPZ
sensitivity study. that the relief valves of the low pressure systems have
a definite ~ole in reducing the frequency of overpressurization of low
pressure piping.
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• The failure analysis of low pressure 9iping performed by BNL indicat~s that,
at least for the plants selected, given a breach of t~e pressure boundary
between high and low pressure syste~s, hoop stresses arc at jield stress or
above in the low pressure piping. In certain pipe segments, the stresses
are found to be near the ultimate material stress. ~t such stre~s levels
?lpe failure probabilities range from 2xIO-3 at yield to almost certainty at
the ultimate stress.
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APPENDIX A: Analysis of Valve Failur~ Data

This appendix provides the documentation of valve f~ilur~ data used to
calculate the initiator frequencies of Interfacing System LOCAs (15Ls) in
va~ious pathways. It describes the approach used in the derivation of new
failure rates and gives the sources for those which were previously
dete~1ned. In addition it presents the description of some representative
operating events involving pressure boundary isolation failure.

A.I Check Valve Failure Rates

In the initiation of an ISL through ECCS injection lines, the following
check valve failure modes are considered:

1. Leak failure (gross reverse leakage).
2. Disk rupture.
3. Failure to operate (reseat) on demand.
4. Failure to ope~ate (hold) on demand.

Before entering into the discussion of the data sources for the rates of
these failure modes some general ccmments are made about them.

1. Leak Failure Mode - The current usage combines actual leak events and
reseat failure events. The experienced data include the failures of all the
check valves in nuclear power plants. These data are not too appropriate to
derive 1SL initiators. In the present analysis, the leak failure events of
Isolation check valves in the RCS/ECCS interface (see Section 3 of the main
text) alone se~ve as data base to derive new leak exceedance frequencies which
are more appropriate fo~ I5L analysis.

2. Disk Rupture Failure Mode - Disk rupture failure mode of check valves
has not been experienced so far in the nuclear industry. (Our operating event
sea~ch mentioned in Section 3 corroborated this general belief.) Therefore,
in the failure 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 1S1
initiator frequencies.

3. Failure to Operate (Reseat) on Demand - The failure mode is identical
to the "valve stuck open" failure mode. It acts essentially at valve
openings, but if it stays undetected, it leads to an 15L when another
isolation valve fails and demand occurs for the operability of the check valve
to reseat.

The situation concerning the usefulness of the available dat~ sources ~as

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 events
representing 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 distinr,uished.

In the present study, therefore a new frequency is calculated for the
"failure to operate (reseat) on demand" failure mode by using appropriately
selected failure events for check valves at the RCS/ECCS pressure boundary.



A-Z

4. Failure co Operace (Hold) Upon Demand - The fail~~e mode has been
introduced by Pickard, Lowe and Garrick (PLG) In the "Seabrook Station Risk
M4nagement and Emergency Planning Study,,,l to characterize the failure 0: a
check valve against a flow and/or pressure perturbance resulcing from a sudden
failure of another preceding valve. However, neither PLG nor BNL could find
operating events to be classified as representacives of the failure mode.

The failure mode formally plays a similar role in the multiple valve
failure combinations of failure frequency formulas as the previous demand type
failure mode (for details, see Appendix B). Thus, the frequency of "check
valve failure to operate (reseat) upon demand" is us'~d in the analysis as a
subsCitute for the frequency of "check valve failure co operate (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 furcher the details of the event
analysis for the check valves.

A.l.l Leak Failure Mode

A.l.l.l 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.l.l.l Event Categories

The failure events of Table 3.1 were grouped into four categories:

1. Events whose description 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: NA(2) - 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(l). (The water source is assumed not to be
the ReS.) The total number of A(l) events is: NA(l) - 8.

3. Leakage events of check valves in the common injection header of
accumulator i LPI and HPI lines. Accumulator inleakages are not associated
with these e.,ents. The leakages are directed into the LPI!HPI systems. These
events are ~enoted by: 12. The total number of check valves in LP events is:
NLP - Z.

4. Leakage events of check valves on other HPI lines not associated with
the accumulator injection header. These evencs are denoted by HP. There is
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only one such event in Table B.l; representing three check valve leakage
failures: NHP - 3.

In order to clarify the ca~ses of the high occurrence freq~ency of
failure events associated with the aeeumulators. the events in tne first three
groups were subjects to the following analyses.

A.I.I.I.2 Interpretation of Accumulator Leakage Events. A(2)

To understand the possible origins of events A(2) one has to look into the
operation of the aecumulator check valves. For that purpose the schematic of
the check valve arrangements at the ReS/Accumulator. LPI, HPI interface is
presented in Figure A.I. The figure indi~ates the pressure conditions at the
interface under ideal normal reactor operations when the check valves are
perfect. PI' P2. and P3 denote the pressures in the ReS, 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 CVl. 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 is easy to see that. when the check valves are operating, the pressure
between the valves is that of the accumulator. Pz' Since P1>P2>P3, (where Pz ,
the pressure of N2 filling in the accumulator is much higner than P3' the
hydrostatic pressure of the RWST) the pressure differences across the check
valves CVI and CV3 (and CV4) keep these valves closed. However. the
accumulator outlet check valve, CV2 is essentially opec. Consequently. the
seat of this check valve is exposed to various damaging affects of the highly
borated water of the accumulator. Under unfavorable temperature conditions
boron can be deposited onto the seat or hinges of the valve disc. The affects
of boric acid are different at the other check valves. At CVI. whose
temperature is about the same as that of the ReS. boric acid stays in
solution. At CV3 (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 CVI. (An
original "disk failing open" failure mode of CVI must be excluded from
consideration, because CVl 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 Pl' and the valve CV2
will close. CV3 (and CV4) will close even tighter because of the increased
pressure difference across their disks. CVI will nave RCS pressure on both
sides of its 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
re13ea.,t.

The environmental effect of the boric acid under unfavorable conditions
may significantly enhance the probability of the other check valve failure
mode "valve failure to operate (reseat) on demand" for CV2. The effect of
bo~ic acid on CV3 (and CV4) is expected to be much less, because CV3 (and CV4)
are always kept closed (unless they fail).
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It CV2 reclo~es, it ~y develop backward leaka6e randomly in time with
the same failure Pitt' as previously CVl had, because its disc is t'lCpo"ed noW'
to the same differential pr~~sure ~s previously CVl was.

The level, pressure, temperature, and boric acid .:oncentration of the
accumulator is under constant surveillance. CV2 has high probability that is
will not reclose completely upon demand. Consequently, even sm~ll leaks
through eVI. have high potential for discovery.

Thus, it can be concluded. that the combination of two effect~, the
constant surveillance nf the accUIllul.ators and [he high probability that CV2
fails to operate (reseat) on demand because of boric acid effects, provides a
reasonable explanation for the high occurrence frequency of acculllul:itor
events, A(2).

The frequency of these events can be descrihel! by the expression given
below (for mQre details see Eq. (10) in Appen1i~ B. Section B.L.l.d and
Section 4.3.1 of the main text. discussing the determination ~f 1~1. initiator
frequencie.; for LPI pathways):

(1)

W'here, Al denotes tht: (gross backW'ard) leak failure rates of ched<. valves CVL
and CV2.
Ad2 is the enhanced f~ilure probability of CV2 to operate (rese4t) on
demand and d Z i" the demand ("chattering") frequency ,Jf CV2.
Ad is the (standard) failure probability of CVI to operate on demand,
T usually denote .. the time interval between the leak tt:''it.~ of c.;VI. When
there is no other means to discover valve failure.;. Since t~e

accumulators are constantly monitored, T is "an effective tim.. period"
to detect a significant ~ccumulator inleakage.
The quantity C =y be considered as "an effecr:ive prui.J;lbitir:y" of
"valve fal l.ure to operate on demand" fai Lure mode f"r CV?

A.I.I.I.) Interpretation of Accumulator Leakage Events, ~(I)

In order to interpret the origin of these events we r.·r .. r. again to the
valve configuration shown in Figure A..l. Con~ider the C;lse. when CVL is
perfectly seated. Leakage into the accumulator through CV2 sti 11 can occur.
if:

<I) for ~<)me reasons, t:'10 N2 pressure in the <lccul1IuIat()r. '"'2 talls below
the hydrostatic pressure of the RWST. P3 (i.e•• E'3)P?) and en ,loes not
reclose upon this challenge, or

h) Eor som.. r~ilS()nS, e.g., due to inadvertent initiation <)f the IIPI
pumps the ?r~s,.ut"e in the space between the valves suddenly increases such
that P3>FZ and CV2 does n~t oper4te upon this demand. Since thes~ failure
events are not associated with ~C inleakage into the accumulators they 4re not
analyzed further.
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A.l.I.L.4 Interpretation of Leakage Events, LP

For the interpretation of these events we refer again to Figure A.l. We
recall the situation described in Section A.I.I.I.2, when CVI leaks and CV2 is
operating. i.e., CV2 recloses upon demand and does not develop leakage
randomly. If there is no safety valve connected £0 the space between the
valves. the overpressurization of the space between the valves is hard to
detect. Only leak tests on CVI lead to the discovery of the failure.

Consider now the case when both check valves, CVI and CV2 are operating,
but CV3 or CV4 leaks (P2>P3). It is hard to detect the failure because
successive check valves upstream in the injection lines will probably
reclose. As in the former case, leak tests leads to the discovery of the
failures.

The frequency of LP events, i.e., the frequency of single check valve
back leakage failures which are not accompanied by check valve failure in the
accumulator line, can be described by the expression:

~LP • Al(l-C), ( 2)

where Al is the leak failure rate of the individual check valves~(considered

to be about the same for each check valve, CVI. CV3, or CV4) and C is the
"effective operating failure probability of CV2" defined in expression (1).

Additional failure combinations of CVI and CV3, or CVI and CVu are
discussed in Section 4.3, of the main text, where the ISL initiator
frequencies are calculated.

A.I.I.2 Data Reduction

A.I.I.2.1 General

The following approach has been applied in the data reduction:

1) Expressions (1) aud (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
"alve, 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.l.I.2.2 Determination of the 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) and (2), respectively, as follows:

0)
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and
NLP).max _ ).lIl3x( l-C)

HP 1 - TL? •
( II)

where max
~l denotes the maximum LP leakage failure frequency.
NA(2) and NLP, are the total number of failure events of event
categories (1) and (3) (see Section A.l.l.I.I).
TA and TLP 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 (II) for C. ts:

(Ill)

where NA(2) - 28. NLP - 2 (from Section A•• l.I.I.I). and k-TA(2)!TLP.

The total number of check valve hours. TA(2) and TLP are given in
Table A.l. as:

Additional details about the dete~ination of the total number of check
valve hours are discussed in Section A.I.l.2.4.

From the data above the "effective operating (reseat) failure
probability" of the accumulator check valve, CV2 1s:

C -.93

The value is high because of the presence of the boric acid.

(Ill' )

The significance of ~he high value of C for the initiation 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 inlet and the
preferred direction of an ISL will be through the accumulator and not through
the LPI (or HPI) pathways.

A.I.I.2.) 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 above. By equating expressions (1) and (2) to
the frequencies of the i-th leak flow range one obtains the following system
of equations:

(:i ' )
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(II')

Here, ~l(i) denotes the leakage failure frequency of a check valve in the i-th
leak flow range and nA(2)(i) and nLP(i) are the number of leakage events
of event categories (1) and (3) in the i-th leak flow range.

Solving the system of equations (I') and (II') for AI(i), one obtains
(k-I.O):

(III')

Table A.2 shows the sum of leakage elents and the leakage failure
frequencies calculated according to for~ula (III') for the five leak flow
ranges as well as the corresponding cumulative frequency values for single
check valves, AI. Table A.2 shows also the cumulative frequencies of the
accumulator in1eakages, AA(Z). The cumulative frequency 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 fitted with a
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 ~5 and 95
percentiles of the distribution obtained by statistical band estim4"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 expe~ience that exceedance frequencies 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 Lhrough two check valves in series,
where the less leaking valve dominates (the other valve may even be wide
open). Ih~ 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 homogeneous check valve size.
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A.I.l.2.4 Total Exposure Tices of Check Valves in Accumulator and LPI Lines

This section provides some additional infor~ation about the determination
of total exposure times for check valves in the accumulator and LPI lines.

Table A.I details the accumulator and LPI check valve hours for each PWR
considered and presents the total exposure times, TA(2) and rLP. Usually
the FSARs of various PWRs were used to obtain the number of check ~alves in
the relevant lines. The total time from start of commercial operation of the
individual plauts was taken as "time of exposure per chec~ val",,,." This was
done because corrosion effects (e.g., corrosion due to boric acid)
continuously degrade the internals of the valves.

A.l.Z Check Valve Failure to Operate (Reseat) on Demand

A.I.Z.I Event Analysis

The search process for operating events ~elected as representations for
this failure mode was shortly discussed in Section 3 of the main text. In
this section aore details a~~ 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 design~ted 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 che
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 LPI. For the
success estimate, an average of 10 system-wide demands per year is assumed.

A.l.2.2 Data Reduction

The total number of check valve-years for LPI check valves from Table A.I
is 2.611xI0 3 • Based on the above considerations this value results in the
following total number of check valve demands in the ~Pl and HPI interfacing
lines: Check valve demands (LPI and HPI) = 2xIO~2,611xI03 = 5.222KIO~.

Assuming an underlying lognormal distributio~ the median value of the
probability of check valve failure to operate (reseat) on demand is:

).Median
d

9 l.72xlO-~ per demand.

With a Bsyesian updating process for the average range factor
characterizing the distribution a value of RF= 5 obtained.

Thus, the values for the mean and mean square are:

lMean
d

-42.8lxlO per demand, and
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-7 ?
2.05x10 per demand-

respectively.

The result obtained i~ in agreement ~ith the value obtained in Ref.
applying dilferent basic data for this type of failure mode, which is:

A.I.3 Check Valve Disk Rupture

Besides, ~hat has been told previously about this failure modp., the
following is remarked:

Till the and of 19B5 the nucle .. r industry had not reported "lny check
valve disk rupture ~vent5. The clcsest failure event to this category is what
happened ~t navis Besse-I (NPE # VIl.A.273. IE Info. Notice 80-41) when a di~k

and arm had separated from the body in an LPI isolation check valve. The PSA
Procedures Guide 2 lists an estimated yalue based on expert opinions for the
disk rupture failure rate, as 1.0xlO-llhour (i.e., 8.76xlO-~/year). The
guide's value practically coincides with the exceedance frequency of the
maximum experienced leak flow (200 gpm) in Figare A.2. Since theT:Cl is no
experienced event for this failllre made in the nuclear industry, the leak
failure rates applied in this study are considered as conservative upper
bounds for the di~k rupture frequency.

A.2 Motor-Operated Valve Failure Rates

The following f.'1ilure modes of MOVs are considered in the c>llculation of
15L initiator frequencies:

1. MOV disk rupture.
2. MOV internal leakage.
3. NOV disk failing open while indicating closed.
4. MOV transfer open.
5. NOV failure to close on demand.
6. MOV gross (eKt.ernal) leakage.

The subsections below discuss the data sources for each of the failure
modes.

A.2.1 MOV Disk Rupture

.Available data sources had no data on this catastrophic MOV failure mode
based on eltperienc~d 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 15Ls at BWR3 identified five events in
which valve disk was separated from the stem. Based on the~e events the MOV
disk ruptur~ failure rate (mean value) estimated in that study is: 1.20xlO-3

per ye~r. This value is applied also in the present calculaticns.
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A.2.2 MOV Internal Leakage

This failure mode represen~s failures in which MOV leaks because of seat
wear or o~her reasons. The failure mode is assumed ~o result in limited
lea~ge ~hrough ~he valve. An LER search performed to iden~ify such failures
resulred in three evenrs ar RP.R suction side valves (see Table 3.3). The
suction side valves are specially built with double disks. T.le ~otal 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 8.743x106 •

Assuming lognormal distribution and by using a Bayesian updating process
one obtains the following values for the median, range factor, mean and mean
square of the failure frequency:

Median
AMov Int. leak 3.0x10-3 per year , RF .. 5 ,

A
Hean
MOV Int. leak 4.85x10-3 per year, and the expectation of its square:

<AM
2

0V > = (AMean)2 + Var. = 6.12x10-S per year!
Int. leak

A.2.3 MOV Disk Failing Open While Indicating Closed

This type of failure mode may arise at MOVs, which are not equipped with
stem-mounted limit switches from gear drive disengagecent. At valves which
are equipped with limit switches it arises from failure of the stem or other
internal connections or failure 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
1.07xIO-~/demand.

A.2.4 MOV Transfers Open

"MOV transfers open" failure mode defines such MOV failure, when a closed
MOV inadverten!ly opens due to failures of valve control circuits and power
supplies or du~ to human errors during test or aaintenance.

In the Seabrook PSA4 the main failure rate of this failure mode was
es~imated by using generic data to be 8.10xl0-4 per year. For quan~ification
of the ini~iator formulas in the present study that value is applied.

A.2.5 MOV Failure ~o Ope.ate 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 rQ mechanical or thermal causes.
This failure mode of MOV is a failure mode of "dependent" type and different
from the retainer rupture failure mode of MOVs. which is a failure mode of
random type.

An LER search to identify such e~ents was futile. Therefore, in the
calcl:lation of ISL initiator frequencies "MOV disk futling open while
indicating closed" failure rate (1.07xl0-'i!delOl3nd) is used.

A.2.6 MOV External Leakage/Rupture

This failure mode of the MOVs is the most vis', bl~ and detectable. The
failure rate is given in vari~us data sources. The data sources, however, do
not provide information about the exceedance frequency ~f the failure as a
function of the leak flow rate. A cursory review of some failure event
reports showed that there is no appropriate information in the event
descriptions about the leak rate. Th~ LER search for failures of MOVs in the
interfacing lines did not detect the occurrence of ~mis failure mode. Thus,
for the present report the generic value given in NUREG/CR-13635 for PWRs is
taken. The mean failure frequency of MOV external leakage/rupture mode is
8.76xlO-~ per year. As first approximation to the variation of this value
with the leak flow rate, the exctedance frequency vs. leak flow rate curve for
check valves (Section A.l.l.2.3) is used.

A.3 Description of Representative Operati~~ Events lnvolving Pressure
Boundary Isolation Failure

In this section, some of the previously listed and briefly discussed
operating events (Cha~er 3) are discussed in more detail.

A.3.1 Events lnvolving Isolation Check Valves

A.3.I.l Oconee 1 and 3 (LER 81-015)

A check valve (14" Crane, steel, swing check valve) in the LPI system was
found to be leaking excessively during the performance of a LOCA leak test.
The leaking valve was the final valve in 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 pivoting, the disc was allowed to find
its seat properly should the mating surfaces become slightly altered. A
manufactured tolerance of 3 to 11 mil between the disc knob and the hinge at
the pivot prevent~d the disc from swaying too freely. Examination of the
valve disc-hinge assembly showed that the disc had become frozen at the pivot
in a cocked position. Consequently, only -1/2 of the disc was seating. The
"freezing" of the disc at the pivot was apparently caused by a bUildup of
deposits in the gap between the hinge and the disc "knob" on the side of the
knob closest to the hinge pin. While there was flow through the valve, the
disc 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 disc, the
retaining ring was removed and unsuccessful attempts were made to remove the
disc from the hinge. Both the hinge and disc were made of the same type of 55
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and under the high temperature of unit operation, some ~alling coulrl hav,~

occurred. At that time, the disc was still conn~cted to the hi~g~.

Prior to I:he testing, two backup check valve had been leak te'it~d and
both had shown ze~o leakage. This valve was the 1st valve, out of a I:otal 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 wa,; found t,} be leaking
on Unit 3.

