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ABSTRACT

This report summarizes a study performed by Brookhaven National Laborato­
ry for the Office of Regulatory Research, Reactor and Plant Safety Issues
Branch, Division of Reactor and Plant Systems, u.S. Nuclear Regulatory Commis­
sion. This study was requested by the NRC in order to provide a technical
basis for the resolution of Generic Issue 105, "Interfacing LOCA at LWRs."
This report deals with boiling water reactors (BWRs). A parallel report was
also accomplished for pressurized water reactors. This study focusses on
three representative BWRs and extrapolates the plant-specific findings for
their generic applicability. In addition, a generic analysis was performed to
investigate the cost-benefit aspects of imposing a testing program that would
require some minimum level of leak testing of the pressure isolation valves on
plants that presently have no such requirements.
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EXECUTIVE SmmARY

This study was performed by the Risk Evaluation Group, Department of Nucle­
ar Energy, 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 Commission. The objectives of this study are
to investigate the vulnerability of current boiling water reactor (BWR) designs
to an interfacing systems LOCA (ISL), identify any improvements that would sig­
nificantly reduce the frequency of ISLs, determine the cost-benefit considera­
tions thereof, and determine the effects and the cost benefit relationship of
instituting leak testing programs of the pressure isolation valves for those
plants that do not currently have such a requirement.

This study is based upon the detailed examination of three plants (Peach
Bottom, Nine Mile Point 2, and Quad Cities) with the goal of taking the plant­
specific findings and extrapolating the results to aid in the resolution of NRC
Generic Issue 105.

Recent BWR operating experience indicates that the pressure isolation
valves may not adequately protect against overpressurization of low pressure
systems. This overpressurization may result in the rupture of low pressure
p~p~ng. This event, if combined with failures in the emergency core cooling
systems (ECCS) and other systems (e.g. feedwater) that may be used to provide
makeup to the reactor coolant system, could result in a core melt accident with
the possible release of fission products outside the primary containment. Some
ECCS failures may be a direct result of the initial rupture and/or its
lmvironmental effects.

One of the primary goals of this study was to determine the cost-benefit
relationship associated with requiring plants that do not currently have leak
testing requirements on their pressure isolation valves (PIVs) to institute such
a program. However, all of the reference plants already have various require­
ments related to leak testing. Therefore it was decided that since none of the
reference plants represented a true "base case" model in this area an additional
base case model would have to be created. The base case model was taken to be
the Peach Bottom model with the PIV leak testing aspects removed. Removing the
leak testing benefits from the Peach Bottom model resulted in a large increase
in predicted core damage frequency due to ISL. Based upon the results of a
separate sensitivity study, it appears sufficient for the leak testing program
to include provisions such that leak testing be performed at each refueling as
¥Tell as after individual valve maintenance. The risk-based benefits calculated
for this leak testing program show that such testing schemes are cost
effective.

In addition, the offsite risk-based cost-benefit considerations for the
suggested testing program were calculated to be fully cost effective whether or
not the break in the low pressure system was assumed to be submerged under
water. A submerged break would result in trapping of some of the aerosol fis­
sion products in the water and thus lower the predicted offsite consequences.
The results indicate that in spite of uncertainty in predicting fission product
release the benefits in risk reduction outweigh the cost of implementing such a
leak testing program.

----_ .._-
-~---------

Preceding page blank



-xii-

The insights from this study fall into two basic categories. The first
category deals with assuring that the pressure boundaries are intact prior to
increasing reactor pressure and the second category deals with how to avoid
placing the plant unnecessarily into a more vulnerable mode of plant operation.
Table 1 provides a convenient collection of the pertinent core damage frequen­
cies (CDFs) presented throughout this report. The table will be used to
facilitate comparisons and derive insights.

The first category above is addressed by PIV leak testing prov~s~ons. From
Table 1, "Peach Bottom (no leak testing)" represents an analysis wherein the
Peach Bottom model was stripped of all credit for its current leak testing prac­
tices. "Peach Bottom (current)" refers to the Peach Bottom plant as found and
modelled. "Peach Bottom (with leak testing)" reflects the minimum leak testing
provisions derived from this study (i.e. leak testing all air-operated check
valves at each refueling and individually after maintenance). Comparing the
"no-testing case" to "Peach Bottom (current)" shows that the existing level of
leak testing has already reduced the Peach Bottom CDF due to IS1s by an order of
magnitude. Comparing "Peach Bottom (current)" to "Peach Bottom (with leak
testing)" shows another order of magnitude reduction is still available. A
significant benefit (similar to that derived for Peach Bottom) for such a leak
testing program is expected to hold across the BWR population.

The second category of insights is addressed by changing current testing
practices. These testing practices can be almost as significant as implementa­
tion of a leak testing program, however, they are quite plant-specific. The
dominant example from this study is found at Nine Mile Point 2 (NMP). By
comparing the two NMP-2 entries in Table 1, there is apparently more than a two
order of magnitude decrease in the CDF for IS1 available by prohibiting the
currently allowed practice of stroke testing the valves in the steam condensing
lines to the RHR heat exchangers (With the reactor pressurized) and allowing the
stroke testing to await a convenient shutdown (with the reactor depressurized).

A second example of significant testing-induced risk can be seen by compar­
ing "Peach Bottom (current)" with "Peach Bottom (logic test at shutdown)" from
Table 1. This is the single most effective corrective action identified for the
Peach Bottom plant in reducing core damage frequency. Current Peach Bottom
testing requirements include the provision to test the ECCS logic every six
months independent of whether or not the reactor is pressurized. By holding off
on the ECCS logic system functional test until a reactor shutdown comes along,
(i.e., the reactor is depressurized), the 181 CDF can be reduced by almost an
order of magnitude.

In summary, the results of this study show that institution of a m~n~mum

leak testing program for the air-operated pressure isolation check valves
represents a significant reduction in the estimated IS1 CDF for the three plants
studied, which should apply across the entire BWR population. In addition, it
has been shown that some of the current BWR testing practices can also represent
a large contribution to IS1 CDF and that this testing-induced risk is easily
removed by rather simple and cost-effective changes to existing testing
procedures (as discussed directly above).
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Table 1
Summary of Estimated ISL CDF vs. Plant States

Plant State

Peach Bottom (No leak testing)
Peach Bottom (Current)
Peach Bottom (With leak testing)
Nine Mile Point 2 (Current)
Nine Mile Point 2 (With all fixes)
Peach Bottom (Logic test at shutdown)

CDF/Year

1.86E-S
1.02E-6
1.97E-7
8.81E-6
3.22E-8
1.21E-7
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1. INTRODUCTION

1.1 Background

The term "interfacing system LOC~' (ISL) refers to a class of nuclear plant
loss-of-coolant accidents in which the Reactor Coolant System (RCS) pressure
boundary (isolation valve, piping wall, etc.) interfacing with a supporting sys­
tem of lower design pressure is breached. A subclass of these accidents takes
on special concern when the postulated flow path affects the availability of a
safety system needed to mitigate the accident. This can occur by overpressuriz­
ing the system of lower design pressure and may further induce ruptures outside
the primary containment, thus establishing discharge of coolant to the environ­
ment. Depending on the configuration and accident sequence, the Emergency Core
Cooling Systems (ECCS) as well as other injection paths may fail, resulting in a
core melt with primary containment bypass.

In spite of numerous analyses conducted in various probabilistic risk as­
sessments (PRAs), both the probability and the consequence estimates for inter­
facing system LOCA (ISL) sequences are subject to substantial uncertainties.
Depending on assumed valve failure modes, common cause contribution, valve moni­
toring, test and maintenance strategies, and statistical data handling methods,
the total core damage frequency due to ISL accidents may vary from 10- 4 to
10-8/reactor year. The radiological consequences are also subject to large
variations due to plant-specific features, the location of the break, and the
radionuclide behaviour under the particular ISL sequence (e.g., break is below
or above water level).

The Reactor Safety Study, WASH-1400,1 identified an intersystem loss-of­
coolant accident in a PWR as a significant contributor to risk from core melt
accidents (V-events). The V-event arrangements were defined to be (1) two check
valves in series, or (2) two check valves in series with an open motor-operated
valve. Such valve arrangements are commonly used in PWRs but not boiling water
reactors (BWRs).

As a result of that study and the TMI-2 accident, all light water reactors
with an operating license granted on or before February 23. 1980 were
required 2- 3 to periodically test or continuously monitor the Event-V valves.
Acceptable methods to assure component integrity include:

(1) continuous monitoring on the low pressure side of each check valve,

(2) periodic in-service testing (1ST) leakage testing on each check valve
every time the plant is shutdown and/or each time either check valve
is moved from the fully closed position,

*(3) periodic ultrasonic examination on each valve every time the plant is
shutdown and/or each time either check valve is moved from the fully
closed position, or

*(4) periodic radiographic examination on each valve every time the plant
is shutdown and/or each time either check valve is moved from the
fully closed position.

~kNo plant has ever proposed these methods and thus such methods have not re­
ceived a detailed review.
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For plants which received operating licenses after October 1980, leak tests
of all pressure isolation valves (that is; two valves in series which separate
high pressure RCS from associated low pressure systems) are required. 4 Systems
that are rated at full reactor pressure on the discharge side of their pumps but
have pump suction piping rated below reactor coolant system pressure are not
normally considered to be protected unless the pumps are of the positive dis­
placement type. Pressure isolation valves are required to be Category A or AC
per IWV-2000 of ASME Code for Boilers and Pressure Vessels. Limiting conditions
of operation and surveillance requirements are specified in the Technical Speci­
fications.

Since early 1981, the Office of Nuclear Reactor Regulation (NRR) staff com­
menced backfitting operating reactors by requiring (via in-service inspection
programs) leak testing of all pressure isolation valves (PIVs) that connect the
high pressure RCS to lower pressure systems. 5 On April 20, 1981, orders were
sent to 32 PWRs and 2 BWRs which required leak rate testing of Event-V PIVs.

In February 1985, the NRR staff established new acceptance criteria 6 for
leak rate testing. The leak rate on each valve must be no greater than 1/2 gal­
lon per minute for each nominal inch of valve size and no greater than 5 gpm for
any particular valve. On July 24, 1985, the Committee to Review Generic Re­
quirements (CRGR) responded favorably to this change,7 but questioned the safety
rationale that was used to justify the full extent of the PIV testing that was
required of the Near Term Operating License (NTOL) applications, and the retro­
active applications to the operating reactors. To address the concern of CRGR,
NRR put a program in place as part of Generic Issue 105 to develop the necessary
information and technical basis to prepare a new NRC staff position on testing
of PIVs.

The current leak testing requirements for PIVs are stated in the PWR
standard technical specifications as follows:

a. At least once per 18 months.

b. Prior to entering hot shutdown when the plant has been in cold shutdown
for 72 hours or more and if leakage testing has not been performed in
the previous nine months.

c. Prior to returning the valve to service following maintenance, repair
or replacement work on the valve.

d. Within 24 hours following valve actuation due to automatic or manual
action or flow through the valve.

In B\JRs, items band d have been omitted in many recent licensing actions
because the PIVs have readout in the control room and alarms if pressure is ex­
ceeded on the low pressure side. In some cases interlocks are provided to pre­
vent both valves from being opened when the pressure is too high. NRR recently
recommended the elimination of requirements band d in all plants as being too
stringent. 8 Item d above is believed to impose the most hardship on utilities
in terms of its potential effect on plant operation because leakage in excess of
the acceptance criterion requires that the plant be brought back to cold shut­
down to repair the failed valve.
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1.2 Objectives

Recent BWR operating experience 9 indicates that the pressure isolation
valves may not adequately protect against overpressurization of low pressure
8ystems. The overpressurization may result in the rupture of low pressure
piping. This event, if combined with failures in the emergency core cooling
8ystems and other systems (e.g. feedwater) that may be used to provide makeup to
the reactor coolant system, would result in a core melt accident with an
energetic release outside the containment. Some ECCS failures may be a direct
result of the rupture and/or its environmental effects.

The objective of this work is to provide technical support to the NRC,
Reactor and Plant Safety Issues Branch, ORES, for the meaningful resolution of
the generic issue. This work includes, survey and analysis of representative
plants to determine the risk due to failure of pressure isolation valves, and
determination of corrective actions such as valve leakage testing and
prohibiting valve stroke testing while pressurized. In addition, to address the
concerns of the CRGR,7 a detailed risk-benefit study was undertaken to determine
the cost-effectiveness of requiring those plants currently not required to
perform any PIV leak testing to perform this testing on some minimum frequency.

1.3 Organization of Report

Section 2 and Appendix A provide detailed information on the interfacing
lines identified for the selected plants. Section 3 and Appendix B provide de­
tailed information on the survey of operating experience, and the causes of PIV
failures. Section 4 and Appendix C provide the detailed quantification for the
interfacing lines identified in Section 2 using the failure experience and data
found in Section 3 and Appendix D, respectively. Section 5 identifies and eval­
uates possible design/procedural changes that could be made to address the sig­
nificant items identified from the Section 4 results in order to lower the core
d.amage frequency from interfacing systems LOCA. Section 6 is the regulatory
a.nalysis in which risk-based cost and benefit estimates for the proposed cor­
rective actions are analyzed. Section 7 summarizes the results obtained and the
most important conclusions.

1.4 References

1. "Reactor Safety Study - An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants," WASH-1400 (NUREG-75/014), USNRC, October 1975.

2. Letter to all LWR licensee on "LWR Primary Coolant System Pressure Isolation
Valves," from Darrel G. Eisenhut, Acting Director, Division of Operating
Reactors, Office of Nuclear Reactor Regulation, USNRC, February 23, 1980.

3. "Order for Modification of License Concerning Primary Coolant System Pres­
sure Isolation Valves," Letter from Darrel G. Eisenhut, Director, Division
of Licensing, Office of NRR, USNRC, to Eugene R. Mathews, Vice President,
Power Supply and Engineering, Wisconsin Public Service Corporation, April
20, 1981.

4. Leak Tight Integrity of Primary Coolant System Pressure Isolation Valves,"
Memorandum from J. Knight, Assistant Director for Components and Structure
Engineering, Division of Engineering, to R. Tedesco, Assistant Director for
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Licensing, Division of Licensing, Office of Nuclear Reactor Regulation,
USNRC, October 15, 1980.

5. "Leak Test Requirements for Reactor Coolant System Pressure Isolation
Valves," Memorandum from G. E. Edison, Chief, Technical and Operations Sup­
port Branch Planning and Program Analysis Staff, to Harold R. Denton, Office
of NRR, USNRC, June 14, 1985.

6. "Proposed Technical Specification Change and Notice Regarding Acceptable
Pressure Isolation Valve In-Service Test Leak Rates," Hemorandum from Harold
R. Denton, Director, Office of NRR, to Victor Stello, Jr., Committee to Re­
view Generic Requirements, USNRC, February 14, 1985.

7. "Minutes of CRGR Meeting Number 79," Memorandum for William J. Dircks, Exec­
utive Director for Operations, from Victor Stello, Jr., Chairman, Committee
to Review Generic Requirements, August 21, 1985.

8. "Leak Rate Testing - Pressure Isolation Valves," Memorandum from Harold R.
Denton, Director, Office of NRR, to James Sniezek, Acting Chairman, Commit­
tee for Review of Generic Requirements, USNRC, March 3, 1986.

9. P. Lam, "Overpressurization of Emergency Core Cooling Systems in Boiling
Water Reactors," Nuclear Regulatory Commission Office for the Analysis and
Evaluation of Operating Data, February 1985.
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2. SURVEY OF POTENTIAL ISL PATHWAYS AT REPRESENTATIVE BWR PLANTS

Three BWRs were selected for detai.led analysis regarding interfacing system
LOCA. They are Peach Bottom, Nine Mile Point-2, and Quad Cities. Table 2.1
lists some important characteristics of these plants. Information on the inter­
facing lines in the selected plants was collected. Appendix A provides informa­
tion on the lines identified, including valve arrangement, automatic and manual
control, and potential indications of overpressurization or LOCA. Section 2.1
describes the method used to identify interfacing lines, and some general obser­
vations. Section 2.2 discusses the detailed information that was sought for as­
sessing frequencies of overpressurization, and conditional probability of core
damage given an interfacing LOCA.

2.1 Identification of Interfacing Lines in Selected BWRs

Some information on interfacing lines in light water reactors is provided
in a study by Oak Ridge National Laboratory.l However, because that study was
performed in 1981, some of the information may not be up to date. This was
pointed out by a recent Event-V inspection conducted on all Region I reactors
i.ncluding Peach Bottom. 2

Interfacing lines for the selected plants were identified from their Final
Safety Analysis Reports (FSARs). Each FSAR has a table of containment isolation
valves for all lines penetrating containment. These tables have been incorpo­
rated into Appendix A. Some of the lines penetrating containment are not con­
nected to the reactor coolant system, e.g., the residual heat removal (RHR) con­
tainment spray line. Such lines were not analyzed further. The remaining lines
are connected to the reactor coolant system and, therefore, at least portions of
these lines are rated for high pressure. The piping and instrumentation dia­
grams (P&ID) and the process diagrams for the corresponding systems were re­
viewed to determine the high/low pressure interfaces. The following criteria
~Tere used to eliminate some lines as being not important or outside the scope of
this interfacing system study.

A. High Energy Lines - Lines that are designed for high pressure were con­
sidered further. For example, main steam lines, steam supply lines for
RCIC and HPCI turbines, and lines in the reactor water cleanup system.

B. Small Lines - Lines with diameters less than 1-1/2" were not consid­
ered. For example, sample lines, control rod drive insert or withdraw
lines, and standby liquid control injection lines. Breaks in these lines
have not been included because they do not directly impact on the needed
safety systems and the resulting leakage is expected to be small.

C. Injection Line of Control Rod Drive Pumps - The system consists of two
pumps in parallel, one normally operating, the other normally on standby.
The standby pump is isolated from the operating pump by a check valve and a
manual valve on the discharge side and a manual valve on the suction side.
The discharge side of the system is rated for high pressure and the suction
side of the pumps is rated for low pressure. One scenario of an interfac­
ing LOCA is that the discharge valves of the standby pump fail open, back­
flow through the pump overpressurizes the pump suction piping and causes
the pump suction manual valve to rupture. This disturbs the suction side
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of the operating pump and causes it to trip. At this time, a small LOCA
results through the standby pump train. The operator can also isolate this
by closing the motor-operated valves (MOVs) in the discharge line. The
frequency of such a LOCA is expected to be quite low and even if such a
LOCA should occur, the flow would be limited by the size of the smallest
pipe section which is typically 1-1/2". Therefore, based upon the ability
to isolate, the lack of direct impact on mitigating systems and the limited
flow potential, these lines were not included in the succeeding phases of
this study.

D. Lines that are Connected to the Primary Coolant Pressure Boundary Out­
side the Containment by Normally Closed Pressure Isolation Valves (PIV~
If the failure of the PIVs in a given line does not itself result in a
LOCA, then an additional failure of the containment isolation valves will
be needed for an interfacing LOCA to occur. The frequency of such a sce­
nario will be quite low. For example, the feedwater flush line at Peach
Bottom is 12" in diameter, and is isolated from the feedwater pressure by
two normally closed PIVs. If the normally closed valves fail open and
feedwater pressure causes the flush line to rupture, feedwater will be di­
verted through the break. A LOCA will not occur unless the feedwater check
valve inside the containment fails to close when the main feedwater pump is
tripped. If this check valve does fail to close, the control room operator
can isolate via the MOV downstream of this check valve. Similarly, in the
reactor water cleanup system, there are many low pressure lines used for
backwash and precoat of the filter demineralizer. They are isolated from
the high pressure piping by two normally closed valves. If the valves fail
open and cause a rupture of the low pressure piping, the containment isola­
tion valves should still be able to isolate the reactor water cleanup sys­
tem from the primary coolant system. A LOCA in these lines then requires
failure of two additional containment isolation valves as well as the two
PIVs. Therefore, the frequency of a LOCA is again expected to be quite low
compared to those lines listed in Table 202 which represent the interfacing
lines selected by this phase of the study for further analysis.

E. Lines that are not Connected to the Reactor Coolant System Need not be
Considered - Some of the lines penetrating containment do not make any con­
nection to the primary system, for example, the drywell purge lines. Such
lines could not cause a LOCA upon their failure and thus do not fall within
the scope of this study.

All lines penetrating containment and not eliminated using the above crite­
ria were analyzed further. P&IDs that show all lines connected to the primary
system were also reviewed to be sure no line would be overlooked. The informa­
tion collected for the identified lines is given in Appendix A. Figures 2.1 and
2.2 are simplified drawings showing major components in the systems that have
lines penetrating the containment. Appendix A provides a table which lists
lines penetrating containment for each of the three plants in this study. The
single character code in the first column of each table denotes the disposition
of line. An asterisk indicates that the line is considered within this study.
A letter means that the line was not considered further, based upon the screen­
ing criterion denoted above by the same letter.



2-3

Based on the survey of the three selected BWRs, the following were ob­
served:

• The following systems are rated for high pressure on the discharge side
of the pumps, but rated for low pressure on the pump suction sides:
Reactor core isolation cooling system (RCIC), high pressure coolant in­
jection system (HPCI), high pressure core spray system (HPCS), control
rod drive system, standby liquid control system, and feedwater system.

• The feedwater line is somewhat unique in that the feedwater system is
normally operating. The feedwater discharge line is rated for high pres­
sure but the pump suction side is not. The water hammer event at San
Onofre-1 3 was caused by common cause failure of multiple check valves.
Chapter 3 and Appendix B provide more details of this incident. If the
analogous event had occurred in a BlvR, a large interfacing LOCA could
have resulted.

• The reactor water cleanup (RWCU) system has a blowdown line downstream of
the filter demineralizer. This line is connected to the condenser
through low pressure piping. The line can be used when reactor is at
power. A restricting orifice reduces the pressure before the flow
reaches the low pressure piping. Overpressurization or pipe rupture may
occur if a valve in the low pressure piping were to become closed. How­
ever, an isolation valve in the high pressure portion of the line itself
would be expected to close and isolate the break. Given failure of this
valve, the containment isolation valves would then act to isolate the
system. This line is not considered further, because the frequency of an
unisolated interfacing LOGA in it is judged to be negligible. In addi­
tion, as documented in Section 3.1, two separate data searches were
undertaken to ascertain if any related failure experience exists for the
RWCU systems. Based on these data searches, nothing was found to indi­
cate this system should be included in the ensuing phases of this study.

2.2 Information Collected for Identified Lines

For each of the interfacing lines identified, the following information
'was collected and documented in Appendix A.

1. Pressure Isolation Valves (PIVs) - These were obtained from the P&IDs
of the systems. The list, if available, of PIVs in Technical Specifications was
used to check for completeness.

2. Surveillance Requirements for the PIVs and the System Pumps - Most of
the PIVs are also containment isolation valves for ECC systems. The tests they
luay be subjected to are local leak rate testing (LLRT) for containment isolation
valves, leak rate testing for PIVs, and valve operability testing for valves in
the ECCS.

3. Automatic and Manual Control of PIVs - This was based on P&IDs and sys­
tem descriptions in the FSARs.
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4. Valves that Will Bound the Low Pressure Piping that Will be Overpres­
surized t if the PIVs Fail Open - This was based on P&IDs.

5. Potential Alarms or Indications of Overpressurization or Interfacing
LOCA - This was obtained by reviewing system descriptions t P&IDs t process dia­
grams t functional control diagrams t and system descriptions for the leakage de­
tection system t radiation monitoring system t and HVAC system for the reactor
building.

In addition to the information in Appendix At attempts were made to collect
the information needed to assess what effects a postulated interfacing LOCA in
the identified lines may have on safety systems that are needed to mitigate the
accident. Intersystem effects may be caused by such things as flooding t over­
pressurization of compartments t high temperature steam damage t or drainage of
the condensate storage tank or the suppression pool. TypicallYt different ECC
systems are located in different compartments as are pumps in different trains
of the same system. The compartments are typically connected by water tight
doors. Other potential interconnections include blow-out panels and HVAC
ducts. The compartments are typically designed for an internal to external dif­
ferential pressure of 0.25 psid. For those compartments that contain high
energy lines t blow-out panels are typically installed to relieve any blowdown to
additional volumes. "High energy lines" are defined to be lines with operating
pressure greater than 275 psig or operating temperature greater than 200°F t
e.g. t RCIC steam line t main steam lines t and feedwater lines. TypicallYt the
floor of the pump rooms is at the same level as the suppression pool. The sup­
pression pool water level is approximately 20' or more. ECCS pump suction pip­
ing in the suppression pool is more than 8' below the normal suppression pool
level and the suction piping usually slopes down to the pump, such that the suc­
tion piping is always filled with water to provide the needed net positive suc­
tion head. If the suction piping is ruptured, loss of suppression pool invento­
ry may be a problem.

To the extent attainable in one-to-two day plant site visits, the above
classes of information were pursued by plant tour and/or interviews with key
plant personnel. The results of these visits played an important role in formu­
lating many of the assumptions found in the following sections of this report.
Every attempt has been made to indicate the origin and basis for each such as­
sumption whenever it is introduced.

2.3 References

1. Fred A. Heddleson, "Summary Report on a Survey of Light Water Reactor Safety
Systems," Oak Ridge National Laboratory, NUREG/CR-2069, October 1981.

2. "Special Inspections Regarding Potential Intersystem Overpressurization of
Emergency Core Cooling Systems (Event V Inspections)," Hemorandum from
Thomas E. MurleYt Regional Administrator, Region I, to James H. Taylor, Di­
rector, Office of Inspection and Enforcement t USNRC t September 18, 1985.

3. "Loss of Power and Water Hammer Event at San Onofre Unit 1, on November 21,
1985," USNRC t January 1986.
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Table 2.1
Characteristics of Selected BWRs

Peach Bottom Nine Mile Point-2 Quad Cities

Containment Type
BWR
AE
Design Power (MWe)

Mark I
4

Bechtel
1065

Mark II
5

Stone & Webster
1080

Mark I
3

Sargent & Lundy
789

2
2

Yes

Yes
No

No

Yes
No
2

2
4

2

Feedwater
Line

4
Recirculation
Line

2
3

2
Vessel

3

Yes

No
Yes

Yes

1
1

No
Yes
2

Vessel Head

4
4

4
2

Yes
No

1 per unit

Feedwater
Line

4
Recirculation
Line

LPCI Containment 2
Penetration

Steam Condensing Line
to RHR Heat Exchanger No

LPCI Discharge Cross
Connection Yes

Service Water Connection Yes
Fuel Pool Cooling

Connection Yes

RHR
Heat Exchangers
Pumps
Pumps for Shutdown

Cooling Mode
Injection Location

HPCI
HPCS
CST
RCIC Injection
Location

LPCS
Pumps
Injection Line
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Table 2.2
Interfacing Lines Identified for Analysis

Peach Bottom

LPCI Injection Lines
Shutdown Cooling Suction Line
RPV Head Spray
Core Spray Injection Lines
HPCI Pump Suction
RCIC Pump Suction

Nine Mile Point 2

LPCI Injection Lines
Shutdown Cooling Suction Line
RPV Head Spray
Low Pressure Core Spray Inj ection Lines
HPCS Pump Suction
RCIC Pump Suction
Shutdown Cooling Return to Recirculation
Steam Condensing Supply Line to RHR Heat Exchanger

Quad Cities

LPCI Injection Lines
Shutdown Cooling Suction Line
RPV Head Spray
Core Spray Injection Lines
HPCI Pump Suction
RCIC Pump Suction
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3. SURVEY OF OPERATING EXPERIENCE AND IDENTIFICATION OF CAUSES OF FAILURE

3.1 Survey of Operational Events Involving Failures of Pressure Isolation
Valves

After the Browns Ferry-l event on August 14, 1984,1-2-3 the NRC Office of
Analysis and Evaluation of Operational Data (AEOD) looked at operating experi­
ence dating back to 1975 to identify events involving actual and potential over­
pressurizations of emergency core cooling systems. 1 The scope of that search
included all emergency core cooling systems as well as the reactor core isola­
tion cooling system in BWRs. Eight incidents were identified. A summary of
these events is provided in Table 3.1.

To expand the search for operational events involving pressure isolation
valve (PIV) failures, BNL performed the following searches using the RECON~ data
base.

• A search for valve failures in ECCS systems and RWCU systems was done on
February 14, 1986 for events reported in the 1981 to 1986 period.

• A search for valve failures in ECCS systems and RWCU systems was done for
events reported before 1975.

• A search for check valve failures in feedwater systems of both PWRs and
BWRs was done on April 20, 1986.

The search for failures of feedwater check valves was performed to identify
any failures similar to the San Onofre--l event, 5 in which 5 check valves in the
feedwater lines failed open, resulting in a water hammer, and severe damage to
the feedwater piping and supports.

The RECON data base provides a one line description and an abstract for
c~ach identified event. First, the one line descriptions were reviewed. Those
l~vents involving valves that are not pressure isolation valves were skipped.
The abstracts of the remaining events were then reviewed. A few incidents in­
volving failures of pressure isolation valves to pass local leak rate tests were
found. They all involved very small leakage and were not considered further,
except the event at Susquehanna-Z. 6 This event involved multiple failures of
pressure isolation valves in the RHR system such that pressure at the RHR heat
l~xchanger was increasing. The plant was forced to shutdown in order to repair
the failed valves. Table 3.2 provides a summary of the eleven incidents that
have been identified and incorporated into this study. They are ordered in
chronological order.

Appendix B provides detailed descriptions and associated valve arran1ements
for these events. Eight of the eleven incidents were identified by AEOD.
Their descriptions were taken from Ref. 1. The description for the Susquehanna­
2 incident was taken from the Licensing Event Report (LER).6 The description of
the Pilgrim incident in April 1986 was taken from Ref. 7. (It is interesting to
note that Pilgrim replaced its air operated check valves by regular check valves
after the event on September 29, 1983 8 and, therefore, this recent incident in­
volves failure of a regular check valve.) The San Onofre-l incident 5 is in­
cluded in the list, because if an analogous incident had happened in a BWR, a
large LOCA outside the containment could have resulted.
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3.2 Identification of Causes of Failures and Methods of Discovery

In this section, the valve failures in the incidents identified are de­
scribed. The causes of failures are discussed if identified. Also provided are
the ways the failures were discovered. This information was collected from ref­
erences listed in Table 3.2.

3.2.1 Events Involving Failure of Testable Check Valves

The first nine incidents of Table 3.2 involve failures of testable check
valves. Testable check valves are used inside the drywell in the injection
lines of BWR ECCSs. Along with a normally closed 110V outside the drywell, the
testable check valve serves as both containment isolation valve and pressure
isolation valve. Technical Specification testing requirements for these valves
are given in the tables of Appendix A. Figure 3.1 shows the structure of a
testable check valve. 15-16 It has an air operator controlled by a solenoid
pilot valve. It also has a bypass valve that is needed to cycle the testable
check valve when the reactor is pressurized.

In this section, some descriptions of the operation of the testable check
valves are provided. The causes of failures are discussed in Subsections
3.2.1.1 through 3.2.1.9.

The following description of testable check valves made by Rockwell Inter­
national has been taken from Ref. 15, and applies to the testable check valves
at Hatch 2. Testable check valves at other plants may be made by manufacturers
other than Rockwell International, therefore, their detailed design may be some­
what different.

Prior to a test opening via the air actuator, the bypass valve on the 1"
line around the check valve is opened to equalize the pressure on both
sides of the disk of the check valve. When the remote test push button is
depressed, power is supplied to the solenoid pilot valve causing the pilot
valve to shift. This in turn causes the actuator rod to rotate from its
neutral position. When the actuator rod reaches its 150 0 position, it en­
gages the check valve disk via a disk pin. Further rotation of the actua­
tor rod lifts the disk from the valve seat. The actuator rod will rotate
another 30 0 to its 180 0 position where it will stop. The limit switch on
the actuator gives an indication of actuator travel (the full 180 0 from
neutral) via a light on the control panel in the control room. A proximity
switch tripped by a ferrous cam connected to the valve disk gives an indic­
ation of disk position (open) via another light on a control panel in the
control room. The isolation check valve which provides the first of two
isolation boundaries between the RCS and the RHR system is a safety-related
component, while its air actuator and the pilot solenoid valve are not
classified as safety-related.

The following description of testable check valves made by Anchor Darling
has been taken from Ref. 12, and applies to the valves at LaSalle-I.

The Testable Check Valve is exercised open by first opening the Testable
Check Bypass Valve. This is done to equalize pressure across the check
valve disc. The Testable Check Valve is then cycled open by operating a
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remote hand-switch. This hand-switch energizes a solenoid valve, opening
it and causing the following to happen.

Instrument air is supplied to one side of an air piston cylinder which
moves a rack and gear assembly against spring tension. This movement of
the rack and gear assembly rotates a lobed shaft connected through the gear
approximately 25° contacting the valve disc and lifting it off its seat.
When the hand-switch is returned to close, the solenoid valve de-energizes
closed securing instrument air to the air piston. Spring tension returns
the rack and gear assembly to its normal position. This rotates the lobed
shaft connected through the gear away from the disc allowing the disc to
close due to it's own weight and differential pressure.

3.2.1.1 Vermont Yankee Event on December 12, 1975

In this incident, testable check valve 10-46A was leaking past its seat,
"rhile the indicator lights in the control room showed that the valve was fully
closed. The failure was discovered because of the subsequent overpressurization
of the low pressure piping. The cause of failure has not been reported.

MOV 10-25A initially failed to open during the valve operability test. It
was manually opened. Then the valve was successfully cycled. The cause was re­
ported to be excessive differential pressure across the valve seat resulting
from the leakage through the testable check valve. This is judged not to be the
only cause, because if check valve leakage always lead to failure of the up­
stream MOV, then experience would so indicate.

MOV 10-27A is normally open. During the incident, it was closed according
to procedure before MOV 10-25A was opened. However, it failed to close fully,
leaving an 1" opening. The indication in the control room for this valve false­
ly indicated that it was closed. The causes of the valve failure and the false
indications were not reported. The failures were discovered because of the
overpressurization. As the result of overpressurization, the RHR heat exchanger
developed a leaking gasket on the fixed tube sheet to shell flange. A steam
water mixture was discharged from the flange area and three RHR system relief
valves.

3.2.1.2 Cooper Event on January 21, 1977

In this incident, the HPCI testable check valve (AO-18) failed to remain
fully closed, due to a broken sample probe wedged under the edge of the valve
disc. The sample probe came from the main feedwater line upstream from where
the HPCI discharges into the feedwater line. In order for the broken sample
probe to get to the as-found position, the check valve disc must have been
lifted from the valve seat. One possibility is that the check valve first
l,eaked, and the piping between the check valve and the MOV, MO-19, was pres­
surized. With the pressure across the check valve disc equalized, the valve
disc rattled due to vibration in the feedwater line. This failure was not re­
cognized until the backflow of feedwater to the HPCI pump suction occurred. It
was not known if the position indication in the control room was indicating cor­
rectly.

With the testable check valve partially open, the outboard isolation valve
MO-19 was opened as required by the HPCI System Turbine Trip and Initiation
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Logic Surveillance Test. This resulted in backflow of feedwater to the pump
suction piping. The isolation valve was then closed. It was not reported
whether or not overpressurization of the low pressure piping took place.

If the low pressure piping had been overpressurized to the point that it
ruptured, diversion of feedwater and unavailability of HPCI would have re­
sulted. An interfacing LOCA would not have resulted unless the feedwater check
valve inside the drywell also were to fail in an open position upon feedwater
trip.

3.2.1.3 LaSalle-1 Event on October 5, 1982

In this incident, a testable check valve was tested by cycling while the
plant was operating at 20% power. This was done by first opening the bypass
valve to equalize the pressure on both sides of the valve disc, and then operat­
ing a remote hand switch. A more detailed description of this operation has al­
ready been discussed in Section 3.2. After the test, both the testable check
valve and its bypass valve failed to indicate closed. The testable check valve
was found to be 5% open.

Normally, the preload on the actuator spring will return the actuator cyl­
inder to its normal position after air pressure is removed. The check valve
disc will then close by its own weight and pressure differential. The failure
of the testable check valve to reseat was caused by some combination of the fol­
lowing. The lubricant on the actuator cylinder was dry, making it difficult for
the cylinder to move. The preload on the spring was not sufficient to return
the cylinder to its normal position. And, the bypass valve stayed open, keeping
the pressure equalized across the check valve disc. The cause of the bypass
valve failure was not reported.

3.2.1.4 LaSalle-1 Event on June 17, 1983

Similar to the LaSalle-1 event on October 5, 1982, a testable check valve
and its bypass valve failed to indicate closed after being opened by test. The
cause of the check valve failure was found to be a stuck open bypass valve and
possibly thermal binding of the check valve disc. The cause of the bypass valve
failure was not reported. During shutdown of the plant, the bypass valve closed
unassisted as reactor temperature and pressure decreased. This then allowed the
testable check valve to close. The valve was examined and an adjustment to the
spring tension was made. A concern was raised that the check valve and its by­
pass valve tend to remain partially open after being cycled hot. A revision to
the in-service-test of pumps and valves was proposed to test the valve only in
cold shutdown.

3.2.1.5 LaSalle-1 Event on September 14, 1983

In this event, the testable check valve in the LPCI line failed open, re­
sulting in draining of reactor coolant while performing an RHR System Relay Log­
ic Test during cold shutdown. The operator was immediately aware of a reactor
water level decrease and secured the flow path by closing the injection valve
that was opened during the test. The valve failure was due to two causes, mis­
alignment of the interfacing gears between the check valve and the air operator,
and tightness of the packing gland on the check valve shaft inhibiting free
movement of the valve disk. Both causes were due to maintenance errors.
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The interfacing gear has a timing mark used to align the gears for proper reas­
sembly after maintenance. The timing mark on the spline shaft of the check
valve was confused with a score mark on the spline shaft. This aligned the
eheck valve and the air operator such that the check valve was 35 0 open when the
air operator was 1n the fully closed position. The packing gland was adjusted
too tight in the preceding maintenance of the valve. The local leak rate test
that was required after maintenance was inadvertently not performed. Otherwise,
this problem would have been discovered and corrected.

3.2.1.6 Pilgrim-I Event on September 29, 1983

In this incident, the HPCI testable check valve was partially open, and
both HPCI pump discharge valves were inadvertently opened by the operator. The
HPCI pump suction was overpressurized by the feedwater system pressure. The
overpressurization caused the gland seal condenser gasket to rupture. This in
turn caused a mixture of water and steam to spray from the condenser to a nearby
limit switch resulting in a 250-V de battery ground, and a large amount of water
1.n the pump room. The operator relieved the pressure by opening valves in the
HPCI test return line at one minute into the incident.

The exact cause of the check valve failure was not determined. There was
some evidence that a rusted linkage between the valve stem and the attached air
operator had contributed to the failure. The rusted linkage was repaired and
the check valve was returned to its correct position. In the short term, the
testable check valve was tested by monitoring the pressure in the pipe section
between the check valve and the outboard discharge valve. After 16 hours no
pressure buildup was detected. In the long term, the testable check valve will
be replaced by a new design. Both discharge valves were opened at the same
time. This was due to verbal miscommunication between the control room operator
and an I&C technician.

The error consisted of conducting two surveillance tests "HPCI Steam Supply
Isolation Valve Logic" and "HPCI Injection Valve Logic," at the same time, and
not ensuring that test prerequisites and initial test conditions for all steps
in the test procedures were met.

3.2.1.7 Hatch-2 Event on October 28, 1983

In this incident, the testable check valve in the LPCI line was found open
during valve operability testing for the RHR system. The failure was due to a
maintenance error committed more than four months previously, on June 7, 1983.
After that maintenance, the two air supply lines from the solenoid operated
valve to the air actuator were reversed. This failure was mainly attributed to
the failure to use the valve maintenance manual which was not available at the
time. The error was not discovered by post-maintenance testing which was either
missed or not correctly done. During the four month period, the reactor was
operating at substantial power levels. The open check valve went undetected by
plant personnel even though valve position and actuator travel indications were
provided in the control room. This lack of detection is attributed to also
r,eversing the electrical leads such that the indication in the control room in­
dicated the valve was closed.
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3.2.1.8 Susquehanna Event on May 28, 1984

The incident started with dual indication (i.e., both "open" and "closed"
indicating lights illuminated) for the testable check valve and its bypass valve
in the LPCI line. The inboard injection valve was in its normally closed posi­
tion. Later, the outboard injection valve was closed, and the inboard injection
valve was cycled in an attempt to seat the testable check valve. When the out­
board injection valve was reopened, pressure at the primary side of the RHR heat
exchanger was observed to be increasing and the outboard injectior. valve was
closed again.

The only problem reported for the testable check valve was dual indica­
tion. It was attributed to a loose diaphragm plate connector that resulted in
improper contact with the limit switches in the bypass valve. The plate connec­
tor and its set screw were tightened. No other failure modes of the testable
check valve were reported. Since the pressure at the RHR heat exchanger was in­
creasing, some leakage through the check valve or its bypass valve must have oc­
curred.

The inboard injection valve failed to fully close after being cycled. It
was found that the valve disk would not center on its seat due to the dimensions
of the disk guide bearing surface. This resulted in the valve sitting low in
the body. Due to machining tolerance during manufacturing, the disk would not
seat in the same location each time it was stroked. The seat was lapped and its
lower disc guide bearing surface was built up 1/4".

3.2.1.9 Browns Ferry-1 Event on August 14, 1984

In this incident, a testable check valve failed open due to maintenance er­
ror, and the injection valve was opened inadvertently during the Core Spray Sys­
tem Logic Test. As a result of these failures, low pressure piping and equip­
ment were overpressurized for 13 minutes before the operators reclosed the in­
jection valve.

The check valve failure was caused by maintenance error in installing a
plunger with reversed air ports in the actuator pilot solenoid valve. Mainte­
nance records indicated that the valve was held open from December 1983. The
valve misposition was not detected because the position indication was also re­
versed following the maintenance such that the valve misposition was not evi­
dent.

The injection valve was opened due to operator failure to follow the test
procedures. The procedures specified that the valve motor operator circuit
breaker should be racked-out so that the valve would have no motive power and
would remain closed during the logic test. However, the operator failed to
rack-out the breaker. Thus, when test signal was applied during the logic test,
the injection valve opened.

3.2.2 Events Involving Failure of Swing Check Valves

The last two incidents in Table 3.2 involve failure of check valves that
are not testable. Figure 3.2 shows the structure of a swing check valve. In
the Pilgrim incident, the check valve is used as a containment isolation valve
inside the drywell for the LPCI line. In the San Onofre incident, check valves
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are used on the discharge side of the feedwater pumps and downstream of the
feedwater regulating valves.

3.2.2.1 San Onofre Event on November 21, 1985

In this incident, five check valves failed open, namely, the discharge
check valves of two feedwater pumps, and the check valves downstream of the
feedwater regulating valves for the three steam generators. When ac power to
one feedwater pump was lost, feedwater from the other feedwater pump backflowed
through the failed open discharge check valve to the suction side of the pump,
and caused the flash evaporator to rupture. Due to failures of the check
valves, three steam generators were blown down through the ruptured flash evapo­
rator. Following the emergency procedures, the operators isolated the feedwater
lines. As the auxiliary feedwater system started to fill the emptied feedwater
lines, a water hammer occurred and caused a crack on the feedwater line and
multiple failures of pipe supports. Throughout the incident, the primary cool­
ant inventory was maintained with charging pumps, and was properly cooled.

The failure modes of the check valves are very similar. Either the disc
was separated from the hinge arm or the disc nut was loose. There was evidence
indicating that these failures existed over an extended period of time, for ex­
ample, worn hinge pin hole, damaged disc stud, and scratch marks at the bottom.
The cause of failure was attributed to inadequate design, and flow induced vi­
brations. Check valve failures caused by partial disassembly while in service
do not appear to be unique to San Onofre-I.

According to the ASME Boiler and Pressure Vessel Code, Section XI, the
feedwater check valves sho'lld be tested every cold shutdown if three months has
passed since the last test. Records indicated that the feedwater pump discharge
check valves were last test~d in November 1984, and the feedwater regulating
check valves were last tested in February 1985. There were three cold shutdowns
between February 1985 and November 21, 1985 when the incident occurred. The
check valves were not tested as required during those shutdowns. Otherwise, the
failures might have been discovered before the transient occurred.

Table 3.3 lists the incidents of failures of feedwater check valves that
were identified by LER search 4 and review of Nuclear Power Experience 19 (NPE).
Only those failures that are similar to the failures at San Onofre-l are listed.

3.2.2.2 Pilgrim-l Event on February 12, 1986 and April 11, 1986

In the incident on February 12, 1986 both the testable check valve and the
normally closed LPCI outboard injection valve leaked, resulting in high pressure
alarms. These alarms occurred repeatedly in the few weeks before this date.
Operators simply vented the piping after each alarm. On this date, the outboard
injection valve was manually tightened, and its torque switch was replaced and
reset. Also, the inboard injection valve was closed. The plant continued power
operation until April 11, 1986, when more high pressure alarms occurred. The
outboard injection valve started leaking. The plant was shutdown. The cause of
failures was not reported.
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Figure 3.1 'Testable check valve.
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Table 3.3
Failures of Chl3ck Valves in Feedwater Systems

Reactor
Plant Type Date Failure Mode Source

Crystal PWR April 5, 1980 Missing Disc Retainer LER 80-017
River 3 Pin

Surry 1 PWR April 17, 1980 Disc Detached LER 80-023

Crystal PWR May 6, 1980 Missing Hinge Pin LER 80-021
River 3

Turkey PWR April 1, 1981 Missing Disc Stud Nut LER 81-007
Point 3 Missing Pivot Pins

Turkey PWR June 8, 1982 Hissing Disc Stud Nut LER 81-008
Point 4

LaSalle 1 BWR October 4, 1984 Hinge Pin Busing !'loved
Moved Out of Disc LER 84-064

Quad mVR March 18, 1985 Missing Hinge Pin NPE B.14.A.161
Cities 2

Brunswick 2 BWR June 18, 1986 Loose Disc Pivot Pin LER 86-017
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4. ASSESSMENT OF CORE DAMAGE FREQUENCY DUE TO INTERSYSTEM LOCA IN REPRESENTA­
TIVE BWR PLANTS

This section presents the approach used in the quantification of the fre­
quency of overpressurization in the interfacing lines identified in the analysis
documented in Section 2, and the frequency of core damage as a result of the
overpressurization. A detailed description of the analysis for the LPCI lines
of Peach Bottom is provided here for illustration. Appendix C includes the line
by line analysis for the three selected plants.

The frequency of overpressurization in ECCS injection lines is basically
estimated based on the operating event experience and data searches identified
in Section 3. Quantification of these events is addressed in Appendix D and
summarized in Table 4.1. In each of the operating event incidents, either one
or two pressure isolation valves (PIVs) failed. The failure modes and the
causes of failures are discussed in Section 3 and Appendix B. Whether or not
each of those identified failures can happen in the interfacing lines of this
study is specifically considered, taking into account the specific valve ar­
rangement and the test requirements/procedures for each line. If a similar
failure mode is judged to be credible, then the operating event experience is
used to estimate the frequency of failure. When any of the operating event ex­
perience is judged not to apply to a given interfacing line, the failure data
from Table 4.1 is used to assess the frequencies of different combinations of
PIV failure modes that will lead to overpressurization.

Given that a segment of low pressure piping could be overpressurized, the
possibility that a rupture could occur is considered. Figure 4.1 illustrates
the event tree used to determine the conditional probability of various sized
LOCAs given that the low pressure piping has been overpressurized. The proba­
bilities in the figure apply to the LPCI line at Peach Bottom with the PIVs
failed in a Browns Ferry like scenario. Given that the low pressure piping is
overpressurized, the probability that a rupture occurs is assessed in Appendix
E. Basically, a probability distribution re?resenting the strength of the ASTM
A106 Grade B carbon Steel was assE~ssed. The hoop stress at 1050 psi in a pipe
sl:!ction of a given diameter and thickness is then used to determine the rupture
probability. Tables 4.2 to 4.4 list, for all interfacing lines of the three
r(:ference plants, the diameter and thickness of the pipe sections that will be
overpressurized if the PIVs in the interfacing line fail open. Also listed in
the tables are the probabilities of pipe rupture assessed in Appendix E. The
B'~ Owner's Group estimated 1 the conditional probability for BWR ECCS pressure
boundary rupture during an overpressurization event to be 3.0xlO- 5 due to pipe
wE~ld failure. Given that the BWR Owners' Group work was focused on pipe welds,
it is believed to provide a lower bound for the rupture probability, i.e., if
the rupture probability assessed in Appendix E is lower than 3x10- 5 , then 3x10- 5

is used in the quantification of core damage frequencies. Appendix F provides
the core damage frequency results of sensitivity calculations using three values
for the probability of rupture; 10- 1, 10- 3 , and 3.0x10- 5•

Given a rupture of low pressure piping, blowdown of reactor coolant will
start. Depending on the initiating failure modes of the PIVs, the blowdown may
bE~ able to be terminated without significant loss of reactor coolant inventory.
For example, if the testable check valve has been held open due to the reversal
of its air supply to the valve operator, the blowdown flow should cause the
check valve to close. This is the case because the air operators are
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deliberately designed with insufficient torque to move the valve open given dif­
ferential pressure across the valve or to keep the valve open in the presence of
blowdown flow. A failure probability of 0.01 has therefore been assumed for the
check valve failure to reclose~ to account for the possibility that it may be
damaged when the disk impacts the seat at high speed. Once a blowdown has
started, manual isolation using motor-operated valves in the line blowing down
is not considered credible~ because little time is available and the MOVs are
not designed to operate under blowdown conditions. Given that the blowdown is
not isolated, it is conservatively assumed that core damage will result due to
either structural failure~ flooding of ECCS equipment~ or draining of the sup­
pression pool. This results in sequence 5 in Figure 4.1.

The pump rooms are designed for 0.25 psi pressure differential between the
inside and the outside. The ventilation openings for the pump rooms may not be
large enough to rapidly relieve the overpressurization resulting from the blow­
down. Structural failure increases the possible impacts of flooding on systems
needed to mitigate the accident. If the break location is at a low elevation,
the suppression pool may also be drained. If the ECCS is made inoperable by the
blowdown~ the condensate pumps may be available to provide makeup to the reactor
coolant system. In this study, no credit is given to the condensate pumps, be­
cause the operability of the condensate pumps may be affected by the blowdown,
and timely operator response would be required.

If no rupture occurs in the overpressurized pipe section~ a small loss of
coolant accident is assumed to occur~ resulting from open relief valves and
failure of gaskets. This results in sequence 1 or 2 in Figure 4.1~ depending on
the operator's ability to isolation the line. In most cases~ such small LOCAs
can be isolated with the PIVs in the line. The time available for the operator
to isolate a small LOCA is estimated to be more than 30 minutes based upon core
uncovery (Ref. 2). Figure 4.2 (taken from Ref. 3) shows some time curves for
operator actions. The curve for the NREP cognitive error was used to assess the
probability that the operators fail to isolate the small LOCA. This probability
is approximately 10- 2 at 30 minutes. If the break is not isolated~ the small
LOCA event tree in Figure 4.3 is used to assess the conditional probability of
core damage. This event tree is a modified version of the small LOCA event tree
in Ref. 4. The actual probabilities used in the figure apply to a small LOCA in
the RHR room of Peach Bottom. Sequence 4 in Figure 4.1 represents the case that
a pipe rupture occurs as a result of the overpressurization~ the check valve
partially closes on reverse flow and the operator fails to isolate the small
LOCA that is assumed to have occurred through the check valve.

Basically~ the small LOCA event tree in Figure 4.3 examines the systems
that can be used to provide makeup to the reactor. First, high head systems are
considered. If at least one high head system is available~ the operators need
to perform a controlled depressurization to reduce the flow through the break
and use the low pressure systems to provide coolant makeup. If no high head
system is available~ the automatic depressurization system should depressurize
the system~ or the operators need to manually depressurize the system~ so that
low pressure systems can be used. It is assumed that the ECCS injection loop in
which the small LOCA occurs is unavailable.

The pump rooms are water tight up to approximately 20 feet above the floor
and are equipped with floor drains or floor drain pumps. For the RHR pump room
at Peach Bottom, it is estimated that it will take approximately two hours for a
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small LOGA with a leakage rate of 600 gpm to fill the room to the level of the
ventilation openings. Therefore, it will be more than two hours before the
flooding encroaches upon other ECGS areas. By then, the reactor should have
been depressurized. Appendix A lists various indications of interfacing LOGA
available to the operators. If the operators recognize that an interfacing LOGA
has taken place, they will depressurize the primary coolant system to reduce the
leakage and to preserve sources of makeup to the primary coolant system. With
more than two hours available, the time curve in Figure 4.2 for NREP cognitive
error is used to assess the probability that the operators fail to depressurize
the primary coolant system. This probability is approximately 5x10-'+ at·two
hours. It is conservatively assumed that if the operators fail to depressurize
in two hours, all EGCS would become disabled due to flooding. This results in
sequence 4 or 5 and sequence 9 or 10 in Figure 4.3. A probability of 5x10- 2 was
used in the event tree for operator failure to depressurize, because this event
tree is conditional on the event that the operators have already failed to iso­
late the small LOCA, that is,

P(failure to depressurizelfailure to isolate)
= P(failure to depressurize and failure to isolate)

/P(failure to isolate)
= 5x10-'+/10- 2

5xlO- 2

It was also assumed that if the primary system is depressurized in two hours, no
other ECCS system will be affected by the LOCA, except that RCIC and HPCI may be
isolated due to high room temperature caused by stearn that may go from the loca­
tion of the LOCA to the RCIC or HPCI pump room through ventilation ducts. For
screening purposes, it was assumed that if the operators fail to isolate the
small LOCA in 30 minutes, RGIC and HPCI will be isolated by high pump room tem­
perature. It can be seen from Figure 4.3 that the dominant core damage scenario
for a small LOCA is due to failure of the operators to depressurize the primary
system such that the ECCS is disabled due to flooding. The assessment of the
unavailabilities of the systems in Figure 4.3 is described as follows •

• FW - The unavailability of the feedwater system is based on the analysis
of Ref. 5, where an event tree analysis for the unavailability of the
feedwater system and the power conversion system, given an inadvertent
opening of a relief valve, is performed.

• HPCI & RCIC - Both systems are assumed unavailable due to steam induced
isolation.

• ADS - The unavailability is based on the results of the BNL reviewS of
the Shoreham PRA.

• LPCI & LPCS - Based on the results of the BNL reviewS of the Shoreham
PRA, the unavailabilities of LPCI and LPCS were taken to be 2.7x10- 3 and
3.6x10- 3, respectively. The unavailability of both systems is 6.2x10-'+.
Since one loop of LPCI is assumed unavailable, the unavailability of both
systems should be between 3.6x10- 3 and 6.2x10-'+. 1.0x10- 3 is used in the
analysis.

• Condensate Pump - The unavailability is based on Ref. 5 and is dominated
by human error in controlling condensate injection.
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As noted above, the event tree and failure probabilities in Figure 4.3 ap­
ply specifically to either of the two LPCI injection lines. As each similar
line is analyzed, the interfacing LOCA induced system unavailabilities pertinent
to that line are substituted for those shown on Figure 4.3. These interfacing­
line-specific failure probabilities are listed in Table 4.5. The following is
an analysis of the LPCI lines of Peach Bottom using the above approach. Appen­
dix C provides detailed line by line analyses for the three reference plants.
The overall results for the three reference plants are summarized in Table 4.6.
Tables 4.7 to 4.9 summarize the line by line results for the three selected
plants.

An Analysis of the LPCI Lines of Peach Bottom

The analysis of the LPCI lines of Peach Bottom is discussed here as an ex­
ample. First, the test requirements for the PIVs are discussed and their effect
on valve operability is considered. Then, frequency estimates are made based on
operating event experience, current data searches, and where necessary, already
published generic data.

Test Requirements for Pressure Isolation Valves

A. Operational Hydrostatic Test

This test is done before startup after each refueling. The reactor pres­
sure vessel is filled, and pressurized to 1000 psig. Leakage through the PIVs
is measured by opening test taps downstream of the valves. The testable check
valves and the inboard injection valves of the LPCI lines of Peach Bottom are
required to be tested and the success criterion is 720 cc per hour.

B. Logic System Functional Test

This test is done every six months on ECCS systems. It can be done at
shutdown or at power. The test procedure for the RHR system requires that a re­
lay be energized to inhibit the "open" signal to the normally closed injection
valve before an actuation signal is generated. The test engineer is required to
initial this step in the procedure after it is performed. If this step is
skipped, due to human error, the injection valve will be inadvertently opened.
Given that the valve is inadvertently opened, the operator can manually reclose
it or close the normally open injection valve. The test procedure also requires
verification of injection valve position after the actuation signal is simu­
lated.

C. Local Leak Rate Test (LLRT)

This is the type "c" test for containment isolation valves defined and dis­
cussed in Appendix J to 10CFR50. The injection valves in the RHR system are re­
quired to be tested. The testable air operated check valves are not required to
undergo type C tests. This test is required to be performed once every operat­
ing cycle, in no case at intervals greater than two years. Typically, the test
is done by pressurizing a test volume using service air, so that the valve or
valves being tested define the test boundary. The test pressure across the
valve is 49.2 psid and the leakage is established by measuring the flow needed
to maintain the pressure. The success criteria are specified in terms of aggre­
gate leakage through all containment isolation valves and all containment
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penetrations. The total leakage rate must not exceed 60% of the maximum allow­
able leakage rate at the calculated peak containment internal pressure related
to the design basis accident. Although no success criteria are specified for
individual valves, excessive leakage is expected to be detected during LLRT, be­
cause each individual leakage rate is recorded.

D. Valve Functional Test

The injection valves of the ECCS systems are stroke tested monthly. Each
valve is stroked with the other injection valve closed. The stroke time is re­
corded. When testing the injection valves in the RHR or core spray system with
the reactor pressure greater than 100 psig, the bypass valve for the testable
check valve is opened and the pipe section between the injection valves is pres­
surized by a N2 bottle to reduce the pressure differential across the inboard
injection valve. The opening and closing currents for the motor operators are
also recorded. The testable check valves are cycled only during a shutdown
greater than 48 hours or after valve maintenance •

.Assessment of Frequency of Overpressurization and Frequency of Core Damage

The quantitative analysis for the LPCI injection lines is described in de­
tail here and summarized in Tabl,: 4.10. The valve arrangement in this line con­
sists of a testable check valve, a normally closed MOV and a normally open MOV.
The testable check valve is leak rate tested at 1000 psig during the operational
hydrostatic test at every refueling, and is cycled every shutdown greater than
48 hours. Since the testable check valve is not leak tested after maintenance,
the same failure that occurred at Brown's Ferry-1 and Hatch-2 may occur without
detection, i.e., reversal of air flow and position indication. The frequency
for such failure can be estimated based on two events in 1361 valve years, i.e.,
2/1361 = 1.47x10- 3/year.

Given that the testable check valve is held open due to air reversal, the
normally closed MOV is pressurized, the MOV may fail open due to valve rupture,
failure to fully reclose following a subsequent cycling, or inadvertent open­
ing. This MOV is cycled every month, local leak rate tested and hydrostatically
tested every refueling. Given that the check valve is held open by the air
operator after maintenance, the expected number of months before refueling is
approximately six (one half an assumed yearly refueling cycle). The MOV is not
designed to operate with the differential pressure across the valve close to the
reactor pressure. To cycle the valve, first the normally open injection valve
is closed, and the bypass valve around the testable check valve is opened, so
that the inboard MOV is pressurized at the vessel side, then a nitrogen bottle
is used to pressurize the pipe section between the two injection valves so that
the differential pressure across the inboard MOV is less than 100 psi. If the
outboard MOV fails to fully close, the operators will have a problem pressuriz­
ing the pipe section. Therefore, this failure will be discovered. After cycl­
ing the inboard injection valve, the operator needs to drain the pipe section
between the two injection valves, before the outboard injection valve is re­
opened, If the inboard injection valve fails to fully reclose, the operator
~Till have a problem draining the pipe section. Therefore, this failure will be
discovered. If the operator skips this draining step in the procedure, then the
failure may go undetected. A human error probability of 3x10- 3 was used for
this operator error. Therefore, the probability that the HOV fails to fully re­
close and the failure goes undetected is
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1.07xlO-4 /demand * 6 demand * 3xlO- 3 = 1.93xlO- 6 ,

where the probability of valve failure is taken from Table 4.1. Similarly, the
probability that rupture occurs is

where the failure rate for MOV rupture is derived in Appendix D.

Inadvertent opening of the MOV will occur if the operator misses a step in
the six month logic system functional test. A human error probability of 3x10- 3

was used for such failure and was taken from Table 20.7 of the Human Reliability
Handbook. 6

Another fallure mode of the MOV is that the MOV could be opened by a spuri­
ous signal generated by human errors during testing or maintenance, or hardware
failures in its control logic. This is indicated as MOV "transfer open" in
Table 4.10. The failure rate, 8.1x10- 4 , is taken from Table 4.1.

Since that the scenario of the Browns Ferry-1 event is judged to be credi­
ble for Peach Bottom, the frequency of the scenario is estimated to be one event
in 1361 years, i.e., 7.35x10-~ per reactor year.

The frequency of overpressurization in this LPCI line based on the experi­
ence at Browns Ferry-1 and Hatch-2 is

1.47x10- 3 x (1.93x10- 6 + 6.0x10- 4 + 3.00x10- 3 + 4.05x10- 4) + 7.35x10- 4

= 7.41x10- 4/ry.

To determine the frequency of LOCA in such a scenario, the specific cause
of MOV failure needs to be considered. If the MOV failed to fully reclose after
being cycled open, the flow through the valve is assumed to be limited by the
gap between the disc and the seat. This would lift the relief valves, but would
not necessarily cause a rupture to occur. Such a LOCA can be isolated by clos­
ing the normally open HOV. As was discussed earlier, 10- 2 was used for the
probability of failure to manually isolate. Therefore, the frequency of an un­
isolated small LOCA due to reversed air supply for the testable check valve and
the failure of the MOV to fUlly close after being cycled is

1• 47x 10- 3 x 1.9 3x10- 6 x 0.01 = 2.8 3x10- II/ yr.

In the case of MOV rupture or inadvertent opening, the MOV would be widely
open. Therefore, a rupt~re of low pressure piping is possible. The event tree
in Figure 4.1 can be used to estimate the frequency of LOCA. If a pipe rupture
occurs, the blowdown will cause the testable check valve to close. As was dis­
cussed earlier, 0.01 was used for the probability of failure for the check valve
to close. If the check valve does close, it is assumed that a small LOCA
results due to open relief valves. Such a small LOCA can be manually isolated
with failure probability 10- 2• If the check valve fails to close, it was as­
sumed that a large LOCA results. The frequency of a large LOCA due to reversed
air supply to the testable check valve and rupture of the MOV is

1.47x10- 3 x 6.0x10- 4 x 2.65x10- 2 x 0.01 = 2.34x10- 10/ry,
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where 2.65x10- 2 is the probability that a pipe rupture occurs due to the over­
pressurization. Similarly, the contribution due to inadvertent opening of the
HOV is

the contribution due to transfer opening of the MOV is

1.47x10- 3 x 4.0Sx10- 4 x 2.65x10- 2 x 0.01 = 1.58x10- 10/ry,

and the contribution due to the Browns Ferry scenario is

7.3Sx10- 4 * 2.65x10- 2 * 0.01 = 1.95x10- 7/ry.

The frequency of a small LOCA due to reversed air supply to the testable
check valve and rupture of MOV is

Similar contribution due to inadvertent opening is

lhe contribution due to transfer opening is

1.47x10- 3 x 4.05x10- 4 [(l-2.65x10- 2) x 10- 2 + 2.65x10- 2 x 9.9x10- 3]
5.95x10- 9/ry.

The contribution of the Browns Ferry scenario is

Table 4.10 summarizes the calculations described above based upon the incidents
that occurred at Browns Ferry and Hatch-2. It also shows the calculations done
based upon the other operating event experience. It can be seen in Table 4.10
that the Browns Ferry scenario is the dominant contributor to the frequencies of
overpressurization, small LOCA and large LOCA in the LPCI lines of Peach Bot­
tom. This is because the scenario is judged to be an applicable scenario for
Peach Bottom and the frequency of overpressurization is estimated using this ex­
perience. The fact that this scenario is already covered in the failure combin­
ation that the AOV fails due to reversed air supply and the MOV is opened inad­
vertently, is a double counting. However, the effect of this on the result is
negligible, because the Browns Ferry scenario has a frequency that is more than
two orders of magnitude higher than that of the failure combinations.

The Cooper incident is similar to the Browns Ferry-1 incident, except that
the testable check valve was held open by a broken sample probe. The effect of
this failure mode is that if a blowdown occurs, the check valve will not be able
to reclose. In case of a small LOCA, isolation can be carried out using the
normally open MOV. The Pilgrim incident on September 29, 1983 is also similar
to the Browns Ferry-1 incident in that the check valve was held open. The dif­
ference is that the testable check valve was partially open due to rusted link­
age between the valve stem and the air operator. The check valve should be
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able to close when a blowdown occurs resulting from the pipe rupture. The fail­
ure probability is again assumed to be 10- 2 for this failure mode.

The rest of the operating experience involving testable check valve fail­
ures did not result in overpressurization. These check valve failure incidents
have been used to estimate the frequency of check valve failure. In the event
at LaSalle-Ion September 14, 1983. the testable check valve was 35 0 open due to
misalignment of interfacing gears and tight packing gland. Based on the de­
scription of the LER, the air operator inhibited motion in the close direction.
Therefore, this incident is analyzed in the same way the Browns Ferry-1 incident
was analyzed, except that the check valve is not expected to close when a blow­
down occurs. The remaining incidents in Table 4.10 involve leakage through the
testable check valve. They were used to estimate the frequency of check valve
leakage. If the MOV also fails open, the leakage is assumed limited by the
check valve. Therefore, only a small LOCA is postulated to result.
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Overpressurization Major Large LOCA Smal.1 LOCA
(& Small LOCA) Pipe Rupture Isolation Isolation

{ 10- 2

1. OK

Unisolated
2. Small LOCA

G
3. OK

0.99

2.65x10- 2

4. Unisolated
Small LOCA

0.01
5. Large LOCA

(Core Damage)

Figure 4.1. Event tree for conditional probability of LOCAs resulting from an
overpressurization.
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FW HPCI &
RCIC

LPCI /),
Depressurization LPCS

Condo
Pump

Q u x V'V" V" ,

1 OK

1
0• 1

2 OK

3 CM

1
0• 1

4 OK

5 CM

6 OK

1
0• 1

7 OK

8 CM

10
• 1

9 OK

10 CM

11 OK

1
0

•
1

12 OK

13 CM

14 CM
~8'4Xl0-' _

0.89

10- 3

5.0x10- 2

~
5.0xlO- 2

0.11

1.0
-f1O-

3

Figure 4.3. Event tree for a small LOCA outside the containment (LPCI line at
Peach Bottom).
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Table 4.1
Some Data Used in the Quantification of the

Frequency of Intersystem LOCAs

Failure Event Failure Data Sources

1. MOV Rupture

2. MOV Transfer Open

3. MOV Failure to Close While Indicating
Closed

1.20x10- 3(/ry) See Appendix D

8.l0x10- 4(/ry) Seabrook PRA

1.07xlO- 4(/demand) Seabrook PRA

5. AOV Opened Due to Reversed Air Supply 1.47xlO- 3(j ry)

6. AOV Opened Due to Foreign Material 7. 35xlO- 4(j ry)

7. AOV Opened Due to Rusted Linkage 7.35xlO- 4(jry)

8. AOV Opened Due to Misalignment of Gears 7.35xlO- 4(jry)

9. AOV Leak 2. 94xlO- 3(j ry)

lO.Check Valve Rupture 8.80xlO- 4(jry)

4. MOV Inadvertently Opened 3x10- 3(jdemand) Handbook of
Human
Reliability
Analysis

See Appendix D

See Appendix D

See Appendix D

See Appendix D

See Appendix D

PSA Procedures
Guide

11. Check Valve Leak 2.94xlO- 3(jry)

l2.Lamda Rupture Square (MOV) 2.06xlO- 6(j ry 2)

l3.Lamda Leak Square 2.20xlO- 8(j ry 2)

l4.Lamda Leak Square (AOV) 1.09xlO- 5(j ry 2)

l5.Lamda Rust Square 2.l3xlO- 6(jry 2)

Same as AOV Leak

EX 2=(EX) 2+var •

EX 2=(EX) 2+var •

EX 2=(EX) 2+var •

EX 2=(EX) 2+var •
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Table 4.2
Pipe Rupture Probabilitiles for Peach Bottom

Interfacing Lines

LPCI and Vessel
Head Spray

RHR Suction

Gore Spray

HPCI

RCIC

Feedwater

Nominal Pipe
Pipe Section Size D (in.)

Injection Line 24
Vessel Head Spray 6
Containment Spray 12
Fuel Pool Cooling 16
Pump Discharge 20
Test Line to Suppres- 18
sion Pool

Suction Line 20
Suction Line 24
Fuel Pool Cooling 16

Injection Line 12
Injection Line 14
Test to Suppression 10

Pool

Pump Suction 14
Suction for CST 16

Pump Suction 6

Suction Piping 20
Suction Piping 12

Pipe Thickness
t (in.)

0.5
0.28
0.375
0.375
0.375
0.375

0.375
0.375
0.375

0.375
0.375
0.365

0.375
0.375

0.28

0.593
0.375

Failure
Probability

1.17xl0- 2

1.74xl0- 3

3.95xl0- 3

9.34xl0- 3

2.65xl0- 2

1.58xl0- 2

2.65x10- 2

7.48xlO- 2
9. 34x10- 3

3.95xl0- 3

5. 52xl0- 3
2.54xl0- 3

5. 52x10- 3
9. 34x10- 3

1.74xl0- 3

2.81xl0- 3

3.9 5xl0- 3
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Table 4.3
Pipe Rupture Probabilities for Nine Mile Point-2

Interfacing Lines

LPCI, Shutdown
Cooling Return,
and Steam
Condensing

RHR Suction

LPCS

HPCS

RCIC

Feedwater

Pipe Section

Injection
SDC Return
Drywell Spray
Vessel Head Spray
To S. P. Spray
Fuel Pool Cooling
RCIC Suction
Inlet to HX
Steam Condensing

Suction Line
Suction Line
Fuel Pool

Injection to S.P.

Suction from S.P.

Suction

Suction

Nominal Pipe
Size D (in.)

18
12
16

6
4
8
4

20
8

20
18
10

16
12

14
3

20

6

24

Pipe Thickness
t (in.)

0.5
0.375
0.5
0.28
0.237
0.322
0.237
0.812
0.5

0.5
0.375
0.365

0.5
0.375

0.375
0.216
0.375

0.28

0.968

Failure
Probability

3.84xl0- 3

3. 95xl0- 3
2. 63xl0- 3
1.74xl0- 3

1. 19x10- 3

2.14xl0- 3

1.19xl0- 3

1.06xl0- 3

6.07xl0-1+

5.60xl0- 3

1.58xl0- 2
2.54xl0- 3

2.63xl0- 3

3.9 5xl0- 3

5.52xl0- 3

9.23xlO-1+
2.65xl0- 2

1. 74xl0- 3
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Table q·.4
Pipe Rupture Probabilities for Quad Cities

Interfacing Lines Pipe Section
Nominal Pipe
Size D (in.)

Pipe Thickness
t (in.)