The unit was returned to cold shutdown so that the valve could b~

repaired. The valve seat was lapped aud the internals (disc, hinge, ~nd hing~

pin) were ~eplaced with new parts. The valve was th~n retested and there was
zero leakage by the seat. An analysis was to be pe~formed on the ,;ubstance ill
the pivot gap of the valve to determine its origin. E"treme cO:ltamin3tiol1 of
the internals, however, had made examination of these parts undesirable at
that time with respect to personnel exposure. At Unit 3 a spectruo analy,;is
was performed on the deposits from the pivot and they were det~~mined to be
from the RCS.

A.3.1.2 Palisades

On 9 September, during modification of the LPSI system plplng to add leak
testing capability, excessive wear to the valve internals was discove~ed in
the LPSI swing check valves. The disk nut, disk nut washer dTld the di~k 'lIlt
pin were missing and severe wear was observed on the valve lwdy, clapper a~lR,

disk clapper arm shaft and clapper arm support for two (CK 3100 and 3(48) of
the four LPSI valves. The disks were still attached to their clapper arms ~nd

the valves were operational; however, valve set and disk sealing s~rfaccs were
damaged and the valves could have been leaking. An NRC o~der dated April 20,
1981 involved check valves that formed the interface between an HP system
connected to the ReS and an LP system whose piping went outside containment.
CK 3133 and 3148 formed the boundary between the LPSI and H?SI systems and
failure of the valves could have resulted in overpres~urization of the LPS1
system and the loss of some HPSI flow. The inspection of the valves ~as t~e

first in -10 years of operation. It was subsequently discovered that the
remaining two valves had also failed in a similar fashion. The LPS[ check
valves were manufactured by Alloy Steel P~oducts Company (ALOreO) in 1968.
They were six inch swing type check valves with weld ends for attachment lO
piping. All four valves were mounted vertically with flow directed upward.

The valves were of an in-line configura~i(\n with a ballooned or e>,panded
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 hau separ~teJ from
the clapper arm, i~ would have been trapped yithin the expanded portion of the
val ve body.

Operation of the valve resulted in the threaded shaft ,)n the back of the
valve disk striking the valve body as it opened to the full flow position.
The valve body was the ultimate limit for disk opening. In full flow
operation, it was presumed the disk generated sufficient t llrbulence to calise
chatter against the valve body. Where these valves were used for extended
periods of operation, they exhibited about a 1/2" of wea~ (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 separated fro~ their clapper arm because of
the peening action on the shaft.

The design of ALOYCO swing check valves was such that the threaded shaft
acted as the striking surface to limit clappeL travel. This design was not
used universally by other manufacturers. In other valve designs. the
possibility of the threaded shaft acting as the striking surface had been
eliminated by providing an alternate raised surface on the valve disk to
contact the valve body.

A.3.t.3 Arkansas One 2

On 18 October. 51 check valve (Velan) 251-12C stuck in the open posltlon
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 (25I-13A. 2-51-l3B. and 251-130) were iaspected and
hand stroked. Valve 25I-13B also stuck when hand stroked. These valves were
the first of tw~ check valves between the HPSI header shutoff valve and the
injection nozzles. Investigation revealed that the valve disc stud for
2SI-13C protruded far enough above the disc nut to interfere with the body and
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 allowed the disc to stick against the side of the body. The
interference resulted from the bushings being improperly positioned. The
bushings were repositioned so the valve functioned properly with no sticking
throughout its full stroke.

A.3.1.4 Point 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 $sEety injection lines
were found to be leaking more than allowed by the leakage acceptance
criteria. The valves are Velan six inch 1500 psig ASA s~ing check valves
(Velan Drawing No.78704).

The valves were disassembled and the disks were found to ~ 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 rotate 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.l.S Davis-Besse Unit 1

On October 9. 1980, the resident inspector at the Davis-Besse facility
was informed thar rhe licensee had performed leak rate rests and identified
excessive leakage through Decay Heat Removal System check valve CF-30. Valve
CF-30 is the inboard one of t~o 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
cr-30 valve is a 14" swing check valve manufactured by Velan Valve
Corporation. The cause of the failure has not been identified.

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 Sl Tank No.1.
Samples taken from this tank were analyzed and the boron concentration found
to be 1700 ppm (limit is 172~).

All SI Tanks (SIT) were filled and sampled -7 weeks earlier and initial
physics testing initiated. At this time all tanks were at 1750 P?m •. These
tests were followed by the Power Escalation Tests. About 2 1/2 ~eeks earlier.
while performing these tests. inleakage to SIT No. 1 was noted. The noted
leakage into SIT No. 1 was drained periodically. As the boron concentration
in the ReS and therefore ~he charging system averaged -800 ppm. any
inleakage decreased by a small amount the boron concentration in SIT No.1.

Following the cooldown the soft seat check valve between SIT No. 1 and
the high pressure ~I header was opened for inspection. A small piece 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 "0" ring seal on the disk replaced. The valve
was reassembled and tested satisfactorily.

A.3.2 Events Involving Motor-Operated Isolation Valves

A.3.2.1 Davis-Besse 1

Davis-Besse 1 - January 1979 - Hot S~andby

During a shutdown on 17 January they attempted to close the Core Flood
(CF) Tank 1-2 Isolation Valve CFIA 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 that during a unit
startup in December 1978, valve eFIA 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 19i~ as required by the Tech.
Specs.

The CF Tanks Isolation Valves are opened the entire time ReS pressure is
)800 psig, and the power removed from the motor operators to prevent an
inadvertent closure from rendering the CF Tank inoperable. Whenever ReS
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pressure is <700 psig, the isolation valves are closed, aDd the power removed
from the motor operators to prevent inadvertently opening the valve ~,~

discharging from the CF Tank.

The apparent cause of the failure of the motor operator for CFIA was a
fabrication error. The motor operator of CFIA 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 operator. 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
housing. This in turn bent the key and caused the gear to crack. The crack
in the gear then permitted the key to fall comple~ely out and prohibited the
pinIon gear from turning with the motor shaft. This caused the operator to be
inoperative in either direction. The pinion gear and the associated key were
replaced.

A.3.3 Events Involving Other Problems

A.3.3.1 Davis-Besse 1

The plant was in the process of a normal cooldown in accordance with the
plant shutdown and cooldown procedure. As a part of the procedure. the decay
heat suction isolation valves, DHII and DH12, were required to be opened just
prior to entering Mode 4 (hot shutdown). Pressure switch PSH-RC2B4 was
required to close its contacts at 266 psig decreasing to allow DHI2 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 resettiug within the pressure band required for simultaneous decay heat
pump and RCP operation. A Facility Change Request (FCR) had been implemented
to correc~ problems with this pressure switch and its deadband; nowever, the
FeR 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 August 1982. during a plant cooldown, the shift supervisor had the
jumper installed to open DHI2. The cooldown procedure required that the
jumper be removed after DH12 was opened. The shift supervisor stated 'that he
had called tbe electrical shop to remove the jumper; however, the jumper was
never removed. The unit was returned to service and in operation until a
plant shutdown on 18 January 1983. During the subsequent cooldown on 19
January, it was discovered that the jumper for PSH-RC2B4, installed on 23
August 1982, was still in place. DH12 was opened. the jumper removed as
required by procedure and the cooldown continued.

It was determined that the cause for the event were two-fold. First, the
shift supervisor did not verify that the jumper had been removed which was
considered a lack of proper administrative control 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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Schematic of the valve arrangement at the ReS!
Accumulator, LPIs, HPIs interface. (An alternative
joint of the HPI line to the LPI header is indicated
by a broken line.)
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riAur~ A.2 Leak failure cxcecdance frequency of ReS/Accumulator,
LPI pressure isolation check valves.
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Figure A.3.l Cross section of an ALOYCO swing check valve showing
disk movement.
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Table A.l
AccutIIU la1'OI" Ilncl LP I Ch4lCk 'till I"e Exposure Oa1'a

Total Number of To1'l!ll
Start ot NulIIber ot AcCUlIU Iator Nutr.ber of NUIIIber of LP I

ConIner"c'a I Number" of Aeeumu la1'or Choeck 'till I....Hrs. LPI C/'JeCk Gneek 'tIalve-Hrs.
P Iill1ft NIInIIl Opent I011 Years Check 'tIalves (105 Hours) Valves (105 Hours.)

A.l"i<llnsas Nuclear one DecelIber 1974 11.08 4 3.882 4 3.882
Crys1'll1 RI".r 3 _rell 19n 8.83 4 :5.094 4 3.094
Oav's-Besse 1 November 1977 8.16 4 2.859 4 2.859
OConee 1 July 1973 '2.50 4 4.380 4 4.380
Oconee 2 _I"ch 1974 11.83 4 4.145 4 4.145
OConee 3 Dec_bel" '974 ".08 4 3.882 • 3.882
RzIncho Seeo Apl"ll 1975 10.75 4 }.767 4 '.767
Three "II. Island Septell'lber 197. 11.33 4 }.970 4 3.970
TIIr_ MIle Islllnd 2 Ilecembel" 1978 7.08 4 2.481 4 2.481
A.rklln~ Nuclear One 2 MaI"C;h '980 5.83 8 4.086 8 4.086
CaI ..eM' CUtts 1 May 1975 10.67 8 7.478 12 11.217
Cal ..ert Cl1tfs 2 Aprl I 19n 8.75 8 6.132 12 9.198
Fort Ca Ihoun Sep1'8IIIber 1973 12.:5:5 8 8.641 2 2.160

"' II stone 2 December 1975 10.08 S 7.064 '6 14.128
_In. Yankee Decelllber 1972 13.08 6 6.875 9 10.312
Pllll5J'C1es December 1971 14.08 8 9.867 2 2.467
S1'. Lucl. 1 December 1976 7.08 8 4.962 8 4.962
Beever Valley AprIl 19n 8.75 6 4.599 6 4.599
O. C. Cook I Aougus1' 1975 10.42 8 7.302 .. 3.651
O. C. Cook 2 JUly 1978 7.~ 8 5.256 4 2.628
IndIan Po'n1' 2 July 1974 11.50 8 8.059 9 9.067
IndIan Polnt 3 August 1976 9.42 8 6.602 9 7.427
Joseph M. Farley Dec8lllbel" 19n 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 3.984 8 5.312
PralrT. Island 1 Oecernber 1973 12.08 4 4.233 :5 3.175
PI"1l1rTe Island 2 Deeelllber 1974 11.08 4 3.882 :5 2.912
Po 11ft BeM:h 1 December 1970 15.08 4 5.284 :5 3.963
Poln1' Beech 2 OCTober 1972 13.25 4 4.643 3 3.482
R. E. G'nml I Mardl 1970 15.83 4 5.547
H. B. RobInson 2 I4lIreh 1971 14.8} 6 7.79'5 2 2.598
Sal_ 1 June 1977 8.50 8 5.957 6 4.468
Surry 1 Dec8lllber 1972 13.08 6 6.875 6 6.875
Surry 2 May 1973 12.67 6 6.659 6 6.659
TroJan l4lIy 1976 9.67 8 6.777 6 5.083
Turkey Po'n1' 3 ~ber 1972 1}.OS 6 6.875 2 2.292
Turkey Poln1' 4 Sep'l'ember 1973 12.3:5 6 6.481 2 2.160
Yankee Rowe June 1971 14.50 2 2.540
ZIon 1 December 1973 12.08 8 8.466 14 14.816
ZIon 2 Sevt_ber 1974 11.3} 8 7.940 '4 13.895
Mt:G\l1 .... I DecelDber 1981 4.08 8 2.859 14 5.003
SeQUCI'Iah I July 1981 4.50 10 3.942 14 5.519
SeqUOYllh 2 June 1982 3.58 10 3.136 14 4.390
San onofre January 1968 18.0 :5 4.730
Haddlllll Neck JlInuary 1968 18.0 3 4.730

TOTA.L 2.316(2) 2.287( 2)
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Table A.2
Statistical Data on Leak!lge Events uf F'('~SSl!re Isolation

Check Valves to AccumulAtors and LPi Syst~ms

-------_..._---"--

---------------- -.

Accumulator
Inle'ikage

F'cq,Le'lcy of Frequency
[K~~pdanc~ E~ceedanc~

(p.. c l;"ur) (p,~r y",ar) (per year)
Leak ~te

(gpm)

5
10
20
50

100
200

Number of
Leakage Events

(A(Z) + LP)

8
8
7
3
2
2

Frequency of
Occurrence
(per hour)

3.50(-7)
3.50(-7)
3.06(-7)
1.31(-7)
8.74(-8)
8.74(-8)

1. J i( -6)
').61(-7)
fJ.l2(-7)
3. QoC-7)
l.7'i(-7)
A.74(-l:l)

[.1)(-2)

8.43(-)

5.30(-3)
2.68(-3)
1.53(-3)
7.66(-4)

1.07(-2)
7.85(-3)
5.00(-3)
2.50(-3)
1.43(-3)
7.1S( -4)



"B-1

APPENDIX B: Modelin~ of '~ltipl~ F~ilur~s of Valv~s i~ Serleij

This ~ppendi" cli,,;Cll,::,::e,:: ~h(' 1:1O,lelil'\~ of I::;L i:1.iti.;;tor.,:; [0! the Ilalve
arC'allgeme1lts in th~ \T"IrinllS f''ithway". In th,~ r:H>:-!~lil1;~, lhre(;' ,,~L'e

configurations, t ....o-, t:·,rel~-, ?on,", ~r)I1t"-llnit 'iRri."=" sjSre:.h 'it"~ cO'lsidet"~J.

The formulae oht? i'led C<ln !l€' ar:l::pte,; ;mu el'.'ll.J;:;t,'.1 "'tiS Ll I' UI~G",r th(> ():'i"r;:;t in~
and test ~Ild ,.ut"veill"ln,',· ,:(~nditi(,n... 0, 'i "re,-ifi.~ !,l:lllt.

B.l Two Valves in Series

B.l.1 Check Valves

Consider tW'o ch..ck. "J"al\Tes in <.;cries. 1',,,, v:fl."".::", :lr'~ dt'n.)~cd oy 1 and 2.
Valve 1 is iissumeoi to hp. the firc;t (hig1, f,.-ess'H~ side) i..';olation lTalv£! of th'"
interfacing ,::yst~~.

In :~€'neral, tht" failun- fr~'1ue.:cy :,' t;he ""·""'Llt,.,. I4hen b.~!::, valve feil,
call be wr.ittell ae;:

A (I,2)
s

(1)

where Al an,i A2 denote the Indl~l'endent f.ai lurp frequencie;; of valves 1 and 2,
respectl~ely. p(ZII) and P(I!Z) denote th~ conditional p~obdbilities that
valve 2 faLls, Ri~en valve I .ailed ~n~ \Tal~e 1 fail~, given vallTe 2 failed,
respectively.

The independent fiitlure freql\enci.~s Al and A2 rep:-esent the frequencies
of the "leak" (rupture) failure moue, which occurs rando'';Ily in time. Both
conditional probabilities P(Zll) and p(112) invol\Te an independent, random
type failure component and a Aependent, demand type failllre cO'Qponent. The
independent, ~andom type failure component is the frequency of the "leak"
failure lQode and the dependent demand type fail'lre COl1lponent includes the
probabilities of the "valve failure to or>er~te (to hold on pressure challenge)
on demand" and the "valve failure to operate (reseat) on demand" failure modes
(see more detaLls about these failure modes in Appendix ~).

a. Initially Leak Tested Check Valves

Following the ~ASH-1400 treatment of the V-events in Inany PRAs only the
first term of Eq. (1) has been the subject of 11I0re det<liled analysis. The
reason for it was the general belief that if a check valve is not exposed to a
high differential pressure its leak fai.lure frequency must be cuch smaller
t.han that of a check valve which is exposed to a higll differential p~essure.

Since, it was assumed that if valve 1 is perfectly seated, valve Z would not
be exposed to high differential pressure, the leak failure frequency would be
much smaller than that of valve 1, and, thu!;, the second term can be
neglect.ed.

From the ~esults of the root cause an.'llysi,; of the pressure isolation
check valve failures (Section 3), however, olle can infer that pressure
i~olation check valves directly not exposed to high jifferential pressure
det€rior~te due to harsh environaent~l effects (presencp. of boric acio,
vibr.ation, cor~o~ion, agi~g, etc.) alld not due to the hLgh differential
pr~ssure. Exposure to high differential p~essure of all already corroded valve



disk may cause only the last shock for a check valve failure. This view is
supported by the facts that check valve deterioration is experienced quite
frequently in plant fluid systems, where the disks of the valves are not
exposed to high differential pres~ re and disk r~pture in pressure isolation
check valves has never been experi>nced at PWRs. Therefore. it was concluded
that the leak failure frequency of a check valve not exposed to high
differential pressure cannot be neglected rel~tive to the leak failure
frequency of check valve. which is exposed to high differential pressure and
in Eq. (1) both terms have to be evaluated. It was also concluded that the
evaluation should reflect the condition that a small leakage through valve 1
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 ReS pressure in the space between the valves to the ~echanism of
multiple valve failures and (b) the application of simple sequential failure
model.

The presence or absence of ReS pressure between the check valves can be
formally taken into account in Eq. (1), if it is written as:

where p is the pressurization probability of the space between the valves due
to small inleakage through valve I, ', ,

AI. ~2' and AI' 12 are the leak (rupture) failure frequencies of the
valves with and without high differential pressure across their disks,
respectively.

p(2I1) and p'(211) are the conditional probabilities that valve 2 fails,
g ven valve 1 failed with and ~ithour high differential pressure
across rhe disk of valve 1. respecrively.

p(lI2) and p(112) are the conditional probabilities that valve 1 fails
g ven valve 2 failed wirh and without high differential pressure
across the disk of valve 2. respectively.

The mechanism of mulriple failure events is illustrated by a failure
event flow diagram shown in Figure B.1. The initial conditions of the valves
and the failure event flow diagram are detailed 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 aecepred to be seated if their leak flow is found ro be
smaller than a limiting flow rate defined in the technical specifications and
test requirements. This condition is important, because it is equivalent wirh
the statecent that pressure is present in the space between the check valves
right away after start up. Therefore, the valve system can be after the starr
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: ~Pl»o and ~2-o. respectively. In this state
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the disk of valve 1 is firmly seated and the disk of valve 2 is seated only by
its own weight in an "unstable" position. The state is denoted in the flow
diagram as a "closed-unstable," lieU" state. The probability that the system
is in that state is: (1-p).

II. A state when the differential pressure across the disks of the first
and second check valves are: ~Pl-o and Ap2»o, respectively. In this state
the disk of valve 1 is in an "unstable" position and the disk of valve 2 is
seated firmly. !he state is denoted in the flow diagram as a "unstable­
closed," "Ve" state. The probability that the system 1s in that state is: p.

A. T~ansitions from the state, "CU."

When the system is in the state, "CG" transitions may occur to other
system states:

1. Should a massive leak develop randomly in time through valve 1. the
system would transit into an "open valve 1 - closed valve 2," state;
"OC." Transition probability is proportional to the leak failure
rate of valve 1; AI.

2. The second valve may fail to hold upon the sudden pressure
challenge. If it fails the system transits immediately from the
state, "oe" into a complete failure state. defined by two open check
valves: "00." !he transition proceeds with the probability of the

*"valve failure to operate (hold) upon demand" failure mode; :\ci.

3. If valve 2 does not suffer sudden catastrophic failure, la~er a leak
(rupture) failure may develop through it (it became exposed to the
full RCS pressure; ~~>O). In this case the transition probability
from state "OC" to the catastrophic failure state. "00" is
proportional to the leak failure rate; A2-AI.