Failure
Probability

LPCI and Vessel
Head Spray

RHR Suction

Core Spray

HPCI

RCIC

Feedwater

Injection Line 16 0.375
Drywell Spray 10 0.365
Crosstie 18 0.437
Vessel Head Spray to S.P. 4 0.237

14 0.375
6 0.28

Pump Discharge 12 0.375

Suction Line 20 0.375
Fuel Pool Cooling 14 0.375

6 0.28

Injection to S.P. 12 0.375
8 0.337

Suction 16 0.375
4 0.237

Suction 6 0.28

Suction 30 0.625
20 0.5
16 0.375
12 0.375

9. 34xl0- 3
2.54xl0- 3

6.94xl0- 3

1.19xl0- 3

5. 52xl0- 3
1. 74xl0- 3
3.95xl0- 3

2.65xl0- 2

5. 52xl0- 3
1. 74xl0- 3

3.95xl0- 3

1.81xl0- 3

9. 34xl0- 3
1.19xl0- 3

1.74xl0- 3

9.96xlO- 3

5. 60xl0- 3
9. 34xl0- 3
3. 95xl0- 3
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Table 4.5
Line Specific Failure Probabilities Used

in the Small LOCA Event Trees

Q U X V'V" V'" CDP

Peach Bottom
LPCI O.ll 1.0 5xlO- 2/8. 4xlO- 4 10- 3 0.1 4. 64x10- 3

LPCS O.ll 1.0 5xlO- 2/8. 4xlO- 4 10- 3 0.1 4.64xlO- 3

RHR Suction O.ll 1.0 5x10- 2/8.4x10- 4 10- 3 0.1 4.64x10- 3

Head Spray 0.11 1.0 5x10- 2/8. 4xlO- 4 10- 3 0.1 4. 64x10- 3

Quad Cities
LPCI O.ll 2. 2x10- 2 5xlO- 2/8. 4xlO- 4 3. 6xlO- 3 0.1 5.36xlO- 3

LPCS 0.11 2.2xlO- 2 5xlO- 2/8. 4xlO- 4 10- 3 0.1 5. 36xlO- 3

RHR Suction 0.11 2.2xlO- 2 5xlO- 2/8.4xlO- 4 3. 6xlO- 3 0.1 5. 36xlO- 3

Head Spray 0.11 2.2x10- 2 5x10- 2/8.4x10- 4 3. 6xlO- 3 0.1 5.36x10- 3

Q UI U2 X V'V" V" , CDP

Nine Mile Point-2
LPCI 0.11 1.0 2.2x10- 2 5x10- 4/8.4x10- 4 6. 2x10- 4/1O- 3 0.1 1.08x10-4

LPCS O.ll 1.0 2.2x10- 2 5x10- 4/8.4x10- 4 6. 2x10- 4/1O- 3 0.1 1.08x10- 4

SDC Return O.ll 1.0 2.2x10- 2 5xlO- 4/8.4x10- 4 6. 2x10- 4/1O- 3 0.1 1.08x10- 4

HPCS 0.11 1.0 1.0 5xlO- 4/8.4xlO- 4 6.2x10- 4 0.1 1.99x10- 4

Head Spray 0.11 1.0 2.2x10- 2 5x10- 4/8.4xlO- 4 6. 2xlO- 4/1O- 3 0.1 1.08x10- 4

RHR Suction 0.11 1.0 2.2x10- 2 5x10- 4/8.4x10- 4 6.2x10- 4/10- 3 0.1 1.08x10- 4

Steam Condensing 0.11 1.0 2.2xlO- 2 5x10- 4/8.4x10- 4 6. 2xlO- 4/1O- 3 0.1 1.08x10- 4



Plant

Peach Bottom

Nine Mile Point-2

Quad Cities

See Note 1.
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Table 4.6
Summary of Results

f(OP) 82 A CDF

9. 23E-03 3.12E-OS 4.82E-06 1.02E-06

9.92E-03 6.07E-OS 9.83E-06 8.8lE-06

6.89E-03 4.16E-OS 1.07E-05 9.32E-07

Table 4.7
Summary of Results for Peach Bottom

Line f( Op) P(Rupture) S2 A CDF

LPCI 1.52E-03 2.65E-02 1. 52E-OS 7.06E-07 7.77E-07

CS 1.52E-03 5.52E-03 1. 52E-05 1.15E-07 1.85E-07

HPCI 2.59E-03 9.34E-03 O.OOE+OO 2.64E-08 2.64E-08

RCIC 2.59E-03 1.74E-03 O.OOE+OO 4.91E-09 4.91E-09

Feedwater I.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.71E-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.01E-1O 6.lOE-1O

See Note 2.
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Table 4.8
Summary of Results for Nine Mile Point-2

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.33E-05 3.95E-03 7.98E-06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.95E-03 2.22E-06 2.92E-ll 3.43E-lO

SDC Return 8.86E-06 3.95E-03 5.32E-06 5.89E-09 6.64E-09

HPCS 2.65E-07 2.65E-02 2.65E-07 8.6lE-14 5.29E-ll

Vessel Head Spray 4.35E-06 1.74E-03 5.05E-08 9.28E-13 2.2lE-lO

Feedwater l.OOE-03 1.03E-03 O.OOE+OO l.03E-06 1.15E-09

RHR Suction 7.71E-07 1.58E-02 7.67E-07 4.07E-09 4.l5E-09

Steam Condensing 8.89E-03 3.95E-03 4.40E-05 8.78E-06 8.78E-06

See Note 2.

Table 4.9
Summary of Results for Quad Cities

Line f(OP) P(Rupture) S2 A CDF

LPCI 2.07E-03 9.34E-03 2.07E-05 5.60E-07 6.7lE-07

CS 2.0lE-03 3.95E-03 2.0lE-05 1.20E-07 2.28E-07

HPCI 9.03E-04 9.34E-03 O.OOE+OO 8.79E-09 8.79E-09

RCIC 9.03E-04 1. 74E-03 O.OOE+OO 1. 64E-09 1.64E-09

Feedwater 1.OOE-03 9.96E-03 O.OOE+OO 9.96E-06 1.12E-08

RHR Suction 7.7lE-07 2.65E-02 7.64E-07 6.82E-09 1.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.4lE-lO 3.84E-lO

See Note 2.
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Table 4.10
Summary Calculations for LPCI of Peach Bottom

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l 1.47E-03 1.93E-06 2.83E-09 O.OOE+OO 2.83E-ll O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 6.00E-04 8.82E-07 2.65E-02 8.81E-09 2.34E-I0

Rupture
3.00E-03 4.41E-06 2.65E-02 4.41E-08 1.17E-09
Inadvertent Opening
4.05E-04 5.95E-07 2.65E-02 5.95E-09 1.58E-I0
Transfer Open

Browns Ferry Scenario 7.35E-04 2.65E-02 7.35E-06 1.95E-07
(Reverse Air,Inadvertent Opened)

Cooper 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
(Foreign Material) Failure to Reclose

6.00E-04 4.4lE-07 2.65E-02 4.29E-09 1.17E-08
Rupture
3.00E-03 2.20E-06 2.65E-02 2.15E-08 5.84E-08
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.90E-09 7.89E-09
Transfer Open

Pilgrim-l 7.35E-04 1. 93E-06 1. 42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) 6.00E-04 4.4lE-07 2.65E-02 4.4lE-09 1.17E-lO

Rupture
3.00E-03 2.20E-06 2.65E-02 2.20E-08 5.84E-lO
Inadvertent Opening
4.0'5E-04 2.98E-07 2.65E-02 2.97E-09 7.89E-ll
Transfer Open

LaSalle-l 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 14,1983 Failure to Reclose
(MIsalignment of Gears) 6.00E-04 4.41E-07 2.65E-02 4.29E-09 1.11E-08

Rupture
3.00E-03 2.20E-06 2.65E-02 2.15E-08 5.84E-08
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.90E-09 7.89E-09
Transfer Open

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose
(1E~akage) 6.00E-04 1.76E-06 O.OOE+OO 1. 76E-08 O.OOE+OO

Rupture
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Op(ming
4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open

See Note 3.
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Notes for Section 4 Tables

Note 1: f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
CDF = Core Damage Frequency (/ry).

Note 2: f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
CDF = Core Damage Frequency (/ry).

Note 3: AOV = Failure Rate of Air-Operated Check Valve (/ry).
HOV = Probability of MOV Failure.
f( Op) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
8 2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
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5. CORRECTIVE ACTIONS AND THEIR EFFECT ON CORE DAMAGE FREQUENCY

In this section, potential corrective actions for each of the three plants
are discussed. The effect of these potential corrective actions on the fre­
quency of overpressurization, the frequencies of LOCAs, and the frequency of
core damage are also provided. Appendix H provides the results of a sensitivity
study on the predicted core damage frequency benefits obtainable if a plant with
no current leak testing requirements for its pressure isolation valves (PIVs)
\Vere to adopt some minimum frequemcy for PIV leak testing.

5.1 Corrective Actions for Peach Bottom

Three potential corrective actions were considered for Peach Bottom. They
are described in this section. Table 5.1 summarizes the base case results
listed in Tables 4.6 and 4.7. Tables 5.2 to 5.4 summarize the quantitative re­
sults if the corrective actions were separately implemented. Table 5.5 shows
the results if all three corrective actions were implemented. The respective
decreases in core damage frequency can be compared with the results for the base
case listed in Table 5.1.

5.1.1 Leak Test of Air Operated Check Valves After Maintenance

Some experienced failures of air operated check valves were caused by human
errors during maintenance of the valves, e.g., events at Browns Ferry 1, Hatch
2, and LaSalle 1. These human errors could be detected and corrected, if a leak
test were performed after each valve maintenance. The test could be either an
LLRT or a PIV leak test. Table 5.2 shows the line-by-line results if this cor­
rective action were to be implemented.

5.1.2 Perform Logic System Functional Test of ECCS Systems at Shutdown

The Browns Ferry incident occurred when a human error was committed in a
logic system functional test. If such testing were not performed when the reac­
tor is at power, the Browns Ferry type of incident would no longer apply to
Peach Bottom. Table 5.3 shows the line by line results if the MOV failure mode
of inadvertent opening were to be removed from the base case calculations.

5.1.3 Leak Test of Air Operated Check Valves in the HPCI and RCIC Injection
Lines at Every Refueling

These valves are currently not leak tested. In the base case analysis
(Section 4), it was assumed that the check valve failure would not be detected,
and this increased the frequency of check valve failure by a factor of ten and
the exposure time of the MOV by a factor of two. Table 5.4 shows the results if
these factors were to be removed.

5.2 Corrective Actions for Nine Mile Point :2

Two potential corrective actions were considered for Nine Mile Point 2.
They are described in this section. Table 5.6 summarizes the base case results
for Nine Mile Point listed in Tables 4.6 and 4.13. Tables 5.7 and 5.8 summarize
the results given that the corrective actions would be separately implemented.
Table 5.9 shows the results if both corrective actions would be implemented.
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Tables 5.7 to 5.9 can be compared with Table 5.6 to determine the respective de­
creases in core damage frequency based upon the corrective actions.

5.2.1 Do Not Cycle Valves F052A(B) and F218A(B) at Power

Based on the analysis of Section 4, the dominant sequence contributor to
the core damage frequency due to an interfacing LOCA at Nine Mile Point 2 is
that valves F052A(B) and F218A(B) are cycled open and the other MOV in the lines
fails open. Cycling of these valves at power makes these valves ineffective
pressure barriers. If these valves are cycled only when the reactor is shut
down, the dominant core damage scenario would be removed. Table 5.7 summarizes
the line-by-line results if these MOVs were not cycled at power.

It was assumed that the Technical Specifications would be changed from once
every 92 days to require testing while at shutdown if not tested in the last 92
days.

5.2.2 Do Not Cycle F087A(B) at Power

Valves F087A and F087B are cycled at power while the interlocks for them
are calibrated. For the same reason as was discussed in Section 5.2.1, cycling
these valves at power increases the expected frequency of overpressurization and
the frequency of core damage. Table 5.8 shows the line-by-line results if these
valves were not cycled at power.

5.3 Corrective Actions for Quad Cities

Two potential corrective actions were considered for Quad Cities. They are
described in this section. Table 5.10 summarizes the base case results listed
in Table 4.6 and 4.20. Tables 5.11 and 5.12 summarize the quantitative results
if the corrective actions were to be separately implemented. Table 5.13 summa­
rizes the results if both corrective actions were implemented.

5.3.1 Leak Test Air Operated Check Valves

The air operated check valves at Quad Cities are currently not leak tested
in any way. As was analyzed in Section 4, this caused a factor of ten increase
in the probability of check valve failure and a factor of two increase in the
exposure time of the MOVs. Table 5.11 shows the line-by-line results for the
corrective action of leak testing the air operated check valves every refueling.
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Table 5.1
Summary of Results for Peach Bottom - Base Case

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.52E-03 2.65E-02 1.52E-·05 7.06E-07 7.77E-07

CS 1.52E-03 5.52E-03 1.52E-·05 1.15E-07 1.85E-07

HPCI 2.59E-03 9.34E-03 O.OOE+OO 2.64E-08 2.64E-08

RCIC 2.59E-03 1.74E-03 O.OOE+OO 4.91E-09 4.91E-09

Feedwater 1.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.71E-Ol 7.48E-02 7.52E--07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E··08 4.01E-1O 6.l0E-1O

Total 9.23E-03 3.l2E-·05 4.82E-06 1.02E-06

See Notes on page 5-9.

Table 5.2
Summary of Results for Peach Bottom -

Leak Test AO Check Valves After Maintenance

Line f( OP) p(RUptUn'l) S2 A CDF

LPCI 3.53E-05 2.65E-02 3.52E··07 1.58E-07 1.59E-07

CS 2.94E-05 5.52E-03 2.94E-07 3.25E-IO 1.69E-09

HPCI 1.70E-03 9.34E-03 O.OOE+OO 1.29E-08 1.29E-08

RCIC 1.70E-03 1.74E-03 O.OOE+OO 2.40E-09 2.40E-09

Feedwater 1.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.71E-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.01E-1O 6.l0E-1O

Total 4.47E-03 1.44E-06 4.l4E-06 2.04E-07

See Notes on page 5.9.
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Table 5.3
Summary of Results for Peach Bottom - Logic System Functional Test at Shutdown

Line f( OP) P(Rupture) S2 A CDF

LPCI 1. 33E-05 2.65E-02 1. 32E-07 7.94E-08 8.0IE-08

CS 1.18E-05 5.52E-03 1.18E-07 8.40E-09 8.95E-09

HPCI 1.68E-04 9.34E-03 O.OOE+OO 3.17E-09 3.I7E-09

RCIC 1.68E-04 1.74E-03 O.OOE+OO 5.9IE-IO 5.9lE-IO

Feedwater I.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.7IE-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.0lE-IO 6.l0E-IO

Total 1.36E-03 1.05E-06 4.06E-06 1.2lE-07

See Notes on page 5.9.

Table 5.4
Summary of Results for Peach Bottom - Leak Test

AO Check Valves in HPCI and RCIC at Refueling

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.52E-03 2.65E-02 1.52E-05 7.06E-07 7.77E-07

CS 1.52E-03 5.52E-03 1.52E-05 l.I5E-07 1.85E-07

HPCI 2.40E-04 9.34E-03 O.OOE+OO 2.00E-09 2.00E-09

RCIC 2.40E-04 1. 74E-03 O.OOE+OO 3.73E-IO 3.73E-IO

Feedwater 1.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.7lE-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.0IE-IO 6.10E-IO

Total 4.52E-03 3.I2E-05 4.79E-06 9.92E-07

See Notes on page 5.9.
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Table 5•. 5
Summary of Results for Peach Bottom _. All Corrective Actions

Line f( Op) P(Rupture) S2 A CDF

LPCI 8.88E-06 2.65E-02 8.84E-08 3.95E-08 3.99E-08

CS 7.40E-06 5.52E-03 7.40E-08 8.15E-11 4.25E-I0

HPCI 5.05E-06 9.34E-03 O.OOE+OO 7.59E-11 7.59E-11

RCIC 5.05E-06 1. 74E-()3 O.OOE+OO 1.41E-11 1.41E-11

Feedwater 1.00E-el3 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.71E-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.01E-I0 6.10E-I0

Total 1.03E-03 9.59E-07 4.01E-06 6.82E-08

See Notes on page 5.9.

Table 5 .. 6
Summary of Results for Nine Mile Point-·2 - Base Case

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.33E-05 3.95E-03 7.98E-06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.95E-03 2.22E-06 2.92E-11 3.43E-10

SDC Return 8.86E-06 3.95E-03 5.32E-06 5.89E-09 6.64E-09

HPCS 2.65E-07 2.65E-02 2.65E-07 8.61E-14 5.29E-11

Vessel Head Spray 4.35E-06 1. 74E-03 5.05E-08 9.28E-13 2.21E-I0

Feedwater 1.00E-03 1.03E-03 O.OOE+OO 1.03E-06 1.15E-09

RHR Suction 7.71E-07 1.58E-02 7.67E-07 4.07E-09 4.15E-09

Steam Condensing 8.89E-03 3.95E-03 4.40E-05 8.78E-06 8.78E-06

Total 9.92E-03 6.07E-05 9.83E-06 8.81E-06

See Notes on page 5.9.
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Table S.7
Summary of Results for Nine Mile Point-2 -

Do Not Cycle Valves F052A(B) and F218A(B) at Power

Line f( Op) P(Rupture) S2 A CDF

LPCI 1.33E-OS 3.9SE-03 7.98E-06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.9SE-03 2.22E-06 2.92E-ll 3.43E-I0

SDC Return 8.86E-06 3.95E-03 S.32E-06 S.89E-09 6.64E-09

HPCS 2.6SE-07 2.6SE-02 2.6SE-07 8.61E-14 S.29E-ll

Vessel Head Spray 4.3SE-06 1.74E-03 S.OSE-08 9.28E-13 2.2IE-IO

Feedwater I.OOE-03 1.03E-03 O.OOE+OO 1.03E-06 1.1SE-09

RHR Suction 7.71E-07 I.S8E-02 7.67E-07 4.07E-09 4.15E-09

Steam Condensing 2.4IE-03 3.95E-03 1. 19E-OS 2.38E-06 2.38E-06

Total 3.44E-03 2.8SE-OS 3.43E-06 2.40E-06

See Notes on page 5.9.

Table S.8
Summary of Results for Nine Hile Point-2 -

Do Not Cycle Valves F087A(B) at Power

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.33E-OS 3.9SE-03 7.98E-06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.95E-03 2.22E-06 2.92E-ll 3.43E-I0

SDC Return 8.86E-06 3.9SE-03 5.32E-06 S.89E-09 6.64E-09

HPCS 2.6SE-07 2.65E-02 2.65E-07 8.61E-14 S.29E-ll

Vessel Head Spray 4.3SE-06 1.74E-03 S.OSE-08 9.28E-13 2.21E-I0

Feedwater I.OOE-03 I.03E-03 O.OOE+OO I.03E-06 1.15E-09

RHR Suction 7.7IE-07 I.S8E-02 7.67E-07 4.07E-09 4.ISE-09

Steam Condensing 6.49E-03 3.95E-03 3.22E-05 6.4IE-06 6.41E-06

Total 7.52E-03 4.88E-05 7.46E-06 6.44E-06

See Notes on page S.9.
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Table 5.9
Summary of Results for Nine Mile Point-2 -

Both Corrective Actions

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.33E-05 3.95E-03 7.98E--06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.95E-03 2.22E--06 2.92E-ll 3.43E-IO

SDC Return 8.86E-06 3.95E-03 5.32E--06 5.89E-09 6.64E-09

HPCS 2.65E-07 2.65E-02 2.65E-07 8.6lE-14 5.29E-ll

Vessel Head Spray 4.35E-06 1.74E-03 5.05E--08 9.28E-13 2.2lE-lO

Feedwater 1.OOE-03 1.03E-03 O.OOE+OO 1.03E-06 1.15E-09

RHR Suction 7.71E-07 1.58E-02 7.67E--07 4.07E-09 4.l5E-09

Steam Condensing 1.OOE-OS 3.95E-03 4.89E--08 9.71E-09 9.72E-09

Total 1.04E-03 1.67E--05 1.06E-06 3.22E-08

See Notes on page 5.9.

Table 5.10
Summary of Results for Quad Cities - Base Case

Line f(OP) p( RupturE~) S2 A CDF

LPCI 2.07E-03 9.34E-03 2.07E-OS 5.60E-07 6.71E-07

CS 2.0lE-03 3.95E-03 2.0lE-05 1.20E-07 2.28E-07

HPCI 9.03E-OL. 9.34E-03 O.OOE+OO 8.79E-09 8.79E-09

RCIC 9.03E-OL. 1. 74E-03 O.OOE+OO 1. 64E-09 1.64E-09

Feedwater 1.OOE-03 9.96E-03 O.OOE+OO 9.96E-06 1.12E-08

RHR Suction 7.7lE-07 2.65E-02 7.64E-07 6.82E-09 1.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.4lE-1O 3.84E-1O

Total 6.89E-03 4.l6E-·OS I.07E-OS 9.32E-07

See Notes on page 5.9.



5-8

Table 5.11
Summary of Results for Quad Cities -

Leak Test AO Check Valves Each Refueling

Line f( OP) P(Rupture) S2 A CDF

LPCI 1.50E-03 9.34E-03 1.50E-05 2.80E-08 1.08E-07

CS 1.50E-03 3.95E-03 1.50E-05 6.0lE-09 8.62E-08

HPCI 7.43E-04 9.34E-03 O.OOE+OO 6.96E-09 6.96E-09

RCIC 7.43E-04 1. 74E-03 O.OOE+OO 1.30E-09 1.30E-09

Feedwater 1.OOE-03 9.96E-03 O.OOE+OO 9.96E-06 1.l2E-08

RHR Suction 7.7lE-07 2.65E-02 7.64E-07 6.82E-09 1.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.4lE-lO 3.84E-IO

Total 5.48E-03 3.08E-05 1.OOE-05 2.25E-07

See Notes on page 5.9.

Table 5.12
Summary of Results for Quad Cities -

Leak Test AO Check Valves After Maintenance

Line f( Op) P(Rupture) S2 A CDF

LPCI 1.87E-03 9.34E-03 1.87E-05 2.79E-07 3.79E-07

CS 1.81E-03 3.95E-03 1.8lE-05 1.17E-09 9.80E-08

HPCI 8.02E-04 9.34E-03 O.OOE+OO 7.l4E-09 7.l4E-09

RCIC 8.02E-04 1.74E-03 O.OOE+OO 1.33E-09 1.33E-09

Feedwater 1.OOE-03 9.96E-03 O.OOE+OO 9.96E-06 1.12E-08

RHR Suction 7.71E-07 2.65E-02 7.64E-07 6.82E-09 1.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.4lE-lO 3.84E-IO

Total 6.28E-03 3.76E-05 1.03E-05 5.08E-07

See Notes on page 5.9.
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Table 5.13
Summary of Results for Quad Cities - Both Corrective Actions

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.49E-03 9.34E-03 1.49E-05 1.39E-08 9.38E-08

CS 1.49E-03 3.95E-03 1.49E-05 5.83E-ll 7.97E-08

HPCI 7.38E-04 9.34E-03 O.OOE+OO 6.88E-09 6.88E-09

RCIC 7.38E-04 1.74E-03 O.OOE+OO 1.28E-09 1.28E-09

Feedwater 1.00E-03 9.96E-03 O.OOE+OO 9.96E-06 1.12E-08

RHR Suction 7.71E-07 2.65E-02 7.64E-07 6.82E-09 1.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.41E-10 3.84E-10

Total 5.45E-03 3.06E-05 9.99E-06 2.04E-07

See Notes below.

Notes for Section 5 Tables

f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOGA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).
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6. REGULATORY ANALYSIS

6.1 Introduction

This entire section of the report is formatted according to the guidelines
of NUREG/BR-0058 t Regulatory Analysis Guidelines of the USNRC. 1

Statement of Problem

A number of overpressurization events have occurred at operating BWR nu­
clear power plants. To date t none have led to severe consequences. The concern
:tSt however t that such events represent precursors to interfacing system LOCAs
(ISLs). Probabilistic Risk Assessments (PRAs) have shown that the expected fre­
quency of core damage due to an 1SL is typically a few percent or less of the
overall core damage frequency. Even though low in predicted frequencYt ISLs can
be expected to be major contributors to the risk associated with core melt ac­
cidents.

Objectives

The primary objective of this study is to investigate in detail the inter­
facing LOCA at boiling water reactors. As stated above t ISLs have been esti­
mated to be very low contributors to overall core damage frequency in previous
PRAs and may therefore not have received the in-depth analysis they deserve.
Two further objectives are to investigate irnproved leak testing schemes for the
pressure isolation valves to lower the frequency of overpressurization events
and to find any key potential improvements based upon the three reference plants
that would significantly aid in further reducing the frequency of ISLs on a ge­
neric basis for the BWR population.

Alternatives

In order to provide a range of alternatives within the studYt four models
representing three actual plants and one derived generic plant were investi­
gated. The investigation of the generic plant focused only on what would be the
c;ost-benefit consideration in requiring that leak testing be performed. The
three reference plants were also investigated as to possible improvements in
their PIV leak testing requirements. In addition t the reference plants were in­
vestigated for other possible improvements that could further reduce their spe­
cific vulnerabilities to overpressurization events and ISLs. A number of alter­
native actions have been identified for each of the models and the actions vary
among the models. All proposed actions have undergone a cost-benefit analysis
documented in the following subsections.

Consequences

There are three basic concerns to be considered in the consequence analysis
for any proposed corrective actions. These concerns are the cost-benefit con­
siderations t the potential impact on other NRC requirements t and any constraint
that may have to be placed upon the implementation of a given proposed correc­
tive action. The cost-benefit considerations are discussed in detail in the
following subsection and impact on other requirements is addressed in the suc­
ceeding subsections. In terms of constraints (as defined in NUREG/BR-0058)t
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we have not identified any such considerations that would impact the proposed
corrective actions.

6.2 Cost-Benefit Considerations

Approach for Determining Costs

The implementation of the corrective actions discussed in Section 5 re­
quires revisions of existing procedures, development of new procedures, revi­
sions of the lSI program or the Technical Specifications, and the execution of
any new procedures. In order to obtain accurate estimates of the costs involved
and to solicit comments on the study, copies of the first five sections of this
report were sent to the reference plants and the utility companies that own the
plants. Written responses were received and are included in Appendix G.

This section describes the costs involved in implementing each of the pro­
posed corrective actions for each reference plant. Cost estimates are based on
the information from the plants. Tables 6.1 to 6.3 summarize the cost-benefit
analysis for each of the 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 a discount rate of
10% per year 1 to determine their present value.

Approach for Determining 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
overpressurization frequency are calculated Jsing the results of Section 5 and
Appendix H. They are expressed in units of per calendar year.

The CRAC2 code 4- 5 was used to estimate the consequences of a LOCA event
which bypasses containment. The details of this portion of the analysis are
found in Appendix I. Two CRAC2 runs were made. The first assumes a release
without the benefit of being submerged and the second includes 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 boiling water reactors. To that end, this
regulatory analysis is being based upon a so-called generic 1000 Mw BWR situated
on a generic site within the United States. In the following four subsections,
we will assign the attributes that we have developed for the Peach Bottom plant,
the Nine Mile Point 2 plant, the Quad Cities plant, and a base-case plant res­
pectively.

Because we are looking at a generic plant with four sets of attributes, a
number of the inputs for calculating the benefits will not change. The two
CRAC2 runs that were made were based upon the power level of the Peach Bottom
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reactor (1065 Mw). These results will be appropriately scaled down to the ge­
neric 1000 Mw plant.

The following items will be constant for the succeeding four cases given an
I8L resulting in core damage:

• Public Health Effects
Nonsubmerged Release
(3. 26x10 6 man-rem) ($1000/man-rem) = $3. 26x10 9 (1000/1065) = $3. 06x10 9
(5.9 acute fatalities) (5x10 6/acute fatality) = 2.95x10 7 (1000/1065) =
$2. 77x10 7

Submerged Release
(1.51x10 6 man-rem) ($1000/man-rem) = $1.51x10 9 (1000/1065) = $1.42x10 9

Zero acute fatalities = $0.0

• Occupational Health Effects (Best estimates of Ref. 2)
Immediate Dose (1000 man-rem) ($1000/man-rem) := $10 6
Long-Term Dose (20,000 man'-rem) ($1000/man-rem) = $2x10 7

• Onsite Cleanup Costs (Estimated based on TMI experience 6)
1x10 8/year for 10 years

• Land Interdiction w/o Decontamination
Nonsubmerged Release $1.76x10 9 (1000/1065) = $1.65x10 9

Submerged Release $3.69x10 8 (1000/1065) = $3.45x10 8

Concept of Discounting

In evaluating the economic consequences of a potential accident that can
occur any time in the life of a plant, we must sum terms for costs occurring
over a period of many years. This creates a problem because a dollar today is
not of the same value as a dollar in the future. One way to compare dollars
that arrive at different points in time is to find the amount of money which
must be placed in a bank today to have the same amount of money at the time the
other money is scheduled to arrive. The sum of money which must be put in the
bank today to achieve a specific sum at a point in the future is called the dis­
counted present value of the later sum, and the interest rate is called the dis­
count rate. The following discounting formulas are taken from Ref. 7. They are
applicable to different types of consequences or costs of an accident.

Consequences that the formula applies to:

1-e-rtf
C f Health effects, offsite property damage.

o r

C f
o (l_e-rt f) (l_e-rt'l) Cl2 f eanup expense.

r

( 6.1)

(6.2)

C f
o
r

Replacement power. (6.3)
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present cost of a consequence
frequency of accident
end of plant life
discount rate
duration of an expense that recurs for several years.

Basically, the formulas are used to determine the multiplier of Cof. For
example, in the 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. 6 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.,

6x10
9 * f 60 * C fo

where the discount rate is taken to be 0.1 which is the suggested value by the
Regulatory Analysis Guideline. 1

6.2.1 Peach Bottom Model

6.2.1.1 Costs

Very detailed written cost and occupational dose estimates were provided by
Peach Bottom personnel. These are included in Appendix G.1. They were used to
calculate the average annual costs for the proposed corrective actions.

Leak Test Air-Operated Check Valves After Maintenance

This corrective action affects six air-operated check valves (in the RHR,
CS, RCIC, and HPCI systems). It requires development of test procedures for
RCIC and HPCI, and performance of the leak tests as required. The Peach Bottom
input stated that the check valves in the RHR and CS systems are containment is­
olation valves and are subject to 10CFR50 Appendix J requirements. The asso­
ciated test procedures have already been written. Therefore, no cost is as­
sumed. It has been estimated in Appendix G.1 that 480 man-hours would be re­
quired to write, review, approve, type, duplicate, and distribute new test pro­
cedures for HPCI and RCIC. It is also estimated in Appendix G.1 that the cost
of a man-hour is approximately $40. Therefore, the total cost for development
of test procedures is $19,200. It is also estimated in Appendix G.1 that each
testable check valve will be maintained once every two years, and the cost for
performing the tests is 166 man-hours and 2.05 man-rem. On the average, the an­
nual cost of performing the tests is 83 man-hours and 1.025 man-rem, or equiva­
lently, $4345.

Discounting the annual costs by Equation 6.1 with r=.l and tf=30
= $4345 * 9.5 = $41,278
Total cost = $19,200 + $41,278 = $60,478.
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Perform Logic System Functional Tests During Shu'tdown

Logic system functional tests for the ECCS are currently performed once
E~very six months when the reactor is at pOWE!r. One proposed change is to per­
form the tests at every refueling and thus preclude the additional risk of over­
pressurization. Information from the plant (Appendix G.l) indicates that test­
ing of HPCI and RCIC requires reactor steam,. in particular, power level above 9%
Is required for testing HPCI. S€'ction 5 of this report indicates that the re­
duction in core damage frequency for Peach Bottom mainly came from testing the
RHR and CS systems at shutdown. Therefore, cost estimates for performing logic
system functional testing of RHR and CS systems are the only changes proposed.
Three types of costs are considered in Appendix G.1, l) procedure revision for
the logic system functional tests, 2) Technical Specification changes, and 3)
additional manpower required to perform the tests. The first two are one time
costs and are estimated to be 1920 man-hours ($76,800) and $18,000, respective­
ly. The cost due to additional manpower needed is estimated to be 32 man-hours
and .048 man-rem per test. Assuming refueling is performed once every 18
months, the additional cost for testing is 21 man-hours and 0.32 man-rem per
year, or equivalently $1173 per year.

Discounting the annual costs by Equation 6.1 = $1173*9.5
Total cost = $76,800 + $18,000 + $11,000 = $105,900.

$1.llx10 4

Leak Test HPCI and RCIC Testable Check Valves Every Refueling

This proposed corrective action requires development of test procedures and
performance of the tests. The cost for the development of procedures is esti­
mated above to be $19,200. The cost for performing the tests is estimated in
Appendix G.1 to be 70 man-hours and 0.625 man-rem per test, or equivalently
$2283 per year.

Discounting the annual costs by Equation 6.1
= $2283 * 9.5 = $21,700
Total costs = $19,200 + $21,700 = $40,900.

Implementation of All Three Peach Bottom Corrective Actions

The cost for implementing all three corrective actions is the sum of the
costs for the three corrective actions minus the duplicated cost for development
of test procedures for the air-operated check valves of RCIC and HPCI as two of
the corrective actions cover the same procedures. That is,

$60,478 + $105,900 + $40,900 - $19,200 = $188,078

6.2.1.2 Benefits

For core damage events, the benefit of a reduction in core damage frequency
can be expressed as follows:

BenefitCD = ~fCD (man rem + replacement power + cleanup costs + land
interdiction)
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Replacement power costs are dependent upon the region of the United States
in which the plant is located. 2 For the Peach Bottom region, replacement power
costs on a yearly basis for a 1000 Mw plant would be:

[(0.13 * 0.5) + 0.12] * $10 6/Hw year * 1000 Mw = $1.85x10 8/year

Discounting the various benefits yields the following:

• Public Health + Occupational Health
(Nonsubmerged Case)
$3.06x10 9 + $2.77x10 7 + $10 6 + $2x10 7 = $3.11x10 9/accident
Discounting using Equation 6.1 (with r=0.1, tf=30) = 9.5
$3.11x10 9 * 9.5 = $2.95x10 10

(Submerged Case)
$1.42x10 9 + Zero + $10 6 + $2x10 7

$1.44x10 9 * 9.5 = $1.37x10 10
$1.44x10 9/accident

• Replacement Power - $1.85x10 8/year
Discounting using Equation 6.3 (r=O.l, tf=30) 80.1
$1.85x10 8 * 80.1 = $1.48x10 10

• Cleanup Costs - $10 8 for 10 years
Discounting using Equation 6.2 (r=O.l, tf=30, t m=10)
$lx10 8 * 60.06 = $6.01x10 9

• Land Interdiction
Discounting using Equation 6.1 + 9.5
(Nonsubmerged Case)
$1.65x10 9 * 9.5 - $1.57x10 10

(Submerged Case)
$3.45x10 8 * 9.5 ,= $3. 28x10 9

60.06

For overpressurization events that result in the introduction of primary
coolant outside the containment but without core damage, the benefit of a reduc­
tion in the frequency of overpressurization can be expressed as follows:

Benefitop = ~fOp * (replacement power costs)

Other costs have not been included because the replacement power costs to­
tally dominate this 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 the other part addressing those that are not isolated until
the spill represents hundreds of thousands of gallons of primary coolant. Our
model is shown as follows:

1

I
(5 days) limited spill

OP
(60 days) large spill

10-2
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[(0.13 * .5) + 0.12] $10 6/Hw year * 1000 Mw * 5 days = $2.53x10 6

[(0.13 * .5) + 0.12} $10 6/ Mw year * 1000 Mw * 60 days = $3.04x10 7

BenefitOp = 2.53x10 6 + 00-. 2 * 3.04x1( 7) = $2.83x10 6/0P
Discounting using Equation 6.1
$2.83x10 6/0P * 9.5 = $2.72xl0 7

The overall benefit of the design changes can be calculated based upon the
foregoing input as follows:

BenefitTOT MCD (man rem + replacement power + cleanup + land inter­
diction) + MOp (replacement power)

(For Nonsubmerged Case)
= Mcn (2.95x10 10 + 1.48x10 10 + 6.01xl0 9 + 1.57x10 10)

+ MOp (2.72x10 7)
MCD * 6.60x10 10 + MOp * 2.72x10 7

(For Submerged

6.2.1.3 Results

Case)
MCD 0.37x10 10 + 1.48x10 10 + 6.01x10 9 + 3.28x10 9)
+ MOp (2.72x10 7)
MCD * 3. 78x10 10 + MOp * 2. 72x10 7

There are three proposed corrective actions as well as a fourth which in­
cludes all three from Section 5 based upon the Peach Bottom design, namely:

1. Leak test air-operated check valves after maintenance.
2. Perform logic system functional tests during shutdown.
3. Leak tests HPCI and RCIC testable check valves every refueling.
4. Implementation of all of the above.

The estimated risk-based costs and benefits for the above four corrective
actions are presented in Table 6.1. Section 7.1 provides a discussion on these
results.

6.2.2 Nine Mile Point-2 Model

6.2.2.1 Costs

The proposed corrective actions for Nine Mile Point-2 require changes in
the lSI program so that the pressure isolation valves in the steam condensing
:Line will not be cycled when the reactor is at power. The response from Nine
I1ile Point-2 (Appendix C.2), indicates that the proposed corrective actions have
been identified by the plant through independent means, and have also been in­
cluded in a recent lSI program revision submitted to NRC. Therefore, no actual
additional cost would be incurred by NMP-2 for this proposed corrective action.
However, for the purposes of this study, Nine !'file Point-2 did provide a cost
estimate that $35,000 would be needed to implement all aspects of the proposed
corrective actions, if these corrective actions would have been initiated and
accomplished as a direct response to the results of this study.
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6.2.2.2 Benefits

For core damage events, the benefit of a reduction in core damage frequency
can be expressed as follows:

BenefitCD = ~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 Nine Mile Point region replacement power
costs on a yearly basis for a 1000 Mw plant would be:

[(0.13 * 0.95) + 0.12] * $10 6/Mw year * 1000 Mw = $2.44x10 8/year

Discounting the various benefits yields the following:

• Public Health + Occupational Health
(Nonsubmerged Case)
$3.06x10 9 + $2.77x10 9 + $10 6 + $2x10 7 = $3.11x10 9/accident
Discounting using Equation 6.1 (with r=O.l, tf=40) = 9.82
$3.11x10 9 * 9.82 = $3.05x10 10

(Submerged Case)
$1.42xl0 9 + Zero + $10 6 + $2xI0 7

$1.44x10 9 * 9.82 $1.41x10 10
$1.44x10 9/accident

• Replacement Power - $1.85x10 8/year
Discounting using Equation 6.3 (r=O.l, tf=40) 90.8
$2.44x10 8 * 90.8 = $2.22x10 10

• Cleanup Costs - $10 8 for 10 years
Discounting using Equation 6.2 (r=O.l, tf=40, t m=10) 62.1
$lx10 8 * 62.1 = $6.21x10 9

• Land Interdiction
Discounting using Equation 6.1 + 9.82
(Nonsubmerged Case)
$1.65x10 9 * 9.82 = $1.62x10 10

(Submerged Case)
$3.45x10 8 * 9.82 = $3.39x10 9

For overpressurization events that result in the introduction of primary
coolant outside the containment but without core damage, the benefit of a reduc­
tion in the frequency of overpressurization can be expressed as follows:

Benefitop = ~fOp * (replacement power costs)

Other costs have not been included because the replacement power costs to­
tally dominate this type of event. We have broken this category of events into
two parts. Using the model described in Section 6.2.1.2 we have the following:
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[(0.13 * .95) + 0.12J $10 6/Mw year * 1000 Mw * 5 days = $3.34x10 6

[(0.13 * .95) + 0.12J $10 6/ Mw year * 1000 Mw * 60 days = $4.0x10 7

BenefitOp = 3.34x10 6 + (l0-:~ * 4.0x10 7)
Discounting using Equation 6.1
$3.74x10 6/0p * 9.82 = $3.67x10 7

$3.7 4x10 6/0p

The overall benefit of the design changes can be calculated based upon the
foregoing input as follows:

BenefitTOT MCD (man rem + replacement power + cleanup + land inter­
diction) + MOp (replacemE~nt power)

(For Nonsubmerged Case)
= M CD (3.05x 1(I 10 + 2. 22x 10 10 + 6. 21x 10 9 + 1.6 2x 10 10)

+ MOp (3.6 7xlO 7)
MCD * 7.51xl0 10 + MOp * 3.67xl0 7

(For Submerged

6.2.2.3 Results

Case)
MCD (l.41xl0 10 + 2.22xl0 10 + 6.2lxl0 9 + 3.39xl0 9)
+ MOp (3.6 7xl0 7)
Af CD * 4.59xl0 10 + MOp * 3.67xl0 7

There are two proposed corrective actions as well as a third which includes
both from Section 5 based upon the Nine MilE~ Point Unit 2 design, namely:

1. Do not cycle the F052 valve group and the F218 valve group at power.
2. Do not cycle the F087 valve group at power.
3. Implementation of both of the above.

The estimated risk-based costs and benefits for the above corrective ac­
tions are presented in Table 6.2. Section 7.2 provides a discussion on these
results.

6.2.3 Quad Cities Model

6.2.3.1 Costs

The proposed corrective actions for Quad Cities are similar to those pro­
posed for Peach Bottom. Therefore, some of the cost estimates for Peach Bottom
have also been directly applied to Quad Cities. In addition, Commonwealth
Edison provided an estimate for the cost of installing test taps to the core
spray lines (Appendix G. 3).

Leak Test Air-Operated Check Valves Every Refueling

This potential corrective action involves installing the test taps, devel­
oping the test procedures, obtaining approval for changes in the lSI program,
and actually performing the tests. Appendix G.3 estimated that the cost of in­
stalling test taps to the core spray lines is $40,400. Peach Bottom estimated
that it requires 480 man-hours for developing test procedures for RCIC and
HpCI. BNL has assumed that an equal amount of time would be needed for the
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RHR and CS systems. Therefore, 960 man-hours or equivalently $38,400 would be
needed for procedure development. The cost for revision of the lSI program was
assumed to be the same as that for Nine Mile Point-2, i.e., $35,000. Based on
our plant visit and subsequent telephone conversations with Quad Cities, the
man-hours needed to perform a leak test are estimated to be eight man-hours.
Therefore, 48 man-hours would be required to perform leak tests on six valves.
Peach Bottom estimated that 2.05 man-rem would be received while testing the
valves. This same estimate was used for Quad Cities. Therefore, every refuel­
ing 48 man-hours and 2.05 man-rem would be consumed to leak test the testable
check valves. It was estimated for Peach Bottom (Appendix G.l) that 25% of the
time the valve may fail the test and require maintenance and a second leak
test. Therefore, these values were increased by 25% to 60 man-hours and 2.56
man-rem. This is equivalent to $3307 per year.

Discounting the annual costs by Equation 6.1 with r=O.l and tf=30
= $3307 * 9.5 = $31,400
Total costs = $31,400 + $38,400 + $40,400 + $35,000 = $145,200.

Leak Test Air-Operated Check Valves After Maintenance

The cost for this corrective action is the same as that for the corrective
action discussed above, except that the frequency of testing is lower than once
per refueling. Peach Bottom estimated that maintenance is performed once every
two years. Therefore, the average cost for performing the test is 24 man-hours
and 1.025 man-rem per year, or equivalently $1985 per year.

Discounting the annual costs by Equation 6.1 + 9.5
= $1985 * 9.5 = $18,858
Total costs = $18,858 + $38,400 + $40,400 + $35,000

Implementation of Both Quad Cities Corrective Actions

$132,658.

The cost for implementing both proposed corrective actions is equal to the
cost of implementing the first corrective action plus the cost of performing the
tests required by the second corrective action, i.e.,

$145,200 + $18,858 = $164,058

6.2.3.2 Benefits

For core damage events, the benefit of a reduction in core damage frequency
can be expressed as follows:

BenefitCD = ~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 Quad Cities region, replacement power
costs on a yearly basis for a 1000 Mw plant would be:

[(0.13 * 0.15) + 0.12] * $10 6/Mw year * 1000 Mw = $1.4xl0 8/year
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Discounting the various benefits yields the following:

• Public Health + Occupational Health
(Nonsubmerged Case)
$3.06xl0 9 + $2.77xl0 7 + $10 6 + $2xl0 7 = $3.11xl0 9jaccident
Discounting using Equation 6.1 (with r=O.l, tf~30) = 9.5
$3.llxl0 9 * 9.5 = $2.95xl0 10

(Submerged Case)
$1.42xl0 9 + Zero + $10 6 + $2xl0 7 = $1.44xl0 9jaccident
$1.44xl0 9 * 9.5 = 1.37xl0 10

• Replacement Power - $1.4xl0 8jyear
Discounting using Equation 6.2 (r=O.l, tf=30) - 80.1
$l.4xl0 8 * 80.1 = $1.12xl0 10

• Cleanup Costs - $10 8 for 10 years
Discounting using Equation 6.3 (r=O.l, tf=30, tm=lO)
$lxl0 8 * 60.06 = $6.0lxl0 9

• Land Interdiction
Discounting using Equation 6.1 + 9.5
(Nonsubmerged Case)
$1.65xl0 9 * 9.5 = $1.57xl0 10

(Submerged Case)
$3.45xl0 8 * 9.5 = $3.28xl0 9

60.06

For overpressurization events that result in the introduction of primary
coolant outside the cOntainment but without core damage, the benefit of a reduc­
tion in the frequency of overpressurization can be expressed as follows:

Benefitop = 8fOp * (replacement power costs)

Other costs have not been included because the replacement power costs to­
tally dominate this type of event. We have broken this category of events into
two parts. Using the model described in Section 6.2.1.2, we have the following:

[(0.13 * .15) + 0.12] $106jMw year * 1000 Mw * 5 days = $1.9lxl0 6

[(0.13 * .15) + 0.12] $106jMw year * 1000 Mw * 60 days = $2.29xl0 7

BenefitOp = $1.9lxl0 6 + 00- 2 * $2.29xl0 7 ) = $2.14xl0 6jOP
Discounting using Equation 6.1
$2.l4xl0 6/0P * 9.5 = 2.03xl0 7

The overall benefit of the design changes can be calculated based upon the
foregoing input as follows:

BenefitTOT 8fCD (man rem + replacement power + cleanup + land inter­
diction) + 8fOp (replacement power)
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(For Nonsubmerged Case)
= Mcn (2.95x10 10 + 1.12x10 10 + 6.01x10 9 + 1.57x10 10 )

+ MOp (2. 03x10 7)
Mcn * 6. 24xlO 10 + MOp * 2.03x10 7

(For Submerged

6.2.3.3 Results

Case)
M cn (l.37x10 10 + 1.12x10 10 + 6.01x10 9 + 3.28x10 9)
+ MOp (2. 03x10 7)
M cn * 3.4 2x 10 10 + MOp * 2.0 3x 10 7

There are two proposed corrective actions as well as third which includes
both from Section 5 based upon the Quad Cities design t namely:

1. Leak test air-operated check valves every refueling.
2. Leak test air-operated check valves after maintenance.
3. Implementation of all of the above.

The estimated risk-based costs and benefits for the above corrective ac­
tions are presented in Table 6.3. Section 7.3 provides a discussion on these
results.

6.2.4 Base Case Model

As discussed previouslYt the three reference plants selected for this study
all perform some level of leak testing for their pressure isolation valves. One
of the major goals of this study was to determine the cost-benefit relationship
of requiring a plant that does not perform leak testing of its PIVs to do so.
NRC guidance in defining this base case included the provision that those plants
which voluntarily test their PIVs but are not required tOt would fall into this
category.

In order to construct a base case plant t we took the Peach Bottom model
that we had developed and modified it to reflect the fact that leak testing of
the PIVs is simply not performed. The details of this model are discussed in
Appendix H. The reductions in the frequency of core damage and the frequency of
overpressurization t as a result of leak testing the PIVs t were also evaluated in
Appendix H.

6.2.4.1 Costs

The various costs for performing leak tests of the air-operated check
valves can be estimated using those estimated for the three reference plants.
Appendix G.3 estimated that the cost of installing test taps to the core spray
lines of Quad Cities would be $40 t 400. Therefore t a total cost of $121,200 was
assumed to be needed for installing test taps to the six ECCS injection lines.
Appendix G.1 estimated that 480 man-hours would be needed to write, review t ap­
prove t type t duplicate t and distribute new test procedures for HPCI and RCIC.
Therefore t it was assumed that twice as much would be needed to do the same
thing for CSt LPCl t RCIC t and HPCl t i.e. t 960 man-hours or equivalently
$3.84*10 4 • The costs for leak testing air-operated check valves after mainte­
nance and at every refueling outage had been estimated for Quad Cities to
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be $1985 per year and $3307 per year, respectively and these valves are also
used in the base case model.

Discounting the annual costs by Equation 6.1 (r==O.l, tf==30) + 9.5
($1985 + $3307) * 9.5 == $50,274
Total costs == $121,200 + $38,400 + $50,274 == $2.1*10 5

6.2.4.2 Benefits

By assuming that the base case plant physically resembles Peach Bottom, we
are able to use the two benefit equations developed in Section 6.2.1. These two
,equations are:

(Nonsubmerged Case)
BenefitTOT == M CD * 7.18x10 10 + MOp * 2.72x10 7

(Submerged Case)
BenefitTOT M CD * 3. 78x10 10 + MOp * 2. 72x10 7

6.2.4.3 Results

The risk-based cost and benefits for leak testing air-operated check
valves after maintenance and at every refueling outage are presented in Table
6.4. Section 7.4 provides a discussion on these results.

6.3 Impact on Other Requirementf~

We have not identified any NRC requirements or ongoing programs that would
be adversely affected by implementation of any of the proposed corrective ac­
tions identified by this study.

We have identified two NRC programs that would be impacted. The two pro­
grams are the In-Service Testing and Inspection Program and the Technical Speci­
fications. In each case, the impact would be to simply add certain pressure
isolation valves to the existing programs.
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Table 6.1
Cost-Benefit Estimates Based Upon the Peach Bottom Design

Corrective Actions
1 2 3 4

MCD (per calendar year) 8.16x10- 7 8.99x10- 7 2.80x10- 8 9.52x10- 7

MOp (per calendar year) 4.76x10- 3 7. 87x10- 3 4. 71x10- 3 8.20x10- 3

Benefits
Nonsubmerged Release $1.83x10 5 $2.7 3x10 5 $1.30x10 5 $2.86x10 5
Submerged Release $1.60x10 5 $2. 48x10 5 $1. 29x10 5 $2. 59x10 5

Costs $6.05x10 4 $1. 06x10 5 $4.09xlO 4 $1.9xl0 5

Table 6.2
Cost-Benefit Estimates Based Upon the Nine Mile Point 2 Design

Corrective Actions
123

~fCD (per calendar year)

~fOp (per calendar year)

Benefits
Nonsubmerged Release
Submerged Release

Costs

6.41x10- 6

6. 48x10- 3

$7 .19x10 5
$5.32xl0 5

2.37x10- 6

2.4010- 3

$2. 66x10 5

$1.97x10 5

8.78x10- 6

$9.85x10 5
$7. 29xlO 5

$3.5x10 4
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Table 6.3
Cost-Benefit Estimates Based Upon the Quad Cities Design

Corrective Actions
1 2 3

MCD 7.07xl0- 7 4.24xl0- 7 7.28xl0- 7

MOp 1. 41xl0- 3 6.10xl0- 4 1.44xl0- 3

Benefits
Nonsubmerged Release $7.27xl0 4 $3.88xl0 1+ $7. 47xl0 1+
Submerged Release $5.28xl01+ $2.69x10 1+ $5. 41xl0 1+

Costs $1.45xl0 5 $1. 33xl0 5 $1.64xl0 5

Table 6.4
Cost-Benefit Estimates Based Upon the Base Case Design

Corrective Action
1

1.84xl0- 5

1.13xl0- 2

Benefits
Nonsubmerged Release
Submerged Release

Costs

$1.52xl0 6

$1.00xl0 6

$2.lOxl0 5
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7. RESULTS AND CONCLUSIONS

This section contains a plant-by-plant discussion of the findings for
each of the three reference plants in the study. In addition, there is a dis­
cussion on the risk-based cost effectiveness of establishing a required mini­
mum frequency for leak testing the air-operated check valves that perform the
pressure isolation function. Finally, there is an overall discussion of the
generic implications, insights and conclusions derived from this study.

7.1 Results From the Peach Bottom Analysis

For Peach Bottom, the following potential correetive actions were identi­
fied:

1. Leak testing of each air-operated PIV check valve after individual
maintenance.

2. Performance of ECCS logic system functional testing during shutdown
(not during power operation).

3. Leak testing of air-operated PIV check valves in the HPCI and RCIC
injection lines at every refueling.

Based upon the cost-benefit analysis in Section 6.2.1 (summarized in Table
6.1) all three actions were found to be cost-effective improvements when taken
either individually or together. This is demonstrated by the fact that in
each case the risk-based estimated costs fell below the range of estimated
benefits. The range of estimated benefits reflects the uncertainty assigned
to the radiological source terms.

7.2 Results From the Nine Mile Point 2 Analysis

For Nine Mile Point 2, the following potential corrective actions were
identified:

1. Do not cycle valves F052A(B) and F218A(B) during power operation.
2. Do not cycle valves F087(A)B during power operation.

Here again. based upon the cost-benefit analysis of Section 6.2.2 and as sum­
marized in Table 6.2, these two corrective actions were found to be cost-ef­
fective improvements when taken either individually or together.

7.3 Results From the Quad Cities Analysis

For Quad Cities, the following potential corrective actions were identi-
fied:

1. Leak testing of all air-operated PIV check valves at every refueling.
2. Leak testing each air-operated PIV check valve after individual main­

tenance.

In this particular case, the cost-benefit analysis of Section 6.2.3 (summa­
rized in Table 6.3) did not show either corrective action to be cost-benefi­
eial. The deciding differences for both of these proposed corrective actions
ltlere the need identified by Commonwealth Edison to physically install pressure
taps around each of the subject pressure isolation valves and the fact that
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Quad Cities already had other features that reduced its vulnerability to
ISLs. (For example, Quad Cities does not perform logic system functional
tests at power.) The hardware costs associated with this modification drove
the risk-based calculated costs higher than the calculated benefits.

7.4 Results of the Minimum Testing Requirements Analysis

One of the primary goals of this study was to determine the cost-benefit
relationship associated with requiring plants that do not currently have any
leak testing requirements on their pressure isolation valves to institute such
a program. However, all of the reference plants already have various
requirements related to leak testing. Therefore, it was decided that since
none of the reference plants represented a true "base case" model in this area
an additional base case model would have to be created. The base case model
was taken to be the Peach Bottom model with all PIV leak testing aspects
removed. Removing the leak testing benefits from the Peach Bottom model
resulted in a large increase in predicted core damage frequency due to ISL.
Based upon the results of a separate sensitivity study, it appears sufficient
for the minimum leak testing program to include provisions such that leak
testing be performed at each refueling as well as after individual valve
maintenance. The risk-based benefits calculated for this leak testing program
show that such testing schemes are cost effective (see Section 6.2.4 and Table
6.4).

7.5 Final Conclusions

The previous four subsections have addressed insights derived from the
risk-based cost benefit analyses from Section 6. This final subsection pro­
vides an overview of the entire study from a more fundamental viewpoint; name­
ly, core damage frequency. Table 7.1 provides a convenient collection of the
pertinent CDFs presented throughout this report. The table will be used to
facilitate comparisons and derive insights.

The insights from this study fall into two basic categories. The first
category deals with assuring that that the pressure boundaries are intact
prior to increasing reactor pressure and the second category deals with how to
avoid placing the plant unnecessarily into a more vulnerable mode of plant
operation.

The first category above is addressed by PIV leak testing prov~s~ons.

From Table 7.1, "Peach Bottom. (no leak testing)" represents the analysis done
in Appendix H wherein the Peach Bottom model was stripped of all credit for
its current leak testing practices. "Peach Bottom (current)" refers to the
Peach Bottom plant as found and modelled. "Peach Bottom (with leak testing)"
is again from Appendix H and reflects the minimum leak testing provisions
addressed in Section 7.4. Comparing the "no-testing case" to "Peach Bottom
(current)" shows that the existing level of leak testing has already reduced
the Peach Bottom CDF due to ISLs by an order of magnitude. Comparing "Peach
Bottom (current)" to "Peach Bottom (with leak testing)" shows another order of
magnitude reduction is still available. A significant benefit (similar to
that derived for Peach Bottom) for such a leak testing program is expected to
hold across the BWR population.
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The second category of insights is addressed by changing current testing
practices. These testing practices can be almost as significant as implemen­
tation of a leak testing program, however, they are quite plant-specific. The
dominant example from this study is found at Nine Hile Point 2 (NMP). By com­
paring the two NMP-2 entries in Table 7.1, there is apparently more than a two
order of magnitude decrease in the CDF for ISL available by prohibiting the
currently allowed practice of stroke testing the valves in the steam condens­
ing lines to the RHR heat exchangers (with the reactor pressurized) and allow­
allowing the stroke testing to await a convenient shutdown (with the reactor
depressurized).

A second example of significant testing-induced risk can be seen by com­
paring "Peach Bottom (current)" with "Peach Bottom (logic test at shutdown)"
from Table 7.1. This is the single most effective corrective action identifi­
ed for the Peach Bottom plant in reducing core damage frequency. Current
Peach Bottom testing requirements include the provision to test the ECCS logic
every six months whether or not the reactor is pressurized. By holding off on
the ECCS logic system functional test until a reactor shutdown comes along
(i.e. the reactor is depressurized), the ISL CDF can be reduced by almost an
order of magnitude.

In summary, the results of this study show that institution of a m1n1mum
leak testing program for the air-operated pressure isolation check valves
represents a significant reduction in the estimated 1SL CDF for the three
plants studied, which should apply across the entire BWR population. In
addition, it has been shown that some of the current BWR testing practices can
also represent a large contribution to I8L CDF and that this testing induced
risk is easily removed by rather simple and cost-effective changes to existing
testing procedures.

Table 7.1
Summary of Estimated ISL CDP vs. Plant States

Plant State

Peach Bottom (No leak testing)

Peach Bottom (Current)

Peach Bottom (With leak testing)

Nine Mile Point 2 (Current)

Nine Mile Point 2 (With all fixes)

Peach Bottom (Logic test at shutdown)

CDF/Year

1.86E-5

1.02E-6

1.97E-7

8.8lE-6

3.22E-8

1.21 E-' 7

Source

Table H.1

Table 5.1

Table H.1

Table 5.6

Table 5.9

Table 5.3
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APPENDIX A: Information Collected for Interfacing Lines

A.l Interfacing Lines at Peach Bottom

The interfacing lines identified for Peach Bottom were the following:

a. LPCI Injection Lines
b. Shutdown Cooling Suction Line
c. Reactor Pressure Vessel Head Spray
d. Core Spray Injection Lines
e. HPCI Pump Suction
f. RCIC Pump Suction

These interfacing lines are shown in Figures A.l.l-A.l.6. Tables
A.l.l-A.l.6 list some data collected for them. Table A.l.7 lists the lines
penetrating the containment. The single character code in the first column of
the table denotes the disposition of the line. An asterisk indicates that the
line was included in the study. A letter means that the line was not further
considered, based on the screening criterion denoted by the same letter in
Section 2.1.

A.l.l LPCI Inj ection Lines

The RHR system consists of two loops. Each loop consists of two heat
exchangers, two pumps, two suppression pool suction lines, and one injection
line. The two loops are identical except that loop B has connections with high
pressure service water and the fuel pool, and that loop A is connected to the
vessel head spray. The discharge sides of the two loops are crossconnected with
a closed deenergized valve, MO-lO-20.

A.l.l.l Automatic and Manual Control

RHR pumps start automatically on low vessel level or high drywell pressure
and low reactor pressure. The suction paths from the suppression pool are
normally open. Outboard injection valve 154 is normally open.

Inboard injection valve 25 is normally closed. When the automatic
actuation signal is present, an open signal is sent to the injection valves in
both loops. Upon receiving the open signal, the normally closed injection
valves, 25A and 25B, will open if the reactor pressure is low. A timer cancels
the LPCI signals to the injection valves, l54A and l54B, after a delay time long
enough to permit satisfactory operation of the LPCIS. The cancellation of the
signals allows the operator to divert the water for other post accident uses
such as torus cooling, torus spray or drywell spray.

Without the low vessel pressure signal, the two injection valves in each
loop are interlocked such that one valve can be manually opened only if the
other valve is closed.

A.l.l.2 Indications of Overpressurization or Interfacing LOCA

In the event that the isolation valves '+6 and 25 fail to isolate, the low
pressure piping that will be overpressurized is bounded by valves 20, 25,
26, 33 (Loop A only), 39, 48, 177 (Loop B only), and 180 (Loop B only). The
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design pressure of the low pressure p~p~ng is 450 psi. There are two one-inch
relief valves and two three-inch relief valves that discharge to the clean
rad-waste system. If an interfacing LOCA occurs~ the following indications may
be available to the operators~ in addition to the low vessel level alarm and the
starting of the standby core cooling systems~

1. RHR Pump Room Flooding Alarm in the Control Room - Liquid level
switches are set to detect water level 6" above the floor.

2. High RHR Room Ambient Temperature - Room temperature is alarmed and
indicated in the control room.

3. Room ventilation temperature is indicated.

4. The reactor building drain sump pumps will start automatically on high
level. High high level in the drain sump also actuates an alarm in the
main control room.

5. High pump discharge header pressure is alarmed in the control room.

6. High radiation in reactor building ventilation exhaust alarm in the
control room.

7. High RHR pump room radiation and high reactor building sump area
radiation alarms in the control room.

A.l.2 Shutdown Heat Removal Suction from Recirculation

A.l.2.1 Automatic and Manual Control

Shutdown cooling is initiated manually when the nuclear system pressure has
decreased to a point where the steam supply pressure is not sufficient to
maintain the turbine shaft gland seals~ and vacuum in the main condenser can not
be maintained. Reactor coolant is pumped by the RHR pumps from one of the
recirculation loops through the RHR heat exchangers. Reactor coolant is
returned to the vessel via either recirculation loop. Part of the flow may be
diverted to a spray nozzle in the reactor head. The isolation valves 17 and 18
can be manually opened in control room only if the vessel pressure is in
shutdown cooling range. They receive automatic isolation signals on low vessel
level or high drywell pressure or high vessel pressure (exceeding 625 psig).

A.l.2.2 Indications of Overpressurization or Interfacing LOCA

In the case that the isolation valves 17 and 18 fail to isolate~ the low
pressure piping that will be overpressurized is bounded by valves 17~ 520~ 51~

15A, 15B, 15C~ and 15D. Its design pressure is 150 psi. There is one one-inch
relief valve in this pipe section that discharges to clean rad-waste system.
There is also one one-inch relief valve on the suction piping to each pump. The
available indications for an interfacing LOCA are the same as those for the LPCI
lines, except that the high suction pressure alarm replaces the high discharge
header pressure alarm.
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A.1.3 Vessel Head Spray

A.1.3.1 Manual and Automatic Control

Vessel head spray may be used in the shutdown cooling mode of the RHR
system. Isolation valves 32 and 33 can be manually opened only if vessel
pressure is in the shutdown cooling range. These valves receive an automatic
isolation signal on low vessel level or high drywell pressure or high vessel
pressure (exceeding 625 psig).

A.1.3.2 Indications of Overpressurization or Interfacing LOCA

If the check valve down stream of the isolation valves, as well as both
isolation valves fails, the section of low pressure piping that will be
overpressurized is the same as that for LPCI loop A. Therefore, the same
indications will be available to the operators. The only difference is that
both isolation valves in the head spray line receive automatic isolation
signals.

A.1.4 Core Spray Inj ection Lines

The core spray system consists of two identical loops. Each loop consists
of two pumps with separate suction lines from the suppression pooL

A.1.4.1 Automatic and Manual Control

The core spray pumps start on a low vessel level signal or high drywell
pressure and low vessel pressure. Each pump has a separate suction line from
the suppression pool with the suction valve normally open. The testable check
valve, 13, and the inboard injection valve, 12, are normally closed. The
outboard injection valve, 11, is normally open. Both injection valves open
automatically when drywell pressure is high or vessel level is low and vessel
pressure is low. Without an autoluatic open signal, the two injection valves are
interlocked and one valve can be opened only if the other valve is closed.

A.1.4.2 Indication of Overpressurization or Interfacing LOCA

If the isolation valves in the core spray injection lines fail open, the
section or piping that will be overpressurized is bounded by valves 12, la, 26,
23, and 4225. This piping section has a design pressure of 450 psi. A two-inch
relief valve with setpoint of 435 psig is located in this pipe section and
discharges to clean rad-waste. When an interfacing LOCA occurs, in addition to
the low vessel level alarm, the following indications will be available.

1. Core Spray Pump Room Flooding Alarm in the Control Room - Liquid level
switches are set to detect water level 6" above the floor.

2. The reactor building drain sump pumps will start automatically on high
level. This also actuates an alarm in the main control room on high
high level in the sump.

3. Pump discharge pressure and suction pressure are indicated locally.
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4. A pressure switch is located between valves 11 and 12. An alarm in the
control room will indicate the leakage through valves 12 and 13.

5. High radiation in reactor building ventilation exhaust alarm in the
control room.

6. High core spray pump room radiation and high reactor building sump area
radiation alarms in the control room.

A.1.5 HPCI Pump Suction

A.1.5.1 Automatic and Manual Control

The HPCI system is actuated on high drywell pressure or low vessel level.
Inboard injection valve 19 is normally closed and outboard injection valve 20 is
normally open. Both valves receive an open signal on system actuation and can
be remote manually controlled from the control room. Pump suction from the
condensate storage tank is normally open. Suction valves 58 and 57 from the
suppression pool are normally closed. They will be automatically opened when
the CST level is low or the torus level is high. After they are fully open, the
suction valve, 17, from the CST will be automatically closed. Suction valves
from the suppression pool and the two steam isolation valves are closed by
excess steam supply line space high temperature or high steam supply line
pressure differential or high steam line pressure differential signals.

A.1.5.2 Indication of Overpressurization or Interfacing LOCA

If the feedwater inboard check valve (CV28A) and valves 18, 19, and 20 fail
open, reactor coolant will overpressurize the piping on the suction side of the
pump. This is bounded by valves 130, 131, 32, and 57. This pipe section has a
design pressure of 150 psi. A one-and-one-half-inch relief valve is located in
this section and it discharges to clean rad-waste.

If an interfacing LOCA occurs, in addition to low vessel level alarm, the
following indications are available.

1. HPIC Pump Room Flooding Alarm in the Control Room - Level switches are
set to detect water level 6" above the floor.

2. High HPCI Pump Room Temperature ­
and alarmed in the control room.
HPCI system which is also alarmed

High room temperature is indicated
It also actuates isolation of the
in the control room.

3. Room ventilation temperature is indicated.

4. The reactor building drain sump pump will start automatically on high
level. This also actuates an alarm in the control room on high high
sump level.

5. Condensate storage tank low level and high level alarm in the control
room.

6. HPCI pump high suction pressure alarm in the control room.
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7. High radiation in reactor building ventilation exhaust alarm in the
control room.

8. High HPCI pump room radiation and high reactor building sump area
radiation alarms in the control room.

A.1.6 RCIC Suction - Reactor Core Isolation Cooling System

A.1.6.1 Automatic and Manual Control

The system is started on low vessel level. The suction path from the
condensate storage tank is normally open. The pump suction valve receives an
open signal on system auto initiation. The outboard injection valve, 20, is
normally open. The inboard injection valve, 21, is normally closed. Both
injection valves receive an automatic open signal on system auto initiation.
vfuen CST level becomes low, automatic switch-over from the CST to the
suppression pool will take place. After the suction valves from the suppression
pool are fully open, the suction valve from the CST will be closed
automatically.

ll.1.6.2 Indications for Overpressurization or Interfacing LOCA

When the inboard check valve (CV28B) and isolation valves 20, 21, and 22
fail open, the RCIC pump suction will be overpressurized. The overpressurized
section is bounded by the RCIC pump and valves 39 and 19. This piping has a
design pressure of 150 psi. There is a one-·inch relief valve of setpoint 100
psig in this pipe section and it discharges to clean rad waste. If an
interfacing LOCA occurs in this pipe section, in addition to the low vessel
level alarm and the actuation of emergency core cooling systems (ECCS), the
following indications will be available.

1. RCIC Pump Room Flooding Alarm in the Control Room - Liquid level
switches are set to detect water level ~I above the floor.

2. RCIC pump room temperature is indicated in the control room. High room
temperature is alarmed in the control room. It also isolate the RCIC
system.

3. Room ventilation temperature is indicated.

4. The reactor building drain sump punlps will start automatically. This
is indicated and alarmed in the control room of the rad-waste
building and it also actuates an alarm in the main control room.

5. High RCIC pump suction pressure alarm in the control room.

6. Low CST level alarm in the control room.

7. High radiation in reactor building ventilation exhaust alarm in the
control room.

8. High RCIC pump room radiation and high reactor building sump area
radiation alarm in the control room.
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Table A.I.l
LPCI (RHR) Injection Lines (Peach Bottom)

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction

11. Surveillance requirement -

2

24"

I

AO Check

air

closed

in

+

25A,B*1~* 154A,B***

0 0

MO Gate MO Globe

ac ac

closed open

closed open

* *

in in

** **

12. Pump surveillance requirement -

13. Relief valves -

manually started monthly, auto
actuation/operating cycle, flow tested/
3 months

RV-35A,B 50 gpm at 425 psig, RV-44 50
gpm at 400 psig (Loop A only), and two
3" relief valves at 450 psig.

*Can be opened manually if reactor pressure is low or the other isolation
valve is closed.

**Stroke tested monthly, actuation tested every operating cycle, LLRT/cycle
operational hydro test/cycle (25A, B only).

***Valves are interlocked.
+Leak rate tested during operational hydro every cycle, recent Technical
Specification amendment request requires LLRT each fuel cycle and post
maintenance.
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Table A.. 1.2
Shutdown Cooling Suction (RHR) (Peach Bottom)

high drywell pressure or low vessel
level or high vessel pressure

auto isolation/cycle, stroked/shutdown
longer than 48 hours, LLRT/cycle,
operational hydro/cycle

1

20"

18 17

in out

~10 Gate MO Gate

ac de

closed closed

closed Closed

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction -

11. Surveillance requirement -

out out

12. Pump surveillance requirement -

13. Relief valves -

flow tested/3 months, manual
started/month, auto actuation/cycle

four I-inch relief valve, RV-72A-D 35
gpm at 158 psig, one I-inch relief
valve, and RV-40 35 gpm at 180 psig
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Table A.l.3
Vessel Head Spray (RHR) (Peach Bottom)

1

low vessel level or high drywell
pressure or high vessel pressure

stroked/shutdown longer than 48 hours,
auto isolation/cycle, LLRT/cycle

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction -

11. Surveillance requirement -

6"

in

check

c

in

32

in

MO

ac

c

c

in

33

out

MO

dc

c

c

in

12. Pump surveillance requirement -

13. Relief valves -

flow tested/3 months, manual start/
month, auto actuation/cycle

RV-35A,B 50 gpm at 425 psig, RV-44 50
gpm at 400 psig (Loop A only), and two
Y' relief valves
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Table A. 1.4
Core Spray Injection Lines (Peach Bottom)

1. Number of lines -

2.. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction

11. Surveillance requirement -

2

12"

13A,B

I

AO check

air

C

in

+

12A,B*** llA,B***

0 0

MO Gate MO Gate

ac ac

C 0

C 0

* *

in in

** **

12. Pump surveillance requirement -

13. Relief valves -

auto actuation test every operating
cycle, flow test/3 month, manual
start/month

RV-20A,B 120 gpm at 43S psig

*Can be opened only if reactor pressure is low or the other valve is closed.
*:kOperability test/month, LLRT cyde, operational hydro test/cycle (12A, B

only).
***Valves interlocked.

+Cycle/month, operational hydrostatic test/cycle, recent Technical
Specification amendment request requires LLRT each fuel cycle and post
maintenance.
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Table A.I.5
HPCI Suction (Peach Bottom)

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction

11. Surveillance requirement -

1

14"

18

0

AO check

air

C

none

in

+

19 20*

0 0

MO MO

dc dc

C 0

C 0

none none

in in

** ***

12. Pump surveillance requirement -

13. Relief valves -

started monthly~ flow test/3 months~

auto actuation every cycle

RV-34 10 gpm at 100 psig

*There are valves No.20 in HPCI and in RCIC.
**Stroked/month~ operational hydro test/cycle.