4. There is also a possible tr?nsition from state "CU" to "00" via the
"closed valve 1 - open valve 2 state; "CO" (see the broken transition
line in Figure B. 1). In ~he "eU" state. the uns~able second check
valve may open due to vibration or other small pressure
disturbances. 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 the pressure disturbances,

*d 2»0) from the state "cll" to the state, "CO." 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. (AI) and valve 2
"fails to reseat" upon this demand, (~). The total transition
probability from the state, "cu" to the state, "00" can be taken as

*proportional to; d2~Al-~ AI.

5. While the system is in the state "CU," there is also a "cu-eo-oo"
transition initiated by a leak failure of valve 2. The transition
probability from the state, "CU" to the state, "CO" is proportional
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to the 1.~.1k failure fcequt:llcy CJf,v;ltli'~ 2 whell iti dL$k is flot ~~po$erl

to high difft:renti.'ll pressure; A2. ~'!'om the st~te, "CO" then 8.

subsequent randomly d~veloping leak f~ilure would transit the system
':'nto the catilstrophic !itate. "00." Transiti.on pr'Jb<Jl>iJ ity i.s
proportional to; AI.

B. Tr~nsit~ons frQr.l the .,tate. "ve."

In the state, "ve" val ve 1 is Ll:lstable and va.l ve 2 i':i :1'; ,",umed to be
firmly clo$ed. Therefoce, froln this state the fot lowing transitions Lllay

occur:

1. If in valve 2 a :;l3ssLvl~ lealt del/elol>"; and upon thi.; challenge valve I
would tightly resellt the system would tr~ll:;; it to the "closed valve 1
- open valve 2" state, "CO.". The transition pr.ob;sbility is
proportional to the le~k failure rate uf valve 2; A2.

2. From the state. "CO" then a subse~uent l'~ak f~i lure deve loping
rafldomly in volve I wonld t["ans it the :~j.;tem illto the C<it;ist["ophic
~tar:e. "00." Transition probability io; proportional with the le:tk
failure rate of valve I; AI"

'3. The othe[" mechanism of the sy!5tem f<lilure is duo: to the possibility
that in the state. "UC" the unst:ible valve I opens .1.'1d giV<!tl a
cassive le"lkade in v:tlve 2 ()'2) it fail.; tu r.C!seat (\1.). Since
valve 1 is assumed to be sliehtly l~aking the differenti~l pressuro:
across its disk may b~come 50 small that vibration beinH usually very
hi3h at the ReS pressure boundary can open the valve comrl~tely. The
system transit.; from the state, "uc" to the >;tate, "OC" ('iee r:he
other broken tr"lnsition line in Figure ~.L). The transition
probability ts the occurrence probability of vibr~tion >;tronl, enough

*to open the valve; (d I})')). The tor:al r:ransitioll probilbility from
the sta t'o!. "ue" via >;t."lte. "OC" to tile fa i.Iur"! -; ta te. "00" can be

*taken 13.5 proport ional to: d lAd A2~}..2Ad.

4. While r:he system is in the state, "!je" the Slightly leaking valve
may begt~ to leak profLlsely. The system would tr"losit from the
state. "UC" to the state, "ac." The transition probability is
p["uporr:iol1ul to r:he leak failure frequency of \T;~l\,'"e 1 when its disk
is not elCposed to high d tfferential pressure; A'I. This tnlnsition
~ay be then followed by a ma~~ive leakage r.~ndomly developio6 in
valve 2 (A2)' which transits the systen into th~ f-"1ilure .,tate, "DO."

The next step in the analysis i'i to eViil'.late th~ f')ur terms in Eq. (la)
by a sequential f'1ilure ,nodel. The proces,> ls eso;~ntially equivalent with the
ciilculation of complete transition frequ~ncie., from initial states to the
final one in the fail'lre meC11'1nLsItl di;l3r'1m dis<':ljss~::i ;Jb')\{e.

The pt"obability of sequenti<1l h.illJre of two valves, Q12 starting by the
f'1ilure of v:;ILvt! ) over -"1 time int'o!t'val t C':lll be c::llcul:ued by the following
integrals (e)Cponent L.,l'5 are appr<)x:im-"1ted by first ocdet" tenus):



B-5

1. Transition becw~~n st;.j.t~.;, "CU" and "00," via state, "OC. "

t t
*

2
*

II = (l-p) {f At dt' (J ). dt" + Ad)} = (l-p) [AI A2
.E-+ Al >at], (2a)

t' 2 2
0

2. Transition be t ....e~ll states, "CU" and "00." via state, "CO."

t

T2 = (l-p) I A1Addc'
o

(2b)

3. Transition betwe~n st:ttes, "UC" and "00," via state, "OC."

t t
T = p f A' dt'(I A dt")

3 0 1 t' 2

Ihei r sum is:

(2c)

The probability of se<:I'.lential failure of two valves, Q21 startIng by the
failure of valve 2 over", ti.me i.nttlrval t can be calculated by integrals
similar to the above equations. The results are given as follows:

1. Transition betw~en states, "UC" and "00," via state, "CO."

(2d)

2. Tr31lsition betweell states, "ve" and "QO," via state, "OC."

3. TrailS ition between states, "ve" and "00," vi.a state, "CO."

(2e)

I

T '"'3

The i r 5UIG ie;:

( 2f)

*Note that r~placil'\g \\ 'H' A.j in these e>cpressions by a beta factor,
is, one arrives .:It ~>cpressir)ns similar to the classical common IQode failure
formula. In e;equential system, the demand failure mode is similar to a B
factor. Indeerl, the time interval between a failure causing a demand and the
second failure C;;l11 I)e inFi~itely sm~ll. I!l thi,.. sen.,e, two subsequent:
failures are eql:ivalent with tWQ really simultaneolls failures. That is the
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reason why common mode failure is not explicitly indicated in the present
simple model.

The probability Q12' is used to derive the failure (or hazard) rate for
two valves starting with the failure of valve 1:

Oa)

The average failure rate over a time period, T is given by:

Similarly. starting with the failure of valve 2 one obtains for the
failure rate the expression:

(3b)

and for its average:

(4b)

By equating the terms of Eq. (la) to the terms on the right side of Eqs.
(4a) and (4b), respectively. one obtains the failure frequency of two check
valves in series averaged over a time period, T:

(Sa)

For the failure frequencies. one can assume with confidence. that the
following relationships are valid: AIAZ-AZAI' A' lAZ-A'ZAl' Al~-A2~'

Thus. Eq. (Sa) can be written as:

( 5b)

,
One can expect also that A~A2' and after plant start up, the

probability, p that the space between the valves is pressurized is not at all

*certain, so the term (l-P)Al~ is not small. It is conservative. therefore.

* *to use in Eq. (5b) the upper. bound: Al~(l-p)Al~'

As a consequence of these approximations, the average failure frequency
of two check valves in series can be written as:
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( 5c)

*There are no experienced data for the probability,~. Therefore, as a
substitute value, the probability of the otner demand type failure mode, ~
is used. With this substitution, Eq. C5c) goes ever into a particularly
simple fom:

Co)

This eKpression 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 nifferent failure modes and the approximations used, the
analysis ended up with a formula ~hich could have been obtained by postulating
simply that the check valves have two failure modes characterized by A1 and
Ad' Then, in Eq. (1) complete symmetry would have been obtained, i.e•• Al*
pCZII) • A2* PC1IZ). Thus, one could get immediately:

I 2 T<\0,2» i Z( "1 2' + "1 Ad)

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, ~here check valves are leak tested only at each
refueling period. If the valves are operated during this time period (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
simultaneously 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 failure frequency is estimated as follows:

Let nl-l and n2-1 denote the number of occasions (cold shutdowns) when
check valves 1 and 2 are operated without subsequent leak testing. Let t l and
t z denote the corresponding time intervals between these occasions. Let us
assume. that the valves are tested to be seated only after the time period T m

nltl • nZt 2' If d l- Iltl and dZ • I/t z denote the rates of demand of
individual check valves to open (refuelings included), then dlT .. n1 and d 2T ..
r. 2.

The periodic operation of check valve is equivalent in the failure event
diagram (figure B.l) with a transition from state. "UC" to state "ac" with
transition frequency d 1 or from state "etr' to state, "CO" with transition
frequency, dz•
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These tt'ansitions involve "valve failure to reseat on demand" failure
mode. Therefore, their f~ilure rate contributions will effect only those
failure rate terss in the average multiple failure frequency formulas, whicn
involve demand type failure modes.

From Eqs. (3a) and (3b) tne sum, S of these terms can be written as:

As it was previously emphasized, in the first time period after refueling
the probability that the space between the valves in pressurized is finite,
but far from certain. It would be, therefore, not right to neglect the first
term in S. Just the op~osite, engineering prudence requires to use the upper
bound of this term:

Thus, S will be written as:

*S l A1;\d t + A2~t • :7-.

Remembering, tnat tne -Sub~~ltute y~(ue
r'

S l A1Adt + A2~t. /r
./

Therefore, in the firs~time period after refueling the failure rate
contributions for t~~/time intervals t1 and t 2 can be written as:

, ,
Q12(t) • AIAd t 2 ' and Q210) • A2~tl •

After the first cold shutdown (without subsequent leak test):

, ,
Q12(2) - 2Al"dt2 , and Q21(Z) '" V'2:\cit 1 ,

and after the n1-th and n2-eh cold shutdown (without subsequent leak test):

, ,
Q12(n2) '" n2."lAd t 2,and Q21(nl) • nlA2~tl •

The f~il~(e .~~g contributions averaged over the time period. Tare:
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(7a)

and similarly.

(7b)

The total failure rate of the system averaged over a time per:od T.
(d~ring which individual check valves were ~perated with demand rate d l and d 2
without subsequent leak tests) can be ~alculated by incorporatIng Eqs. (7a)
and (7b) into Eq. (5) as:

Since Al • A2 and assuming that the two valves are operated with the same
demand rate. d l = d 2 = d. Eq. (8) can be written in simplified form:

(8a)

If the valves are used only once at the beginning of a time period. T.
(i.e., the decand rate of the valves is d = lIT) and tested, Eq. (8a) reduces
to Eq. (6), as it is expected.

Eqs. (8) and (8a) are used to study the effect of certain measures (like
application of permanent pressure sensors) envisioned to reduce the frequency
of ISL initiators and for "base case" initiator frequency calculations.

c. Application of Permanent Pressure sensors

If a permanent pressure sensor was used to monitor 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 failure 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 failure of valve
2.

The equations describing the average failure rates in this case are the
following~:
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(9)

when leak tests are performed after each opening of the valves. and

(9a)

when leak tests are not perforced after operations 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 failure rate of a valve system
consisting of two check valves in series by a factor of 2.

d. Check Valves in the Accumulator Injection Line

The failure mechanism of the check valves in the shared inlet of
accumulator, LPI and HPI system is an important variant of the model
discussed. A detailed analysis of the experienced failure events of valves of
this type are presented in Appendix A.l.I.l.2. The purpose of the short
discussion here is to complete the analysis of the two check valve systems and
to emphasize certain aspects of the failure mechanisM in this interesting
case.

The accumulator is a pressurized system whose pressure is subject to
frequent changes due to various operational reasons. The frequency of chenges
in any case is expected to be much higher than the pressure changes in other
interfacing lines leading to the RWST. The failure mechanism of the
accumulator check valves, therefore. can be taken to be very similar to that
of a check valve system periodically operated ~ithout subsequent leak testing
of its second check valve.

According to this ~odel it is reasonable to assume that the accumulator
valve system will transit from its initiating state "CU" into a "CO" state
(see Figure B.1 and previous description of the "CU-Co-OO" transition) after
start up with a deoand ("chattering") frequency. d 2•

While the system is 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 co~ponents. The environQental effect of the boric acid
results in a significant enhanceoent of the probability of the "valve failure
to reseat on demand" failure mode. For distinction from the normal
probability, Ad' the enhanced failure probability is denoted by ~2

(A'd2»Ad)·

Therefore. if valve 1 begins to leak. the average transition frequency
from the state "CO" to the complete failure state, "00" wilt be:

where T is now an "effective time period to detect a significant accumulator
inleakage." (The accumulator is continuously monitored for inleakage.)
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From Eq. (8), one obtains the average failure frequency of two check
val~es in the accumulator line by taking for the demand rate of check ~alve I,
d 1 - liT, as follows:

AsS'lming as before, that tl1e leak failure frequencies of the valves are
appro~imately equal, A2-Al' can be written as:

<ATCI 2» ~
s • II.ccumulator

(10)

In this equation, C lDay be considered as an "effecti~e probability for
valve failure to operate Creseat) on dellland" failure mode, characteristic to
the check valve systems in accumulator lines.

Since the accumulator is under constant surveillance, and the experienced
effective probability for reseat failure, C-l., it is expected that an
ap~lication of permanent pressure sensor in the space between its check valves
will not be too effective in reducing the frequency of ISLs through this
pathway.

The applicatIon of a permanent pressure sensor in the shared inlet of the
accumulator, LPI and BPI system has me~ning in reducing the frequency of ISLs
toward the LFI and HPI syste~s.

B.l.2 Motor-Operated Valves

The formulas providing the average failure frequency of two MOVs in
series are very similar in mathematical structure to these of two check
valves. The reason is that the simple sequential failure 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 caintenance practices and procedures.

The "two-MOVs in series, without check valve" configurations can be found
in the suction line of the RHR system. The following considerations,
the~efore, will focus to the failure pOSSibilities of these specifically built
iiOVs.

In the discussion generic foreulae are presented to a hypothetical worst
case valve arrangement. TI1e emphasis here is to see the effect of tests or
other actions (like application of permanent pressure sensors) envisioned to
reduced the frequency of ISLs tnrough the RHR suction lines. If specific
valve arrangement or other conditions preclude certain failure modes they ~ill

be discu~sed at the applications in subsection c.) and in Section 4.4 of the
main text,

Tl1e relevant failure modes of the MOVs and their frequency notations are
listed below (~ore details about the MOV failure mode~ and their frequencies
are given in Section ~ppendix A.2).
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Random Type Failure Modes

1. Internal leakage, At (unlike the case of check valves, data are not
available to generate failure frequencies e~ceeding certain le~k rate~).

2. Rupture, AR.

3. Transfers open, AT.

4. Gross external leakage, lo.

Demand Type Fallare Modes

1. MOV failing open while indicating closed, ~.

2. MOV fails to operate on demand,~. (There are no experienced data
concerning this failure mode. Conservatively, in the numerical
evaluations the identity, ~ s ~ is used. An additional role of this
failure Qode in the subsequent formulas is to pick up previously
undetected common mode failures.)

a. MOVs Operated With Initial Leak Testing

The hypothetical MOV system assumed here is such a configuratLon, ~here

MOV I (nearest the ReS) is located in the containment and MOV 2 is located
outside of it (similar to the valve arrangement of 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 is repeated at each cold
shutdown. Between cold shutdowns the time period is T.

It is assumed, furthe~ore, that:

a. the MOVs are not equipped with stem mounted limit switches (the
assumption involves the faUure mode "MOV failing open while
indicating closed" may occur),

b. fuse connections are not in the off position, power breakers mayor
may not be disconnected (this assumption involves the failure mode
"MOV transfers open" may occur), and

c. both MOVs have identical failure frequencies for each of the failure
modes.

Under these conditions the average frequency of 1St over a ti~e interval
T, for this hypothetical valve arrangement is 8ive~ by:

(11a)

However, if both MOVs are located inslde the containment, the fuse disconnects
are kept open and a permanent pre~sure sensor is applied in the space bet~een

the MOVs, the average failure frequen~y would reduce to:
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(lIb)

b. HOVs Operated Without Leak Testing

Consider now the case ~hen the hypothetical MOV system is operated under
such condition that the MOVs are stroke and leak tested only at each refueling
period. During thLs period, T, there is n-l cold Shutdowns, such that n t - T
(t is the average time interval between cold shutdowns, d • l!t denotes the
number of MOV demands per year, such that dT - 0). After each cold shutdown
the chances that one of the valves "will fail open but indicated closed" will
increase.

A calculation si~ilar to that perforced previously for check valves gives
the average frequency of ISLs through MOV configuration discussed first as:

(12a)

Under similar change of conditions, as above, Eq. (12a) reduces to:

c. Applicat~on of Failure Rate Formulas of Two MOVs

The application of the formulas (Eqs. (lla), (lIb), (12a). and (l2b) for
the RHR suction side valve arrangement of Indian Point 3 is de~cribed in
detail in Section 4.4.1 of the main te~t. In this place the application of
the formulas to the valve arrangements at Oconee 3 and Calvert Cliffs 1 is
presented.

Tables B.I and B.2 list the formulas obtained for Oconee 3 and calvert
Cliffs 1, respectively. The first column of the table contains the "cases"
representins various operational test and surveillance policies on the MOVs.
Notice that at Calvert Cliffs L 1S1 may arise through direct leakage from the
MOV located outside the containment. More details about the criteria used for
the classification of valve failure events (failure combinations) into "small
LOCA-" and "Overpressurization" initiator groups and about the numerical values
of the parameters in the equations can be found in Sections 4.4.2 and 4.4.3 of
the main text.

E.2 Three-Valves in Series

The follOWing fallure analyses of valve arrangements consisting of three
valves in series will be completely generic in that sense that it will not
treat separately configurations consisting of only check valves or only MOVs.
The reason for that is that the three-valve systems occurring {~ the possible
1St pathways of the selected plants either are consisting of three check
valves or two check valves and a MOV in series. The fail~re analysis 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 simple
sequential failure model. These failure modes and thei~ applicability then
are specified for the va~lous valve configurations.

Consider now a configuration of three valves (I,Z,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:

As O,2,3) • ll*P(ZIOPOI12) ... A211tPOIZ)*POlzO ...

Al*P(311)*p(ZI13) ... A2*P(3IZ)lItP(IIZ3) ... (13)

A3*P(113)*P(ZI31) + A3*p(ZI3)*P(113Z) ,

where AI' A2' A3 are the independent, random failure frequencies of valv~s I,
Z, and 3, respectively.
F(Zll) denotes the condittonal probability that valve 2 failed given
val e 1 failed. Similar terms denote similar events.
P(311Z) is the conditional probability that valve 3 failed given valves
1 adZ failed. Similar terms denote similar events.

The conditional p~obabilities involve two components: independent, rondom
and dependent demand type failure 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
straightforward waf by the sequential model. As an example, the calculation
of the term Al*F(111)*P(311Z) is shown below.

Let AI' A2' A3 denote the random type leak failure frequencies of valves
I, Z, and 3, respectively. Let ~2 and ~3 denote the demand type (e.g.,
valve fails to reseat on demand) failure probabilities of valves 2 and 3,
respectively. Then, the probability of simultaneous failures of three valves
over a time interval t can be calculated by the following integral
(exponentials ar~ approximated by first order terms):

t t t t

QIZ3· £A1dt' { !. A2dt
n

[ !.. A3dt" ... Ad3 ] + Ad2 [ ! A3dt" ... Ad3 ]}

(14)

!be failure (hazard) rate is:

The failure rate averaged over a tioe period, T, is given by:
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This average can be equated to the term Al*PCZ\I)*p(311Z). Each of the the
other five terms can be calculated similarly. The su of the six terms yields
the total failure frequency of three valves in serles averaged over a time
period, T, which is given br:

o'?o ,2,3»s

(17)

(18)

Eqs. (17) and (18) are easily adaptable to calculate specific valve
configurations, when the valves ar~ tested after each operation (opening).

If the valves are not tested after use the chanceR 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 calculate 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 Z d
3

T + 1 dZT + 1
(As (1,Z,3,d1·dZ,d3» ).lAz~T +Al~Ad3T [ 2 ] + ).1 ).d2~T [ 2 ]

d l T + 1 dZI + 1 d)! + 1 dlT + 1
+ Adl AZA)! [ Z ] + 2).1 AdZ ).d3 [ Z ] [ 2 ] + 2).dl ).2).d3 [ 2 ]

d
3

T + 1 ~ d1T + I dZT + 1
[ 2 ] + 2Ad1 Ad2 A3 [ 2 ] [ 2 ] (19)

where d 1, d 2, and d 3 denote the demand frequencies of the individual valves.
The number of operations of the valves (number of cold shutdowns; refueling
included) during t.he t.ime int.erval, T. are: nl .. dlT, n 2 .. d 21, and n3" d 3T,
respectively. All the other quantities have been defined previously.