***Stroked/month.
+Stroked at shutdown >48 hours.
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Table A.1.6
RCIC Suction (Peach Bottom)

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal position -

8. Power failure position -

9. Isolation signals -

10. Normal flow direction

11. Surveillance requirement -

1

6"

22

0

AO check

air

C

in

+

21 20*

a 0

MO MO

dc dc

C 0

C 0

none none

in in

** ***

12. Pump surveillance requirement -

13. Relief valves -

manual start every month, flow test/3
months auto actuation test at refueling

one I-inch relief valve at 100 psig

*There are valves No.20 in HPCI and RCIC.
**Stroked/month, operational hydro test/cycle.

***Stroked/month.
+Stroked every shutdown greater than 48 hours.
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A.2 Interfacing Lines at Nine Mile Point 2

The interfacing lines identified for Nine Mile Point 2 were the following:

a. LPCI Injection Lines
b. Shutdown Cooling Suction Line
c. Reactor Pressure Vessel Head Spray
d. Low Pressure Core Spray Injection Line
e. HPCS Pump Suction
f. RCIC Pump Suction
g. Shutdown Cooling Return to Recirculation
h. Steam Condensing Supply Lines to RHR Heat Exchangers

These interfacing lines are shown in Figures A.2.l-A.2.8. Tables
A.2.1-A.2.8 list some data collected for them. Table A.2.9 lists the lines
penetrating the containment. The single character code in the first column of
the table denotes the disposition of the line. An asterisk denotes that the
line was included in the study. A letter means that the line was not further
considered, based on the screening criteria denoted by the same letter in
Section 2.1.

A.2.l LPCI Injection Lines

The RHR system consists of three loops. Each loop consists of one RHR pump
and the associated valves and pipes. Loop C is used only in the LPCI mode.
Loops A and B are also used in other modes, e.g., shutdown cooling mode, steam
condensing mode, and containment spray mode. They are identical and independent
except for the following:

a. Suction line from the recirculation line is shared.
b. Only loop B has a vessel head spray line.
c. Only loop B has a service water connection.
d. Loop C can not be used for fuel pool cooling.
e. The steam line from the RCIC system is shared.

A.2.l.l Automatic and Manual Control

The LPCI mode of the RHR system is actuated automatically on high drywell
pressure and low vessel level. The three RHR pumps will start automatically and
the injection valves F042A, B, and C will open when the pressure differential
across them is < 130 psid. The suction valves from the suppression pool are are
normally key-locked open. To ensure proper system lineup, the following
normally closed valves are signaled to close.

a. MO F026A, Band AO F06SA, B in RHR heat exchanger discharge to RCIC
suction.

b. MO FOlIA and B in RHR heat exchanger flush to suppression pool.
c. RHR heat exchanger steam pressure reducing valves AO FOSlA and B.
d. RHR heat exchanger steam inlet isolation valves MO FOS2A and Band

F087A and B.
e. MO F024A, Band F02l in the test return line to the suppression pool.
f. Containment spray to the suppression pool valves MO F027A and B.
g. Steam condensing mode drain line valves Fl06A and B, and Fl07A and B.
h. RHR sample valves F060A and B, and F02SA and B.
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The LPCI pump motors and injection valves have a manual override control
that permits the operator to manually control the system subsequent to automatic
initiation.

A. 2.1. 2 Indications of Overpre~~surizationor Interfacing LOCA

In the case that the isolation valves F041 and F042 fail to isolate, the
low pressure piping that would be overpressurized is bounded by valves F042,
F021, FOS3, F063, F02S, F016, F027, F023, F086, F024, F049, F089B, F060, F06S,
F031, F080, FOSS, F087, FOS1, F072, F08S, and F074, and the thermal relief valve
on heat exchanger vesseL Valve F089B applies only to RHR pump B. For RHR pump
C, which does not have a heat exchanger, the low pressure piping that would be
overpressurized is bounded by valves F042, F063, F02S, F021, F08S, and F031.
The design pressure of this piping is 500 psig. There are two relief valves in
this pipe section. Their combined capacity is approximately 185 gpm.
Indications of overpressurization or interfacing LOCA are the following:

1. RHR pump discharge abnormal pressure alarm in the control room.
2. High RHR pump room sump level alarm in the control room.
3. High RHR pump room amb:Lent temperature alarm in the control room.
4. High reactor building ventilation exhaust radiation alarm in the

control room.
S. High RHR heat exchanger equipment room radiation alarm in the control

room.

A.2.2 Shutdown Cooling Suction

A.2.2.1 Automatic and Manual Control

The suction valves F009 and F008 have a pressure interlock so that a valve
can not be opened if the inboard pressure is high. They are open during the
shutdown cooling mode. Valves F006A and B further down stream are normally
closed and are interlocked so that a valve can be opened only if the
corresponding suppression pool 8uction valve is closed.

A.2.2.2 Indications of Overpre8surization or Interfacing LOCA

If isolation valves F008 and F009 fail open, the low pressure p1p1ng that
\irill be overpressurized is bounded by valves F008, F007, FOOS, F006A, and
F006B. The design pressure of the piping is 220 psig. A relief valve (FOOS) is
located in this section. High pressure in this pipe section is alarmed in the
control room. If an interfacing LOCA occurs, the following indications will be
available, in addition to low vessel level alarm:

1. High shutdown suction pressure alarm in the control room.
2. High RHR pump room sump level alarm in the control room.
3. High RHR room ambient temperature alarm in the the control room. (This

also sends an isolation signal to the following valves.
a. RHR shutdown return valves FOS3A and B.
b. RHR shutdown return line inboard bypass valve F099A and B.
c. RHR shutdown suction valves F008 and F009.
d. RCIC steam supply valves F063 and F064.
e. RCIC steam supply bypass to inboard isolation valve F076.
f. RHR head spray valve F023.)
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4. High reactor building ventilation exhaust radiation alarm in the
control room.

5. High RHR heat exchanger equipment room radiation alarm in the control
room.

A.2.3 Reactor Vessel Head Spray

A.2.3.1 Manual and Automatic Control

Vessel head spray is used in the shutdown cooling mode of the RHR system.
Isolation valve F023 can be manually controlled. It receives an automatic
isolation signal on low vessel level» high RPV pressure or high area ambient
temperature.

A.2.3.2 Indications of Overpressurization or Interfacing LOCA

If the check valves» upstream of the isolation valve F023» as well as valve
F023 fail» the section of low pressure piping that will be overpressurized is
the same as that for the LPCI line. Therefore, the same indications will be
available to the operators. The only difference is that the isolation valve
(F023) in the head spray line would receive an automatic isolation signal.

A.2.4 Low Pressure Core Spray Injection Line

A.2.4.1 Automatic and Manual Control

The core spray pump starts automatically on high drywell pressure or low
vessel level. A "close" signal is also sent to MOV F012 in the test return
line. The injection valve, FOOS» is normally closed. It can be opened manually
or automatically only if the pressure difference across it is ~ 88 psid. The
testable check valve» F006, is designed for remote opening with zero
differential pressure across the valve seat. It will close on reverse flow even
though the test switches may be positioned for open. The suction valve» FOOl»
is normally open and can be operated with a key lock switch in the control room.

A.2.4.2 Indication of Overpressurization or Interfacing LOCA

If isolation valves F005 and F006 fail open» the section of p1p1ng that
will be overpressurized is bounded by valves FOOS» FOI8» F07S» F003» FOI2» F004»
and F034. Its design pressure is 550 psig. A relief valve» FOI8» is located in
this section. The following indications are available to the operators» in
addition to high drywell pressure and low vessel level:

1. High core spray pump discharge pressure alarm in the control room. The
discharge pipe between the discharge check valve» F003» and the
injection valve, FOOS, is normally filled with water by a line-fill
pump that takes suction from the core spray pump suction. High or low
pressure is alarmed in the control room.

2. High core spray pump room sump level alarm in the control room.
3. High reactor building ventilation exhaust radiation alarm in the

control room.
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A.2.5 HPCS Pump Suction

A.2.5.l Automatic and Manual Control

The HPCS pump starts automatically on low vessel level or high drywell
pressure. Upon actuation, the normally open suction valve from the condensate
storage tank is signaled to open, the test return valves FOlO, FOll, and F023
are signaled to close, and the normally closed injection valve F004 is signaled
to open. The suction valve, F015, from the suppression pool is normally closed
a.nd will open automatically when the CST level is low or the suppression pool
level is high. After valve FOlS is fully opened, the suction valve from the CST
is closed automatically. The injection valve will ClOSE! automatically when the
vessel level reaches level 8. A pump keeps the pipe seetion between the
d.ischarge check valve and the injection valve filled. Low pump discharge
pressure is alarmed in the control room. The HPCS pump discharge check valve is
located below the minimum suppression pool level and the pipe section between
the pump and the check valve is normally filled with water.

A.2.5.2 Indications of Overpre~~surizationor Interfacing LOCA

If containment isolation valves F004 and FOOS fail open, the pipe section
that would be pressurized is bounded by valves F004, F003, FOlO, F023, F024,
F006, F03S, and F026. This section is rated for high pressure. Therefore, no
overpressurization would be expected to occur, additional valve failures must
also occur to result in overpressurization. If the HPCS discharge valve also
fails open, then the low pressure piping on the suction side will be
overpressurized. The overpressurization would be boundE!d by valves F002, F016,
F019, F035, F014, and the HPCS pump. There is a 10 gpm capacity relief valve in
this pipe section that discharges to the suppression pool. If an interfacing
LOGA occurs as a result of overpressurization, the following indications may be
available to the operators, in addition to the low vessel level alarm:

1. High HPGS pump suction pressure alarm in the control room.
2. Low condensate storage tank level alarm in the control room.
3. High HPCS pump room sump water level alarm in the control room.
4. High reactor building ventilation exhaust radiation alarm in the

control room.

A.2.6 RGIC Pump Suction

A.2.6.l Automatic and Manual Control

The RCIC system is actuated automatically on low vessel level. The
actuation signal sends an open signal to injection valve F013, the pump suction
valve FOlO from the condensate storage tank, and the steam supply valve F045.
It also sends a close signal to the normally closed test return valve F022. The
steam supply valve F04S is normally closed and can be opened if the turbine
exhaust valve F068 is fully open. The injection valve F013 is normally closed
and can be opened automatically if the steam supply valve F045 is not fully
closed. It can be manually closed with valve F045 closed. The pump suction
valve from the condensate storage tank FOlO is normally open and will close
automatically when the suction valve F031 from the suppression pool is opened.
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The RCIC system is connected with the RHR system at three locations. In
the steam condensing mode of RHR system, steam is taken from the RCIC steam
supply line outside the drywell. The condensate from the RHR heat exchangers
can be supplied to the RCIC pump suction through normally closed valves F026A
and B. The discharge from RHR pump B is connected with the RCIC vessel head
spray line outside the drywell.

When the vessel level reaches level 8, the steam supply valve F045 will
close automatically, which will cause the injection valve P013 to close. The
following isolation signals will close the turbine trip and throttle valve which
will cause the injection valve to close.

a. High RCIC pump suction pressure.
b. RHR equipment area high temperature.
c. RCIC pipe routing area high temperature.
d. RCIC equipment area high temperature.
e. Steam supply pressure low.
f. Steam line high differential pressure.
g. Instrument line break.
h. Turbine exhaust diaphragm pressure high.

A.2.6.2 Indications of Overpressurization or Interfacing LOCA

If valves F066, F065, and F013 fail open, the reactor pressure would
overpressurize the suction side of the RCIC pump. The overpressurization would
be bounded by valves F013, F006, F022, FOIl, F06l, P026A, F026B, F030, F057, and
F019. The design pressure of the pump suction piping is 100 psig. Three relief
valves F036, F017, and F018 are located in this section. If an interfacing LOCA
occurs, the following indications would be available, in addition to the low
vessel level alarm:

1. High RCIC pump suction pressure alarm in the control room.
2. High RCIC pump room sump level alarm in the control room.
3. High reactor building ventilation exhaust radiation alarm in the

control room.
4. High RCIC room temperature alarm in the control room. This will also

isolate the RCIC system by closing the steam supply isolation valves
F063, F064, and the turbine trip and throttle valve. After the turbine
trip and throttle valves are fully closed, the injection shutoff valve
F013 will close automatically.

A.2.7 Shutdown Cooling Return to Recirculation

A.2.7.l Automatic and Manual Control

The shutdown cooling mode of the RHR system is initiated manually after the
reactor pressure is 95 psig or less. This condition can be reached
approximately 1-1/2 hours after shutdown with the maximum cooldown rate of
lOO°F/hr. The suppression pool suction valve is closed. The piping is flushed
and prewarmed by opening the bypass valve of the testable check valve and the
suction valves from the recirculation line. The RHR pump is then started with
the heat exchanger bypass valve open and the heat exchanger valves closed. The
service water valves and the heat exchanger valves are opened a few minutes
later. Valves F053 and F048 are used to control the cool-down rate. The
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containment isolation valve (F053) receives an automatic isolation signal on low
vessel level, high vessel pressure or high RHR equipment room ambient
temperature.

A. 2. 7.2 Indications of Overprl:~ssurizationor Interfacing LOCA

If isolation valves F050 and F053 fail open, the low pressure piping that
would be overpressurized is identical to that for a LPCI line (see Figure
A.2.1). The same indications will be available.

A.2.8 RHR Steam Condensing Supply Line

A.2.8.1 Automatic and Manual Control

The steam condensing mode of the RHR system can be manually initiated as
soon as 1-1/2 hours after a reactor trip. It is capable of condensing all the
s team generated at that time. It takes stE!am from the RCIC steam line outside
the drywell and condenses it in the RHR heat exchangers. The condensate can be
returned to the RCIG suction or the suppression pool. The containment isolation
valves for this line are normally open. The automatic isolation signals are
shown in Table A.2.8.

A. 2.8.2 Indications of Overpr,:~ssurizationor Interfacing LOGA

If pressure isolation valves F052 and F051 or F08? fail open, the low
pressure piping that will be overpressurized is the same as that for the LPGI
lines. Therefore, the same indications will be available to the operators. The
only difference is that the containment isolation valves F063 and F064 should
close upon automatic isolation signals.
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Table A.2.1
LPCI Injection Lines (Nine Mile Point 2)

1. Number of lines - 3

2. Line size - 12"

3. Valve number - F041(16)

4. Valve location in

5. Valve type - AO check

6. Valve operator - (air)

7. Valve normal
position - C

8. Power failure
position -

9. Isolation signals - None

F042( 24)

out

MOV

ac

C

C

*
10. Normal flow

direction -

11. Surveillance
requirement -

in

**

in

***

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month, auto actuation/ 18 months

F02S 10 gpm at 470 psig
FOSS 97000 lb/hr at 500 psig

*Can be opened only if the pressure difference across the valve is < 130 psid.
**Stroked every cold shutdown if not stroked in 92 days, LLRT/18 months, leak

test/18 months and after cycling.
***Stroked every cold shutdown if not stroked in 92 days, position

verification/month, auto actuation/18 months, LLRT/18 months, PIV leak
test/18 months and after cycling.
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Table A" 2.2
Shutdown Cooling Suction (Nine Mile Point 2)

1. Number of lines - 1

2. Line size - 20"

3. Valve number - FOO9(l12) F008(l13)

4. Valve location in out

S. Valve type - MOV MOV

6. Valve operator - ac ac

7. Valve normal
position - C C

8. Power failure
position - C C

9. Isolation signals - * *

10. Normal flow
direction -

11. Surveillance
requirement -

in

**

in

**

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month, auto actuation/ 18 months

FOOS 1 gpm at 200 psig

*Low vessel level, high vessel pressure, high area ambient temperature.
**Position verification/month, LLRT/18 months, PIV leak test/18 months, stroke

at cold shutdown if not stroked in 92 days.
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Table A.2.3
Vessel Head Spray (RCIC) (Nine Mile Point 2)

1. Number of lines - 1

2. Line size - 6"

3. Valve number - F066(l57) F065(156) Fa 13( 126)

4. Valve location in out out

5. Valve type - Check Check 110

6. Valve operator - air air dc

7. Valve normal
position - C C C

8. Power failure
position - C

9. Isolation signals - Low RPV level t or high RPV pressure t high area ambient
temperature

10. Normal flow
direction -

11. Surveillance
requirement -

in

*

in

*

in

**

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month t auto actuation/18 months

F036 465 gpm at 125 psig
F017, F018

*LLRT/18 months.
**LLRT/18 months, stroke at cold shutdown if not stroked in 92 days, position

verification/month t auto actuation/18 months.
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Table A.2.4
Low Pressure Core Spray Inj ection Line (Nine Mile Point 2)

1. Number of lines - 1

2. Line size - 12"

3. Valve number - F006 F005

4. Valve location - I 0

5. Valve type - AO check MO gate

6. Valve operator - (air) ac

7. Valve normal
position - C C

8. Power failure
position - C

9. Isolation signals - None *

10. Normal flow
direction -

11. Surveillance
requirement -

in

***

in

**

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow tE:~st/3 month, auto actuation/ 18 months

F018 100 gpm at 600 psig

*Can be opened only if pressure differential across the valve is < 130 psid.
**Position verification/month, auto actuation/18 months, LLRT/18 months, PIV

leak test/18 months stroked at cold shutdown if not stroked in 92 days.
***Stroked at cold shutdown if not stroked in 92, days, LLRT/18 months, PIV leak

test/18 months.
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Table A.2.5
HPCS Pump Suction (Nine Mile Point 2)

1. Number of lines - 1

2. Line size - 12"

3. Valve number - F005

4. Valve location in

5. Valve type - AO check

6. Valve operator - (air)

7. Valve normal
position - C

8. Power failure
position -

9. Isolation signals - None

F004

out

MO gate

ac

c

c

None

10. Normal flow
direction -

11. Surveillance
requirement -

in

**

in

*

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month, auto actuation/ 18 months at
refueling

F035 at 1525 psig
FOI4 10 gpm at )100 psig

*Position verification/month, auto actuation/I8 months, LLRT/I8 months, PIV
leak test/18 months stroked at cold shutdown if not stroked in 92 days.

**LLRT/I8 months, PIV leak test/I8 months.
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Table A., 2. 6
RCIC Pump Suction (Nine MilE! Point 2)

1. Number of lines - 1

2. Line size - 6"

3. Valve number - F066(I56)

4. Valve location in

5. Valve type - AO check

6. Valve operator - (air)

7. Valve normal
position - C

8. Power failure
position -

9. Isolation signals - None

F065(I57)

out

AO gate

(air)

C

None

F013( 126)

out

MO

dc

C

C

*
10. Normal flow

direction -

11. Surveillance
requirement -

in

**

in in

***

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month, auto actuation/ 18 months if not
tested in past 92 days

F036 465 gpm at 125 psig
FOI7, FOI8

*It will close automatically if either the turbine steam supply valve or the
turbine trip and throttle valve is closed.

**Auto actuation/I8 months, LLRT/I8 months. PIV leak test/I8 months,
stroked/cycle at cold shutdown if not tested in past 92 days or refueling.

)\:**Position verification/month, auto actuation/I8 months stroked/cycle at cold
shutdown if not tested in pa::;t 92 days or refueling.
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Table A.2.7
Shutdown Cooling Return to Recirculation (Nine Mile Point 2)

1. Number of lines - 2

2. Line size - 12"

3. Valve number - F050(39) F053(40)

4. Valve location in out

5. Valve type - AO check MOV

6. Valve operator - (air) ac

7. Valve normal
position - C C

8. Power failure
position - C

9. Isolation signals - None *

10. Normal flow
direction -

11. Surveillance
requirement -

in

**

in

***

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/3 month, auto actuation/ 18 months

F025 10 gpm at 470 psig
FOSS 97000 lb/hr at 500 psig

*Low vessel level or high reactor pressure or high area temperature.
**LLRT/18 months, PIV leak test/18 months strok/cold shutdown, 92 days.

***LLRT/18 months, PIV leak test/18 months, strok/cold shutdown if not tested in
92 days, position verification/month.
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Table A. 2.8
RHR Steam Condensing Supply Line (Nine Mile Point 2)

1

8"

F087(23) F052(23) F218(80) FOSJ.(2l) F063 F064 F076

out out out out in out in

Globe Globe Globe Diaph. Gate Gate Globe

ac ac ac air ac ac ac

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location

5. Valve type -

6. Valve operator -

7. Valve normal
position -

8. Power failure
position -

9. Isolation signals -

10. Normal flow
direction -

11. Surveillance
requirement -

C

c

out

**

C

c

out

**

C

c

out

****

C

c

out

**

o

o

*

out

***

o

o

*

out

***

C

o

*

out

***

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

Flow test/month, auto actuation/18 months

F025 10 gpm at 470 psig
FOSS 97000 lb/hr at 500 psig

*High ReIC pipe routing or equipment area ambient temperature, low RCIC steam
supply pressure, high steam line differential pressure, high RCIC turbine
exhaust diaphragm pressure, high RHR equipment area temperature.

**PIV leak test/18 months after maintenance, after cycling.
*'k*LLRT/18 months.

**'k*PIV leak test/18 months, after maintenance, after cycling, stroke/3 months at
power.
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A.3 Interfacing Lines at Quad Cities

The interfacing lines identified for Quad Cities were the following:

a. Shutdown Cooling Suction Line
b. Reactor Pressure Vessel Head Spray
c. LPCI Injection Lines
d. RCIC Pump Suction
e. Core Spray Injection Lines
f. HPCI Pump Suction

The interfacing lines are shown in Figures A.3.1-A.3.4. Tables A.3.1-A.3.8
list some data collected for them. Table A.3.9 lists the lines penetrating the
containment. The single character code in the first column of the table denotes
the disposition of the line. An asterisk denotes that the line was included in
the study. A letter code means that the line was not further considered, based
on the screening criterion denoted by the same letter in Section 2.1.

A. 3.1 RHR-Reactor Shutd01>ffi Cooling

A.3.1.1 Automatic and Manual Control

The shutdown cooling mode of the RHR system is manually initiated from the
control room and the two normally closed suction valves (1001-47 and 1001-50)
leading to the RHR pumps are interlocked with RPV pressure. These valves can
not be signaled open unless vessel pressure is at or below 100 psi. These
valves perform the containment isolation function, from there the line splits
into four lines and there is a third valve in each leg which then feeds one each
of the four RHR pumps (see Figure A.3.1). The two isolation valves will
automatically close on low reactor water level "~' or high RPV pressure (see
Table A. 3.1) •

A.3.1.2 Indications of Overpressurization or Interfacing LOCA

The RHR shutdown cooling line is a 20" line from the B recirculation loop.
pressure is bounded by the second isolation valve on one end and by the four
normally closed RHR pump suction valves (MOV's 43A, B, e, and D) on the other.
This section of piping is protected from moderate pressure excursions by a 1"
pipe feeding a 1-1/2" valve set at 150 psig. Failure of this piping creates an
unisolable LoeA outside the primary containment and all inventory out the break
will be lost to the suppression pool for subsequent recirculation. Because MOVs
43A, B, C, and D are normally closed, the LPCI function of the RHR system will
not be directly affected (i.e., the necessary piping will be intact). High
space temperature alarms are provided along the shutdown cooling line to alert
the operator to a break or leak in this line.

A.3.2 Reactor Pressure Vessel Head Spray

A.3.2.1 Automatic and Manual Control

The reactor head spray line is used as part of the reactor shutdown cooling
mode of the RHR system. There are two normally closed motor-operated isolation
valves in this line that can be opened manually from the control room when
vessel pressure is less than 100 psi. There is also a check valve located
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downstream of the two isolation valves and nearest to the vessel (see Figure
A.3.1).The two isolation valves will automatically close on either reactor low
water level "A" or high reactor pressure (see Table A.3.2).

A.3.2.2 Indications of Overpressurization or Interfacing LOCA

The reactor head spray line is a ~' line that becomes low pressure just
upstream of the two isolation valves (MOVs 60 and 63). The section of low
pressure piping exposed by the failure of check valve 64 and the two isolation
valves is protected by five relief valves. RV-59 is the first valve encountered
and is a 1" line set at 406 psig. The next two relief valves are on the loop A
and loop B 18" headers (RV-22A and B, respectively) and are both 1" valves set
at 408 psig. In parallel with RV-22A and B are the two RHR heat exchanger
relief valves (RV-166A and B). These valves are each 1" with a setpoint of 450
psig.

For this particular 4" line, there would appear to be sufficient relief
capacity to possibly prevent any pipe/equipment damage. However, in order to
use the LPCI system, the loop cross tie would have to be closed by the operator
so that the A loop would be isolated from the blowdown and the A loop relief
valves would have to reseat. Operator awareness of this event could come from
the high space temperature alarms associated with this line; however, with no
line break, the temperature rise could be slow.

LPCI loop B piping can not be isolated from the interfacing valve
failures. Depending on the actual failure modes of these valves, loop B may be
rendered partially to fully impaired as well.

A.3.3 LPCI Injection Lines

A.3.3.1 Automatic and Manual Control

There are two LPCI injection lines and these lines are also used during the
reactor shutdown cooling mode. The valve lineup for each line consists of an
air operated check valve inside the drywell, a normally closed motor operated
gate valve just outside the drywell and then, a normally open motor operated
globe valve as the outboard isolation valve (see Figure A.3.1). The two series
MOVs can be opened manually from the control room or automatically upon a
safeguards initiation, however, RPV pressure must be below 375 psi.

A.3.3.2 Indications of Overpressurization or Interfacing LOCA

The LPCI lines are 16" and each comes off its own 18" header. the only
difference between loop A and loop B is that the vessel head spray line also
comes off the B header. Failure of the check valve and normally closed HOV will
overpressurize both loops of LPCI as they are connected through a normally open
18" cross tie line. Each header has a relief valve sized at 1" and set at 408
psig. The vessel head spray line relief valve CRV-59) is also 1" and set at 408
psig. The piping back to the RHR pump discharge check valves will also be
overpressurized. In each of these lines is a 1" relief valve on the RHR heat
exchangers that will also provide some protection for this event. Given a small
LOCA event, both LPCI loops are assumed unavailable due to the open crosstie
piping.
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A.3.4 RCIC Pump Suction

A.3.4.1 Automatic and Manual Control

The RCIC injection line feeds into the feedwater line at a point upstream
of the feedwater lines' containment isolation valves. Therefore, in order to
have an interfacing system LOCA, the two normally open (during operation)
feedwater isolation valves (check valves) must fail to close in addition to the
overpressurization failure of the RCIC system (see Table A.3.5). The valve
lineup in the RCIC injection line consists of an air-operated check valve, a
normally closed MOV and a. normally open MOV with both MOVs utilizing de power
(see Figure A.3.2). Both MOVs are automatically signaled to open on reactor
vessel low level. These valves may also be opened or closed by remote manual
switches (see Table A.3.4).

A.3.4.2 Indications of Overpressurization or Interfacing LOCA

Overpressurization of the low pressure RCIe pump suction piping would be
alarmed in the control room. There is also a pressure indicator for that line
in the control room. The 6" suction line is protected by a 1" relief valve set
at 150 psig. The low pressure piping is bounded by the pump on one end and by
closed valves to the two possible suction sources the CST (closed valve) and
suppression pool (N.C. MOV). Area radiation monitoring is also available in the
RCIC pump room.

A.3.5 Core Spray Injection Lines

A.3.5.1 Automatic and Manual Control

The core spray system is part of the ECCS and is not used under normal
circumstances. There are two core spray lines which feed directly into the
reactor. The valve lineup from the vessel outwards includes an air-operated
check valve inside the drywe1l, a normally closed MOV and then a normally open
MOV both outside the drywell (see Figure A.3.3). Both MOVs receive automatic
open signals upon either low-low reactor water level or high drywell pressure,
however, these isolation valves are interlocked so that they can not be opened
(if closed) unless vessel pressure is below approximately 350 psi. Both sets of
valves can be manually controlled from the control room (see Table A.3.6).

A.3.5.2 Indications of Overpressurization or Interfacing LOGA

There is a pressure sensor upstream of the inboard isolation valve (MOV
25A, B) which is set' to provide an alarm on high pressure and there is a 2"
relief valve set at 475 psig upstream of the outboard isolation valve. The
vulnerable piping would be from the upstream isolation valve (MOV 24A, B) back
through to'the pump discharge stop check valves (8A and 8B).

A.3.6 HPCI Pump Suction

A.3.6.1 Automatic and Ma.nua1 Control

The HPCI injection line feeds into the feedwater line upstream of the
feedwater line's containment isolation valves. Therefore, in order to have an
interfacing system LOCA, the two normally open (during operation) feedwater
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isolation valves (check valves) must fail to close in addition to the
overpressurization failure of the HPCI system (see Table A.3.8). The HPCI valve
lineup from the feedwater line to the pump consists of an air-operated check
valve, a normally closed MOV and a normally open MOV (see Figure A.3.4). Both
MOVs are automatically signaled to open upon reactor vessel low level or high
drywell pressure. The normally closed inboard isolation valve is also
automatically signaled to close when the HPCI turbine is signaled to trip (see
Table A. 3.7). Automatic tripping of the HPCI turbine occurs when either of two
high turbine exhaust pressure switches is actuated, or two reactor high water
level switches are both actuated, or on low HPCI pump section pressure, however,
these tripping mechanisms are only active when the turbine stop valve is open
(i.e., the pump is operating)"

The Quad Cities HPCI injection line has undergone a recent design
modification in which a new Safe Shutdown System had been added. The Safe
Shutdown System consists of one motor-operated pump and functions in a similar
manner to the RCIC. The one pump is capable of injE!cting into either units'
(Quad Cities Unit 1 or Unit 2) HPCI inj ection line upstream of the HPCI
air-operated check valve (see Figure A.3.4). The system configuration from the
pump consists of a discharge eheck valve and a normally closed motor operated
globe valve, then the line splits into two lines: (one to each unit) and these
two lines each have a normally closed gate valVE! and a check valve. This
configuration yields seven high pressure valves and associated piping between
the low pressure pump suction and the reactor pressure of either unit.
Therefore, this line has not "been analyzed further with respect to interfacing
s ys tern LOCA.

A.3.6.2 Indication of Overpn!ssurization or Interfacing LOCA

There are two pressure indicators in the control room, one for pump suction
and one for pump discharge. There is a separate pressure sensor on the suction
piping which alarms in the control room. It is the low pressure suction piping
that is at risk and it is protected by a 1.5" relief valve set at 150 psig. The
low pressure piping is bounded by the pump on one end and by closed valves in
the two possible suction source lines in the CST (check valve) and the
suppression pool (N.C. MOV). There are four sets of four high temperature
sensors connected in one-out-of-two-twice logic for monitoring HPCI steam line
leaks/breaks. This would alarm to the operator.. There is also area radiation
monitoring availabe in the HPCI pump room.



:J> I 0
­

N

R
V

-2
2

B

4
0

8
P

S
lg

i ~

J
D

ry
w

e
ll

I.,
..",

I I
L

P
cr

-B
p

S
i

R
H

R

--pUMp
C

R
H

R
!

.1"
..

pU
M

p
D

1
4

'

R
H

R

pU
P

lp
B
~
"
"
I

.

MD 43
B

R
V
~
1
2
5
A

15
0

P
si

g

R
H
R
~

P
U

M
;

A

MD 43
A

D
ry

w
e

ll

I
1

/\
L.

D
.

.
,

i
RV

~I
A

I
4-

50
il

B
'

I
p

s
lg

L
11

2'

!H
'

R
V

-2
2

A
4

0
8

P
s
l
~
~

I
.

-
H
~
J
-
=
-
l

RV
-1

25
.~
'l
-

15
0
P
S
I
~

B

N
o

te
l

A
ll

e
q

u
ip

M
e

n
t

h
a

v
e

th
e

fo
llO

W
in

g
p

re
fi

x
10

01
-,

F
ig

u
re

A
.3

.1
R

es
id

u
al

h
e
a
t

re
m

o
v

al
sy

st
e
m

.
(Q

ua
d

C
it

ie
s
)



I
...

C
S

T

S
u

p
p

re
s
s
io

n
:r

I
I
~

~
p

o
o

l
e:;

R
V

-3
1

15
0

P
si

g

1-

pU
M

p

H
.P

.
I

L
.P

.

~
F

e
e

d
w

n
te

r

4
'

1:

22
0-

57
A

to
R

.V
.

N
o

te
t

A
ll

e
q

u
ip

M
e

n
t

h
o

.s
th

e
fo

ll
o

w
in

g
p

re
fi

x
,

13
01

,
if

o
th

e
r

p
re

fi
x

Is
n

o
t

sh
o

w
n

.

F
ig

u
re

A
.3

.2
R

C
IC

sy
st

em
.

(Q
u

ad
C

it
ie

s
)



to RV

H
.P

.
I

L.
P

.

tR
V

-2
8

A
,E

4
7

5
P

S
lg

2
'

L.
O.

34
A

,B /1
F

ro
M

I
to

to
ru

s

S.
P.

;l
> I 0
'

.r::
:-

N
o

te
l

A
ll

e
q

u
ip

M
e

n
t

h
o

.s
th

e
fo

ll
o

w
in

g
p

re
fi

x
,

2
3

0
L

If
o

th
e

r
p

re
fi

x
n

o
t

sh
o

w
n

.

F
ig

u
re

A
.3

.3
L

PC
S

sy
st

e
m

.
(Q

ua
d

C
it

ie
s)



~ 0
'\

V
1

S
u

p
p

re
s
s
io

n
"'

p
o

o
l

2
0

~
C
S
T

I

,
~J

::
!:

~-
-t

-·
_,

:-
,p

.
_

..
--

-=
->

i 1 I i

~
F

e
e

d
w

u
te

r

p
iq

~
~

~
'/

t-
r~

V
I-

-~
--

--
L-

,
~

~
h

u
td

o
w

n
S

u
fe

s pU
M

p

t
h

e
r

U
n

it
)

(t
o

a

2
2

0
-5

9
B

114
'

i
~
~
~

I
~
T

T
1
~
1
1
-
r
-
~

I !

2
2

0
-5

7
B

2
2

0
-5

8
B
122

0
-6

2
B

to
"
"
'
~

/
~
~
,
~

1
8

'
R
,
V
,
~
-
-
V
~

~

N
o

te
:

A
ll

e
q

u
ip

M
e

n
t

he
.v

e
th

e
fo

ll
o

W
in

g
p

re
fi

x
2

3
0

1
-

(i
f

o
th

e
r

p
re

fi
x

n
o

t
sh

o
w

n
),

F
ig

u
re

A.
3

.4
H

PC
I

sy
st

em
.

(Q
u

ad
C

it
ie

s
)



A-66

Table A.3.1
Shutdown Cooling Supply (RHR) (Quad Cities)

1. Number of lines - 1

2. Line size - 20"

3. Valve number - 1001-47*

4. Valve location - Outside

5. Valve type - MO gate

6. Valve operator - dc

7. Valve normal
position - Closed

8. Power failure
position - Closed

9. Isolation signals - A,U ,M**

1001-50*

Inside

1'10 gate

ac

Closed

Closed

A,U ,M**

10. Normal flow
direction -

11. Surveillance
requirement -

out

CI

out

CI

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint

N/A to this mode of operation

RV-44 1.5" @ 150 psig

*Interlocked to prevent opening with primary pressure > 100 psig.
**See Table A.3.10.
CI:LLRT and position indication once per operating cycle; stroked at each cold

shutdown.
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Table A.3.2
Reactor Head Spray (RHR) (Quad Ci ties)

9. Isolation signals - --- **

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal
position -

8. Power failure
position -

10. Normal flow
direction -

11. Surveillance
requirement -

1

4"

1001,-64

Inside

Check

In

None

1001-63* 1001-60*

Inside Outside

MO gate MO gate

ac dc

Closed Closed

Closed Closed

A,U A,U

In In

CI CI

12. Pump surveillance
requirement - N/A to this mode of operation

13. Relief capacity &
setpoint

RV-59
1" @ 408 psig

RV-22A&B
1" @ ,~08 psig

RV-166A&B
1" @ 450 psig

*Interlocked to prevent opening with primary pressure 2 100 psig.
**See Table A.3.10.
CI:LLRT and position indication once per operating cycle; stroked at each cold

shutdown.
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Table A.3.3
LPCI to Reactor (RHR) (Quad Cities)

1. Number of lines - 2

2. Line size 16 in.

4. Valve location - Inside

6. Valve operator - air

9. Isolation signals - --- **

5. Valve type - AO check

100 1-29A, B* 1001-28A,B

Outside Outside

MO gate MO globe

ac ac

Closed Open

Closed Open

RM,H,V RM,H,V

In In

SAA/MO/C SAA/MO

In

R

8. Power failure
position -

7. Valve normal
position - Closed

3. Valve number - 1001-68A,B

11. Surveillance
requirement -

10. Normal flow
direction -

12. Pump surveillance
requirement - SAA/FRT/PO

13. Relief capacity & RV-22A,B
1" @ 408 psig 1" @ 450 psig

RV-59 RV-166A&Bl" @ 408 psig

*Interlocked to prevent opening with primary pressure ~ 375 psig.
**See Table A.3.10.
SAA: Simulated Automatic Actuation - each refueling.
FRT: Flow Rate Test - after pump maintenance and every 3 months.