The result for the simplified expression, given the valves are operated
simultaneously (i.e., d 1 = d 2 = d 3 .. d) is:

These formulas are adayted to study the effects of various test
conditions and certain improvements envisioned to redu~e the average frequency
of 1515 and for "base case" calculations.
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B.2.l Application of Failure Rate Formulas of Three Valves

In this section application of forQulas Eq. (18), (19), and (20) is
presented b~iefly to valve configurations 1n the Group A and Group C lines of
the HPI systere at Indian Point 3 and in the LPI lines at Oconee 1. Details
about the operational, test, and surveillance conditions as ~ell as about the
calculational parameters applied in various "cases" can be found in Sections
4.3.2 and 4.3.3 of the nain text.

The valve configurations are:

a. ~PI 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.

a. Group A Lines (BPI, Indian Point 3)

The average failure rate of the system for the standard case can be
calculated from Eq. (19). It is assumed, that after stroke test at each cold
shutdown stuck open second and third check valves stay undetected during a
refueling period.

The assumption invol~es that dl~I/T, dz=d~=d, and according to the
configuration A2-A3-Al" Correspondingly, Eq. (19) can be expressed as:

<A.To 2 3 d»standard
s ' , ,

(20a)

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
faIlure combinations will not contribute to the failure rate. Thus, Sq. (20a)
will be further reduced to:

(20b)

It is easy to see that if leak test is performed after each stroke test, Eq.
(20a) transits to Eq. (18). Frequent leak test and application of a pressure
s~nsor will cause that Eq. (20b) will be transformed to:

(20c)

In the "base case" a stuck open accumulator outlet check valve changes Eq.
(20) to the following for~:

(2Od)



B-L7

Since che valve syscem has ~ comaon inlec wich the accu~ulato~, in the
final formulas chis condicion is also reflected. The final formulas for the
Group A lines are summarized in Table B.3. In the formulas C denotes tne
"effective probability" tnat the accumulator outlet check lTalve will not
operate (reseat) upon demand.

b. Group CLines (HPI, Indian Point 3)

Let us apply Eqs. (17) and (19) fo~ the valve configuration in the Group
C lines. For the check lTallTes, one can write: ~2·~1' Adl·~2=~. For
the MOV one can keep the notation; A3' ~3. The MOV is locked closed
during normal operation. St~oke and leak test are performed at each
refueling. Correspondingly, tbe expression for tbe average failure rate of
the lTalve system fo~ the standard case is the following (disregarding from a
non-indicated common multiplication factor which is 1.44);

o.~(l,2,3»Standard '" {A~~T2 + O~Ad3 + 2>.1Ad~)T + 4Al~dAd3 + 2~A3}
(ZOf)

More frequent test at each cold shutdown do~s not modify the form of Eq.
(20f). The time parameter, however, will change from T=1.5 to T=1/3 year.
The effect of a pressure sensor is that a leaking (or stuck open) first check
valve would be detected. The average failure rate expression (same for both
time parameters, 1=1.5 year and T=1/3 year) disregarding from a non-indicated
common multiplicatlon facto~ is:

(20g)

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 yea~s

and d-2/3 per year. The app~opriate formula by using Eq. (19) is:

(20h)

c. LPI Lines (at Oconee-3)

Eq. (19) is taken as a starting formula to obtain average failure
frequencies for the valve ar~angements on the LPI lines at Oconee-3. For the
check valves, as in the previous case, one can write: A2-Al' ~2·~1.~.

For the MOV one can keep the notation: A3' ~3. The demand rate of check
valves and MOVs are different, d*d 3• Thus, in the standard case the average
failure frequency is written in the following form:

C\~(1,2,3,d,d 3» Standard
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( 20i.)

In case of a press~re sensor or stuck open accUQulator outlet check valve, a
leaking or stuck open first check valve will be detected. The corresponding
failure combinations will not contribute to the failure rate. Eq. (20i) will
be reduced to the form:

e20j)

Assuming leak tests at each cold shutdown, Eqs. (20i) and (20j) formally
transit into Eqs. (20f) and 20g), respectively.

The fonnula to be used in the case of appliciltion 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 accu~ulator outlet check valve is stuck open, the formula to be used is
Eq. (20j).

The final formulas for the LPI lines are summari~ed in Table B.4. In
the forlllulas, as usual, C denotes the "effective probability" chat 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 HPI
system at Calvert Cliffs 1. Notwithstanding that somewhat tedious, it is
educative to calculate the average failure 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 ~ritten as:

of four valves, (2I)

where Al is the independent failure frequency of the valve 1. p(ZII), peI12),
and P(4 123) are conditional probabilities that a subsequent valve fails given
that th preceding valves already failed. The conditional probabilities
involve two kinds of components; an independent, random, and a dependent,
de~and type failure component.

The integral which describes the probability of simultaneous failures of
four valves over a time interval t is given by:
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t t t t
Q I A dt' I A dt" I A dt'''<I A dt"" + Ad4 ) +

1234 "" 0 1 t' 2 ttl 3 t'" 4

t t t
I A dt' [f A dt"A <I A dt'" + )"d4)] +
o 1 t' 2 d3 ttl 4

t t

£ \dt'Ad2 Ad3 (I,A4dt" + Ad4 ) a ~4 Al~),,3A4t4 +

(22)

where AI' ),,2' 1.3. and A~ denote the random type (leak) failure frequencies of
valves 1. 2. 3. and 4. respectively. ~2' ~3' "d~ denote the demand
type (valve failure to re~eat 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
configuratlons, the average failure rate, <1.'1234> can be derived from Eq.
(22) and equated with the first term of Eq. (21):

Similar expressions can be written also for the other 23 terms in Eq. (21).
After summation of all the 24 terms. the average failure frequency of four
valves in series averaged over a time period. T, can be calculated as:

AdlA2A3Ad4 + AdlA2Ad3A4 + Adl )"d2 A3 A4]T + 6[A1~2Ad3Ad4 or

Adl A2Ad3Ad4 + Adl Ad2A3Ad4 + Adl Ad2Ad3A4] • (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
some of them are te$ted (e.g., inboard valves ~re tested only ~t each
refueling, outboard valves are tested only after each cold shutdown and HOVs
opened quarterly) the applicable average failure frequency formula somewhat
even more complicated. An appropriate for~ula should reflect the different
demand rates of the individual valves. Such formula Is shown below.

Let d 1, d z, d 3• and d 4 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:
nl • dlT, n? = d~T. n3 = d 3T, and n~ ~ d4T. respectively. For this rather
generic case the average failure frequen_t is given by:

d
3

T + 1 d
Z

! + 1 d
1
! + L

) ]T
Z

+Al AZAd3 A4 ( Z ) + All.d2~1.4( 2 ) + AdL AZ~A4( 2

d
3
T + 1 d

4
T + 1 dZT + 1 d

4
T + 1

2[AIAZAd3Ad4( Z ) ( Z ) + AlAdZ1.3Ad4( Z )( 2 ) +

dZT + 1 d
3

T + 1 d
l

! + 1 d
4

T + 1

AIAdZAd3A4( 2 )( 2 ) + AdlA2~Ad4 ( 2 )( 2 ) +

d l T + 1 d 3T + 1 dlT + 1 d Z! + 1
Ad1 A2Ad3 A4( 2 ) ( 2 ) + AdlAdZA3A4( 2 )( 2 ) J! +

d
1

T + 1

+ ~l ~~3Ad4( 2 )

(24)

This latter formula is adapted below to the plant specific conditions at
calvert Cliffs 1.

~.3.1 Application of Failure 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 Calvert Cliffs 1. The valve system consists of
three check valves and a normally closed MOV. A permanent pressure sensor is
installed after the first check valve to monLtor the status of this check
valve.
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The effect of the pressure sensor in the ~ystem model is that in Eq. (24)
all of the failure combinations, where the leakage through the first check
valve is not the last occurring event in a sequence of valve failures are
eliminated. Simllarly, combinations in which stuck open first check valve
occurs, also vanish.

Lets introduce the notation, A2-A3=Al' ~2=Ad3-Ad and d 2=d,
d 3=1/T. Then, for ~he standard cases the average frequency of quadruple valve
failures can be written as:

dT + 1 2 dT + 1 d 4T + 1 2 dT + 1
(1 + 2 ) + Al Ad Ad4 T( 1 + 2 ) ( 2 ) + \ Ad A4T( 2 ) +

(25)

In the base case, one can assume that d 2=d 3=d (i.e., inboard and outboard
check valves are simultaneously operated without leak test). Therefore, Eq.
(24) will have the form:

1 ,2, \ T2ed! + 1) + 2,2, , T(dT + 1 d4T + 1 2 dT + 1)2 +
3 "1"d"4 2 ""d"d4 2 )( 2 ) + A1 Ad A4T( 2

(25')

The factor 3.52 accounts for the four siQilar LP: lines and the capacity
factor of the reactor which is taken to be 0.88.

The final formulas describing the effect cf the accumulator outlet check·
valve, are presented in Table B.S. In the formulas. C denotes the "effective
probability" that the accumulator outlet check valve will not operate (reseat)
upon demand.

If one assumes that leakage through the last three valves can be detected
by the accumulator or by the relief valve in the LPI system given stuck open
accumulator check valve, all the time dependent terms will vanish in Eqs. (25)
and (25').
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Figure B.l. Failure event flow diagram for two check valves
in series (for explanation of notation see the text).
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Table B.1
Formulas to Calculate Initiator Frequencies for 15L Through RHR

Suction Lines at Oconee 3 (Capacity Factor: .86)

Case - Standard: TL a 3/4 year, TR = 3/4 year. d c 4/year

Small LOCA:

Overpressurization:

Case - Pressure Sensor (same parameters as above)

Small LOCA:

Overpressurization:

Case - Leak Test at Each Cold Shutdown: TL = TR - 1/4 year

Small LOCA:

Overpressuri~ation:

Case - Leak Test at Each Cold Shutdown + Pressure Sensor:
TL = TR = 1/4 year

Small LOeA.:

(12c)

(12d)
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Table B.1 (Continued)

Overpressurization:

Case - MOV leak and stroke test at each refueling: TL ~ TR ~ 1.5 year.
d • 4/year.

Small LOeA: Eq. 02e)

Overpressurization: Eq. (12d)

Case - Base: TL = 30 year, TR ~ 1.5 year. d : 4/year.

Small LOGA: Eq. (12c)

Overpressurization: Eq. (lZd)
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Table R.2
Formulas to Calculate Initiator Frequencies for ISL Ihrough RHR

Suction Lines at Calvert Cliffs-1 (Capacity Factor: .88)

Case - Standard: IL· TR a 1.5 year. TL' • TL/3, d - 4/year

Small LOCA:

Overpressurization:

Case - Pressure Sensor (same parameters as above)

Small LOCA:

Overpressurization:

(12e)

(l2f)

Olg)

Case - Leak Test at Each Cold Shutdown: TL' - TL/3 , TL • TR ~ 1/4 year

Small LOCA: Eq. (12e)

Overpressurization: Eq. (12f)

Case - Leak Test at Each Cold Shutdown + Pressure Sensor: TL'· TL/3.
TL • TR - 1/4 year

Small LOeA: Eq. (12g)

Overpressurization: Eq. (11h)

Case - Base: TL • 30 year. TR = 1.5 year, d - 4/year. TL' • TL/3.
TR' .. TR/3

Small LOCA:

Overpressurization: Eq. (12f)
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Table B.3
Formulas co Calculate 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

Scandard
T • 1.5 year
d2 - d3 - d - 3/year
d 1 - liT

Application of
Pressure Sensor
T - 1.5 year
d - 3/year

Leak Test at
Each Cold
Shutdown
T· 1/3 year
d • lIT

Leak Test +
Pressure Sensor
T • 1/3 year
d • lIT

Base
T • 30 yeat"s
d 1 = d2 = d3 - d = 3/year

From E;q. (20b):

Same as above.

From E;q. (20c):

Same as above.

From E;q. (20c):

From E;q. (20a):

<~T(l 2 3 d»Scandard(l-G)s 1 , I

From Eq. (20b):

From Eq. (18):

From Eq. (lOc):

From Eq. (20):
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Table B.4
Formulas to Calculate Initiator Frequencies for ISL

Through LPt Lines at Oconee-3

Frequency of Triple Valve Failures (per year)
Multiplication Factor: 1.72

w/Accumulator tnleakage w/o Accumulator Inleakage

Standard
T • 3/4 year
d • 3!year
d3 • 4!year

Application of
Pressure Sensor
T • 3/4 year
d • 3/year
d3 • 4/year

Leak Test at
Each Cold
Shutdown
T - 1/4 year

Leak Test +
Pressure Sensor
T • 1(4 year

Leak Test at
Each Refueling
T • 1.5 year
d • d 3 ., 4/year

Base
T • 16 years
d ,. d3 ., 4/year

From Eq. (20j):

same as above.

From Eq. (20g):

Same as above.

Same as in the
Standard Case.

Same as in the
Standard Case.

From Eq. (20i):

FromEq. (20j):

From Eq. (20f):

Same as in the Standard
Case.

same as in the Standard
Case.



Gases

Standard
T .. 1.5 year
d .. 4/year
d't .. 12/year

Base
I ,. 8/year
d .. 4/year
d't .. 121year
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Table B.5
Formulas to Calculate Initiator Frequencies for 1St

Through LPI/HP1 Lines at calvert C11ffs-l

Frequency of Quadruple Valve Failures (per year)
w/Accu:ulator Inleakage w/o Accumulator 1nleakage

or

or
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APPENDIX c: Ope~ator Diagnosis and Post-Diagnosis Performance

Human behavior in response to an event. especially an abnormal event in a
nuclear power plant, can be considered in three phases of activity: (1)
observation of the event. (2) recognizing and/or diagnosing it. and (3)
responding to it. Errors in each of these phases can be considered
separately. However. there is much interaction between the various phases.
In particular, phases 1 and 3 are ~ery much controlled by phase 2 - the
diagnosing stage. Failures in this stage are the most significant and
basically constitute failures in cognitive behavior. The term cognitive
behavior refers to the behavior that comprises structuring information,
conceptualizing 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 nat~re of the
event, identifying the necessary safety-related respo~ses and deciding how
those responses can be implemented in terms of system operation. The main
basis for estimating the reliability of operator action is primarily
detennined by the available time for that particular event before core damage
occurs.

The three phases of activity (ob~ervation. diagnosis, and response) can
be represented in the operator action tree shown on Figure C.la. However, the
action tree is not a very good representation of how an operator thinks. since
in practice there is a considerable iteration bet~een making a diagnosis,
searching for more information, and correctly responding to the abnormal
event. The tree identifies three potential failure states that can result in
operators failing to take timely and correct action in response to an accident
events.

In the lSL 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.lb. The
simplified event tree may be derived from Figure C.la by assu~ing that
recognitioa and diagnosis may be combined to a single event and that correct
diagnosis implies that appropriate actions will always be taken.

The numerical models for diagnosing an abnormal event by the control room
team and carrying out the appropriate activities has been based on 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 event. The median joint human error probability (HEP) shows the
probability of a team not diagnosing an abnormal event by a given elapsed
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 presented in Reference 2 at a National Reliability .·,valuation
Program data workshop. A hypothetical 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 generalI! not practiced by the operators e~cept in
the initial training, the handbook recommends the use of the upper bound
joint HEP curve.

In this study a combination of upper bound HEPU8 and median HEPM has
been ~sed (BEPUB + HEPM!2) reflecting that, even though LOCA events are
well practiced, 1SL events are not ~pecifically recogni~ed in the written
procedures especially nor '~n the ~y ;;~e;n level.

It is certain that act;~ns will always be taken by the operators in
response to an abnormal e'~·:-nt. but ,:.11y after the condition has been diagnosed
will the operators refer l0 the ap~~o!·~1ate written procedures (if any) to
cope with the event.

In case of an IS~, trl'~ ini.tial signals can be somewhat misleading
indicating either a typic~~ 1uside or outside LOCA event. The determination
of the particular location of the break due to the ISL is eKtremely important,
since systems required to mitigate the LOeA event might be affected.

In general, system specific 1SL procedures are not available to the
operator, but the loss-of-coolant fhas~ is covered by the LoeA procedures.

References

1. A. D. Swain. H. E. Guttmann, "Handbook of Human Reli.ability Analysis With
Emphasis on Nuclear Power Plant Applications, Final Report,"
NUREG!CR-1278, August 1983.

2. J. R. Fragola, A. J. Oswald et: al., "Human Error Probabili.ty vs Time,
Generic Data Base for Data and Models in NREP Guide," EGG-EA-S887, June
1982.

3. J. Wreathall, "Operator Action Trees, An Approach to Quantifying Operator
Error Probability During Accident Sequences," NUS Report 114159, July 1982.
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Figure C.la Basic operator action tree.
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Figure C.lb ISL operator action tree •
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APPENDIX 0: Thermal-Hydraulic Aspects of Interfacing LOCAs

Interfacing LOCA bypassing the co~tainment has been deterministically
studied for typical cases1 to assess the effect on core damage.

The LOeA sequence assumes the failure of the pressure boundary at
isolating check valves and/or motor-operated gate valves. The low pressu~e

system is overpressurized by the primary coolant and the system boundary fails
outside the containment (pipe rupture or pump seal blowout, etc.). Depending
on the mode of failure and its particular location, a large or small break
LOeA can occur. In 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.

0.1 Large and Medium LOCA ()2")

The transient is initiated by a large low pressure pipe break resulting
in an extremely severe accident sequence. l Figures D.l through 0.3 describe
the thermal-hydraulic histoLy of this accident. Four parametric cases have
been calculated. The base case indIcates an accident sequence where no ECC
injection is available. If the failure is such that pumped Eee Injection is
prevented, core damage is certain as indicated on Figure 2 even if
accumulators are available. Core damage would occur at -8 minutes after the
break. The other parametric cases indicate that stable core cooling can be
established with a minimum 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 postulat~d

failure in the low pressure RHR system.

0.2 Small LOCA «2")

The primary system in accident sequences with initial break size less
than 2" in diameter will remain pressurized by one 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.S)
and in all cases the system would slowly cool until the RWST water supply is
exhausted, which may be extended by throttling the HPI flow. Conditions for
low pressure recirculation coaling are not met before the RWST supply runs out
(8-15 hours). Long term cooling may also be of some concern, because the
postulated failure could affect the capability of the HP and/or LP
recirculation system.

References

1. J. F. Dearing et al., "Dominant Accident Sequences in Oconee-l P'.JR,"
NUREG/CR-4l4G, Los Alamos National Laboratory, April 1985.
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APPENDIX E: Conditional COre Damage Frequencies:
Summary of Plant PRAs

E.l Indian Point Unit 3

E.l.l Introduction

In the following. a brief summary of the quantitative results of the
Indian Point Unit 3 PRA 1s presented as it relates to the 1SL study.

The Indian Point PRA was performed to quantify the physical response of
the plant to all considered initiating accident events. !he plant analysis
was divided into various phases. First. initiating events were Identified and
classed into various categories based on experiences and operating records.
For each initiating event including LOCAs. plant event trees were
constructed. The eKit or final states were grouped into appropriate plant
event categories, which served as input states for the containment analysis.

In the ne~t phase. a plant-specific data base was developed using
Bayesian updates with plant data to prior probability distributions. After
establishine the data base. unavailabilities of the plant systems were
analyzed by modelling ~ach 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 ~ith the
system unavailabiliti~~.