PO: Pump operability - once per month.
MO: MOV operability - once per month; position indication at refueling.

R: Stroked at refueling.
C: LLRT at refueling.
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Table A. 3. 4
ReIC Inj ection Line* (Quad. Cities)

1. Number of lines -

2. Line size -

1

6" (pump suction)

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal
position -

8. Power failure
position -

9. Isolation signals -

10. Normal flow
direction -

11. Surveillance
requirement -

12. Pump surveillance
requirement -

1301-.50

Out

AO check

air

Closed

In

MO

SAA/FRT/PO

1301-49

Out

MO gate

dc

Closed

Closed

In

SAA/MO

1301-48

Out

MO gate

dc

Open

Open

In

SAA/MO

13. Relief capacity &
setpoint - 1 @ RGIC pump suction (RV-3l) 1" @ 150 psig

*RCIC injection line connects to the feedwater system piping outside the
drywell. In order to have an interfacing systems LOCl, the valves in Table
A.3.5 must also fail.

SAA: Simulated Automatic Actuation - each refueling.
FRT: Flow Rate Test - after pump maintenance and every 3 months.

PO: Pump operability - once per month.
HO: MOV operability - once per month.
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Table A.3.5
Feedwater Connection from RCIC to RPV (Quad Cities)

1. Number of lines - 1

2. Line size - 18"

3. Valve number - 220-58A 220-62A

4. Valve location - Inside Outside

5. Valve type - check check

6. Valve operator -

7. Valve normal
position - Closed Closed

8. Power failure
position -

9. Isolation signals -

10. Normal flow
direction - In In

11. Surveillance
requirement - C C

12. Pump surveillance
requirement - N/A N/A

13. Relief capacity &
setpoint - None

c: LLRT at refueling.
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Table A.3.6
Core Spray to Reactor (Quad Cities)

9. Isolation signals - ---*

8. Power failure
position -

10" from RPV thru CI valves, then 12" to pump

1. Number of lines -

2. Line size -

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal
position -

10. Normal flow
direction -

11. Surveillance
requirement -

12. Pump surveillance
requirement -

13. Relief capacity &
setpoint -

2

1402-'9A,B

Inside

AO check

air

Closed

In

R

SAA/FRT/PO

RV-28A,B
2" @ 475 psig

1402-25A,B 1402-24A,B

Outsid,e Outside

HO gate MO gate

ac ac

Closed Open

Closed Open

RM,V RM,V

In In

SAA/MO SAA/MO

SAA: Simulated Automatic Actuation - each refueling.
FRT: Flow Rate Test - after pump maintenance and every 3 months.

PO: Pump operability - once per month.
MO: MOV operability - once per month.

R: Stroke at refueling.
* See table A.3.10.
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Table A.3.7
HPCI Injection Line* (Quad Cities)

1. Number of lines -

2. Line size -

1

14" (pump discharge), 16" (pump suction)

3. Valve number -

4. Valve location -

5. Valve type -

6. Valve operator -

7. Valve normal
position -

8. Power failure
position -

9. Isolation signals

10. Normal flow
direction -

11. Surveillance
requirement -

12. Pump surveillance
requirement -

2301-7

Out

AO check

air

Closed

In

s

SAA/FRT/PO

2301-8

Out

MO gate

dc

Closed

Closed

HPCI turbine
trip

In

SAA/MO

2301-9

Out

MO gate

dc

Open

Open

In

SAA!HO

13. Relief capacity &
setpoint - 1 @ HPCI pump suction (RV-23) 1.5" @ 150 psig

*HPCI injection line connects to the feedwater system piping outside the
drywell. In order to have an interfacing system LOCA the valves in Table A.3.8
must also fail.

SAA: Simulated Automatic Actuation - each refueling.
FRT: Flow Rate Test - after pump maintenance and every 3 months.

PO: Pump operability - once per month.
MO: MOV operability - once per month.

S: Stroke every cold shutdown (need not be more frequent than once per 90
days).
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Table A.3.8
Feedwater Connection from HPCI to RPV (Quad Cities)

1. Number of lines - 1

2. Line size - 18"

3. Valve number - 220-58B 220-62B

4. Valve location - Inside Outside

5. Valve type - check check

6. Valve operator -

7. Valve normal
position - Closed Closed

8. Power failure
position -

9. Isolation signals -

10. Normal flow
direction - In In

11. Surveillance
requirement - C C

12. Pump surveillance
requirement - N/A N/A

13. Relief capacity &
setpoint - None

C: LLRT at refueling.
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Table A.3.10
Key to the Isolation Signal Codes in the Tables

Signal
Code Description

A Reactor low water level "A" - scru"ni"and close lsolalion valves except main steam

lines.

B Reactor low water level uB" - initiate RCIC and close main steam line isolation valves.

® \o·ah·~ opens on signal "B".

C High radiation - main steam line:

D Line break - main steam line (steam line high space temperature or excess steam

flow).

F High drywell pressure - close drywell atmospheric controL and secondary containment

isolation valves, scram reactor.

G Reactor low water level fiG" or high drywell pressure - initiate core spray.! RHR, and

HPCI systems.

© Valve opens on signal t'G". Signal ilL" overrides signal @.

H Line break in recirculation loop - close corresponding RHR- LPCI loop valves and

open valves in opposite loop.

o Line break in cleanup system - high space temperature; alarm only; no auto closure.

K Line break in ReIC system steam line to turbine (high steam line space
temperature or excess steam [low or low steam line pressure) - overrides signal B.

L Line break in HPCI system steam line to turbine (high steam line space temperature

or excess steam (low or low steam line pressure).

@ Line break in RHR shutdown and head cooling (high space temperature; alarm only;

no auto closure).

P Low main steam line pressure at inlet to main turbine (run mode only).

S Low drywell pressure - close containment spray and suppression cooling valves.

T Low reactor pressure permissive to open core spray and nUR- LPCI valves.

U High reactor pressure - cl?se RHn-shutdown cooling valves and head cooling valves.

® Valve opens on coincident signals "GtI and liT'" Signal "H" overrides signal 0.

W High temperature at outlet of cleanup system nonregenerative heat exchanger.

Y Standby liquid control system actuated.

Z High radiation. process rad monitor, reactor bUilding venti1:J.tion exhaust plenum.

RM Remote manual switch from comrol rOOm.

Reproduced from
best available copy.

*Encircled letters appear with a bar over them in some of the tables.
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Table A.3.IO (Continued)

Notes for Tables:

1 Basic penetration numbers are shown. SuffLy. letters that follow the basic number
are given on the appropriate piping and instrumentation diagram.

2 Class A valves are on process lines that communicate directly with the reactor vessel
and penetrate the containment.

Class B valves are on process lines that do not directly communicate with the reactor
vessel. but penetrate the primary containment and communicate with the containment
free space.

Class C valves are on process lines that penetrate the primary containment but do
not dIrectly communicate with the reactor vessel or with the primary containment
free space and are not on lines that communicate with the environs.

A fourth class of valves are exceptions to the above definitions. Their class desig­
nabons are followed by an "X" suffix; for example. A-X. These valves either can
be opened after a containment signal or are opened automatically on certain contain­
ment signals to permit the operation of the control rods, the standby liquid control
system and the various core and containment cooling systems.

Minimum closing rates for each isolation valve shall be:

Class A valves shall be closed prior to the sta.rt of uncovering of fuel caused
by olowoown from that line. The main steam isolation valves closing time
shall be adjustable between 3 and 10 seconds durin~ specified flow and
temperature.

Ciass Band C valves closure times shall be selected to limit radioactivitv
release Irom containment to below permissible limits in the event of a 105S-01­
coolant accident blowdown within the primary containment.

(The closure rates given are as required for containment isolation only-5ystem
operational requirplOpnts may be more restrictive. )

3 Testable check valves are designed for remote opening with approximately zero
ddferentlal pressnre across the valve seat. The valves will close on reverse flow
even though the test switches may be calling for open. The valves will open when
pump pressllre exceeds reactor pressure even though the test switch may be calling
for close.
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APPENDIX B: Descdption of Incidents Involving Failure of
Pressure Isolation Valves at BWRs

In this appendix, detailed descriptions of the incidents identified in
Section 3 are provided. The valve arrangements for the interfacing lines
involved are shown in Figures B.l through B.1l.

B.l Vermont Yankee (LER 75-2~f)

On December 12, 1975, with the plant at 99% power, monthly operability
surveillance testing was being conducted on Loop "A" LPCI injection valve
V-10-25A. Initially, injection valve V-10-25A failed to respond to an open
signal from its remote control switch. To determine i.f the motor-operated valve
failure was caused by excessive differential pressure across the valve disk or a
specific mechanical or electrical malfunction, plant personnel first manually
cracked open V-10-25A. Then the valve was successfully cycled fully open and
closed. During this time, unknown to the plant personnel, testable isolation
check valve V-10-46 downstream of the injection valve was not seating properly,
and the supposedly closed motor-operated valve (V-lO-2:7A) upstream of the
injection valve was partially open. With a partially open flow path between the
RCS and RHR system unknowingly established, RCSwater at operating pressure and
temperature flowed into the low-pressure LPGI Loop "A" system piping,
pressurizing it in excess of its design pressure. High pressure in the line
caused a mixture of steam and water to be discharged from each of the three RHR
system relief valves and the FlliR heat exchanger tube sheet-to-shell flange
area. The gasket in the tube sheet-to-shell flange area began leaking as a
result of the elevated pressure conditions.

The exact cause for the testable isolation check valve not seating properly
was not reported at the time of the event in 1975. The upstream injection valve
(V-10-27A) had been closed from the control room prior to opening V-lO-25A as
part of the surveillance test sequence, but failed to fully shut. The partial
opening of the motor-operated valve was not known by plant personnel at the time
of the event due to a false closed position indieation. The exact causes for
the faulty position indication also were not reported at the time of the event.
Following successful pressure and operability testing of the subsystems involved
in the overpressurization event, the subsystems 'were declared operable.

B.2 Cooper Station (LER 77-04)

On January 21, 1977, with the plant operating at 97% power, plant personnel
were in the process of performing high pressure coolant injection (HPCI) system
turbine trip and initiation logic surveillance testing. When the injection
valve was opened, as required by the surveillance test, feedwater flowed
backwards through the injection line, pressurizing the HPGI system close to
operating pressure. It was not reported whether the low-pressure suction piping
of the HPGI system also was pressurized in excess of its design pressure during
the event.

The licensee determined that the HPGI testable check valve (AO-18),
downstream of the injection valve, had been stuck open during the test allowing
feedwater to backflow into the system when the injection valve was cycled open.
The extent of flow through the open check valve 'Nas not known.
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The testable isolation check valve was disassembled following shutdown of
the reactor about two weeks later and was found to be blocked open by a 14-1/2"
long sample probe which had wedged under the edge of the valve disk.

This prevented the check valve from fully closing. It was determined that
the broken probe had come from a sample point on a 24" feedwater line upstream
of the HPCI injection line junction. The length of time that the check valve
had been stuck open was not determined.

B.3 LaSalle-1 (LER 82-115)

On October 5, 1982, with the plant operating at 20% power, quarterly
surveillance testing on the high pressure core spray system (HPCS) was being
conducted. The testable isolation check valve 1E22-F005 and its associated
bypass valve 1E22-F354 failed to indicate completely closed after they were
opened fro the test. Both the testable isolation check valve and its bypass
valve are situated on the HPCS injection line inside primary containment. The
HPCS system was declared inoperable. The motor-operated HPCS injection valve
was closed and deactivated.

During the surveillance test, the check valve bypass valve 1E22-F354 was
first opened to equalize the pressure on both sides of the testable check valve
disk. The testable check valve was then tested open by operating a remote hand
switch. This hand switch energized a solenoid valve to allow instrument air to
be supplied to one side of the piston cylinder of the air operator of the
testable check valve, causing the piston cylinder to move a rack and gear
assembly against spring tension. The rack and gear assembly movement rotated
the actuator rod which lifted the valve disk off its seat. When the hand switch
was returned to its closed position, the solenoid valve was de-energized,
cutting off instrument air supply to the piston cylinder. This should have
allowed the spring (tension) to return the rack and gear assembly to its normal
position. This, in turn, should have rotated the actuator rod back to its
original position, allowing the valve disk to reclose by its own weight and
differential pressure.

The failure of testable check valve 1E22-F005 to reclose was investigated
by the licensee and was determined to have been caused by (1) dried lubricant on
the actuator piston cylinder; (2) insufficient preload on the actuator spring
assembly; and (3) the stuck open testable check valve bypass valve 1E22-F354.
Together, these causes prevented the piston cylinder of the check valve air
operator from returning to its fully retracted position.

B.4 LaSalle-1 (LER 83-066)

On June 17, 1983, with the plant at 48% power and quarterly operating
surveillance of the HPCS system in progress, HPCS testable isolation check valve
1E22-F005 and its associated bypass valve 1E22-F354 failed to indicate closed
after being tested open. The HPCS system was declared inoperable and was
isolated by deactivating the normally closed motor-operated HPCS injection
valve.

The licensee determined that the failure of the testable isolation check
valve to reclose was caused by (1) the stuck open bypass valve 1E22-F354 which
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prevented a pressure differential from developing across the valve disk of the
testable check valve, and (2) possibly thermal binding of the check valve disk.
With respect to the latter cause, the licensee indicated that the Anchor Darling
check valve and bypass valve have a tendency if tested hot to remain partially
open after being cycled. The failure of the bypass valve to reclose was traced
to insufficient return spring tension in the bypass valve. While shutting down
the plant, both the bypass valve and the testable check valve closed without any
assistance as reactor pressurE! and temperature decreased. Subsequent to an
analysis of the event, the licensee submitted a request to conduct surveillance
testing of testable check valve 1E22-E005 only during cold shutdown.

B.5 LaSalle-I (LER 83-105)

On September 14, 1983, the plant staff was in thE! process of performing a
routine RHR system relay logic surveillance test with the plant in cold
shutdown. At the time of the test, the "B" RHR loop was lined up with both
drywell spray valves 1E12-F016B and 1E12-F-17B open, the suppression pool spray
valve 1E12-F027B open, the test return to the suppression pool valve 1E12-F024B
open, and the "c" RHR loop injection valve 1E12-F042C open. Unaware that the
LPCI loop "B" testable isolation check valve 1E12-F04J.B was stuck open, the
plant staff opened (as required by the test precheck) the "B" RHR loop injection
valve 1E12-F042B. When the injection valve was opened a rapid decrease in
reactor vessel water level was observed. Water level dropped quickly from +50"
to 0" causing a Group VI primary containment isolati.on at +12.5". The operator
quickly secured the valve line-up stopping the water level decrease. Host of
the water lost from the reactor vessel went to the suppression pool while some
went to the drywell.

The cause of the draindmvn was determined to be the stuck open testable
isolation check valve 1E12-FOI.1B on the loop "B" LPCr injection line. Thus,
when the injection valve was opened during the test, an open flow path between
the reactor vessel and the suppression pool and drywell was established which
allowed backflow of reactor water into the drywell and torus. The isolation
check valve also provides the first isolation barrier between the high-pressure
RCS and the low-pressure RHR system when the plant is at power.

The testable isolation check valve was stuc.k open due to two causes.
First, it was held open by its attached air operator as a result of a
misalignment of the interfacing gears between the check valve and the air
operator. The misalignment resulted from maintenance errors on the air operator
that were made earlier in the outage. During the maintenance, a score mark on
the spline shaft of the check valve was used instead of a timing mark for
aligning the gears. This resulted in the air operator holding the check valve
disk in the open position and inhibiting disk movement in the closed direction
during the draindown. Additionally, the packing gland on the check valve shaft
was found to be too tight, inhibiting free movement of the valve disk.

B.6 Pilgrim (LER 83-48)

On September 29, 1983, during HPCI system logic testing while the plant was
at 98% power, the low-pressurl~ suction piping of the HPCI system was
overpressurized to near operating reactor pressure and temperature. The event
occurred when two lIPcr pump discharge motor-operated valves were simultaneously
opened as a result of personn(~l errors. The errors consisted of conducting more
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than one surveillance test at the same time and not ensuring that test
prerequisites and initial test conditions for all steps in the test procedures
were met. The overpressurization occurred, when the pump discharge valves were
opened, because the testable isolation check valve downstream of the discharge
valves was also partially stuck open at the time. The overpressurization of the
suction piping (which is designed for 150 psi) ruptured the gland seal condenser
gasket on the HPCI turbine. This in turn caused a mixture of water and steam to
spray from the condenser onto a limit switch. The water spray resulted in a
250-V dc battery ground and a large amount of water on the HPCI room floor.
Smoke detector alarms also were set off by the vapors from the heated paint on
the low-pressure piping. A high suction pressure alarm and a lube oil high
temperature alarm were also actuated.

The exact cause for the testable check valve being partially open was not
determined. There was some evidence that a rusted linkage between the valve
stem and the attached air operator had contributed to the testable check valve
being partially open. In the short term, the licensee repaired the linkage and
returned the valve to its correct position. The licensee decided to replace the
check valve with a new design as a long term solution. To prevent a recurrence
of the personnel errors, instructions for verbal communications were to be
implemented at the plant.

B.7 Hatch-2 (LER 83-112)

On October 28, 1983, with the plant in cold shutdown, the testable
isolation check valve on a 24" LPCI injection line of the RHR system was found
open and could not be closed. It was determined that the valve was being held
open by its attached air operator. The licensee's investigation revealed that
the air supply line to the air operator had been connected backwards in a prior
maintenance on the valve on June 7, 1983. The resultant pneumatic pressure
reversal caused the air operator to hold the check valve open even though the
check valve was not being tested. The mispositioned check valve was not
detected for a four-month period during which the plant operated at close to
full power. The failure to detect the mispositioned valve was attributed to a
reversal of the electrical leads for the valve position indicator following the
June 7, 1983 maintenance. This had apparently been done by plant personnel in
the belief that the valve was actually closed. Inadequate post maintenance
testing also contributed to the error not being detected.

During the four-month period when the testable check valve was held open,
the normally closed motor--operated LPCI injection valve upstream of the check
valve remained closed. As a result, inadvertent overpressurization of the
LPCI/RHR system did not occur during this period.

An immediate corrective action taken by the licensee following discovery of
the maintenance error was to correctly reconnect the air supply lines to the
check valve air operator. This placed the check valve in its correct position.
The licensee also counseled plant maintenance personnel on the importance of
performing equipment maintenance correctly. For the long-term, the licensee was
to consider adopting an alternative testing method for the check valve which
would not require the use of the air operator.
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B.8 Susquehanna 2 (LER 84-006)

On May 21, 1984, a dual indication was received on testable check valve
HV-2FOSOB and its associated bypass valve HV-2F122B. LPCI injection valve
(Anchor Darling, horizontally mounted gate valve) HV-2F01SB was closed and
deenergized. Later that day, RHR throttle valve HV-·2F017B was closed and
-2F01SB was cycled in an attempt to seal -2FOSOB; when -2F017B was reopened the
'B' RHR primary side HX pressure was observed increasing and -2F017B was
closed. Since -2F01SB was deE~nergized, the 'B' LPCI was inoperable and an LCO
was entered.

On May 24, 1984, an LLRT showed that leakage was occurring through -2F01SB
and the leakage was the source of pressurization in the HX. Valve -2F017B was
deenergized to ensure separation between the HP and LP portions of the 'B' RHR.
Loop 'B' of the LPCI remained inoperable and the reactor shutdown was commenced
on May 28 in accordance with Tech Specs.

Shutdown proceeded normally until it was observed that the No. 1 turbine
bypass valve would not close below the 18% open position. Shutdown was halted
and control rods in Group 5 were pulled sequentially to maintain reactor
pressure with the No. 1 turbine bypass valve controller at a position slightly
greater than 18%. It was detE!rmined that the best means for accomplishing
shutdown would be through an RPS manual scram. The plant control operator
tripped the 'B' reactor FW pump and closed all inboard MSIVs at -700 psig.

Upon disassembly and inspection of LPCI valve -·2F01SB it was found that the
valve's disc would not center on its seat due to the dimensions of the disc
guide bearing surface. This resulted in the valve's disc sitting low in the
body. Due to machining tolerance during mfg the disc would not seat in the same
location each time it was stroked. To stop leakage through the valve, its seat
was lapped and its lower disc guide bearing surface was built up 1/4". The
valve was reassembled and an LLRT and hydro were completed on June 7 and 8,
respectively.

The cause of the dual indication on the testable check valve's bypass,
-2F122B. was attributable to a loose diaphragm plate connector that resulted in
improper contact with the limit switches on the bypass valve. The
plate connector and its set serews were tightened and the operator was
reconnected.

B.9 Browns Ferry-1 (LER 84-032)

On August 14, 1984, whilE! at 100% power and during the performance of a
six-month surveillance test of the core spray system logic, the normally closed
motor-operated core spray system injection valve was inadvertently opened. When
the valve opened, reactor coolant at operating pressure and temperature
backflowed into the low pressure core spray system pressurizing the system
piping close to full reactor pressure. The backflow also heated portions of the
system piping to about 400 F. A mixture of hot water and steam sprayed from the
pump seal of pump "~' of Train 1 of the core spray system. A fire alarm was set
off by the plant vapors from the hot piping. Thirteen workers were contaminated
by the sprayed water while reE:ponding to the fire alarm. The
overpressurization, which lasted about 13 minutes, was terminated when plant
personnel reclosed the injection valve.
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An investigation by the licensee following the event determined that the
normally closed testable isolation check valve~ downstream of the injection
valve, had also been open during the event. With the check valve open, a flow
path between the high-pressure RCS and low-pressure core spray system piping was
created when the injection valve was inadvertently opened. The cause for the
open testable check valve was traced to a pneumatic pressure reversal in the air
actuator. The reversal was caused by an earlier maintenance error in installing
a plunger with reversed air ports in the air actuator pilot solenoid valve. A
review of plant maintenance records indicated that the valve likely had been
held open since December, 1983. The valve misposition was not detected for the
ensuing eight-month period because the valve position indications were altered
following the maintenance such that the valve misposition was not evident.

A review was also conducted to determine the cause for the inadvertent
injection valve opening during the surveillance test. The test procedures
specified that the valve motor operator circuit breaker should be opened so that
the valve would have no motive power and would remain closed during the logic
test. It was determined, however, that the licensed operator assigned to
perform this step had failed to open the breaker. Thus, when test signal was
applied during the logic test, the injection valve opened.

B.10 San Onofre

On November 20, 1985, at 11:30 p.m., the plant was operating at reduced
power of 250 MWe due to a tube leak in the main condenser, when an alarru sounded
in the control room indicating a ground was detected by the ground detector on
4160-V bus 1C. Such a condition does not interrupt power to the equipment and
thus the operation of the plant equipment was routine. While the plant
personnel were troubleshooting this problem, a station blackout occurred.
First, at 4:51, power to bus 2C was lost. Twenty seconds later, power to bus 1C
was lost. The operators manually tripped the reactor. The reactor trip
initiated a turbine trip. Power from the switchyard was restored four minutes
later. Feedwater pump FWS-G-3A receives its power from bus 1C, and feedwater
pump FWS-G-3B receives its power from bus 1C. When power to bus 2C was
interrupted, pump FWS-G-3A stopped. Its discharge check valve FWS-438 failed
open. With feedwater pump FWS-G-3B still running, backflow of feedwater through
pump FWS-G-3A occurred. The piping and components upstream the feedwater pump
are not designed for high pressure. The tubes of the flash evaporator condenser
was overpressurized and ruptured, causing the shell to rupture. The main
feedwater regulation check valves FWS-345, 346, and 398, also failed open. This
resulted in the blowdown of the steam generators through the ruptured flash
evaporator, after feedwater pump FWS-G-3B stopped on loss of power. The
discharge check valve FWS-439 of feed water pump FWS-G-3B also failed open.
This resulted in backflow through the pump after it lost its power.

As a result of low steam generator level, the turbine driven auxiliary
feedwater pump was started automatically. The warmup cycle takes about three
minutes. During this time, no feedwater was available. This resulted in
voiding of the feedwater piping between the feedwater regulation valves and the
steam generators. After the warmup cycle was completed, the pump started to
deliver approximately 130 gpm AF\v flow to the main feedwater line. The reverse
flow in the main feedwater line carried AFW to the condensate system.
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After electric power was restored, the operators, following emergency
procedure after reactor trip, isolated the main feedwater lines by closing
MOV-20, 21, 22, FCV-456, 457, .and 458. This terminated the blowdown of the
steam generators, and started refilling the voided fE~edwater line. The motor
driven auxiliary feedwater pump started automatically after power was restored.
At about 5:07 a.m., a water hammer in the feedwater line to steam generator B
occurred. This resulted in displacement of the f'eedwater piping, damage to many
pipe hangers and snubbers, an 80" crack with 30% through the wall on the 1"
thick feedwater piping, and leakage of the bypass: check valve FWS-379. The
leaking check valve FWS-379 was identified during a eontainment entry at 8:00
a.m. and isolation was achieved at 10:45 a.m. by closing the manual valves in
the B steam generator feedwater line and the bypass line.

Throughout the incident, l~xcept the duration of station blackout, the
primary coolant inventory was maintained by controlling charging and letdown.
Reactor coolant pumps A and C were operated to enhanee heat removal through the
steam generators.

The following describes the failures of the cheek valves:

Valve

FWS-345

FWS-346

FWS-398

FWS-438

FWS-439

Description

MFW Reg Check SG A

MFW Reg Check SG B

MFW Red Check SG C

FWP Discharge Check

FWP Discharge Check

As-Found

Disc separated from hinge arm, disc stud
broken (threaded portion).

Disc separated from hinge arm, disc stud
deformed.

Disc nut loose. Disc partially open. Disc
Caught inside of seat ring.

Disc nut loose. Disc partially open. Disc
caught on inside of seat ring.

Disc nut loose. Disc partially open.
Antirotation lug lodged under hinge arm.

B.ll Pilgrim

On February 12, 1986, with the plant at 100% power, periodic RHR high
system pressure alarms (greater than 400 psig) occurred and RHR system piping
between valve 28B and the RHR pumps have been noticed to be warm. It was
believed that this is due to back leakage of primary coolant through the inboard
check valve and the 1001-28B injection valve. The design pressure alarms have
been noted but not logged for several weeks. Operators vented the piping after
each alarm. Several actions WE!re taken to stop the leakage. The MOV 28B was
manually tightened. The torque switch on the valve was found set too low for
complete closure. It was replaced and reset. The normally open MOV-29B was
closed. The plant operation was continued. On April 11, 1986 with the reactor
at 94% power, leakage through MOVs 28B and 29B occurred and resulted in high
pressure alarm in the LPCI linE!. The first alarm was a.t 1415. Operators
bled off the line to the normal 125 psig pressure. Pressure increased to the
400 psig alarm in 2 hours. The plant was shutdown in 2.4 hours.
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Figure B.6 Valve arrangement for HPCI injection line at Pilgrim
on September 29. 1983.
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Figure B.7 Valve arrangement for LPCI injection line at Hatch-2
on October 28, 1983.
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Figure B.8 Valve arrangement for LPCI injection line at Susquehanna
on May 28, 1984.
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Figure B.ll Valve arrangement for LPCI injection line at Pilgrim
on February 13, 1986.
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APPENDIX C: Assessment of Core Damage Frequency Due to Intersystem
LOCA in Representative BWR Plants

This appendix presents the quantification of the frequency of overpressur­
ization in each of the interfacing lines identified in the analysis documented
in Section 2, and the frequency of core damage as a result of the overpressur­
ization. The frequency of overpressurization in the ECCS injection lines was
basically estimated based on the operating event experience and data searches
identified in Section 3. Quantification of these events is addressed in Appen­
dix D and summarized in Table C.1. In each of the operating event incidents,
either one or two pressure isolation valves (PIVs) failed. The failure modes
and the causes of failures are discussed in Section 3 and Appendix B. Whether
or not each identified failure could happen in the interfacing lines of this
study is specifically considered, taking into account the specific valve
arrangement and the test requirements/procedures for each line. If a similar
failure mode was judged to be credible, then the operating event experience was
used to estimate the frequency of failure. When any of the operating event ex­
perience was judged not to apply to a given interfacing line, the failure data
from Table 4.1 was used to assess the frequencies of d.ifferent combinations of
pressure isolation valve (PIV) failure modes that would lead to overpressuriza­
tion.

Given that a segment of low pressure piping would. become overpressurized,
then the possibility that a rupture would occur was considered. Figure C.1 il­
lustrates the event tree used to determine the conditi.onal probability of vari­
ous sized LOCAs given that the low pressure piping was overpressurized. The
probabilities in the figure apply to the LPCI line at Peach Bottom with the PIVs
failed in a Browns-Ferry-like scenario. Given that low pressure piping becomes
overpressurized, the probability that a rupture would occur is assessed in Ap­
pendix E. Basically, a probability distribution representing the strength of
the ASTM A106 Grade B carbon Steel was assessed. The hoop stress at 1050 psi in
a pipe section of a given diameter and thickness is then used to determine the
rupture probability. Tables C.2 to C.4 list, for all interfacing lines of the
three reference plants, the diameter and thickness of the pipe sections that
would be overpressurized if the PIVs in the interfadng line failed open. Also
listed in the tables are the probabilities of pipe rupture assessed in Appendix
E. The BWR Owner's Group estimated l the conditional probability for BWR EGGS
pressure boundary rupture during an overpressurization event to be 3.0xIO- 5 due
to pipe weld failure. Given that the BWR Owners' Group work was focused on pipe
welds, it is believed to provide a lower bound for the rupture probability~

i.e., if the rupture probability assess in Appendix E was lower than 3x10- ,
then 3x10- 5 was used in the quantification of the core damage frequencies. Ap­
pendix F provides the core damage frequency results of sensitivity calculations
using three values for the probability of rupture; 10- 1, 10- 3, and 3.0x10- 5•

Given a rupture of low pressure piping, blowdown of reactor coolant will
start. Depending on the initiating failure modes of the PIVs, the blowdown may
be able to be terminated without significant loss of reactor coolant inventory.
For example, if the testable check valve has been held open due to the reversal
of its air supply to the valvE~ operator, the blowdown flow should cause the
check valve to close. This is the case because the air operators are deliber­
ately designed with insufficient torque to move the valve open given differen­
tial pressure across the valve. A failure probability of 0.01 has therefore
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been assumed for the check valve failure to reclose to account for the
possibility that it may be damaged when the disk impacts the seat at high
speed. Once a blowdown has started, manual isolation using motor-operated
valves in the line blowing down is not considered credible, because little time
is available and the MOVs are not designed to operate under blowdown
conditions. Given that the blowdown is not isolated, it is conservatively
assumed that core damage will result due to structural failure, flooding ECCS
equipment, and/or draining of the suppression pool. This results in sequence 5
in Figure C.l. The pump rooms are designed for 0.25 psi pressure differential
between the inside and the outside. The ventilation openings for the pump rooms
may not be large enough to rapidly relieve the overpressurization resulting from
the blowdown. Structural failure increases the possible impacts of flooding on
systems needed to mitigate the accident. If the break location is at a low
elevation, the suppression pool may also be drained. If the ECCS is made
inoperable by the blowdown, the condensate pumps may be available to provide
makeup to the reactor coolant system. In this study, no credit was given to the
condensate pumps, because the operability of the condensate pumps may be
affected by the blowdown, and timely operator response would be required.

If no rupture occurs in the overpressurized pipe section, a small loss of
coolant accident is assumed to occur, resulting from open relief valves and
failure of gaskets. This results in sequence 1 or 2 in Figure C.l, depending on
the operator's ability to isolate the line. In most cases, such small LOCAs can
be isolated with the PIVs in the line. The time available for the operator to
isolate a small LOCA is estimated to be more than 30 minutes based upon core
uncovery (Ref. 2). Figure C.2 taken from Ref. 3 shows some time curves for
operator actions. The curve for the NREP cognitive error is used to assess the
probability that the operators fail to isolate the small LOCA. It is
approximately 10- 2 at 30 minutes. If the break is not isolated, the small LOCA
event tree in Figure C.3 is used to assess the conditional probability of core
damage. This event tree is a modified version of the small LOCA event tree in
Ref. 4. The probabilities used in the figure apply to a small LOCA in the RHR
room of Peach Bottom. Sequence 4 in Figure C.l represents the case that a pipe
rupture occurs as a result of the overpressurization, the check valve closes on
reverse flow and the operator fails to isolate the small LOCA that is assumed to
have occurred through the check valve.

Basically, the small LOCA event tree in Figure C.3 examines the systems
that can be used to provide makeup to the reactor. First, high head systems are
considered. If at least one high head system is available, the operators need
to manually depressurize to reduce the flow through the break and use the low
pressure systems to provide coolant makeup. If no high head system is
available, the automatic depressurization system should depressurize the system,
or the operators need to manually depressurize the system, so that low pressure
systems can be used. It is assumed that the ECCS injection loop in which the
small LOCA occurs is unavailable.

The pump rooms are water tight up to approximately 20 feet above the floor
and are equipped with floor drains or floor drain pumps. For the RHR pump room
at Peach Bottom, it is estimated that it will take approximately two hours for a
small LOCA with a leakage rate of 600 gpm to fill the room to the level of the
ventilation openings. Therefore, it will be more than two hours before the
flooding encroaches upon other ECCS areas. By then, the reactor should have
been depressurized. Appendix A lists various indications of interfacing LOCA
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available to the operators. If they recognize that an interfacing LOCA has
taken place, they will depressurize the primary coolant system to reduce the
leakage and to preserve sources of makeup to the primary coolant system. With
more than two hours available, the time curve in Figure C.2 for NREP cognitive
error is used to assess the probability that the operators fail to depressurize
the primary coolant system. It: is approximately 5x10- 1

• at two hours. It was
conservatively assumed that if the operators fail to dE!pressurize in two hours,
all ECCS would be disabled due to flooding. This results in sequence 4 or 5 and
sequence 9 or 10 in Figure C.3.. A probability of 5x10-· 2 was used in the event
tree for operator failure to depressurize, because this event tree is
conditional on the event that the operators have already failed to isolate the
small LOCA, that is,

P(failure to depressurize~failure to isolate)
P(failure to depressurize and failure to isolate)
/P(failure to isolate)
5xlO- 4 / 10- 2

5x10- 2

It was also assumed that if the primary system is depressurized in two hours, no
other ECCS system will be affeeted by the LOCA, except that RCIC and HPCI may be
isolated due to high room temperature caused by steam that may go from the
location of the LOCA to the RCIC or HPCI pump room through ventilation ducts.
For screening purposes, it was assumed that if the operators fail to isolate the
small LOCA in 30 minutes, RCIC and HPCI will be isolatE!d by high pump room
temperature. It can be seen from Figure C.3 that the dominant core damage
scenario for a small LOCA is due to failure of the operators to depressurize the
primary system such that the EeCS is disabled due to flooding. The assessment
of the unavailabilities of the systems in Figure C.3 is described as follows.

• FW - The unavailability of feedwater system is based on the analysis of
Ref. 5, where an event tree analysis for the availability of the
feedwater system and the power conversion system given an inadvertent
opening of relief valve is performed •

• HPCI & RCIC - Both systE!mS are assumed unavailable due to steam induced
isolation.

ADS - The unavailability is based on the resultE: of the BNL reviewS of
the Shoreham PRA.