The "Master 'Logic Diagram." presented in Figure E.l.1 is used to define
in general the initiatin~ event categories. Categories 1. 2. and 3
representing LoeA initiators are the relevant ones to interfacing system LOCA
events. In these cases the pressure boundary between a low/high pressure
interface breaks down and the low pressure system will be overpressurized
leading to the degradation in the primary coolant boundary and the loss of
coolant resulting in core damage.

The specific event trees for each initiating event were constructed using
general functional 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 offslte release. In the following
sections, the LOCA event trees are briefly reviewed and finally the
quantification and conditional core damage frequencies (CCDFs) are presented.

E.l.2 Event Trees

E.l.2.1 Large LOCA

The large LoeA event tree, shown on Figure E.l.2 is applicaole to all
reactor coolant boundary ruptures equivalent to double-~nded circumferential
pipe breaks of si~ inches or above. The event is an extremely severe accident
in which the coolant blowdown occurs in a matter of minutes. The cooling of
the reactor core is accomplished oy the RHR recirculatIon system. The top
event RWST. represents the availability of borated water supply for injection,
recirculation. and also for containment spray. The safety injection signal is
a prerequisite for the LPI system operation as modelled in the PRA. The
containment spray and cooling functions are present in the event tree to
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differentiate between the various exit modes that are the input to the
containoent analysis.

E.1.Z.2 Small LOeA

The PRA has three LOCA categories based on the assumed size of the pipe
break. The mediulII (Z"-6"0 and small «2") LOCA categories correspond to the
category of s~ll LOeA in the present ISL study. The CDFs of the two
categories have to be properly averaged using the corresponding initiators.
The s~lt LOCA initiator (2.1-02) is so large compared to the ~edium LOCA
initiator (2.16-03) that the average CCDF due to s~ll and mediulII LOCAs will
be almost entirely dominated by the small LOeA CCDF. The dominant small LOeA
event tree Is presented in Figure E.1.3. It can be seen that to prevent core
damage the e~ergency coolant injection system must be operable.

The reactor trip function is present, since in most of the small LoeA
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
(steam generator, AFWS) or thp. use of the so-called feed and bleed cooling
mode. The high pressure ~ecirculation may be utilized Eor long term cooling.
If depressurization is possible the low pressure recirculation system may also
be used.

E.l.) quantification of Sequences

E.l.3.1 Large LOCA

The initiator for this accident sequence is listed in Table E.I.l. The
dominant sequences of the large LOCA event tree are listed in T~ble E.l.2.
The two most impcrtant sequences, AEFC and ALFC. contribute -99% of the
total. These sequences represent failures of the LP system in the injection
(AEFC) and the recirculation (ALFC) phases. The conditional core damage
frequency is the sum of all the sequence conditional frequencies in Table
E.1.2 and is

CCDFA a 8.4-03/year.

E.l.3.2 Small LOCA

The initiators for the two categories of LOCAs (~edium and small) are
shown in Tables E.l.3 and E.l.4. The dominant sequences for each event tree
are shewn in Tables E.1.5 and E.1.6. Again, the two most dominant sequences,
SEFe and SLFC, represent the loss of cooling capability either in the
injection or recirculation phase. By appropriately averaging the two classes
of conditional frequencles with the respective initiators, the average
conditional cor for a small LOGA !s found to be

L Ii x CCDF/ ?11 = 4. S-03/year
1.

Ii initiator
CCDFi a conditional COP in group i.
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E.l.J.3 Terminated Small LOCA

An ISL event may be terminated by the operator in time if there are
isolation valves available and operable. Even though the primary coolant
blowdown is stopped by the closure of the isolation valve, it is assume~ that
make-up to the reactor coolant inventory is still required to prevent core
damage. If 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

CCDFTerm = 2.2-04/year.

E.l.3.4 Small LOCA. One Train of RP System Unavailable

In one of the ISL event scenarios, as a result of the overpressurization
of the HPI lines. one train of the HPI system becomes unavailable, reducing
the make-up capability. In the following, the unavailability' of the HPI
system with one train unavailable is calculated based on the met~ods used in
the PRA.

The system unavailability is derived as the sum of the mean values of the
dominant contributors (in Table E.l.7 relevant pages fro~ the Indian Point PRA
are reproduced for convenience).

The expression for the mean unavailability of the RPI system in terms of
the dominant components is:

Q~PIS QSingle + Qpump Trains + QBit + ~est + ~intenance + QOther

Below each of the dominant contributors are explained, examined, and modified
according to the postulated condition of one train being unavailable. It is
assumed for simplLcity that Train B is the one incapacitated by an ISL event.

1. QSingle - Represents single event cutset or single failure
contribution. These are essentially valve failures in the RWST feed
line to RP pumps suction side. No modification is necessary.

2. QPump Train - There are three blocks (B, C, and D) and Band Care
identic~l.

MeanB s 1.0 - unavailable as the result of the ISL event
MeanC ~ 1.49xl0- 3 - see page 1.&-462 in Table E.l.7
~eanD = 1.53xl0- 3

QPump Train - (B-C) + (B.D) + (C-D) c ~D+C·D

Since B ~ 1.0
QPump Train ~ 3.02xl0- 3

3. QBit - No change.

··4. QTest - Represents the contribution to unavailability due to test.
MeanTest = MeanT x Mean2B = 1.lxl0-4
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Since rhere are rhree pumps
Mean3 Pumps ~ 3*Mean~1ain x l-f.ean2B 0= 3*S.13xlO-'+*1.0

s. QOther - No change.

2.44-03

!he toral system unavailability Is the sum of the dominant contributors

QHPIS = 5.74xIO- 3

with one train affected by an ISL event. A summary of the changes are
presented in Table E.I.a.

E.2 Oconee Unit 3

E.2.1 Introduction

In this section a brief summary of the quantitative results of the Oconee
PRA are presented. The PRA was performed to obtain estimates of the frequency
of internally and externally initiated accident evenrs that may lead to severe
core damage. In addition. estimates were calculated of the frequency and
characteristics of radionuclide releases and the magnitude of the resulting
public heath risk.

In this brief review. results pertaining to internally initiated loss of
coolant accidents are presented to the extent relevant to the ISL study.

In order to obtain core daQage sequences the event tree/fault tree
methodology was utilized. In the so-called small event tree/large fault rree
method employed in the Oconee PRA. a support~~g logic or functional fault
trees have been developed for each rop event function. Fo~ each initiarin3
event (LOCA. transients. etc.) a functional event tree was ~eveloped where the
top events represent the safety functions ne~essary to avert core damage.

In general. the functional event tree starts with the initiator followed
by the subcriticality function (failure at this point transfers the event to
an ATWS event tree). The next function is the preservation of the ReS
integrity leading directly to the LOCA functional event trees. The ne~t

functions are associated with heat removal from the reactor core. transfer of
heat from the ReS and long term core cooling. The end points of rhe
functional event trees are classified as different classes of core damage. Bin
I through Bin VI. The core damage bins relevant to the 1SL study are listed
in Table E.2.I.

E.2.2 Functional Event Trees

The relevant functional event trees for the 1SL 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
availability of injection (UA). and its failure leads to core damage. With
successful injection. the failure of the low pressure recirculation (XA)
aLso results in core damage.
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E.Z.Z.2 Small LOCA Evene Tree

The first top event in ehe small LOCA event tree, Figure E.2.2 refers to
the subcrtticality function (K). If this function fails, a small LOCA ATWS
occurs.

At the ne~t tQP event the availability of the HPIS (US) is
ascertained. If the HPI fails, core damage occurs.

If HPIS is successful (lis), ehe function "failure to maintain RCS
makeup supply" (Ys) is analyzed. If this function fails, either because the
RBCS fails or because the operator fails eo te~inate the RBSS, the inventory
in the BWST will be depleted in about two hours and the operators must start
the high pressure recirculation. Failure of this function (XS) results in
core damage.

If function YS is successful, the inventory in the BWST will be
depleted in 3bout 12 ~ours; at this time, a failure of high pressure
recirculaeion and low pressure recirculation results in core damage.

E.2.3 Quaneification of Sequences

E.2.3.1 Large and Small LOCAs

The quantification of accident sequences relevant for ISL e~ents are
presented in this section. Based on the functional 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 described functional event trees. Supporting logic and
system fault trees were used as il.puts co these CFDTs and the quantification
of the accident sequences for each bin was accomplished by calculating
dominate cutsets using the SETS code.

The final result of the quantification is shown in Table E.Z.2. However,
this form of breakdown of ~lle core melt frequency is not very useful for the
ISL study. In Table E.2.3a a fu~·ther breakdown is provided using the dominant
small and large LOCA contributors to each core damage bin.

Average conditional core damage frequencies for each LOeA sequence can be
derived by averaging the Sum of the sequence core melt frequency with the
appropriate initiator. The final results are shown in Table E.2.3b and

CCDFLarge LOCA - 1.03xl0- 2/year

CCDFSmall LOCA

E.2.3.2 Terminated Small LOCA

If an 1St event occurs, the operator might be able to terminate the
primary coolant blowdown by closing isolation valves (if available). In this
case core damage may occur if the makeup capability through the HPI system is
lQst. In a small LOCA event the primary system slowly depressurizes
preventing the use of the L?I system before the RWST runs out.
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, The core damage associated with this sequence represents the
unavailability of the HPI system or the SUs sequence (see Figure E.2.2).
From Table E.2.3a the CCDF r~y be calculated as:

CCDFTenninated
Small LOCA

E.3 Calvert Cliffs Unit}

E.3.} Introduction

In this section a brief summary of the interim reliability evaluation
progra~ (IREP) analysis of the Calvert Cliffs Unit I is given. The analysis
was performed 3 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 evaluate the risk due to a core melt at calvert Cliffs.

Core melt sequences initiated by one of three break size LOCAs or one of
si~ categories of transients were evaluated. The most significant sequences
c,)ntributing to the core melt frequency are listed in Table E.3.1. There are
three small LOCA sequences S-50, 5-52, and 5-59 initiated by the loss of the
integrity of the primary system pressure boundary, and the other dominant
sequences are all initiated by one of the different categories of transients.

This present s~udy is primarily concerned with events initiateo by the
breakdwon in pressure isolation function resulting in an incerfacing LOCA
possibly leading to a core melt. Iu this study the initiators for this type
of accidents have been specifically calculated (see Section 4) for each
incerfacing line.

The core damage frequency can be obtained by multiplying the initiator
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 reviewed, then the
quantification and conditional core damage frequencies are presented.

E.3.2 tOCA Systemic Event Trees

Three LOeA initiators are defined as "Large" (D*>4.3 inches), "Small"
(1.9 inches ( 4.3 inches), and "Small-small" (0.30 inches ( D* s.1.9 inches)
breaks, where 0* is the equivalent diameter of the break. A Large LOCA
results in rapid depressurization of the primary system allowing the use of
the high-volume, low-pressure portions of the Safety Injection System (SIS) to
reflood the core. A Small LOCA involves a relatively slow depre~surization of
the primary system, but the rate of flow of coolant through the break and
consequent makeup by High Pressure Safety Injection (BPSI) allows adequate
decay heat removal without depending on the secondary (i.e., steam,
condensate, and feedwater) systems. In a Small-small LOGA, 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 flov of coolant through the Small-small
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break is insufficient to remove enough decay heat to lower the pressure to the
HPI shutoff head and, th~refore, secondary heat removal is required.

The Large LOCA systemic event tree is shown in Figure E.).l and the Small
and Small-small LOGA 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 criteria.

The major difference between the Large tOCA and the Small or S~all-small

tOGA event trees lies in the t~eatment of the reactor subcriticality
function. For the Large tOCA, success of the reactor subcriticality function
is inherent in the design of the reactor and in the nature of the accident.
The reactor is automatically rendered subcritical due to core voiding during
the blowdown phase and is maintained subcritical during the subsequent core
reflood by borated water from the Safety Injection System (SIS).

E.3.2.1 Large LOCA (A)

The Large LOGA initiating event is a random rupture of the RGS plplng
having a greater break area than a 4.3 inch diameter circular break. This
break si~e 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 Injection System (SIS). In addition, because
of the rapid core voiding, the reactor subcriticality function is not required
for this event.

The frontline systems required to mitigate a Large LOeA include the Low
Pressure Safety Injection (LPSI) System. the Safety Injection Tanks (SIT). the
Containment Air Recirculation and Cooling (CARC) System, t~e Containment Spray
System in the injection mode (CSSI), the Containment Spray System in the
recirculation mode (CSSR), the Shutdown Cooling Heat E~changers (SDHX). and
the High Pressure Safety Recirculation (HPSR) System.

E.3.2.2 Small LOCA (51)

The Small LOGA initiating event is a random rupture of the RCS plplng
having a break area greater than that of a 1.9 inch diameter circular break
but less than or equal to that of a 4.3 inch diameter circular break. A small
LoeA involves a relatively slow depressurization of the primary system, such
that the low pressure portions of the Safety Injection System (SIS) will not
be acti~ated, but the rate of flow of coolant through the break and consequent
makeup by High Pressure Safety Injection (HPSI) allows adequate reactor heat
removal without depending on the secondary 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 include the
Reactor Protection System (RPS), the High Pressure Safety Injection (HPSI),
the Containment Air Recirculation and Cooling (CARC) System, the Containment
Spray System in the injection mode (CSSI), the Containment Spray System in ~he

recirculation mode (GSSR), the Shutdown Cooling Heat F.~changers (SDHX). and
the High Pressure Safety Recirculation (HPSR) System.
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./

E.3.2.3 Small-Small LOCA (52)

The Small-small LOCA initiating event is a random rLpture of the RCS
piping or a reactor coolant pump seal having a break area ~reater than that of
a 0.3 inch diameter circular break but less than or equal ~o that of a 1.9
inch diameter circular break. In a Small-small LOeA, 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 bas~d on a low pressurizer
pressure signal. However. the rate of coolant loss through the Small-small
break is insufficient to remove enough decay heat to prevent a core melt and,
therefore. secondary heat removal is required. 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-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 ftlgh 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 (C55R). the 5hutdown Cooling Heat Exchangers
(SDHX). and the High .Pressure Safety Recirculation (HPSR) System.

E.3.3 Quantification of Sequences

E.3.3.l La=ge 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-I through A-13 results in a conditional core
damage frequency of CCDFA = 2.B*lO-2/year due to a large LOCA.

E.3.3.2 Small LOCA

Table E.3.3 lists the conditional event probability for both ScalI (51)
and Small-small (52) LOCA sequences. In the present ISL study. these two
classes of LOCAs were combined into a single small LOCA group. An average
ccorS has been calculated by first summing the dominant sequences 52-50.
52-52. and 52-59 leading to CCDFS 2 = 1.2xlO-3 including the recovery
factor. CCOFS I has also been calculated by summing the major 51 sequences

(5 1-26 through 5 1-37). An average CCOF has been calculated by the weighted
average of the individual CCOFS I and CCDFS2 and their respective

initiators. The result is an average small LOC~ CCDFS = 1.3xlO-3/year.

E.3.3.3 Terminated Small LOCAs

In this scenario. after alJ._A:nterfacing small LOCA event the operator is
successfully able to termJnaie the primary coolant blowdown by closing the
isolation valves. if__available. It is assumed that coolant makeup to the
primary system._w-iIf- be required using the BPI system and water supply from the
RWST. H __the- HPT system is unavailable. the makeup capability is lost since
the primary system pressure remains relatively high. preventing the operation
of the LPI system and thus leading to core damage.
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The CCDf associated yith chis seq~ence effectively represents the
unavailability of the HPSI systeQ. One of the dominate sequences 52-59 (52~')

represents exactly this event and the CCDF can be calculated by dividin3 the
core damage frequ~ncy due to 5 2D", 1.6xlO- 6 (after recovery, from Table E.3.!)
with the initiator, 2.1*10- 2• The res~lt is

CCDFTermLnated ~ 7.5xlO-
S
/year.

Small 1..0CA.
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Figure E.I.l Indian Point core damage master logic diagraa.
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±GJ__5eQ_u_e_n_c_e Ty_p_e_-_b_in__

Description
Occurrence of a transient initiating event.
Failure of the RPS to trip the reactor.
Loss of Res integrity.
Failure of Res heat removal via the steam generators.
Failure to provide RCS pressure relief.
Failure of core-heat removal by HPI cooling.
Failure to maintain ReS makeup supply.
Failure to recover RCS heat removal.
Failure to reestablish RCS integrity.
Failure to maintain long-term core-he~t removal.
Large LOCA initiator.
Small LOCA initiator.

Event
~

K

Q
B
P
U
y

L
'OJ
X
A
S

A NCM

CM-VI

CM-V

Figure E.2.l OPRA event tree for large-break LOeA e~ents. Oconee 3.

S Sequence Type-bin

S NCM

SX s eM-II

SYs NC:,'

SYsXs CM-I

SUs CM-I

SK TWS

Figure E.2.2 OPRA event tree for small-break LOGA events. Oconee 3.
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Table E.l.l
Large LOCA IniC1ating Eyent and Eleccric Power Data

Indian Point Unit 3

Description 5':. Median I 95% folean
1

QC Large LOCA (Annual Frequency) I 1.07-6 1.17-4 I 6.66-3 I 2.16-3 i
!

AC Power Available at Buses (Given ell l ):
I

2A, 3A, SA, 6A 9.97-1 9.99-1 1.00+0 1.00T{}

2A, 3A~ 6A 3.42-7 5.18-6 5.87-5 1.31-5
, .
2A, 3A, 5A 2.75-7 4.89-6 5.69-5 1.2E-5

SA, 6A 5.09-4 1.27-3 2.75-3 1.48-3

2A, ~A 6.26-9 1.37-7 1.07-6 3.71-7

6A 3.99-8 2.05-7 2.87-6 4.33-7

SA 3.42-7 7.80-7 1.82-6 9.53-7

None 3.97-8 9.64-8 2.84-7 1.19-7

Note: Values are presented in an abbreviated scie~tific notation, e.g., 1.11-5 =
1.11 x 10-5 •
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Table E.l.2
Large LOCA Event Tree Dominant Sequences

Indian Point Unit 3

I

Dominant Sequences I
Pl ant Sequence and

,
Event Conditional

Sequence Frequenc~'
AC Buses
AvailableCategory Failed Branch Points Conditional

Frequency
Bus
No. Seq.

A-
AEFC 3.01-3 2,3,5,6 13 LP-1 2.Y8-3

AEF 1.33-7 2,3,5,6 25 LP-1, CS 1.08-7
2,3,5.6 34 TK 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 R-l 5.29-3

ALF 1.97-7 2,3.5,6 10 CS, R-1 1.90-7

ALC 1.87-7 5,6 4 CF-1, R-l 1.63-7
6 4 R-1 1.87-8

AL 3.78-7 2,3 12 3.78-7

Note: Values are psesented in abbreviated scientific notation, e.g.,
1.11-5 = 1.11 x 10- •
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Table E.l.3
Medium LOCA Initiating Event and Electric Power Data

Indian Point Un.it 3

I
i

Description 5~ r4edian 95~ Mean I
I

92- Medium LOCA (Annual Frequency) 1.07-6 I 1.17-4
I

6.66-3
·1

2.16-3

AC Power Available at Buses (Gi ven 92): I
2A, 3A. SA. 6A 9.97-1 9.99-1 1.00TO 1.00+0

2A, 3A, 6A 3.42-7 5.18-6 5.87-5 1.31- 5

2A, 3A, SA 2.75-7 4.89-6 5.69-5 1.26-5

SA. 6A 5.09-4 1.27-3 2.75-3 1.48-3

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

5A 3.42-7 7.80-7 1.82-6 9.63-7

Iione 3.97-8 9.64-8 2.84-7 1.19-7

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 =
1.11 x 1O-~.
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Table E.l.4
Small LOCA Initiating Event and Electric Power Data

Indian Point Unit 3

Descrl.Jtion 5% Median
\

95~

\
Mean

\

Q3- Small LOCA (Annual Frequency) 1.03-4 I 1.11-2 5.43-2 I 2.01-2 I
AC Power Available at Buses (Given 4l3 ): I
2A, 3A, SA, 6A 9.97-1 9.99-1 1.00+0 1.00+0

\
lA, 3A, 6A 3.42-7 5.18-6 5.87-5 1.31-5 I

2A, 3A. 5A 2.75-7 4.89-6 5.69-5 1.26-5

5A, 6A 5.09-4 1.27-3 2.75-3 1.48-3

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

5A 3.42-7 7.80-7 1.82-6 9.63-7

None 3.97-8 9.64-8 2.84-7 1.19-7

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 =
1.11 x 10-5•
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Table E.l.S
Medium tOCA Event Tree Dominant Sequences

Indian Point Unit 3

Dominant Sequences I
I

Plant Sequence andEvent Condi ti ana i AC BusesSequence Frequency AvailableCategory Failed Branch Points Conditional
Frequency

Bus
No. Seq.

A
\-I

AEFC 1.00-3 2,3,5,6 31 LP-2 8.03-11. I
2,3,5,6 13 HH-l 1. 78-4

AEF 6.10-8 ~,.:.5,6 43 lP-2, CS 2.90-8
?,J,5,b 70 TK 2.40-8
2,3,5,6 25 HH-l, CS 6.43-9

AEC 7.62-6 2,3,5,6 63 SA-l 6.15-6
6 16 4.06-7
5 52 9.10-7

At. 5.06-7 2,3 , 30 3.79-7
No PO\'ier 62 1.20-7

AlFC 5.35-3 2,3,5,6 2 R-l 5.29-3

AlF 1.97-7 2,3,5,6 10 CS, R-l 1.!H-7

ALC 1.68-7 5,6 4 CF-l, R-l 1. 62-7

!\L 1.23-11 2,3,6 12 CS, CF-l, R-l 6.36-12
5,6 12 CS, CF-l, R-l 5.86-12

Note: Values are p§esented in abbreviated scientific notation, e.g.,
1.13-5 7 1.11 x 10- •
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Table E.l.6
Small LOCA Event Tree Dominant Sequences

Indian "Point Unit 3

Dominant Sequences

Plant
Sequence andEvent Conditional

Sequence Frequency AC Buses
AvailableCategory

Failed Branch Points Conditional
Frequency

Bus
No. Seq.

A-
SEFC 1.40-4 2.3.5,6 35 HH-2 1.40-4

SEF 2.91-8 2,3,5,6 45 TK 2.40-8
2,3,5,6 37 HH-2, CS 5.04-9

SEC 6.22-6 2,3,5,6 41 SA-l 5.19-6

S£ 4.77-9 2,3(3~1 40 3.40-9
NPO) 40 1.10-<;

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, CS 1.48-7

SLC 3.73-8 2,3,5,6 6 CF-1, R-2 Z. 58-9
5,6 6 CF-1, R-2 3.44-8

Sl 2.56-12 2,3,6 8 CF-1, R-2, CS 1.22-12
5,6 8 CF-l, R-2, CS 1.24-12

ATWS 3.91-5 2,3,5,6 44 K-3 I 3.90-5

Note: Values are £5esented in abbreviated scientific notation, e.g.,
1.11-5 = 1.11 x 10 •

1. Initially power at 2A and 3A, puwer not recovered in 3 hou~s.
2. Initially no power, power not recovered in 3 hours.



Table E.1.7
Indian Point Unit 3

1.6.2.3.1.4 Quantification: Bo~ndary Condition. Electric Po~er Available on
Buses 2A. SA, and 6A.

1.6.2.3.1.4.1 Quantification of Single Failures.

1.6.2.3.1.4.1.1 Hardware contribution. Each single-event cutset is analy~ed

using plant specific nata:

Manual valve (i1V) 846 on the feed line from the RWST is tested monthly on
the recirculation pump test. Therefore, one-half of 30 days is used as the
average ti~e period of unknown valve condition.

Mean~w = 9.1Sx10-8/hour x 30 days/2 x 24 hours/day

m 3.29x10- S

VarianceMV = 1.Olx10-1~/hour2 x (360 hours)2

1.31x10- 9

• ~wtor-operated valve (MOV) 18iO is flow tested monthly and is deenergized
open so it has the same characteristics as the manual valve.

MeanMOV: 3.29x10-S

VarianceMOV: 1.31xlO-9

• Check valve (CV) 847 is flow tested monthly.

MeanCV: 6.91XIO- S/demand

VarianceCV: 1.03xlO-B

• The total hardware contribution for single failures is a serial addition of
the components' unavailability in block A.

MeanSingles

varianceSingles

MeanrN + MeanMOV + MeanCV

3.29xlO- 5 + 3.29xlO-5 + 6.91x10- S

1.35xIO-~

1.30xIO-8

L.6.2.3.l.4.1.2 Test and caintenance contribution. Keither 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.
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Table E.l.7 (Continued)

Any maintenance on these valves will cause the plant to shut down if the
valves are removed or placed into a nonnor~al opeQ pOSition.

1.0.2.3.1.4.1.3 Human error contribution. No significant human error is
envisioned for valves because flow tests ensure an open flow path after any
vale manipulati.on that may occur at refueling. In addition, HOV 1810 is
deellergized open with redundant position 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.

1.6.2.3.1.4.2 Quantification of Double Failures.

1.6.2.3.1.4.2.1 Hardware contribution. Two element cut~ets are determined as
noted in Section 1.6.2.3.1.3.3 by combinations of any two pump 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 train 32.

Some elements in each train are flow tested each month so the average of 30
days/2 will apply to those val~es in each of the trains. Other valves are
only flow tested at refueling even though motor-operated valves aSIA and 851B
are stroked during the monthly test. Each of the following valves will be
evaluated to detercine 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

• S1 pump 31 fails to start. P

• Manual valve 848A fails closed
(30 days/2 x 24 hours/day x 9.15xl0- 8

= 3.29xlO- 5). MVl

• Check valve fails to open. CV

• ~anual valve 850A fails closed
(30 days/2 x 24 hours/day x 9.1SxlO- 8

= 3.29xIO- S). MV2

The mean unavailability of the block B is then:

1.36xl0- 3

3.29xI0-S

Variancell

Meanp + MeanMVl + MeanCv + MeanMV2

1.36xI0- 3 + 3.29x10- 5 + 6.91x10- 5 + 3.291'10- 5

1.49xlO- 3

1.0S>elO-6

1.6-462



E-24

Table E.I.7 (Continued)

Block C has the same values because the two blocks are symmetrical. However,
block D has several different components which yield the following block
values.

Mean Variance

• SI pump 31 fails to start. P

• MOV 887A transfers closed
(30 days!2 x 24 hours/day x 9.1Sxl0- 8

= 3.29xlO- S). MOVl

• MOV 887B transfers closed MOV2

• MOV 8SIA transfers closed
(30 days/2 x 24 hours/day x 9.15xl0- 8

= 3.29xl0- 5). MOV3

• Check valve 852A fails to open. CV

The ~ean unavailability of block D is then:

1.36xl0- 3

3.29xlO-S

3.29xIO-S

3.29xlO-S

6.9IxlO- S

1.31xlO- 9

1.31xlO-9

1.03xlO-8

Meann Meanp + MeanMOVl + MeanMOV2 + HeanMOV3 + MeanCV

= 1.36xl0- 3 + 3.29xIO- 5 + 3.29xlO- 5 + 3.29xlO- S + 6.91xlO- 5

1.53xlO-3

VarianceD = 1.06xIO-6

The block D evaluation used the flow path to 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:

Meanpump Trains (B and C) + (B and D) + (C and D)

7.85xlO-6

Variance s 7.S7xlO- 11

There are two 2-event cutsets (Section 1.6.2.3.1.3.3) 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:
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Table E.l.7 (Continued)

MeanBITMOV = 1.51xl0- 3

varianceBITMOV - 2.64xl0- 6

MeanBIT - 2 ~ (MeanBITMOV)2

= 9.48xlO- 6

VarianceBIT - 1.7OxlO-9

Together, the hardware double failures are computed to be:

Meandoubles: 1.73xl0-S

1.6.2.3.1.4.2.2 Test contribution. During the monthly test, the systeQ
reClains 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
inj ection 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 1s given by the following consecutive
calculations showing five minutes during the stroke test where the system
would be unavailable to the correct line.

Unavailability
due to tests: 5 minutes/(60 minutes/hour/720 hours/month)

Using an estimated standard deviation value of three minutes yields the
following:

VarianceT '"' (/60) 2/(720) 2

• 4.8xl0-9

With train 32 (block D) unavailable, the other trains must both operate to
meet the required two pumps operating. 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):

Mean2B

2 x (l.49xIO- 3)

'"' 2.99xl0- 3
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Table ~.1.7 (Con~inued)

Then the unavailability due to these tests is:

MeanTest .. Mean2B ~ MeanT

.. 2.99x10- 3 It 1.lxlO-'+

1.6.2.3.1.4.2.4 Maintenance contribution. Valve cainter.ance was considered
to be performed during nonoperating hours or ~ith the valves in their normal
injection system position. However, observation of pump maintenance during
the past four years leads to the following unavailability of a pump train due
to maintenance during operating hours.

MeanMaintenance: 8. 13x10-'+

Variancettaintenance: 6.22xlO- 8

With three pump trains, there are three ways to have maintenance
unavailability because each pu~p is equally likely to require maintenance.
The failure of two pumps is given in Section 1.6.2.3.1.4.2.2.

Mean3Pump Maintenance = 3 K MeanMaintenance x Mean2B (see Section
1.6.2.3.1.4.2.2)

3 x 8.13xlO-'+ x 2.99x10- 3

1.6.2.3.1.4.2.4 Hunan error contribution. Because the system starts
automatically on a safety injection signal. human intecaction does not become
a majeo, facr:or until the recircula~::'~~.. !'/1a.se. The procedures of the monthly
and quarterly tests appear to minimize hu~an··ert"'''. (Le., such as opening and
then closing each valve before proceed Lng to the ne~t valve). Therefore, no
significant contribution to system unavailability was envisioned for this
system.

1.6.2.3.1.4.2.5 Other causes. Most of r:he observed coupled failures in the
industry involved motor- or air-operated valves that bad to change position on
demand. The fcequency partial and full refueling system tests indicate that
an unforeseen common cause failure is of low frequency. This state of
knowledge is expressed by taking a 6-factor with range 1.OxlO- 3 to 5.0x10- 2

which yields a mean and variance of:

Mean: 1.4xlO-2

Variance; 6.1»:10-10

This B-factor is assessed for the ccmmon cause failure of the trains failing
coincidently.
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Table E.1.7 (Continued)

~Iean '"' 1.4x10-2 x 1.53xl0- 3 (see Section 1.6.2.3.1.4.2.1)

2.14x10- 5

1.6.2.3.1.4.2.6 Double failure contributions. Table 1.6.2.3.1-9 summarizes
the double failure contributions.

1.6.2.1.1.4.3 Triple failures. From Section 1.6.2.3.1.4.2.2, it was found
that the ~ean unavailability of two injection paths being blocked while a
third was being tested yielded a triple failure. If the third path fails
coincident with the testing of the other two, the calculated unavailability is
approximately:

Mean3Legs: (l.S3xlO- 3) 3 = 1.03x10-8

Other triple failures of interest are those discussed in Section 1.6.2.3.1.3.3
for injection paths.

A single path is first quantified:

~eanE: Z MeanCheck Valve + MeanMOV856

Even though the MOVs are checked visually each quarter, the flow path is not
verified. Given that the flow path is verified at refueling and assuming a 12
month refueling cycle. MOV 856 being closed is given by:

Mean: 9.1Sx10-S

Variance: 1.D1xl0 14

For an average of 1/2 year we compute:

MeanMOV856

Variance

9.15xlO- 8/hour x 8,760/2

4.0OxlO-'+

1.92xlO-7

2 x (6.91xl0- 5) + 4.00x10-'+

- 5.38x10-'+

To have a system failure. three out of four of these blocks like E must block
flow. Because there are four ways this can occur

Mean Pa~h Unavailabilicy = 4 x (MeanE) 3

- 6.23xlO- 10

Because this is a small contribution compared to single and double failures.
triple failures will be ca~ried no furthe~.
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Table E.l.7 (Continued)

1.6.2.3.1.4.4 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 unavai:ability. These contributors are the basis for the uncertainty
analysis. The mathematical expression for the unavailability of the system,
in terms of the unavailabilities of the dominant contributor, is:

QHPIS = QSingle + Qr'ump Trains + QalT + QTest + Qliaintenance + QOther

Using DPD arithmetic, we find for QHPIS:

Mean: 1.81xIO-4

Variance: 1.39x10-8

5th Percentile: 6.37x10- S

Median: 1.48xIO-4

95th Percent ile: 5.49xlO- 4

The requirement of only one pump train to be operative for a sQall LOeA and
either line (16 or 56) delivering flow reduces the dominant unavailabilities
to the single failures unavailability because all three trains must fail to
fail the system, given that power is available on all buses.

The associated system unavailability distrihution for this case using DPD
arithmetic is:

Mean: 1.34x10-4

Variance: 1.20xLO-8

5th Percentile: 3.20xl0- 5

Median: 9.7Oxl0- S

95th Percentile: 3.41xlO-4
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Table E.I.8
HPI System Unavailability

One Train (B) Effected by 1SL
Indian Point Unit 3

Dominant
Contr-ibutor

QSingle

QPump Train

~fainT

QOther

Total QHPIS

PRA
(Three Blocks B. c. D)

1.35xIO-1t

7.85xIO-6

9.48xIO-6

3.29xlO-7

7.29xlO-6

2.14xlO- 5

1.8ixlO-1t

One Block B
Effected by ISL

No change

No change

=.1xlO- 1t

2. 44lC10- 3

No change

5.74xIO- 3

Table E.2.1
Summary of Core Melt Bins

Oconee 3

Bin sequence Characteristics

I ReS pressure and leakage rates associated with small-break LOCAs.
with early melting of the core (i.e •• within about two hours after
the break occurs).

II ReS pressure and leakage rates associated with small-break LOeAs.
with late melting of the core (i.e •• after about 12 hours from when
the break occur-s).

III Transi~nt initiator.

IV Transient initiator.

V Large rates of leakage from the ReS and low pressure; associated with
large-break LOCAs with failure of core injection.

VI Large-break LOC~ conditions with failure of coolant recirculation.
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Table E.2.2
Summary of Contributors to Core-Melt Frequency

Oconee 3

CM
bin

I:'lternal events
Initiating Core-melt

event frequency

External Events
Initiating Core-melt

event frequency

I Pipebreak- anc
transient-induced
small LOC)\.

SGTR

TWS
Total bin I

II Pipebrea~- and
transient-induced
small LOCA
SGTR

TWS
Total bin II

III Transients
T'dS

Total bin III

IV Transients
Total bin IV

V Larqe LOCA
TWS

Total bin V

VI Larqe LOCA
TWS

Total bin VI

Interfacing systems
LOCA

Subtotal

Total core-melt frequency

1.3-6
1.8-8
7.8-6

1.1-6

1.4-6
1.8-8
2.5-6

2.7-5
2.8-6

1.9-7
"'l':9=7

1.4-6
1.7-6
3':""i"=6

8.3-6
1.5-6
9.8-6

1.4-7

5.4-5

Earthquake
Tornado
Fire
Turbine-buildinq

flood

Earthquake
External flood

Earthquake
Fire
Tornado
Turbine-building

flood

Earthquake

Earthquake

6.6-3

1.1-5
2.2-6
6.5-6
2.0-3

2.0-3

2.6-6
2.5-5

2.8-5

4.6-5
3.6-6
1.1-5
4.5-3

4.5-3

3.2-6

1.6-8

1.6-8

6.5-3

aNotation: 1.0-7'" 1.0 x 10,.7.
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Table E.2.3a
Summary of Oorninant Contributors to Core Melt Frequency

(Large and Small LOeA Only)
Oconee 3

Core ~Ielt

sequence Initiator Frequency (/Year)

SY X 3. OxlO- 3 5.03xlO- 6
s s

SU 3.0xIO- 3 4.65xlO- 7
s

SX 3.0xlJ- 3 6.9OxlO-7
s

AU-Type A 1.lxIO- 6 1.IOxIO-6

Type B 9.3xlO-1+ 2.70xlO- 7

Other 1.4OxIO-7

AXA-Type A 9.3xlO-1+ 3.3OxIO- 6

Type B 9.3xlO-1+ 4.80xlO-6

Type C 9.3xlO-1.+ 5. 60KIO- B

Other 1.50xlO- 7

Table E.2.3b
Conditional Core Damage Frequency

Oconee 3

CCDr '" I CMFi/ I
i

Small LOeA

Large tOCA

(Sy X + SU + SX ) / s
S S 5 5

Legend: S - Small LOCA initiator'" 3xlO-3

Al - Large LOCA initiator'" 1.1xlO-6

A2 - Large LOCA initiator'" 9.3xlO-1.+



E-32

Table E.3.1
Final Calvert Cliffs Dominant Accident Sequences

lREP IREP
FREQUENCY FREQUENCY , TOTA.L

BEFORE A.FTER CM
RECOVERY RECOVERY FREQUENCY

SEQUENCE DESCRIPTION (lYR) (lYe)

ATWS(PSF) 2.8E-5 2.8E-5 20

TOC-82 TOCL 4.9E-4 2.1E-5 16

52-50 5 2H 5.1E-5 1.4E-5 11

52-52 S2FH 5.7E-5 1.1E-5 9

T2-82 T
2

[. 1. 8E-4 7.1E-6 6

T4-173 T4KU 6.7E-6 6.7E-6 5

T4-147 T4ML 3.4E-4 6.3E-6 5

T1.- Bl - 65 T1Q-D"CC' ".1..3E-5 5.JE-6 4

T1-B2 TIL 2.4E-5 4.9E-6 4

Blackou~ 2.4E-4 4.4E-6 3

T4-l52 T4KQ 4.3E-6 4.3E-6 3

TJ -139 T3KU 3.7E-6 3.7E-6 3

T3-118 T 3KQ 2.3E-6 2.3E-6 2

T3-113 T3ML 8.5E-5 1. 7E-6 1

52-59 5 D" 2.8E-6 1.6E-6 1
2

T1-B5 T1[.CC' 5.9E-5 1.0E-5 1

Sequences
belo~ cutoff 7.8E-6 -...§.