• LPCI & LPCS - Based on the result of the BNL reviewS of the Shoreham PRA,
the unavailabilities of LPCI and LPCS are 2.7x10- 3 and 3.6x10- 3,
respectively. The unavailability of both systems is 6.2x10- 4• Since one
loop of LPCI is assumed unavailable, the unavailability of both systems
should be between 3.6xlO- 3 and 6.2x10- 4 • 1.0x10- 3 was used in the
analysis •

• Condensate Pump - The unavailability is based on Ref. 5. It is
dominanted by human error in controlling condensate injection.

As noted above, the event tree and failure probabilities in Figure C.3
apply specifically to either of the two LPCI injection lines. As each similar
line is analyzed, the interfacing LOCA-induced system unavailabilities pertinent
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to that line are substituted for those shown on Figure C.3. These interfacing­
line-specific failure probabilities are listed in Table C.S. Sections C.l to
C.3 provide detailed line-by-line analyses for the three reference plants. The
overall results for the three plants are summarized in Table C.6.

C.l Frequency of Core Damage for Peach Bottom

In this section, the interfacing lines identified in Section 2 for Peach
Bottom are analyzed one by one. Frequency estimates were made based on
operating event experience, current data searches, and where necessary, already
published generic data. First, the test requirements for the PIVs are discussed
and their effect on valve unavailability is considered. Then, a line by line
analysis of each interfacing line is presented. Detailed descriptions are
provided for the LPCI injection lines. For lines that are similar to LPCI, only
the differences are discussed and the effects on the calculated results are
provided. Table C.7 summarizes the line by line results for the Peach Bottom
plant.

C.l.l Test Requirements for Pressure Isolation Valves

C.l.l.l Operational Hydrostatic Test

This test is done before startup after refueling.
vessel is filled and pressurized to 1000 psig. Leakage
measured by opening test taps downstream of the valves.
PIVs tested and the success criteria used.

C.l.l.2 Logic System Functional Test

The reactor pressure
through the PIVs is

Table C.8 lists the

This test is done every six months on ECCS systems. It can be done at
shutdown or at power. The test procedures for the RHR and core spray systems
require that a relay be energized to inhibit the "open" signal to the normally
closed injection valve before an actuation signal is generated. The test
engineer is required to initial this step in the procedure after it is
performed. If this step is skipped, due to human error, the injection valve
will be inadvertently opened. Given that the valve is inadvertently opened, the
operator can manually reclose it or close the normally open injection valve.
The test procedure also requires verification of injection valve position after
the actuation signal is simulated. As far as the inadvertent opening of the
injection valve is concerned, the test procedures for HPCI and RCIC are similar
to those for the RHR and core spray, except that for HPCI, the normally open
injection valve is kept closed with a discharge valve override switch, and the
normally closed injection valve is opened when the simulated actuation signal is
generated. Since RCIC and HPCI have high head pumps, inadvertent opening during
a logic system functional test is expected to cause injection to the vessel, not
an interfacing system LOCA. However, as part of the test, a high drywell
pressure signal is generated after an isolation signal is inserted and has not
been reset. This will cause the injection valves to open with the pump not
running, if the signal to the outboard injection valve was not blocked.
Therefore, inadvertent opening of the injection valve may lead to an
overpressurization of the suction side of the pump.
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C.1.1.3 Local Leak Rate Test (LLRT)

This is the type "c" test for containment isolation valves defined and
discussed in Appendix J to 10CFRSO. The valves in the interfacing lines that
are subject to this test are the injection valves in the ECCS systems, the RHR
shutdown cooling suction valves, the MOVs in vessel head spray line, and the
feedwater check valves outside the drywell. The testable air-operated check
valves are not required to undergo type C tests. This test is required to be
performed once every operating cycle, in no case at intervals greater than two
years. Typically, the test is done by pressurizing a test volume using service
air, so that the valve or valves being tested define the test boundary. The
test pressure across the valve is 49.2 psid and the leakage is established by
measuring the flow needed to maintain the pressure. The success criteria is
specified in terms of aggregate leakage through all containment isolation valves
and all containment penetrations. The total leakage rate can not exceed 60% of
the maximum allowable leakage rate at the calculated peak containment internal
pressure related to the design basis accident. Although no success criteria is
specified for individual valves, excessive leakage is expected to be detected
during LLRT, because each individual leakage rate is recorded.

C.1.1.4 Valve Functional Test

The injection valves of the ECCS systems are stroke tested monthly. Each
valve is stroked with the other injection valve closed. The stroke time is
recorded. When testing the injection valves in the RHR or core spray system
when the reactor pressure is greater than 100 psig, the bypass valve for the
testable check valve is opened and the pipe section between the injection valves
is pressurized by a N2 bottle to reduce the pressure differential across the
inboard injection valve. The opening and closing currents for the motor
operators are also taken. The testable check valves are cycled only during a
shutdown greater than 48 hours or after valve maintenance.

C.1.2 LPCI Injection Line

Quantitative analysis for the LPCI injection lines is described in detail
in this section and summarized in Table C.9. The valve arrangement in this line
consists of a testable check valve, a normally closed HOV and a normally open
MOV. The testable check valve is leak rate tested at 1000 psig during the
operational hydrostatic test at every refueling, and is cycled every shutdown
greater than 48 hours. Since the testable check valve is not leak tested after
maintenance, the same failure that occurred at Brown's Ferry-1 and Hatch-2 may
occur without detection, i.e., reversal of air flow and position indication.
The frequency for such failure can be estimated based on two events in 1361
valve years, i.e., 2/1361 = 1.47x10- 3/year.

Given that the testable check valve is held open due to air reversal, the
normally closed MOV is pressurized, the MOV may fail open due to valve rupture,
failure to fully reclose following a subsequent cycling, or inadvertent
opening. This MOV is cycled every month, local leak rate tested and
hydrostatically tested every refueling. Given that the check valve is held open
by the air operator after maintenance, the expected number of months before
refueling is approximately six (one half an assumed yearly refueling cycle).
The MOV is not designed to operate with a high differential pressure across the
valve. To cycle the valve, first the normally open injection valve is closed,
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and the bypass valve around the testable check valve is opened, so that the
inboard MOV is pressurized at the vessel side, then a nitrogen bottle is used to
pressurize the pipe section between the two injection valves so that the
pressure across the inboard MOV is less than 100 psid. If the outboard MOV
fails to close fully, the operators will have a problem pressurizing the pipe
section. Therefore, the failure will be discovered. After cycling the inboard
injection valve, the operator needs to drain the pipe section between the two
injection valves, before the outboard injection valve is reopened, If the
inboard injection valve fails to fully reclose, the operator will have a problem
draining the pipe section. Therefore, the failure will be discovered. If the
operator skips this draining step in the procedure, then the failure may go
undetected. A human error probability of 3x10- 3 was used for this operator
error. Therefore, the probability that the MOV fails to fully reclose and the
failure goes undetected is

1.07x10-4/demand * 6 demands * 3x10- 3 = 1.93x10- 6 ,

where the probability of valve failure is taken from Table C.1. Similarly, the
probability that rupture occurs is

where the failure rate for MOV rupture is derived in Appendix D.

Inadvertent opening of the MOV will occur if the operator misses a step in
the six month logic system functional test. A human error probability of 3x10- 3

was used for such failure and was taken from Table 20.7 of the Human Reliability
Handbook. 6

Another failure mode of the MOV is that the MOV is opened by a spurious
signal generated by human error during testing or maintenance, or hardware
failures in its control logic. This is indicated as MOV "transfer open" in
Table C.9. The failure rate, 8.1x10- 4 , was taken from Table 4.1.

Since that the scenario of the Browns Ferry-1 event is judged to be
credible for Peach Bottom, the frequency of the scenario is estimated to be one
event in 1361 years, i.e., 7.35x10- 4 per reactor year.

The frequency of overpressurization in this LPCI line based on the
experience at Browns Ferry-1 and Hatch-2 is

1.47x10- 3 * (1.93x10- 6 + 6.0x10- 4 + 3.00x10- 3 + 4.05x10- 4) + 7.35x10- 4

= 7.41x10- 4/ry.

To determine the frequency of LOCA in such a scenario, the specific cause
of MOV failure needs to be considered. If the MOV failed to fully reclose after
being cycled open, the flow through the valve is assumed to be limited by the
gap between the disc and the seat. This will lift the relief valves, but will
not necessarily cause a rupture to occur. Such a LOCA can be isolated by
closing the normally open MOV. As was discussed earlier, 10- 2 was used for the
probability of failure to manually isolate. Therefore, the frequency of an
unisolated small LOCA due to reversed air supply for the testable check valve
and the failure of the MOV to fully close after being cycled is
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1.47x10-:1 * 1.93x10- 6 * 0.01 = 2.83x10- 11/yr.

In the case of MOV rupture or inadvertent opening, the MOV is widely open.
Therefore, a rupture of low pressure piping is possible. The event tree in
Figure C.1 can be used to estimate the frequency of LOCA. If a pipe rupture
occurs, the blowdown will cause the testable check valve to close. As was
discussed earlier, 0.01 is used for the probability of failure for the check
valve to close. If the check valve does close, it is assumed that a small LOCA
results due to open relief valves. Such a small LOeA can be manually isolated
with failure probability 10- 2• If the check valve fails to close, it is assumed
that a large LOCA results. The frequency of a large LOCA due to reversed air
supply to the testable check valve and rupture of the MOV is

1.47x10- 3 * 6.0x10-'+ * 2.6Sx10- 2 * 0.01 = 2.34xlO- 10/ry,

where 2.6Sx10- 2 is the probability that a pipe rupture occurs due to the
overpressurization. Similarly, the contribution due to inadvertent opening of
the MOV is

1.47x10-::l * 3x10- 3 * 2.6Sx10- 2 * 0.01 = 1.17x10-· 9/ry,

the contribution due to transfer opening of the MOV is

1.47x10-:J * 4.0Sx10- 4 * 2.6Sx10-?' * 0.01 = 1.S8x10- 10/ry,

and the contribution due to the Browns Ferry scenario is

7.3Sx10- 4 * 2.65x10- 2 * 0.01 = 1.9SxlO- 7/ry.

The frequency of a small LOCA due to reversed air supply to the testable
check valve and rupture of the MOV is

1.47x10- 3 * 6.0x10- 1

+ * [(l-Z.6Sx10- 2) * 1O-2+2.65x10-2 * 9.9x10- 3]
8 • 8 Zx 10- 9/ ry •

Similar contribution due to inadvertent opening is

1.47x10- 1 * 3x10- j [(l-Z.65x10-~) * 1O-~ + 2.65xlO-~ * 9.9x10- 3]
4. 41x 10- 1

,/ ry.

The contribution due to transferring open is

1.47x10- J * 4.05x10- '+ [(l-2.65x10-;~) * 1O-;~ + Z.65x10-;~ * 9.9x10- 3]
5.95x10- 9/ rYe

The contribution of the Browns Ferry scenario is

Table C.9 summarizes the calculations described above based upon the incidents
that occurred at Browns Ferry and Hatch-2. It also shows the calculations done
based upon the other operating event experience. It can be seen in Table C.9
that the Browns Ferry scenario is the dominant contributor to the frequencies of
overpressurization, small LOCA and large LOCA in the LPCI lines of Peach
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Bottom. This is because the scenario is judged to be an applicable scenario for
Peach Bottom and the frequency of overpressurization is estimated using this
experience. The fact that this scenario is already covered in the failure
combination that the AOV fails due to reversed air supply and the MOV is opened
inadvertently, is a double counting. However, the effect of this on the result
is negligible, because the Browns Ferry scenario has a frequency that is more
than two orders of magnitude higher than that of the failure combinations.

The Cooper incident is similar to the Browns Ferry-1 incident, except that
the testable check valve v,as held open by a broken sample probe. The effect of
this failure mode is that if a blowdown occurs, the check valve will not be able
to reclose. In case of a small LOCA, isolation can be carried out using the
normally open MOV. The Pilgrim incident on September 29, 1983 is also similar
to the Browns Ferry-1 incident in that the check valve was held open. The
difference is that the testable check valve was partially open due to rusted
linkage between the valve stem and the air operator. The check valve should be
able to close when a blowdown occurs resulting from the pipe rupture. The
failure probability is again assumed to be 10- 2 for this failure mode.

The rest of the operating experience involving testable check valve
failures did not result in overpressurization. These check valve failure
incidents were used to estimate the frequency of check valve failure. In the
event at LaSalle-Ion September 14, 1983, the testable check valve was 35° open
due to misalignment of interfacing gears and tight packing gland. Based on the
description of the LER, the air operator inhibited motion in the closed
direction. Therefore, this incident was analyzed in the same way the Browns
Ferry-1 incident was analyzed, except that the check valve was not expected to
close when a blowdown occurs. The remaining incidents in Table C.9 involve
leakage through the testable check valve. They were used to estimate the
frequency of check valve leakage. If the MOV also fails open, the leakage was
assumed limited by the check valve. Therefore, only a small LOCA was postulated
to result.

The results of the above calculations are summarized in Table C.9.

C.1.3 Core Spray Injection Lines

The Peach Bottom core spray injection lines have the same valve arrangement
and the same test requirements as the LPCI lines. The only difference
considered here is that core spray injection lines have their own injection
nozzles at the spray spargers in the vessel. The chance that any foreign
material will go through the piping inside the vessel and reach the core spray
testable check valves was considered negligible. Therefore, incidents like that
which occurred at Cooper v,ere not considered credible for these lines. Another
difference between the core spray lines and the LPCI lines is that the
probability of major pipe rupture is different. Table C.10 summarizes the
calculation for the core spray lines.

C.1.4 RCIC and HPCI

These lines differ from LPCI in the following ways:

a. An additional check valve in the feedwater line needs to fail open to
result in a LOCA. If both the testable check valve and the normally
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closed MOV fail open, an overpressurization event will occur. This may
cause a transient that leads to feedwatE!r pump trip. However, no
interfacing LOCA will occur unless the check valve in the feedwater
line also fails open. To account for this, a conditional failure
probability of 10- 1 was used for the chE!ck valve when a low pressure
pipe rupture occurs and the air-operated check valve fails to close
(Le., a beta factor of 0.1 was assumed).

b. The testable check valves in the HPCI and RCIC lines were not
hydrostatically tested in the first ten years of operation. This was
assumed to directly increase the yearly frequency of testable check
valve failure by a factor of ten.

c. The Pilgrim event on September 29, 1983 l' in which the air operated
check valve was stuck open due to a rusted linkage between the valve
stem and the attached air operator and the two discharge MOVs were
simultaneously opened as a result of human errors in testing the HPCI
injection valve logic and steam supply isolation valve logic, was
judged to be credible for the HPCI and RCIC lines at Peach Bottom,
because similar tests are also performed. This experience was used to
estimate the frequency of this scenario of overpressurization.

The calculations for these lines are shown in Tables C.11 and C.12.

C.1.5 Feedwater Line

The most notable operating experience associated with this line is the San
Onofre-1 incident. The frequency for common cause failure of check valves in
the feedwater line is estimated using the evidence of this one event in
approximately 1000 reactor years as simply 10- 3 per reactor year. For this
particular event, this is also the frequency of overpressurization.

Based on the general arrangement plan in the Peach Bottom FSAR, feedwater
heaters #3 and #4 (at level 135') are separated from the battery rooms and the
emergency switch gear rooms by a three foot reinforced concrete wall. The
general arrangement plan shows that the heaters are inside their own
compartments each with two doors. BNL was unable to enter these compartments
during the site visit but was informed by Philadelphia Electric Company that the
feedwater heater compartments are closed at the ceiling. Therefore,
overpressurization failure of building structure as a result of feedwater heater
rupture is a potential problem.. It is judged that if any structural failure
occurs, the most likely failure location is the door that opens outward to the
turbine building. Based on a tour of the turbine building, the 135' level is
generally a big open area, with a large open floor area that connects this level
to several lower levels. Therefore, flooding of this level can not exceed the
height of the curb (approximately six inches). Equipment inside the switchgear
rooms is at least one foot above the floor. Based upon drawing reviews and the
site visit, it was assumed that ECCS systems were not affected by a rupture of a
feedwater heater.

Figure G.4 is an event tree for a postulated feedwater heater LOGA. The
ASEP analysis for Peach Bottom" assessed the unavailability of EGGS during a
large LOGA to be 1.24x10-~. If an EGGS system is available, the operator still
needs to isolate the break to stop the loss of coolant inventory to outside the
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containment, or provide makeup from sources outside the containment. There are
MOVs in the feedwater line that can be used to isolate a feedwater heater
rupture. The condensate storage tank and high pressure service water systems
can be used to provide makeup. The primary system coolant inventory is
approximately 165,000 gallons. The volume of the water in the suppression pool
is at least 919,153 gallons. When a large LOGA occurs, the EGG systems will
reflood the vessel. After reflooding, there should be more than 700,000 gallons
of water in the suppression pool. Assuming the break is not isolated and that
the operator keeps one LPCI pump running at its capacity of 10,000 gpm, it will
take more than an hour before the suppression pool water is exhausted. This
defines the time available for operator actions. The probability that the
operators fail to carry out the needed action within the hour is assessed to be
10- 3 using the NREP time curve in Figure C.2.

C.1.6 RHR Suction From Recirculation

The two MOVs in this line are cycled every shutdown greater than 48 hours.
They are also local leak rate tested and hydrostatically tested every
refueling. No operating event experience of overpressurization has been
observed for this line. Therefore, the failure rates in Table C.1 have been
used to analyze the frequency of overpressurization. Two modes of failure were
considered, failure to fully reclose after being cycled (leak), and valve
rupture. Given that there are two valves and two failure modes, four
combinations of failures are possible.

a. Rupture-Rupture - It was assumed that the reactor is shutdown once
every three months and any valve rupture would be discovered by
cycling. It is also assumed that the outboard MOV is pressurized only
after the inboard MOV has ruptured. The frequency of this failure
combination for each three month period is

2
-86.44x10 ,

where 2.06x10- 6 is the mean of A2 derived in Appendix D.

For one year, the frequency is 2.58x10- 7/ry. This is a failure mode that
can not be isolated.

The RHR suction line is the only interfacing line that contains two valves
of the same type, and may be susceptible to common mode failure. The above
calculation for the rupture-rupture failure mode assu~es that the failures of
the two MOVs are independent of each other. The survey of operating experience
discussed in Section 3 did not identify any evidence of common mode failures of
the RHR suction valves. As a sensitivity study, common mode failure is
considered in Appendix F by assuming that the beta factor may take on three
possible values, 0, 0.05, and 0.1.

b. Leak-Leak - During each ~uarterly stroking of the MOVs, each valve has
a probability of 6.4x10- to fail to fully close. If both valves fail
to fully close, the failure is expected to be recognized during plant
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heatup and corrected. Therefore, such failure mode is not considered
further.

c. Leak-Rupture or Rupture-Leak - These combinations also lead to small
LOCA. The frequency can be estimated by

P(failure to rec10se) x 8 strokes/ry * ARupture * 6 months
= 5.l4xlO- 7/ry.

G.l.7 Vessel Head Spray

This line differs from the RHR shutdown cooling suction in that an
,~dditiona1 check valve failure is needed to cause an overpressurization. This
<check valve performs the same function as the airo-operated check valves in the
injection lines of the ECCS. Therefore, the failure experience for air operated
<check valves also applies to the check valve, with the exception of those
failures that involve air operators. Four events of air operated check valve
failures in Table 3.2 are not related to the air operator. Therefore, the
failure rate of the check valve is estimated to be four events in 1361 years,
i.e., 2.94xlO- 3 per year. Since the check valve is not tested in any way. The
average probability over 40 years that the check valve is in a failed state is

2.94xlO- 3 per year * 40 years/2 = 5.88xlO- 2•

Therefore, this was simply applied as a multiplicative factor to the results for
the RHR suction line.

C.2 Frequency of Core Damage for Nine Mile Point·-2

Similar to the analysis for Peach Bottom, operating experience and generic
data have been used to assess the frequency of ov(~rpressurization. The test
requirements for the PIVs at NHP-2 differ from those already discussed for Peach
Bottom. This leads to significant differences in quantitative results for the
ECCS injection lines. For example, NMP-2 performs type "c" leak rate testing
and PIV leak rate testing after maintenance of the testable check valves.
Therefore, if the testable check valve is held open by the air operator due to
reversal of air supply during maintenance, the failure will be detected by the
leak rate tests. Section C.2.l describes test requirements for the PIVs and the
impact on the use of operating event experience in the quantitative analysis.
Other sections provide the line.-by-line analysis. Table C.13 summarizes the
calculations for all of the interfacing lines at Nine Mile Point-2.

C.2.l Test Requirements for Pressure Isolation Valves

C.2.l.l Pressure Isolation Valve Leak Rate Test

This test is done by pressurizing the pipe section downstream of the PIV
being tested to between 1000 and 1040 psig, using a test pump. The test pump
takes suction from a 50 gallon container. The decrease of water level in the
container over five minutes is used to calculate the leakage rate. Table C.14
lists the PIVs and the applicable test success criteria. These tests are
performed once every operating cycle at refueling or cold shutdown and after
maintenance.
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C.2.l.2 Valve Operability Test

PIVs are required to be cycled at cold shutdown if not cycled in the past
92 days~ except valves in the RHR steam condensing line that may be cycled when
reactor is at power. PIVs F052 and F2l8 in the RHR steam condensing line are
required to be cycled every 92 days. Valve cycling is done from the control
room~ by turning the switch for the valve being tested and watching the valve
position indication. PIV F08? is cycled when the high/low pressure interface
interlock is calibrated once a cycle.

C.2.l.3 Local Leak Rate Test

The test method has been described in Section C.l.l.3. The test pressure
at NMP-2 is 40 psig. All PIVs in the lines listed in Table C.13~ except valves
in the RHR steam condensing line~ are also containment isolation valves and~

therefore~ are subject to LLRT requirements. The LLRT test frequency is once
every 24 months. The testable check valves also undergo LLRT after
maintenance. Therefore~ if the air supply to the check valve were to be
reversed~ it would be discovered in the post maintenance test.

C.2.l.4 Automatic Actuation Test

Per the Technical Specifications~ NMP-2 is required to perform automatic
actuation testing on the EGGS once every 18 months. This test is not performed
when the reactor is at power. EGGS actuation instrumentation response time is
tested during hot shutdown~ cold shutdown or refueling. EGGS response time is
tested during cold shutdown or refueling. Therefore~ when the reactor is
operating~ the failure mode of inadvertent opening of injection valves caused by
human error during such tests was not included in the analysis.

C.2.2 LPCI Injection Lines

The valve arrangement in these lines consists of a testable check valve and
a normally closed MOV. They are local leak rate tested and PIV leak rate tested
once every 18 months. They are also cycled at every cold shutdown if they have
not been cycled in the past 92 days.

The approach used in the quantitative analysis for these interfacing lines
is similar to that for LPGI of Peach Bottom. The following describes the
differences between the two:

a. NMP-2 does not cycle the PIVs in the LPGI lines when the reactor is at
power. It was assumed for this analysis that the injection valve is
cycled once every three months at cold shutdown.

b. ID1P-2 performs LLRT and PIV leak rate testing after testable check
valve maintenance. Therefore~ it was assumed that a failure mode
similar to the air reversal that happened at Browns Ferry-l and Hatch-2
would be detected during the post maintenance leak tests. For the same
reason~ the failure mode of misalignment after maintenance like that
happened at LaSalle-l would also be detected.
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c. No auto actuation test: is performed at NMP-2, when the reactor is
operating. Therefore" the failure mode of inadvertent opening during
such testing was not included.

d. NMP-2 has only one MOV in each LPCI line, therefore, if a small LOCA
occurs due to MOV rupture, it was assumed to be impossible for the
operator to isolate it.

e. RCIC system at NMP-2 is isolated by high area temperature in the RHR
rooms. Therefore, in the modelling, when a small LOCA was assumed to
occur in one of the RHR rooms, RCIC was also assumed to be unavailable
to mitigate the incident.

Figure C.S is the small LOCA event tree for the NMP-2 LPCI injection line
for the rupture failure mode of the MOV. The unavailability of RCIC is 1.0
based upon the discussion abovl~. The unavailability of the low pressure systems
is estimated based on the numbl~r of loops available. For example, similar to
Peach Bottom, 10- 3 was used in sequence 16 of Figure C.. S, because two LPCI loops
and the LPCS loop are availab11~. vfuen all three LPCI loops and the LPCS loop
are avai1ab1e~ 6.2x10- 4 was used. This was taken from the BNL review of the
Shoreham PRA, Le., the unavailability of both LPCI AND LPCS. The
unavailability of HPCS was taken from RSSMAP Grand Gulf. 8 The first three
branches for the top event "X" in Figure C.S represent human error in
depressurization given that a high head system is available. It is similar to
the same event in Figure C.3 for Peach Bottom, except that it is not conditional
on operator error in isolating the break. Because the MOV is assumed to be
ruptured, and no other valve is available for isolation. The failure
probability for this event is based on the NREp 3 time eurve at two hours.

Table C.1S summarizes the calculations for LPCI lines.

C.2.3 LPCS Injection Line

This line is identical to the NMP-2 LPCI injection lines described above,
except that the testable check valve failure due to foreign material is
not considered credible on the same basis as described previously for the Peach
Bottom core spray system. Table C.16 summarizes the calculation for LPCS line.

C.2.4 Shutdown Cooling Return to Recirculation

These lines are treated identically to the LPCI injection lines described
above.

C.2.S HPCS Injection Line

This line is similar to the LPCS injection line, except that the HPCS pump
discharge is high pressure. Therefore, the pump discharge check valve must also
fail, in order to result in overpressurization of the low pressure portions of
the system. Two failure modes of the pump discharge check valve were
considered, leakage and rupture. It was assumed that check valve leakage can
not be detected. Appendix D discusses the sourCI~S of the failure rates for the
check valves. Therefore, the probability that the check valve is leaking when
the PIVs in this line fail open is
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2.94x10- 3/ry * 40ry t 2 = 5.88x10- z•

Pump discharge check valve rupture can occur only after it is pressurized. It
was assumed that if both PIVs in this line fail open, the time at which the
failures occur will be in the middle of the year, i.e., the check valve was
pressurized for six months. Therefore, the probability that rupture occurs in
six months is

Table C.17 summarizes the calculation for this line.

C.2.6 Vessel Head Spray Line

The vessel head spray line is connected with both RCIC and RHR loop B. Two
testable check valves are used as containment isolation valves. They are local
leak rate tested and PIV leak rate tested every 18 months. They are also cycled
at every cold shutdown if not cycled in the past 92 days. Two failure modes
were considered applicable to these valves, i.e., leak and stuck open due to
rusted linkage similar to that which happened at Pilgrim on September 29, 1983.
The failure rates based on this experience are estimated to be Al = 2.94x10- 3/ry
and AZ = 7.35x10- 4/ry, respectively. Four combinations of failures of the two
testable check valves are possible. Their frequencies per year are:

A~ A1AZ AZA1 A~
"2 z Z and 2"

The results are listed in Table 4.18. The squares of the failure rates are
calculated in Appendix D to be the mean of the squares of the failure rates.
The first three combinations can only result in leakage, because at least one
valve is only leaking. The last combination may lead to a large LOCA.

Outside the containment, the vessel head spray line is connected with RCIC
and RHR loop B. In the RCIC line, there is a normally closed MOV which is local
leak rate tested and cycled at each cold shutdown if not cycled in the past 92
days. In the RHR loop B, there is a check valve as well as a normally closed
}10V. The MOV in the RHR loop B is subject to PIV leak testing in addition to
those tests required for the MOV in the RCIC line. Therefore, the dominant
overpressurization path is the RCIC injection line due to the fewer valves
required to fail to result in an overpressurization. Failure modes assumed for
the MOV in the RCIC injection line are shown in Table C.1S. During RCIC system
functional testing (which is required to be performed once every 18 months when
the reactor is either operating or at hot standby) this MOV is opened.
Therefore, a probability of 0.5 was used for the event that the system
functional test is performed after the testable check valve failures occur and
before the next local leak rate test is performed on the check valves.

C.2.? Feedwater Line

The analysis for these lines is the same as that for the Peach Bottom
feedwater lines. Based on the information provided by Nine Mile Point Z and a
plant visit, the only safety related equipment in the turbine building at NMP-2
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is some instrument rack related to the MSIVs. The feedwater heaters at NMP-2
are open to the large volume of the general area inside the building. If a
blowdown should occur at a feedwater heater, the flood would have to fill a
large volume in the pipe tunnel underneath the hf~ater bay before it could
overflow and threaten the service water system. Therefore, it was assumed that
the blowdown does not affect systems needed to mitigate the accident.

C.2.8 Shutdown Cooling Suction Line

The valve arrangement and test requirements for this line at NMP-2 are very
similar to that at Peach Bottom. The same quantified results were used.

C. 2.9 Steam Condens ing Line to RRR Rea t Exchang(~r

This line is connected to the RCIC steam supply line outside the
containment and feeds directly to the RRR heat exchanger. The RCIC steam line
has two normally open containment isolation valvl~s. The steam condensing line
is normally pressurized up to the first barrier that consists of two MOVs in
parallel, F052 and its one-inch bypass valve F218. They are PIV leak tested
once every 18 months and cycled once every 92 days. The second barrier also
consists of two MOVs in parallel, F051 and F087. They are PIV leak tested once
every 18 months. During calibration of interlocks on the PIVs, valve F087 is
also cycled. The frequency of calibration is once every 18 months.

Failures of the following pairs of valves will lead to overpressurization:
F052 and F051, F052 and F087, F218 and F051, and F218 and F087. Due to
the similarity in the calculation of the frequency of overpressurization only
one pair, F052 and F087, is discussed in detail. The difference between this
pair of valves and other pairs is also provided. Table C.19 summarizes
calculations for all above pairs of valves.

F052 is cycled four times a year. If F087 fails open when F052 is opened,
then an overpressurization will occur. The possible failure modes of F087 are
rupture and transfer open. Assuming F087 can rupture only if it is pressurized,
and that F052 is opened for ten minutes, the probability of F087 rupturing is

1.2xl0- 3/ry * 10/(1440 * 365) = 2.28xl0- 8•

Given an overpressurization, the analysis is the same as that for other lines.
In the case of a small LOCA, it was assumed that the probability of failure of
isolation was 2.0xlO- 3 which is the probability used in Ref. 5 for common mode
failure of both isolation valves.

The other failure mode for F052 (rupture) was analyzed in the same way.
An additional failure mode for F08l is that it is opened when the interlock is
calibrated. A probability of 0.5 is used based on the probability that the test
comes after the failure. This scenario turns out to be a dominant contributor
to core damage frequency.

The other pair of valves (F218 and F087) is identical to the pair F052 and
F087, except that F218 is a oI1e--inch valve. It was assumed that only a small
LOCA may result if both F218 and F08? fail open. The pair F05l and F051 is
identical to the pair F052 and F08l, except that no interlock calibration is
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performed on valve FOSI. The pair F218 and FOSI is identical to the pair F218
and F087 t except that again no interlock calibration is performed on FOSI.

C.3 Frequency of Core Damage for Quad Cities

The interfacing lines and their valve arrangements at Quad Cities are also
very similar to those at Peach Bottom. The test requirements on the pressure
isolation valves t however t are significantly different. Section C.3.1 discusses
the current test requirements on the PIVs. The following discussion provides
the major differences between Quad Cities and Peach Bottom:

a. Quad Cities has one additional check valve in the feedwater line
downstream of both the HPCI and RCIC injection lines. This is judged
to have no effect on the analysis of RCIC and HPCI lines. \fuen a pipe
rupture occurs in these lines t this additional check valve t like two
other check valves in the flowpath t should also close and terminate the
blowdown. For Peach Bottom t a probability of 10- 3 was used for common
mode failure of two check valves. It was assumed here that the
probability that the additional check valve also fails is unitYt if the
other two valves have already failed due to common cause.

b. The RCIC system at Quad Cities is located in the train B core spray
pump room. This tends to affect the calculation in that if a small
LOCA occurs in the train B core spray room t the RCIC system will also
be unavailable. Due to the assumption that if the operators fail to
isolate the small LOCA in 30 minutes RCIC and HPCI will be isolated by
high pump room temperature t this difference between Quad Cities and
Peach Bottom has no effect on the quantatitive analysis. Although the
converse situation could also hold true t i.e. t that the train B core
spray could be rendered unavailable by a LOCA in the RCIC t it does not
alter the quantitative results as a small LOCA is considered to be
isolated by at least one of the three RCIC check valves and for a large
LOCA t core damage is postulated directly.

c.. Quad Cites is not required to perfon:! PIV leak rate testing on any
PIVs. The testable check valves are not local leak rate tested
either. Therefore t if a testable check valve were to be opened due to
reversal of the air supply and the position indication be reversed (as
in the Browns Ferry and Hatch events)t the failure would go undetected.

d. Quad Cities recently installed a "Safe Shutdown System" which
discharges to the discharge line of HPCI and operates in the same way
as RCIC except that it has a motor-driven pump instead of a
turbine-driven pump. The effect of this additional high head pump on
the conditional probability of core damage t given a small LOCA t is that
the unavailability of the high head systems is decreased. The effect
of increasing the frequency of an interfacing LOCA is negligible
because the low pressure portion of the system is separated from
reactor pressure by seven valves in series including check t
motor-operated gate t and motor-operated globe valves.

e. The cross tie between the two LPCI loops at Quad Cities is normally
open. Therefore~ if the PIVs in one LPCI loop fail open t both loops
will experience overpressurization. It was assumed that if a small
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LOCA results from the overpressurization, both loops of LPCI would be
unavailable.

f. Quad Cities does not perform auto actuation logic testing of the ECCS
systems when the reactor is at power. Therefore, the failure mode of
inadvertently opening an MOV during logic. testing while at power has
not been included.

The quantitative analysis for Quad Cities is similar to that for Peach
Bottom. The line-by-line analysis is provided in Sections C.3.2 to C.3.6.
Table C.20 summarizes the results for Quad Cities.

C.3.1 Test Requirements for Pressure Isolation Valves

C.3.!.1 Pressure Isolation Valve Leak Rate Test

No PIV leak rate testing is required for Quad Cities.

C.3.1.2 Valve Operability Test

ECCS injection valves are stroked once every month. this is done by first
closing the other injection valve in the line and then stroking the valve being
tested. No pressure equalization across the valve is needed. Valve timing is
performed every three months. Isolation valves in the shutdown cooling suction
and vessel head spray lines are stroked at every cold shutdown. Testable check
valves are only stroked at cold shutdown or refueling.

C.3.1.3 Local Leak Rate Test

Local leak rate testing is performed on the inboard injection valves in
the LPCI lines, on the shutdown cooling suction valves t on the feedwater check
valves, and on the MOVs in the vessel head spray line. These tests are
performed every refueling at a test pressure of 48 psi.

C.3.1.4 ECCS Automatic Actuation Test

This test is required once every refueling, and is performed at cold
shutdown.

C.3.1.5 Valve Position Indication Surveillance

This is performed at least once every two years, and the Quad Cities
procedures state that it preferably be done during refueling. The MOVs and
testable check valves are cyclE~d while verifying that the control room
indication accurately reflects valve position by observing the valve stem
movement and the local/remote position indicators. All PIVs are subject to this
test except the valves in the RCIC system and the check valve in the vessel head
spray line.

C.3.2 LPCI Injection Lines

The valve arrangement and test requirements in the the LPCI lines are the
same as those for Peach Bottom, except that the testable check valves are not
leak tested, and that the auto actuation test is only done at cold shutdown.



C-18

Therefore, the failure of the testable check valves may go undetected. Since
Quad Cities has operated for more than ten years, and any failure in the past
may have gone undetected, it was assumed that the probability that the check
valve is in a failed state is increased by a factor of ten. Also, if the check
valve fails open, the time at which failure occurs is most likely to be before
the year that is being considered. Therefore, if the MOV fails open any time in
the year. overpressurization was assumed to result. This is why the MOV failure
probabilities for valve rupture and transfer opening in Table C.21 are a factor
of two higher than those in Table C.9. Since inadvertent opening of the
injection valve during auto actuation testing is not considered as discussed
above, a generic failure rate for MOVs transferring open was used. The Vermont
Yankee event, in which the air-operated check valve was leaking and the normally
open injection valve failed to close fully when it was closed before the
normally closed MOV was cycled, is judged to be credible for the LPCI lines at
Quad Cities, because similar stroke testing without pressure equalization is
performed. This experience was used to estimate the frequency of
overpressurization due to such a scenario. Such overpressurization was assumed
to lead to a small LOCA, because the isolation valves are only leaking. Figure
C.6 illustrates the small LOCA event tree for one of the LPCI lines at Quad
Cities. The unavailability of the safe shutdown system is assumed to be the
same as that for the HPCS of Grand GUlf,8 i.e., 2.2xlO- 2• Due to the open
crosstie between the LPCI loops, only the core spray system is considered
available. The unavailability of the core spray system has been taken from the
BNL reviewS of the Shoreham PRA. Table C.21 summarizes the calculations for
this line.