Total 1. 3E-4 100
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E.3.2
LOCA Event Definition and Mitigatin~ Systems
Success Criteria for Calvert Cliffs Unit l

t.oell Size l 'U~l'latln'l f'unctlon 2

••ol!!IIctor I!,j~et Ion P!'.!!I!' R~elreulatlon Phas.
Subcrltlc"Uty

(liESe, Jleoactor Contaln..~nt eonta1nftlif'nt R~lIctor eont"I_...n~ Cont"ln_nt
H.at Atl!llocph4!ric Ilad loact Iv it Y "flat Heat ll"dloacti"lty

PelllOVlI I H...a~ Af'lIIovaJ Rrllloval 1I...0I0..a1 1l....o.. J
(PEHPJ Itl!'moval (CHilli) l (PEHII) (CMHIl) (CNIIII)J

ICMHR,

S.aU-S••ll RPS 1/3 HPSI 1/2 CSSI 1/2 CSSI 1/3 HPSR 1/2 CSSR OR 1/2 CSSII
AND OR .. Ith 17i

.J-<O-$I. ,- SSR 1I.-CAIIC4 112 SDU CARC
IIHD

.lIT"iirll

S •• U RPS 1/3 HPSI 112 CSSI 1/2 CSSI 1/3 HPSR 1/2 CSSR OR 1/2 esSR
DR .. Ith 174

1.'·<0·S4.J· 1/4 CARC4 1/2 SDHlI: CARC

Larq... Non'f' 314 SITe 1/2 CSSI 1/2 CSSI l/l HPSR 1/2 CSSA OR 1/2 CSSIl
Aequ I reelS ""0 DR .. ltll 174

D·~4.)· 1/2- LPSI 1/4 CARC 1/2 SOHll: C"RC



EVENT TREE

SYMBOL

A
C
C'
D
D'
D-
F
C
H
K
L
M
P
o
SI
52
TI
T2
T3
T4
Toe
TSRW
U
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Table E.3.3
Sucmary Results of Screening Quantification

calvert Cliffs 1
Key to Acc1den~ Sequence Symbols

FRONT LINE SYSTEM FAILURE

LARGE LOCA
CONTAINMENT AIR RECIRCULATION A~D COOLING SYSTEM (CARCS)
CONTAINMENT SPRAY SYSTEM (INJECTION) CeSSI)
SAFETY INJECTION TANKS (SIT)
LOW PRESSURE SAFETY SYSTEM INJECTION (LPSII
HIGH PRESSURE SAFETY SYSTEM INJECTION (HPSI)
CONTAINMENT SPRAY SYSTEM (RECIRCULATION I (CSSR)
SHUTDOWN CooLINC REAT EXCHANCERS (SDHX)
HIGH PRESSURE SAFETY SYSTEM (RECIRCULATION) (HPSR)
REACTOR PROTECTION SYSTEM (RPS)
AUXILIARY FEEOWATER SYSTEM (AFW) AND SECONDARY STEAM RELIEF (5SR)
POWER CONVERSION SYSTEM (PCS) AND SECONDARY STEAM RELIEF (SSR)
RELIEF VALVES DEMANDED
RELIEF VALVES RECLOSE
SMALL LOCA
SMALL-SMALL LOeA
LOSS OF OPFSITE POWER (LOSP)
LOSS OF POWER CONVERSION SYSTEM (pes)
TRANSIENTS REQUIRING PRIMARY SYSTEM PRF.~SURE RELIEF
REMAININC TRANSIENTS REQUIRINC REACTOR TRIP
LOSS OF DC nus II
LOSS OF SERVICE WATER TRAIN 12
CHEMICAL VO~UME AND CONTROL SYSTEM (evcS)
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Table E.3.3 (ContInued)

A: Large LOCA

UNOEVE:[.OPEO OEVE[.OPEO
SEQUENCE: SEQUENCE TRANSIENT EVENTS EVENTS SEQUENCE

NUMBER DtsCRIPTIOS FREQUENC't/YR PROBABILITY PROBABILITY FREQUENCY

A-2 All 2.3E-4 2.5£-3 ~

A-4 APIl 2.3E-4 2.8&-3 (

A-6 ACIl 2.3E-4 n.3E-3 (

1.-7 Ace 2.3£-4 ~2.3E-3 ..
A-B ACGH 2.3E-4 ~2.3E-3 (

A-9 ACF 2.3E-4 ~2.3E-3 (

1.-10 ACC' 2.3E-4 ~2.3E-3 ~

A-11 AD 2.3E-4 ~3.7E-3

A-12 AOf' 2.3F:-4 ~3.7E-3

A-13 A.DC' 2.3£:-4 ~:>.7£:-3 ..
1.-14 ADe 2.3E-4 ~7.8E-6 (

A-IS ADCG 2.3E-4 ~7 .8£-6 (

A-16 ADCF 2.3E-4 ~7.BE-6 ..
A-17 ADCC' 7..3£:-4 ~7. 8£-6 (

A-18 AD' 2.3E-4 8.2£:-4

A-19 AO'F 2.3E-4 ;i8.2E-4 (

A-:20 AD'C' '2.3£-4 ~8.2E-4

A-21 AD'C 2.3E-4 ;il.3E-4 ..
A-22 Ao'ce 2.3£:-4 ~ 1. 3F:-4 c

A-23 AO'CF 2.3£:-4 ~1.3E-4 ~

A-24 AO·CC' 2.3£-4 ~1.3£:-4 (
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Table E.3.3 (Continued)

S I: Small LOeA

UNDEVELOPED DEVF:LOPED
SEOt7ENCE SEQUENCE TRANSIENT EVENTS l':'/EN'l'S SEQUENCE

NUI'lBER DESCRIPTION FREQUENCY/YR PROIIABILrTY PRO:;ABILI'l'Y FREQUENCY

51-26 51 H 2.4E-4 2.4 E-J

51- 28 SlFH 2.4E-4 2.7f:-3

51- 30 SI CH 2.4E-4 ~B_lE-4

51~11 51 CG 2.4E-4 ~ B.1£-4

51-32 51 CGH 2.4E-4 ~ B.1 £-4 ~

51-3] 51 CF 2.4E-4 ~ B.1 E-4

51- 34 51CC' 2.4E-4 ~B.IE-4 ~

51- 35 SID' 2.4E-4 ~l. 3E-4

S1- 36 slo'r 2.4E-4 ~l.JE-4 ~

51-37 SlD"C' 2.4E-4 n.JE-4

51-38 510'C 2.4£-4 ~3.9E-5

51- 39 SlC"CG 2.4£-4 ~J.9E-5

51- 40 SlO-CG 2.4E-4 !tJ.9f.-5

51-41 SlC"CC' 2.4E-4 :<3.9E-5

51-42 S11< 2.4E-4 3.0£-5 ~/A

51- 43 Sl ICF 2.4E-4 3.0E-5 N/A

51-44 SlICe' 2.4£-4 3.0£-5 N/A

51-45 Sl KC 2.4E-4 3.0E-5 PI/A

51-46 SlKCG 2.4£-4 3.0E-5 N/A

51-47 slKcr 2.4E-4 3.0E-5 N/A

51-48 SlKCC' 2.4E-4 3.0E-5 ~/A
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Table £.3.3 (Continued)

S2: Small-Small LOCA

UNOEVEL.OPEO DEVELOPED
SEQUENCE SEQUENCE TRANSIENT EVENTS EVENTS SEQUE:NCE

NUMBER DESCRIPTION FREQUE:NCY/rR PROBAIl!L!TY PROBABILITY FREQUENCY

52-50 S21f 2.11;-2 2.4E-3 5.1£-5

52-52 S2 FH 2.1E-2 2.7£-3 5.7e:-5

52-54 S2 CH 2.l"!:-J 6.6E-7

52-55 S2 CC 2.lE-2 2.2E-6

$2-56 S2 CCH 2.lE-2 6.7E-6

52-57 SZCF 2.1E:-2 1.3E-5

52-SS Slce' 2.H-2 2.0E-6

52-59 52 0" 2.lE-2 1.JE-4 2. SE-6

S2-6O S2 0"' 2.1E-2 J.0£-6

52-61 SlO"C' 2.H:-2 1.9E-6

52-6 2 S2 0"C 2.lE-2 5.8E-7

52- 6J 52 0"CG 2.ll:-2 ~1.0E-8

S2-64 SlD"CF 2.lE:-2 9.0E-8

52-65 SlO"CC' 2.1r.-2 3.2E-5

S2-66 Sl[, 2.1E-2 2.3E-4 4.SE-6

S2-67 52r.F 2.1£-2 7.4E-8

52-68 S2r.C· 2.1E-2 5.0E-7 (

52- 69 52[,C 2.1E-2 8.0r.-7

52-70 S2LCG 2.1E-2 :;;1.01:-8 (

S2-71 52LCF 2.1E-2 :;1.0E-8 «

52-72 S2LCC' 2.lE:-2 6.3E-6

52- 7J 52 IC 2.1E-2 3.0E-5 1'l/A «

S2- 74 S2 ICr 2.1F.-2 3.0E-5 NfA

Sz-75 S2 ICe ' 2.1E-2 3.0£-5 NfA (

52-76 S2 KC 2.1£-2 3.0E-5 NfA

52-77 52KCG 2.1E-2 3.0r:.:-5 NfA

52-78 52 Kcr 2.1E-2 J .0£-5 NfA

52-79 S2 KCC ' 2.1£-2 ~. 0 E-5 NfA
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APPENDIX F: lncerfacing LOCA E'i~ Break Probability

An estimate of the likelihood chat the low pressure piping in a particu­
lar plaut will fail whee subjected to ovecpressurizatioa is an essential item
needed to assess the core ~ge frequency resulting from an interfacing sys­
tem LOCA. The purpose of this appendix is to establL;h a reasonable pipe
rupture probability associated lolith iatet"facing LOCA in both BWRs aad P'ilRs.
This pipe failure probabili ty estimate is based on the limited amount of data
available in this area and on a good deal of engineering j~gemeat.

Review of Industry Estimates of Pipe Failure During Interfacing LOCA

As an initial step, the sections dealing with pipe rupture of three
iarlustry documents on the subject of interfacing LOCA ~ere reviewed:

1. "Seabrook Station Risk Manageaent and Emerg~ncy Plancing Study,"
PLG-0432. December 1985.

2. Fauske & Associates, Icc., "Evaluation of Containment Bypass and
Failure to lsolate Sequences for the InCOR Reference Plants." Draft
Report FAl/84-9, July 1984.

3. Draft of GE Report, "BWR Owners Group Assessment of Emergency Core
Ccoling System Pressurization in Boiling 'ilater Reactors," by Mehta
and Howard.

For convenience, these reports are referred to as Seabrook, IOGOR, and
BM1tOG in the subsequent discussion.

Section 3 of Seabrook, entitled "SSPSA PlanC Model Update," briefly dis­
cusses che Seabrook RHR piping strength and rupture probability. Seabrook
states that the piping involved is Schedule 40, 304 stainless steel piping
with a ~ximum diameter of 16 inches on the suction side. While the pipe is
designed for a pressure of 600 psig, during an interfacing LOeA 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 sCress Oh viII approach the yield stress of 35
ksi (kilopoucds per square inch). (This can be easily verified. For a
Schedule 40, 16 inch pipe

2,250 psi (15.5)
O'h .. 2 (.5) 34.88 ksi) •

To obtain a failure probability, Seabrook assumes a log-normal distribution
for which the probability of failure at yield is .01 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 'flat'
distribution of a 10-3 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 O.OOl.
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The following obse~vations can be made regarding the seabrook method:
First. the yield stress of 35 ksi cited above. may be nonconservative for the
500 to 600°F tem~erature the pipe experlenc~s. A standard reference work on
stainless steels gives a value of 24 ksi as the yield for 304 55 at 500 v F.
If the same criteria for a probability distribution were used as before. i.e.,
log normal with a .01 failure probability at yield. then the calculated hoop
stress of 34.88 ksi would lead to a probability of failure considerably
greater then .01. No reduction of pipe thickness due to corrosion was
considered. Finally, like the other tvo references, Seabrook treats the
problem only quasi-statically.

The IOCOR document considers interfacing system LOCA in four reference
plants: Peach Bottom, Grand Gulf. Zion and Sequoyah. No probabilistic analy­
sis is made regarding pipe breaks. Instead, hoop stresses are compared to
pipe strength in a deterministic way with the conclusion that low pressure
piping would remain intact long after the shaft seals of the RHR pumps fail.
For Peach Bottom. rOCOR describes 20 inch piping made of ASTM AI06 B with a
wall thickness of 0.95 em (0.37~ In.). According to lDGOR, this piping could
be exposed to pressures approaching 7 MFa (megapascals) (1.000 psia). The
subsequent stress calculations in lDCOR are difficult to make sense of: For
the pipe described at 7 MPa of internal pressure, rOCOR cites a hoop stress of
375 MPa. This Is clearly wrong. The correct stress Is only

7 MPa (49.85 em) _ 184 MPa (26.6 ksi) •
2 (.95 cm)

However, IDCOR also cites tbe yield stress for A-I06 Grade B as 414 MPa (60
ksi) but this v~lue is actually the ulti~ate stress of this material. The
yield stress i~ only 241 MPa (35 ksi) at room temperature and more like 186
MFa (27 ksi) for SOO"F temperature service. Therefore the calculated hoop
stress. 184 MPa. is about 99% of the yield stress of 186 MPa. No allowance
for corrosion has been made and no dynamic effects are considered.

For Zion, IOCOR consrders a 14 inch, Schedule 40 pipe of 316 stainless
steel with an inside diameter of 0.33 m and a wall thickness of 1.1 em. This
low pressure piping cculd be exposed to 15.5 MPa (2,250 psia) according to
IDCOR. The resulting hoop stress is correctly cited as 233 MPa (33.8 ksi) but
the yield s~ress for 316 SS is given by rOCOR as 552 MPa (80 ksi). This again
is an ultimate stress not a yield stress. 316 55 has a yield 1 of about 276
~a (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. Again dynamic effects are dismissed.

For the Grand Gulf calculation IOCOR refers back to ~he Peach Bottom
discussion. 5equoyah is considered similar to Zion.

O~ all three documents, document number '. 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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probabilis~ic and ~w:ROG ci~es the probability calculated via the t~ird ~thod

as the overall piping failure probability. This approach is inconsistent.
The other two criteria should be applied probabilistlcally also, and all
indications are they would produce hig~~r pipe failure probabilities than the
third method, which BWROG relies on.

For the first criteria. c~mparison of pipe hoop stress during overpres­
surization with burst margin. typical pipes from the Core Spray, RCle. HPCl
and RHR systems are analysed in BWROG. Pipe size ranges from 6 to 24 inch
00. Hoop stresses at 1,050 psi internal pressure are calculated for these
various size pipes and compared to a burst hoop stress of 54 ksi which is
based on results reported by General Electric from a series of burst tests. 2

All pipes are assumed to be made of A-106 Grade B steel, for which BWROG
correctly cites 27 ks! 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:

Pipe Size (in.)

6
14
16
20
24

Hoop Stress
at 1.050 pSi (ksi)

16.3
23.9
27.4
34.5
28.9

Since none of the calculated hoop stresses exceeds 54 kst. 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 Seabrook. discussed earlier. where a hoop stress equal to the
yield stress means a .01 failure probability, would imply tllat the failure
probabilities of the 16, 20 and 24 inch pipes are all greater than O.Ol!

The application of the second criteria in BWROG. limiting axial flaw
length calculated via a limit load approach, suffers frOm the same
inconsistencies a. the hoop stress comparison just discussed: ~ 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 u5~d can be again termed inconsistent: If the flow stress and hoop
stress used tn the theory were treated as statistical quantities. a range of
crack lengths, some considerably less than 2.4 inches, would result. Failure
probabilities associated with the different 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 failure probability of
10-7 per weld is calculated. Yhen such small probabilities are the result of
mathematical models using various assumed inputs to describe a physical
process. one wonders to what order of magnltcde the result is valid. BWROG
assumes 300 welds per piping system and uses the resulting probability of
3xlO-5 for the weld calculation to represent the total piping failure
probability during an interfacing LOCA. This seems a very questionable way to
obtain an overall piping failure probability, especially when one remembers
that Seabrook assumed a base line failure probability of 10-3 due only to
manufacturing defects. design errors. construction errors, and other random
factors.

To summarize: The Seabrook document has perhaps the most reasonable
approach but may still ~ non-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 rDCOR TR are actually
above the correct yield stresses of the pipe material and so are likely to
lead to significant failure probabilities, at least according to the assump­
tions made by Seabrook. The BWROG document, accounts for corrosion and high
temperature but not dynamic loads. It inappropriately uses two deterministic
and one probabilistic approach to evaluate different phenomena related to pipe
integrity and erroneously concludes that the probabilistic approach used for
weld failures gives results which cover all three pipe integrity considera­
tions.

None of the industry reports reviewed above ascribe any importance to the
dynamic aspects of the loading on low pressure piping caused by a sudden
overpressurization. This neglect of dynamic effects is justified in an appen­
dix of the IOCOR TR and by a related calculation in a Pt&G memorandum which
show that the maximum pressure in the low pressure pipe cannot exceed the pri­
mary system pressure, i.e., no dynaoodc "pressure spike" is generated which
would result in a higher hoop stress than is calculated in a quasi-static
manner. The IDCOR and PlOG calculations are reasonable for the assumptions
made, namely that the piping system is completely rigid. This may not be true
in practice. Vhile no dynamIc increases in the local hoop stress may occur,
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 to
the total pipe stress. To quote from NUREG-QS82. Water Hammer in Nuclear
Power Planr::s; " •••• 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 and bending and
torsional moments." While we are not dealing with a classical water hammer
problem, the interfacing system tOeA causes a r::ransient to occur, in which a
high pressure wave has to travel around elbows and through area changes of a
piping system. If the overpressurization Is caused by the Inadvertent gradual
opening of a valve or the slow failure of some valve components the pressure
rise will be slow enough so that the problem can be treated quasi-statically.
~ormal isolation valve opeclng times on the order of 10's of seconds would
allow one to neglect dynamic effects. But if a sudden disintegration of the
internals of a valve separating high and low pressure systems occurs. the
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dynamic effects on the piping system may be' significant.* Exact times for
classifying '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 location and kind of restraint provided by hangers. equipment
attached 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 strp.sses.
Obviously no generic calculations are possible and the many piping system and
even segment specific calculations needed would be extremely costly.
especially since differences in assum?tions 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 pipe stress if the
overpressurization is fast enough to elicit a dynamic response from the piping
system.

BNL Estimate of Pipe Failure Probabilities During Interfacing LOCA

In order to estimate the probability of low pressure piping failure due
to overpressurization. we want to incorporate the limited data available, our
engineering judgement, and the insights provided by previous work in this
area. i.e •• the documents just reviewed.

Ideally, every possible mechanism which could lead to pipe failure, would
be investigated, modelled, and its contribution to total pipe failure
probability assessed. Such a comprehensive analysis Is well beyond the scope
of our task here. Gi~en the uncertainty associated 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 vill estimate a failure probability which depends on the maximum
stress level in the piping system.

We will avoid a dependence of our estimate on piping length by assuming.
s!milar to the Seabrook approach discussed above. that the estimated
probability applies to the particular piping system in question (RCIe. RHR.
etc.) 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 ~ith the highest stress level to be the major contributor
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.
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Earlier we dis~ussed the approach used by Seabrook, whi~h assumed a
lognormal ~umulative failure distribution ~hose parameters were determined by
assigning percentile constra~nts at a~, the yield stress and au, the
ul:imate stress. Seabrook took these'constraints to be PCcry) • 0.01
(P(ay) represents the cumulative failure probability at the yield stress}
and P(cru) • 0.99. The 0.99 value at au seems reasonable since one can
expect failure at au with almost ~ertainty. However. assigning a failure
probability of 0.01 at the yield stress appears very arbitrary without some
supportive data. This arbitrary constraint occurs at the most sensitive part
of the probability distribution curve for our calculations: During
ovarpressurization many pipe stresses in BWR low pressure designed systems
will be near the yield stress, while in PWRs these systems will experience
stresses at or above yield. An assignment of PCay) • 0.001 for instance.
which seems just as defensible (or indefensible) as Seabrook's Pea ) • 0.01
without data, will shift failure probabilities by an order of magnItude on
that part of the distribution curve of most interest to us.

By assuming a lognormal distribution with the constraints indicated
above, Seabrook has also implicitly assumed that the mean and the median
failure stress lie approximately halfway between the yield and ultimate
stress. (For sea~rook's lognormal calculations, with cry - 35 ksi and au
80 lesi. the llIean failure stress is 55.5 ks! 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 1 shows a
lognormal distribution for ASTM Al06 B constrained by P(ay) S 0.001 and
PCou) - 0.99, where ay ~ 27 ksi and au : 60 ksi at SOQDF. The mean of
this distribution corresponds to 42.1 ksi and the median to 41.7 ksi while
Cay + au)/2 equals 43.5 ksi. These values of mean and/or median failure
stress relative to Oy and au do no~ agree with the limited data we do have
on pipe overpressurization, i.e., the burst tests conducted by General
Electric on ASTM AI06 B pipe2 mentIoned in BWROG.

Specifically, General Electric conducted burst tests on seamless AI06 B
pipes ranging in size from 4-to-12 inches and in diameter to thickness (D/t)
ratios from 13.3 to 27.5. A106 B is the material used in B~ fo~ much of the
low pressure piping affected by a postulated interfacing LOeA. During the GE
tests the actual yield and ultimate stress of the pipe material used for each
test specimen ~as determined. The average burst hoop stress of unflawed pipe
specimens was found to be at approximately 90% of the ultimate stress
independent of the pipe size. This indicates that, when constructing a
failure probability distribution. the stress corresponding to the distribution
mean should be closer to the ultimate stress than the yield stress. Both
intuition and theoretical calculati~ns support the concept that the material
ultimate stress has a greater influence than the yield stress on the value of
the average burst stress. A lognormal distribution determined by specifying
the 1st and 99th percentile probability values, as Seabrook has used, is
conservative in its estimation of what stress corresponds to the mean failure
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., does not add unwarranted assumptions.
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Two conclusions which ~e feel sure enough about to couch as constraints
for our distribution are the following:

Firs:, the mean failure stress is approximately at 90% of the ultimate
stress. This information is based on tests done on a series of unflawed pipe
specimens of AI06 B steel. 2 We of course want to include fla~ed as we~l as
unflawed 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 distribution 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 ultimate stress a value close to one: We will use
0.99 as the failure at au.

Therefore. we want to con~truct a failure probability constrained to have
its first moment at 90% of au and its 99th percentile at au. 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 500°F is
quite adequate for the three materials of interest: ASIM AI06 B. 30455. and
31655. We also assume that the average failure stress will be 0.90 of au
for 304 and 31& stainless steel just as it is for ASTM AIO& B, even though the
test data is only for A5TM AI06 B.

The most defensible distribution we can assume is one which reflects the
greatest degree of uncertainty given the specified constraints. Assuming any
other distribution would mean we have implicitly adopted additional
assumptions not supported by the available knowledge. Based on information
theory, certain axioms for measuring uncertainty can be ~stablished3 and used
to find a maximum uncertainty (sometimes referred to as maximum entropy)
distribution. When only the range of a variable is known. a uniform
distribution maximizes the entropy. If the range of a variable is unlimited
and the first two moments are known, the entropy is maximized by a normal
distribution. 4

For our problem we have a finite variable 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,S which uses information 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.

Figures 2, 3. and 4 show the cumulative probability functions calculated
by the code for the three materials of interest. The ultimate stress values
at SOO°F for all three steels used to determine the probability curves shown
are listed in Table 1. Yield stresses at 500°F are also shown. A qualitative
check on the reasonableness of our distributions can be made by examining the
predicted failure probabilities at normal design conditions and at the
material yield stress. For 30455 the failure probability ae yield shown in
Figure 3 is 2.SxI0-3• 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
SOOop. The 31655 failure prObability is 2.0xIO-3 at yield (Figure 4) while
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for Al06 B failure at yield 1s up to 8.1xlO-3 (Figure Z) - not surprising
since AI06 B has a consiaerably lower au tha~ the two stainless steels.

During normal operating conditions these piping systems are stresaed in
the range of 10 to IS kai. ~s the f!gures show. failure probabilities here
are typically an order of magnitude less than at yield. At 10 ksi 304SS t~s a
cumulative failure probability of 2.3xI0~; for 316S5 it is Z.OxlO-4 and for
Al06 B the value is 5.4xlO~. These values are all almost an order of
magnitude lower than seabrook's 10-3 flat cutoff and appear more appropriate
for a best estimate calculation than the conservative higher seabrook value.
In our engineering judgement. the cumulative failure probabilities shown in
the figures at both yield and design seem reasonable based on the limited
information available.

We believe that Figures 2. 3, and 4 provide reasonable estimates of pipe
failure probability vs. pipe stress during an interfacing system LOeA.

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 internal pressure.
Since only the very sudden disintegration of the internals of a valve would
lead to "fast" overpressurization. the "slow" situation due to inadvertent
openings o~ gradual failure would appear to be the more usual scenario. If
the stress in Figures 2 through 4 is only a hoop stress. then it is directly
proportional to the diameter to thickness ratio of the pipe. Dlt, and to the
internal pressure. For a fixed Dlt, the abscissa in Figures 2. 3, and 4 can
be used to plot internal pressure. or. for a particular pressure. values of
Dlt can be used on the horizontal axis. Both situations are shown in all the
figures.

If dynamic effects and. therefore. bending and ehear stresses can be
neglected. the figures can be used to relate failure probabilities directly to
Dlt for a given pressure. or to pressure for a particular o/t. Tables 2. 3.
and 4 list the failure probabilities due to heop stress of a number of typical
pipe sizes for expected maximum overpressures as derived from the probability
curves in Figures 2. 3. and 4. Table 2 and Figure 2 are for BWRs with 106
Grade B carbon steel and 500 0 p. 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 500°F. Table 4
and Figure 4 are for 316 stainless steel at 500°F.
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Al06 CrB Carbon*

304 Stainless**

316 Stainless**
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Table 1
Steel Properties at SOO"F

Yield Stress Ultimate Stress
ksi (MFa) ksi (MPa)

27 086.2) 60 (413.7)

24 (l6S.S) bt. .6 (445.4)

25.1 (173.1) 72.5 (499.9)

*From BWROG document and Metals Handbook Ninth Edition. AMS. 1978.
··From Reference 1.

Table 2
FalluTe PTobabilities fOT Some BVR Pipes at Maximum Overpressure

Material: AI06 GrB Carbon Steel
Properties at SOO"F: ~ • 27 kai au • 60 kst
Internal Pressure: 10 0 p~:a

As Built CorroJed*
Nominal Hoop- Failure Hoop- railure

Pipe Size stress Proba- stress Proba-
(in.) Schedule Dlt (kai) bUity Dlt (ltsi) bility

:3 StC. 15.20 7.98 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. 28.45 14.94 1.28-3 36.72. 19.28 2.54-3
12 Std. 33.00 17.32 1.88-3 42.22 22.16 3.95-3
14 Std. 36.33 19.08 2.46-3 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 37.10 19.48 2.63-3
18 Std. 47.00 24.68 5.76-3 60.02 31.51 1.58-2
18 XS 35.00 18.38 2.21-3 41.86 21.98 3.84-3
18 30 40.19 21. :0 3.3&-3 49.42 25.94 6.94-3
20 Std. 52.33 27.48 8.74-3 66.80 35.07 2.65-2
20 XS 39.00 20.48 3.07-3 46.62 24.48 5.60-3
20 40 32.73 17.18 1.83-3 37.99 19.94 2.81-3
20 &0 23.63 12.41 8.36-4 26.32 13.82 1.06-3
24 Std. 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 8.48-4 26.03 13.66 1.03-3
30 30 47.00 24.68 5.76-3 54.05 28.37 9.96-3

·All wall thickness reduced by 0.08 inches for corrosion allowance regardless
of pipe size.
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Table 3
Failure Probabilities for Some PYa Pipes at Maximum Overpressure

Material: 304 Stainless Steel
Properties at 500°F: a • 24 ksi au - 64.6 ksi
Internal Pressure: 225b psia

As Built Corroded'"
Nominal Hoop- Failure Hoop- Failure

Pipe Size stress Proba- stress Proba-
(io.) Schedule Olt (ksi) bility Dlt (ksi) bility

2 80S 9.89 11.13 2.93-4 16.21 18.24 9.58-4
2.5 lOS 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
8 405 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 -1.0
12 lOS 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 40 31.04 34.92 1.24-2 38.22 42.99 4.21-2
14 140 10.20 11.48 3.05-4 10.97 12.34 3.56-4

*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 au - 72.5 ksi
Internal Pressure: 2250 peia

As Built Corroded*
Nominal Hoop- Failure Hoop- Failure

Pipe Size stress Proba- stress Proba-
(in.) Schedule Dlt (kef) bil!ty Olt (ksi) bility

2 80S 9.89 11.13 2.49-4 16.21 18.24 7.52-4
2.5 105 22.96 25.83 1.90-3 70.88 79.73 -1.0
3 80S 10.67 12.00 2.88-4 14.91 16.77 6.06-4
4 80S 12.35 13.90 3.91-4 16.51 18.57 7.89-4
6 405 22.66 25.49 2.08-3 32.13 36.14 8.68-3
6 80S 14.34 16.13 5.51-4 17.82 20.05 9.73-4
8 405 25.79 2.9.01 3.34-3 34.64 38.97 1.26-2

10 20 42.00 47.25 3.78-2 62.24 70.01 7.60-1
12 IDS 69.83 78.56 -1.0 126.50 142.31 -1.0
12 20 50.00 56.25 1.24-1 74.00 83.25 -1.0
14 10 55.00 61.88 2.61-1 81.35 91.52 -1.0
14 30 36.33 40.88 1.63-2 46.4& 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 she.
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APPENDIX G: Sensitivity of the CDF to Interfacing LOCA
Pipe Break Probability

G.l Introduction

Appendix F contains a discussion of a method to establish a best estimate
pipe rupture probability due to an overpressurization event. The
determination of the best estimate pipe rupture probability is particularly
important in order to assess the core damage frequency res~~ting from an
interfacing system LOCA event that leads to an overpressurizatioft of a low
pressure piping system. In Appendix F it vas also indicated that the best
estimate failure probabilities are based on rather limited amount of data and
extensive engineering judgement. For this reason sensitivity calculations
have been undertaken to determine the effect of pipe r~p~ure probability on
the core damage frequency.

G.2 Results of the Analysis

The pipe rupture probabilities have been parameterized in order to study
their 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 probabilities in the event trees.

The results are listed in 4ables G.l through C.3 for the three reference
plants. The effect of varying the rupture probabilities depends on the
interfacing system affected, the physical arrangement of that particular
system and other factors, such as isolation capabilities and operator
intervention. At Indian Point the dominant sequences are the ones affecting
the LPI, 51, and RHR systems. The contribution to CDF from the LPI and 51
systems are ~educed by two orders of magnitude when the rupture probability is
changed from .1 to 1.0-03. Further decrease does not appreciably changes the
CDF indicating that the contribution to cor from other sequences became
dominant. The RHR system behaves similarly except the effects are 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 orders of
magnitude, .1 to 1.0-03, the total COY is reduced by about an order of
magnitude, but further reductIons in the rupture probabilities have negligible
effect. At Oconee, the dominant sequences, the LPI and RHR, are reduced by an
order of magnitUde initially but further reduction has no appreciable
effects. At calvert Cliffs, an ISL on the RHR suction side dominates the CDY
bypassing the containment and the initial sensitivity is very large, almost
linear wi~h the pipe rupture probability. Further reduction again
demonstrates that other, initially nondomina~t sequences become more
important.

In general, the sensitivity of CDF to pipe rupture probability decreases
rapidly as the value ~f the rupture probability is lowered. If the rupture
probability for a given system is in the range of -1.0 to 1.0-03 the effect
on the CDF/system may be very large. If :he rupture probability is below
-1.0-03 the effect ~r s~nsitivity of ~he CDF/system is almost negligible.
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In summary. systems that have high rupture probabilities. ).01. are the
most important ones to investigate and best estimate studies should
concentrate on the high range of the rupture probabilities to determine better
estimates of the likelihood of pipe failures as was done in Appendix F.

Table G.l
Core Damage Frequency

Indian Point

Overpressurlzation Sum of
System Initiator P(Rupture) Event*CCDF CDF/Year

LPI 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

sr* 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

Letdown* 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 2.28-06

TOTAL 1.CO-Ol 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 1.52-09
side containment) 3.00-05 1.39-09

Note: P(Rupture) - Probability of a major pipe rupture.
*For this system P(Rupture) • Probability of pipe pressure boundary NOI
maintained.
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Table G.2
Core Damage Frequency

Oeonee

Letdown* 2.28-03 1.00

Overpressurization
System Inic!ator P{Rupture)

RHR Suction 9.90-07 1.00-01
1.00-03
3.00-05

Accu~ulators 5.85-03 1.00-01
1.00-03
3.00-05

Sum of
Event*CCDF CDF/Year

1.02-01 7.57-08
3.10-03 2.30-09
2.13-03 1.58-09

1.28-02 1.27-08
2.21-03 2.19-09
2.10-03 2.08-09

5.09-08 1.16-10

1.18-03 6.90-06
1.7&-04 1.03-06
1.66-04 9.72-07

6.99-06
1.03-06
9.76-07

8.59-08
2.72-09
1.91-09

1.00-01
1.00-03
3.00-05

1.00-01
1.00-03
3.00-05

LPI 7.43-07 1.00-01
1.00-03
3.00-05

TOTAL
(CDF with ISL out­
side containment)

TOTAL
(CDr due to over­
pressu.rization)

Note: P(Rupture) a Probability of a major pipe rupture.
*For this system P(Rupture) - Probability of pipe pressure bou.ndary !2!
maintaine.d.
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Table G.3
Core Damage Frequency

Calvert Cliffs

Overpressurization
System Initiator

LFL 2.31-09

SI* 1.74-09

RHR Suction 3.36-06

LetdoWtl* 2.28-03

Accumulators 1.23-02

TOTAL
(CDF due to over­
pressurization)

TOTAL
(CDF with 151. out­
side containment)

Sum of
P(Rupture) Event*CCDF COF/Year

':'.00-01 1.01-01 2.34-10
1.00-03 2.30-03 5.31-12
3.00-05 1.33-03 3.07-12

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

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

1.00 2.43-08 5.55-11

1.00-01 l.85-03 2.28-05
1.00-03 9.64-05 1.19-0&
3.00-05 7.92-05 9.74-07

1.00-01 2.32-05
1.0C-03 1.19-06
3.00-05 9.79-07

1.00-01 3.55-07
1.00-03 2.25-08
3.00-05 1.93-08

Note: P(Rupture) = Probability of a major pipe rupture.
*For this system P(Rupture) s Probability of pipe pressure boundary !Q!
maintained.
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APPENDIX H: Consequence Aaalysis

The consequences were calculated using the CRAC21 compucer code. The
consequences of principal interest are person-rem. deaths, and decontamInation
area.

The technIques of consequence analysIs are discussed In the Reactor
Safety Study (WASH-1400) and the PRA Procedures Guide, and. the~efore, the
details are omitted here.

The
the ways
has been

a.
b.
c.
d.
e.

consequence codes co~sider fl~e processes that account for most of
In whIch people can accumulate a radiatIon dose after radioactIvity
released to the atmosphere from an accident:

Inhalation;
Cloudshine (eKternal exposure from passing cloud);
Groundshine (external exposure from deposited material);
Ingestion; and
Inhalation of resuspended material.

The first three mechanisms are by far the most Important 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 ingestion and cleanup does not reduce contamination.

In CRAC2, the dose response is plece-wise linear due to irradiation of
the bone marrow. lung. and Gt tract. The total risk is then:

where Rl • ~, and R3 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. stahility class. and precipitation. The data is not taken
from a single year, but is averaged in a manner that represents the long-term
average weather beha~ior. The code sorts this data into 20 weather categories
(called bins), as discussed in the CRAC2 Model Manual. so that low probability
~eather conditions can be adequately sampled.

The site weather input was taken to be that fcr Indian Point simply for
calculational convenience. Other site data would yield somewhat different
numberical results, however. it is important to note that the relative
magnitudes and relationships of the conseq~ence analysis results would be
expected to hold. The weather summaries for Indian Point are given in Tables
H.l. The stability is ranked 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 afternoon with low ~ind 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 ~ery low. In addition. there are weather
bins for rain conditions. both at time of release and at later ti.es. aDd for
changing wind condition which produces a slowing down of the plume. Both of
these conditior~ could produce higher doses at greater distances than would
Qotherwise occur.

Source Terms

The characterization of a given release category is called the source
term. The factors of interest are the timing aDd duration of the release. the
release fractions. and the plume energy. The timing of the release is used
for radioactive decay. The duration of release is used in CRAC2 to account
for continuous releases by adjusting for horizontal dispersion because of wind
meander (CRAC2 considers only puff releases). The release fractions are for
groupings of isotopes that have similar chemical characteristics. The energy
of the release is used to calculate plume rise.

In spite of the different ve~dors and balance of plant deoigns. the three
representative reactors and Reactor Coolant Systems (RCS) are sufficiently
similar from a fission product transport standpoint that one expects
comparable resu:ts for the ReS portions of the source terms. The source terms
shown in Table H.2 represent radiological r~leases associated with an
interfacing system LOCA in a PWR with subatmospheric containment. They were
taken from NUREG/CR-4629 for a dry and flooded break location for an event 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 scrubbing of the release due to water above the break location. It
should be noted that the scrubbing considerably reduces the release fractions.

The release was assumed to occur 0.5 hour after 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 puolic response to an
evacuation within 10 miles one half hour after the release. The results are
given in Table H.3 for deatbs. injuries. persom-rem within SO miles. and
predicted costs due to contaminated land area.

H.l References

1. Ritchie. L. T. et al•• "Calculations of Reactor Accident Consequences
Version 2. CRAC2: Computer Code Users Guide." NUREG/CR-2326. February
1983.
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Tabll! H.1
One Year of New York City Meteorological Daca

Summarized Using Weather Bin Categories

Weather Bin Number 4f Sequences Percent

1. R(O) 697 7.96
2. R(o-S) 12 .14
3. R(5-10) 62 .71
4. R( 10-1S) 102 1.16
5. R(15-20) 75 .86
6. R(20-ZS) 67 .76
7. R(25-30) 61 .70
8. 5(0-10) 24 .27
9. S( 10-15) 16 .18

10. 5(15-20) 18 .21
11. S{2o-ZS) 14 .16
12. 5(25-30) 18 .21
13. A-<: 1.2,3 168 1.92
14. A-<: 4,5 892 10.18
IS. o 1 0 0.00
1&. o 2 61 .70
17. o 3 226 2.58
18. o 4 948 10.82
19. o S 3325 37.96
20. E 1 0 0.00
21. E 2 27 .31
22. E '3 167 1.91
23. E 4 682 7.79
24. E 5 270 3.08
25. F 1 0 0.00
26. F 2 116 1.32
27. F '3 310 3.54
28. F 4 402 4.59
29. F 5 0 0.00

8760 100.0

R • Rain starting within indicated interval (miles).
S • Wlndspeed slowdown occurring within indicated interval (miles).
A-<:, D.E,F • Stability eatl!gories.
1(0-1), 2(1-2), 3(2-3), 4(3-5), SeCT 5) - Wind speed Intl!rvals

(meterslseeollcl) •



H-4

Table H.2
Compa~isons of Envlronmencal Releases
For Dry and Flooded Break Locations

Sk"ecies Dry Flooded

I 2.9E-l 4.4E-2

Cs 2.&E-1 4.0E-2

Te 5.4E-2 8.6E-3

Sit 4.7E-3 9.6E-4

Ru 2.2E-7 3.1£-8

La 2.5E-4 5.0E-5

Ce 3.7£-4 7.2E-5

Ba 3.4E-3 6.8E-4

Table B.3
'Results of Consequence Calculations

Total Land Cost W!O
Deaths Injuries Person-Rem Decontamination ($)

V(Unscrubbed) 6.00-03 7.83+00 2.18+06 1.Z6+0~

V(Scrubbed) 0.0 0.0 1.08+06 2.76+08