C.3.3 Core Spray Injection Lines

These lines differ from the Quad Cities LPCI lines in that the Cooper-type
incident (i.e., foreign material under valve disc) is not considered credible,
in that the spargers are assumed to effectively prevent any sizable debris from
working is way back to the check valves. Also, the low pressure system
unavailability in the small LOCA event tree from Figure 4.6 was changed. The
low pressure injection function failure probability was lowered to account for
the availability of one train of core spray and both trains of LPCI, whereas for
the LPCI line failure event tree only the two core spray trains were available
due to the LPCI crosstie. This lowered the failure probability of the low
pressure injection function by a factor of 3.6 as is shown in Table C.5. Table
C.22 summarizes the calculation for this line.

C.3.4 HPCI and RCIC

The HPCI and RCIC injection lines at Quad Cities differ from those at Peach
Bottom in that an additional check valve exists in the feedwater line and that
the ECCS automatic actuation test is not done when the reactor is at power. The
second feedwater check valve is judged to have little effect on the analysis due
to the consideration of common cause failure. Tables C.23 and C.24 summarize
the calculations for these lines.

C.3.5 Feedwater Line

Based on a meeting with plant personnel at Quad Cities the only safety
related equipment in the turbine building are electrical cables and some
electrical buses and they are located far away from the feedwater heaters and at
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different elevations. Therefore, it was assumed that no ECCS systems would be
affected by a large break in any feedwater line, and the same quantitative
analysis as that for Peach Bottom can be used.

C.3.6 RHR Suction and Vessel Head Spray

The valve arrangements and test requirements for these lines are the same
as those for Peach Bottom. The same· quantitative results were therefore used.
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FW
SSS

HPCI &
RCIC ADS LPCS

Condo
Pump

Q u x V' v'"

1 OK

2 OK

3 CM
4 OK

5 CH

6 OK

7 OK

8 CM
9 OK

10 CH

11 OK

12 OK

13 CH

14 CH

1
001

!'---1_0_._1 _

.6x10- 3

---1'-0_._1 _

i·6X10-,_3_--I

1

r-
0
-.-

1
-----

0.89

3,

5x10- 2

-
3,

-
5x10- 2

0.11
-,
3,.

2. 2x l(J,-:2 -,_ ..

:~igure C.6. Event tree for a small LOCA outside the containment (LPCI line at
Quad Cities).
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Table C.l
Some Data Used in the Quantification of the

Frequency of Intersystem LOCAs

Failure Event Failure Data Sources

5. AOV Opened Due to Reversed Air Supply 1.47xlO- 3(/ry)

6. AOV Opened Due to Foreign Material 7.35xlO- 4(/ry)

7. AOV Opened Due to Rusted Linkage 7.35xlO- 4(/ry)

8. AOV Opened Due to Misalignment of Gears 7.35xlO-'+(/ry)

9. AOV Leak 2. 94xlO- 3(/ry)

lO.Check Valve Rupture 8. 80xlO- '+(/ ry)

1. MOV Rupture

2. MOV Transfer Open

3. MOV Failure to Close While Indicating
Closed

4. MOV Inadvertently Opened

1. 20xlO- 3(/ ry)

8.l0xlO- 4(/ry)

1.07xlO- 4(/demand)

3x 10- 3(/demand)

See Appendix D

Seabrook PRA

Seabrook PRA

Handbook of
Human
Reliabili ty
Analysis

See Appendix D

See Appendix D

See Appendix D

See Appendix D

See Appendix D

PSA Procedures
Guide

1l.Check Valve Leak 2. 94xlO- 3(/ry)

l2.Lamda Rupture Square (NOV) 2. 06xlO- 6(/ ry 2)

l3.Lamda Leak Square 2.20xlO- 8(/ry/.)

l4.Lamda Leak Square (AOV) 1.09xlO- 5(/ry?')

l5.Lamda Rust Square 2.l3xlO- 6(/ ry 2)

Same as AOV Leak

EX 2=(EX) 2+var •

EX 2=(EX) /.+var.

EX/.=(EX) 2+var •

EX 2=( EX) 2+var •
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Table C.2
Pipe Rupture Probabilities for Peach Bottom*

Interfacing Lines

LPCI and Vessel
Head Spray

RHR Suction

Core Spray

HPCI

RCIC

Feedwater

Nominal Pipe
Pipe Section Size D (in.)

Injection Line 24
Vessel Head Spray 6
Containment Spray 12
Fuel Pool Cooling 16
Pump Discharge 20
Test Line to Suppres- 18
sion Pool

Suction Line 20
Suction Line 24
Fuel Pool Cooling 16

Injection Line 12
Injection Line 14
Test to Suppression 10

Pool

Pump Suction 14
Suction for CST 16

Pump Suction 6

Suction Piping 20
Suction Piping 12

Pipe Thickness
t (in.)

0.5
0.28
0.375
0.375
0.375
0.375

0.375
0.375
0.375

0.375
0.375
0.365

0.375
0.375

0.28

0.593
0.375

Failure
Probability

1.17xl0- 2
1.74xl0- 3

3.95xl0- 3
9. 34xl0- 3
2.65xl0- 2
1.58xl0- 2

2.65xl0- 2

7.48xl0- 2

9. 34xl0- 3

3.95xl0- 3
5. 52xl0- 3
2. 54xl0- 3

5. 52xl0- 3
9. 34xl0- 3

1.74xl0- 3

2.81xl0- 3
3. 95xl0- 3

*Taken from Appendix E.
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Table C.3
Pipe Rupture Probabilities for Nine Mile Point-2*

Interfacing Lines

LPCI, Shutdown
Cooling Return,
and Steam
Condensing

RHR Suction

LPCS

HPCS

RCIC

Feedwater

Pipe Section

Injection
SDC Return
Drywell Spray
Vessel Head Spray
To S.P. Spray
Fuel Pool Cooling
RCIC Suction
Inlet to HX
Steam Condensing

Suction Line
Suction Line
Fuel Pool

Injection to S.P.

Suction from S.P.

Suction

Suction

Nominal Pipe
Size D (in.)

18
12
16

6
4
8
4

20
8

20
18
10

16
12

14
3

20

6

24

Pipe Thickness
t (in.)

0.5
0.375
0.5
0.28
0.237
0.322
0.237
0.812
0.5

0.5
0.375
0.365

0.5
0.375

0.375
0.216
0.375

0.28

0.968

Failure
Probability

3. 84xl0- 3
3.95xl0- 3

2. 63xl0- 3

1.74xl0- 3

1.19xl0- 3

2.14xl0- 3

1. 19x10- 3

1.06xl0- 3

6.07xl0- 4

5.60xl0- 3

1. 58xl0- 2
2. 54xl0- 3

2.63xl0- 3

3.9 5x 10- 3

5. 52xlO- 3
9.23xlO- 4

2.65xlO- 2

1.74xlO- 3

*Taken from Appendix E.
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Table C.4
Pipe Rupture Probabilities for Quad Cities*

Interfacing Lines Pipe Section
Nominal Pipe
Size D (in.)

Pipe Thickness
t (in.)

Failure
Probability

LPCI and Vessel
Head Spray

RHR Suction

Core Spray

HPCI

RCIC

Feedwater

Inj ection Line 16 0.375
Drywell Spray 10 0.365
Crosstie 18 0.437
Vessel Head Spray to S.P. 4 0.237

14 0.375
6 0.28

Pump Discharge 12 0.375

Suction Line 20 0.375
Fuel Pool Cooling 14 0.375

6 0.28

Injection to S.P. 12 0.375
8 0.337

Suction 16 0.375
4 0.237

Suction 6 0.28

Suction 30 0.625
20 0.5
16 0.375
12 0.375

9. 34xl0- 3
2. 54xl0- 3
6.94xl0- 3
1.19xl0- 3
5.52xl0- 3

1.74xl0- 3

3.95xl0- 3

2.65xl0- 2
5. 52xl0- 3
1.74xl0- 3

3.95xl0- 3
1. 81xl0- 3

9.34xl0- 3

1.19xl0- 3

1.74xl0- 3

9 .96xl0- 3
5. 60xl0- 3
9.34xl0- 3
3. 95xl0- 3

*Taken from Appendix E.
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Table C.5
Line Specific Failure Probabilities Used

in the Small LOCA Event Trees

Q U X V'V" V'" CDP

Peach Bottom
LPCI 0.11 1.0 5x10- ,2/8.4x10- 4 10- 3 0.1 4. 64x10- 3

LPCS 0.11 1.0 5xlO- 2/8.4xlO- 4 10- 3 0.1 4.64xlO- 3

RHR Suction 0.11 1.0 5x10- 2/8.4x10- 4 10- 3 0.1 4. 64x10- 3
Head Spray 0.11 1.0 5xlO- 2/ 8 • 4x10- 4 10- 3 0.1 4. 64x10- 3

Quad Cities
LPCI 0.11 2.2xlO- 2 5x10- 2/ 8 • 4x10- 4 3. 6xlO- 3 0.1 5. 36xlO- 3
LPCS 0.11 2.2xlO- 2 5xlO- 2/8.4x10- 4 10- 3 0.1 5. 36xlO- 3
RHR Suction 0.11 2. 2xlO- 2 5x10- 2/ 8 • 4xlO- 4 3. 6xlO- 3 0.1 5. 36xlO- 3
Head Spray 0.11 2.2x10- 2 5xlO- 2/8.4xlO- 4 3.6x10- 3 0.1 5. 36x10- 3

Q UI U2 X V'V" V" , CDP

Nine Mile Point-2
LPCI 0.11 1.0 2.2x10- 2 5xlO- 4/8. 4xlO- 4 6. 2x10- 4/ 10- 3 0.1 1.08xlO-4

LPCS 0.11 1.0 2.2x10- 2 5x10- 4/8. 4x10- 4 6. 2x 10- 4/ 10- 3 0.1 1. 08x10- 1+

SDC Return 0.11 1.0 2.2x10- 2 5x10- 4/8. 4x10- 4 6. 2x10- 4/ 10- 3 0.1 1.08x10- 4

HPCS 0.11 1.0 1.0 5x10- 4/8.4x10- 4 6.2x10- 4 0.1 1.99x10- 4

Head Spray 0.11 1.0 2. 2x10- 2 5xlO- 4/8. 4xlO- 4 6. 2x10- 4/ 10- 3 0.1 1.08x10- 4

RHR Suction 0.11 1.0 2. 2x10- 2 5x10- 4/8. 4xlO- 4 6.2x10- 4/1O- 3 0.1 1.08x10- 4

Steam Condensing 0.11 1.0 2. 2xlO- 2 5x10- 4/8. 4x10- 4 6. 2x10- 4/ 10- 3 0.1 1.08x10- 4



Plant

Peach Bottom

Nine Mile Point-2

Quad Cities

See Note 1.
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Table C.6
Summary of Results

f(OP) S2 A CDF

9.238-03 3.12E-05 L~. 82E-06 1.02E-06

9.928-03 6.0lE-05 9.83E-06 8.8IE-06

6.89E-03 4.16E-05 J..07E-05 9.32E-07

Table C.7
Summary of Results for Peach Bottom

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.52E-03 2.65E-02 1.52E-05 7.06E-07 7.77E-07

CS 1.52E-03 5.52E-03 1.52E-05 1.15E-07 1.85E-07

HPCI 2.59E-03 9.34E-03 O.OOE+OO 2.64E-08 2.64E-08

RCIC 2.59E-03 1.74E-03 O.OOE+OO 4.91E-09 4.9IE-09

Feedwater I.OOE-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 7.71E-07 7.48E-02 7.52E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.53E-08 2.65E-02 4.49E-08 4.01E-IO 6.10E-IO

S(~e Note 2.
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Table C.8
List of PIVs Tested in Operational Hydrostatic

Test at Peach Bottom

Valve Acceptable Rate

AO-14-13A Testable Check Valve, Core Spray A 360 cc/hr
AO-14-13B Testable Check Valve, Core Spray B 360 cc/hr
AO-IO-46A Testable Check Valve, RHRA 720 cc/hr
AO-IO-46B Testable Check Valve, RHRB 720 cc/hr

MO-IO-25A Inboard Injection Valve, RHRA 720 cc/hr
MO-IO-25B Inboard Inj ection Valve, RHRB 720 cc/hr
HO-14-12A Inboard Inj ection Valve, Core Spray A 360 cc/hr
MO-14-12B Inboard Injection Valve, Core Spray B 360 cc/hr

MO-IO-18 Inboard Suction Valve, RHR Shutdown Cooling 600 cc/hr
MO-1O-17 Outboard Suction Valve, RHR Shutdown Cooling 600 cc/hr

MO-23-19 Inboard Injection Valve, HPCI 420 cc/hr

MO-13-21 Inboard Injection Valve, RCIC 180 cc/hr
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Table C.9
Summary Calculations for LPCI of Peach Bottom

Experience AOV MOV f( OP) P(Rupture) S2 A

Browns Ferry-1 1.47E-03 1.93E-06 2.83E-09 O.OOE+OO 2.83E-ll O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 6.00E-04 8.82E-07 2.65E-02 8.8lE-09 2.34E-10

Rupture
3.00E-03 4.Lf1E-06 2.65E-02 4.41E-08 1.17E-09
Inadvertent Opening
'~.05E-04 5.95E-07 2.65E-02 5.95E-09 1.58E-10
Transfer Open

Browns Ferry Scenario 7.35E-04 2.65E-02 7.35E-06 1.95E-07
(Reverse Air,Inadvertent Opened)

Cooper 7.35E-04 1.93E-06 1. L.2E-09 O.OOE+OO 1.42E-ll O.OOE+OO
(Foreign Haterial) Failure to Reclose

6.00E-04 4.LdE-07 2.65E-02 4.29E-09 1.17E-08
Rupture
3.00E-03 2.20E-06 2.65E-02 2. 15E-08 5.84E-08
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.90E-09 7.89E-09
Transfer Open

Pilgrim-1 7.35E-04 1.93E-06 1.1+2E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) 6.00E-04 4.1+ 1E-07 2.65E-02 4.41E-09 1.17E-10

Rupture
3.00E-03 2.20E-06 2.65E-02 2.20E-08 5.84E-10
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.97E-09 7.89E-ll
Transfer Open

LaSalle-1 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 14,1983 Failure to Reclose
(Misalignment of Gears) 6.00E-04 4.41E-07 2.65E-02 4.29E-09 1.17E-08

Rupture
3.00E-03 2.20E-06 2.65E-02 2. 15E-08 5.84E-08
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.90E-09 7.89E-09
Transfer Open

l"our Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose
(Leakage) 6.00E-04 1.76E-06 O.OOE+OO 1.76E-08 O.OOE+OO

Rupture
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Opening
4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open

See Note 3.
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Table C.10
Summary Calculations for CS of Peach Bottom

Experience AOV MOV f( Op) P(Rupture) S2 A

Browns Ferry-1 1.47E-03 1.93E-06 2.83E-09 O.OOE+OO 2.83E-11 O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 6.00E-04 8.82E-07 5.52E-03 8.82E-09 4.87E-ll

Rupture
3.00E-03 4.4lE-06 5.52E-03 4.41E-08 2.43E-10
Inadvertent Opening
4.05E-04 5.95E-07 5.52E-03 5.95E-09 3.29E-11
Transfer Open

Browns Ferry Scenario
(Reverse Air, Inadvertent Opening)

7.35E-04 5.52E-03 7.35E-06 4.06E-08

1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Reclose

Lf. 41 E-07 5.52E-03 4.41E-09 2.43E-ll

2.20E-06 5.52E-03 2.20E-08 1.22E-lO
Opening

2.98E-07 5.52E-03 2.98E-09 1.64E-ll

1. 93E-06
Failure to
6.00E-04
Rupture
3.00E-03
Inadvertent
4.05E-04
Transfer Open

7.35E-04Pilgrim-l
Sept. 29,1983
(Rusted Linkage)

LaSalle-1 7.35E-04 1.93E-06 1. 42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 14,1983 Failure to Reclose
(Misalignment of Gears) 6.00E-04 4.41E-07 5.52E-03 4.38E-09 2.43E-09

Rupture
3.00E-03 2.20E-06 5.52E-03 2.19E-08 1.22E-08
Inadvertent Opening
4.05E-04 2.98E-07 5.52E-03 2.96E-09 1.64E-09
Transfer Open

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose
(Leakage) 6.00E-04 1.76E-06 O.OOE+OO 1.76E-08 O.OOE+OO

Rupture
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Opening
4.05E-04 1.19E-06 O.OOE+OO 1. 19E-08 O.OOE+OO
Transfer Open

ee Note 3.
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Table C.11
Summary of Calculations for HPCI of Peach Bottom

Experience AOV MOV f( OP) P(Rupture) S2 A

Browns Ferry-1 1.47E-02 1. 20E-03 1.76E-·05 9.34E-03 O.OOE+OO 1.65E-10
Hatch-2 Rupture
(Reversed Air) 6.00E-03 8.82E-·05 9.34E-03 O.OOE+OO 8.24E-10

Inadvertent Opening
8.10E-04 1. 19E-'05 9. 34E-03 O.OOE+OO 1.l1E-10
Transfer Open

Browns Ferry Scenario
(Reverse Air t Inadvertent Opened)

7.35E-04 9.34E-03 O.OOE+OO 6.86E-09

Cooper 7.35E-03
(Foreign Material)

1.20E-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-1O
Ru.pture
6.00E-03 4.41E-05 9.34E-03 O.OOE+OO 4.12E-09
Inadvertent Opening
8.10E-04 5.95E-06 9.34E-03 O.OOE+OO 5.56E-10
Transfer Open

Pilgrim-1 7.35E-03 1.20E-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-11
Sept. 29 t 1983 Rupture
(~~sted Linkage) 6.00E-03 ,~.41E-05 9.34E-03 O.OOE+OO 4.12E-10

Inadvertent Opening
8.10E-04 5.95E-06 9.34E-03 O.OOE+OO 5.56E-11
Transfer Open

Pilgrim Scenario
(~lsted Linkage t HE in Testing)

7.35E-04 9.34E-03 O.OOE+OO 6.86E-09

LaSalle-1 7.35E-03
Sept. 14 t 1983
(Misalignment of Gears)

See Note 3.

1.20E-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-10
Rupture
6.00E-03 4.41E-05 9.34E-03 O.OOE+OO 4.12E-09
Inadvertent Opening
8.10E-04 5.95E-06 9.34E-03 O.OOE+OO 5.56E-10
Transfer Open
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Table C.12
Summary of Calculations for RCIC of Peach Bottom

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l 1.47E-02 1. 20E-03 1.76E-05 1.74E-03 O.OOE+OO 3.07E-ll
Hatch-2 Rupture
(Reversed Air) 6.00E-03 8.82E-05 1. 74E-03 O.OOE+OO 1.53E-I0

Inadvertent Opening
8.10E-04 1.19E-05 1.74E-03 O.OOE+OO 2.07E-ll
Transfer Open

Browns Ferry Scenario
(Reverse Air, Inadvertent Opened)

7.35E-04 1.74E-03 O.OOE+OO 1.28E-09

Cooper 7.35E-03
(Foreign Material)

1.20E-03 8.82E-06
Rupture
6.00E-03 4.41E-05
Inadvertent Opening
8.10E-04 5.95E-06
Transfer Open

1.74E-03 O.OOE+OO 1.53E-I0

1.74E-03 O.OOE+OO 7.67E-I0

1.74E-03 O.OOE+OO 1.04E-I0

Pilgrim-l 7.35E-03 1. 20E-03 8.82E-06 1. 74E-03 O.OOE+OO 1. 53E-ll
Sept. 29,1983 Rupture
(Rusted Linkage) 6.00E-03 4.41E-05 1.74E-03 O.OOE+OO 7.67E-ll

Inadvertent Opening
8.10E-04 5.95E-06 1. 74E-03 O.OOE+OO 1.04E-ll
Transfer Open

Pilgrim Scenario
(Rusted Linkage, HE in Testing)

7.35E-04 1.74E-03 O.OOE+OO 1.28E-09

LaSalle-l 7.35E-03
Sept. 14,1983
(Misalignment of Gears)

See Note 3.

1.20E-03 8.82E-06
Rupture
6.00E-03 4.41E-05
Inadvertent Opening
8.10E-04 5.95E-06
Transfer Open

1.74E-03 O.OOE+OO 1.53E-I0

1.74E-03 O.OOE+OO 7.67E-I0

1.74E-03 O.OOE+OO 1.04E-I0
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Table C.13
Summary of Results for Nine Mile Point-2

Line f(OP) P(Rupture) S2 A CDF

LPCI 1.33E-Os 3.9sE-03 7.98E-06 8.84E-09 9.97E-09

LPCS 3.69E-06 3.9sE-03 2.22E-06 2.92E-ll 3~43E-10

SDC Return 8.86E-06 3.9sE-03 s.32E-06 s.89E-09 6.64E-09

HPCS 2.6sE-07 2.6sE-02 2.6sE-07 8.61E-14 s.29E-ll

Vessel Head Spray 4.3sE-06 1.74E-03 s.OsE-08 9.28E-13 2.21E-10

Feedwater 1.00E-03 1.03E-03 O.OOE+OO 1.03E-06 1.lsE-09

RHR Suction 7.71E-07 1.58E-02 7.67E-07 4.07E-09 4.1sE-09

Steam Condensing 8.89E-03 3.95E-03 4.40E-05 8.78E-06 8.78E-06

See Note 2.
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Table C.14
PIVs Tested in PIV Leak Rate Test at Nine Mile Point-2

Valve

F04l( 16)*
F042(24)

F009(112)
F008( 113)

F050(39)
F053(40)

F052(22)
F218(80)
F051(21)
F087(23)

F006(101)
F005(104)

F005(108)
F004( 107)

F066(l57)
F065(l56 )

Success Criteria
Description Gal/Min

Testable Check Valve, LPCI 5.0
Injection Valve, LPCI 5.0

Shutdown Cooling Suction Valve 5.0
Shutdown Cooling Suction Valve 5.0

Testable Check Valve, Shutdown Cooling Return 5.0
Injection Valve, Shutdown Cooling Return 5.0

Steam Supply to RHR HX 4.0
RHR Steam Line Bypass 0.5
RHR HX Press. Cont. 4.0
Steam Supply to RHR HX 4.0

Testable Check Valve, LPCS 5.0
Injection Valve, LPCS 5.0

Testable Check Valve, HPCS 5.0
Injection Valve, HPCS 5.0

Testable Check Valve, RCIC 1.0
Testable Check Valve, RCIC 1.0

*Number in parenthesis is the valve number used by Stone & Webster.
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Table C.lS
Summary Calculations for LPCI of NinE! Hile Point-2

Experience AOV HOV f(OP) P(Rupture) S2 A

Cooper 7.3SE-04 6.00E-04 4.4J.E-07 3.9SE-03 4.39E-07 1.74E-09
(Foreign Haterial) Rupture

4.0SE-04 2.98E-07 3.9 SE-03 2.96E-09 1.18E-09
Transfer Open

Pilgrim-I 7.35E-04 6.00E-04 4.41E-07 3.95E-03 4.41E-07 1.74E-ll
Sept. 29,1983 Rupture
(Rusted Linkage) 4.0SE-04 2.98E-07 3.95E-03 2.98E-09 1.18E-ll

Transfer Open

Four Remaining 2.94E-03 6.00E-04 1.76E-06 O.OOE+OO 1.76E-06 O.OOE+OO
Incidents Rupture
(Leakage) 4.05E-04 l.l9E-06 O.OOE+OO l.l9E-08 O.OOE+OO

Transfer Open

See Note 3.

Table C.16
Summary Calculations for LPCS of Nine Hile Point-2

:Experience AOV HOV f( Op) P(Rupture) S2 A

:Pilgrim-I 7.35E-04 6.00E-04 4.41E-07 3.9SE-03 4.41E-07 1.74E-ll
Sept. 29,1983 Rupture
(Rusted Linkage) 4.0SE-04 2.98E-07 3.9SE-03 2.98E-09 1.18E-ll

Transfer Open

Four Remaining 2.94E-03 6.00E-04 1.76E-06 O.OOE+OO 1.76E-06 O.OOE+OO
Incidents Rupture
(Leakage) 4.0SE-04 l.l9E-06 O.OOE+OO l.19E-08 O.OOE+OO

Transfer Open

See Note 3.
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Table C.17
Summary Calculations for HPCS of Nine Mile Point-2

Experience AOV MOV Check f( OP) p( Rupture) 82 A

Pilgrim-1 7.35E-04 2.14E-04 5.88E-02 9.25E-09 O.OOE+OO 9.25E-09 O.OOE+OO
Sept. 29,1983 Failure Leak
(Rusted Linkage) to Reclose 4.40E-04 6.92E-11 O.OOE+OO 6.92E-11 O.OOE+OO

Rupture
6.00E-04 5.88E-02 2.59E-08 O.OOE+OO 2.59E-08 O.OOE+OO
Rupture Leak

4.40E-04 1.94E-10 2.65E-02 1.94E-10 5.14E-14
Rupture

4.05E-04 5.88E-02 1.75E-08 O.OOE+OO 1.75E-08 O.OOE+OO
Transfer Leak
Open 4.40E-04 1. 31E-10 2.65E-02 1.31E-10 3.47E-14

Rupture

Four Remaining 2.94E-03 2. 14E-04 5.88E-02 3.70E-08 O.OOE+OO 3.70E-08 O.OOE+OO
Incidents Failure Leak
(Leakage) to Reclose 4.40E-04 2. 77E-lO O.OOE+OO 2. 77E-lO O.OOE+OO

Rupture
6.00E-04 5.88E-02 1.04E-07 O.OOE+OO 1.04E-07 O.OOE+OO
Rupture Leak

4.40E-04 7.76E-10 O.OOE+OO 7.76E-10 O.OOE+OO
Rupture

4.05E-04 5.88E-02 7.00E-08 O.OOE+OO 7.00E-08 O.OOE+OO
Transfer Leak
Open 4.40E-04 5.24E-10 O.OOE+OO 5.24E-10 O.OOE+OO

Rupture

~heck = Check Valve Failure Probability.
3ee Note 3.
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Table C.18
Summary of Calculations for Vessel Head Spray of Nine Hile Point-2

Experience
AOVI AOV2 AOV HOV f(OP) P(Rupture) S2 A

Leak+Leak S.4SE-06 2.l4E-04 1.63E-09 O.OOE+OO 1.63E-09 O.OOE+OO
LI~ak+Rusted Linkage l.08E-06 Failure to Reclos!~

&~sted Linkage+Leak 1.08E-06 6.00E-04 4.S7E-09 O.OOE+OO 4.S7E-09 O.OOE+OO
Rupture

Total 7.6lE-06
S.OOE-Ol 3.80E-06 O.OOE+OO 3.80E-08 O.OOE+OO
Open in Test
4.0SE-04 3.08E--09 O.OOE+OO 3.08E-ll O.OOE+OO
Transfer Open

&~sted Linkage(both) 1.06E-06 2.14E-04 2.28E-IO O.OOE+OO 2.28E-IO O.OOE+OO
Failure to Reclose
6.00E-04 6.39E-lO 1.74E-03 6.39E-lO 1.11E-lS
Rupture
S.OOE-Ol S.32E-07 1.74E-03 5.32E-09 9.27E-13
Open in Test
Lf.OSE-04 4.3lE-lO 1.74E-03 4.31E-12 7.S1E-16
Transfer Open

See Note 3.
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Table C.19
Summary Calculations for Steam Condensing Lines of Nine Mile Point-2

Pair MOVI MOV2 f(OP) P(Rupture) S2 A

F052&F087 4.00E+OO 2.28E-08 9.13E-08 3.95E-03 3.62E-IO 1. 80E-IO
Cycling Rupture
per ry 2.02E-04 8.10E-04 3.95E-03 3.2IE-06 1.60E-06

Transfer Open
1.20E-03 1.50E-04 2.58E-07 3.95E-03 I.02E-09 5.09E-IO
Rupture Rupture

5.00E-OI 6.00E-04 3.95E-03 2.38E-06 1. 19E-06
Interlock Calibration
8.10E-04 9.72E-07 3.95E-03 3.86E-09 1. 92E-09
Transfer Open

F218&F087 4.00E+OO 2.28E-08 9.l3E-08 3.95E-03 5.43E-IO O.OOE+OO
Cycling Rupture
per ry 2.02E-04 8.10E-04 3.95E-03 4.81E-06 O.OOE+OO

Transfer Open
1.20E-03 1.50E-04 2.58E-07 3.95E-03 1.53E-09 O.OOE+OO
Rupture Rupture

S.OOE-OI 6.00E-04 3.9SE-03 3.S7E-06 O.OOE+OO
Interlock Calibartion
8.10E-04 9.72E-07 3.95E-03 5.78E-09 O.OOE+OO
Transfer Open

F052&FOSI 4.00E+OO 2.28E-08 9.l3E-08 3.9SE-03 3.62E-I0 1.80E-IO
Cycling Rupture
per ry 2.02E-04 8.10E-04 3.9SE-03 3.21E-06 1.60E-06

Transfer Open
1.20E-03 1.S0E-04 2.58E·-07 3.95E-03 1.02E-09 5.09E-IO
Rupture Rupture

8.10E-04 9.72E-07 3.95E-03 3.86E-09 1. 92E-09
Transfer Open

F218&F051 4.00E+OO 2.28E-08 9.l3E-08 3.95E-03 5.43E-I0 O.OOE+OO
Cycling Rupture
per ry 2.02E-04 8.10E-04 3.95E-03 4.81E-06 O.OOE+OO

Transfer Open
1.20E-03 1.50E-04 2.58E-07 3.95E-03 1. 53E-09 O.OOE+OO
Rupture Rupture

8.10E-04 9.72E-07 3.95E-03 5.78E-09 O.OOE+OO
Transfer Open

See Note 3.
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Table C.20
Summary of Results for Quad Cities

Line f(OP) P(Rupture) S2 A CDF

LPCI 2.07E-03 9.34E-03 2.07E-OS S.60E-07 6.71E-07

CS 2.0IE-03 3.95E-03 2.0IE-OS 1.20E-07 2.28E-07

HPCI 9.03E-04 9.34E-03 O.OOE+OO 8.79E-09 8.79E-09

RCIC 9.03E-04 1.74E-03 O.OOE+OO 1. 64E-09 1.64E-09

Feedwater I.OOE-03 9.96E-03 O.OOE+OO 9.96E-06 1.12E-08

RHR Suction 7.7IE-07 2.65E-02 7.64E-07 6.82E-09 I.09E-08

Vessel Head Spray 4.53E-08 9.34E-03 4.52E-08 1.4IE-IO 3.84E-IO

See Note 2.
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Table C.21
Summary Calculations for LPCI of Quad Cities

Experience AOV MOV f( OP) P(Rupture) S2 A

Browns Ferry-1 1.47E-02 2.S7E-03 3.77E-OS O.OOE+OO 3.77E-07 O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 1.20E-03 1.76E-OS 9.34E-03 1. 76E-07 1.6SE-09

Rupture
8.10E-04 1. 19E-OS 9.34E-03 1.19E-07 1.11E-09
Transfer Open

Cooper 7.3SE-03 2.S7E-03 1.89E-OS O.OOE+OO 1.89E-07 O.OOE+OO
(Foreign Material) Failure to Reclose

1.20E-03 8.82E-06 9.34E-03 8.73E-08 8.24E-08
Rupture
8.10E-04 S.9SE-06 9.34E-03 S.90E-08 S.S6E-08
Transfer Open

Pilgrim-1 7.3SE-03 2.S7E-03 1.89E-OS O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) I.20E-03 8.82E-06 9.34E-03 8.82E-08 8.24E-IO

Rupture
8.10E-04 S.9SE-06 9.34E-03 S.9SE-08 S.S6E-IO
Transfer Open

LaSalle-1 7.3SE-03 2.S7E-03 1.89E-OS O.OOE+OO 1. 89E-07 O.OOE+OO
Sept. 14,1983 Failure to Reclose
(Misalignment of Gears) 1.20E-03 8.82E-06 9.34E-03 8.73E-08 8.24E-08

Rupture
8.10E-04 S.9SE-06 9.34E-03 S.90E-08 S.S6E-08
Transfer Open

Four Remaining 2.94E-02 2.S7E-03 7.SSE-OS O.OOE+OO 7.SSE-07 O.OOE+OO
Incidents Failure to Reclose
(Leak) 1.20E-03 3.S3E-OS O.OOE+OO 3.S3E-07 O.OOE+OO

Rupture
8.10E-04 2.38E-OS O.OOE+OO 2.38E-07 O.OOE+OO
Transfer Open

Vermont Yankee Scenario
(Leak, Failure to Fully Close)

See Note 3.

7.3SE-04 O.OOE+OO 7.3SE-06 O.OOE+OO
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Table C.22
Summary Calculations for CS of Quad Cities

Experience AOV MOV f(OP) P(Rupture) 82 A

Browns Ferry-1 1. ,47E-02 2.S7E-03 3.77E-OS O.OOE+OO 3.77E-07 O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 1.20E-03 1.76E-05 3.9SE-03 1.76E-07 6.97E-10

Rupture
8.10E-04 1. 19E-OS 3.9 SE-03 1.19E-07 4.70E-10
Transfer Open

Pilgrim-1 7.35E-03 2.57E-03 1. 89E-OS O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) 1.20E-03 8.82E-06 3.9SE-03 8.82E-08 3.48E-10

Rupture
8.10E-04 S.95E-06 3.9SE-03 S.9SE-08 2.35E-10
Transfer Open

LaSalle-1 7.35E-03 2.57E-03 1.89E-05 O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 14,1983 Failure to Reclose
(Misalignment of Gears) 1.20E-03 8.82E-06 3.9SE-03 8.78E-08 3.48E-08

Rupture
8.10E-04 S. 9SE-06 3.9SE-03 S.93E-08 2.3SE-08
Transfer Open

Four Remaining 2.94E-02 2.S7E-03 7.5SE-OS O.OOE+OO 7.S5E-07 O.OOE+OO
Incidents Failure to Reclosle
(Leak) 1.20E-03 3.53E-OS O.OOE+OO 3.S3E-07 O.OOE+OO

Rupture
8.10E-04 2.38E-OS O.OOE+OO 2.38E-07 O.OOE+OO
Transfer Open

Vermont Yankee Scenario
(Leak, Failure to Fully Close)

See Note 3.

7.3SE-04 O.OOE+OO 7.35E-06 O.OOE+OO
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Table C.23
Summary of Calculations for HPCI of Quad Cities

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l 1.47E-02 1.20E-03 1.76E-OS 9.34E-03 O.OOE+OO 1.6SE-IO
Hatch-2 Rupture
(Reverse Air) 8.10E-04 1.19E-OS 9.34E-03 O.OOE+OO 1.IIE-lO

Transfer Open

Cooper 7.3SE-03 1.2OE-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-ll
(Foreign Material) Rupture

8.10E-04 S.9SE-06 9.34E-03 O.OOE+OO S.S6E-ll
Transfer Open

Pilgrim-l 7.3SE-03 l.2OE-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-ll
Sept. 29 t l983 Rupture
(Rusted Linkage) 8.l0E-04 S.9SE-06 9.34E-03 O.OOE+OO 5.S6E-ll

Transfer Open

Pilgrim Scenario 7.35E-04 9.34E-03 O.OOE+OO 6.86E-09
(Rusted Linkage t HE in Testing)

LaSalle-l 7.35E-03 1. 2OE-03 8.82E-06 9.34E-03 O.OOE+OO 8.24E-IO
Sept. 14 t l983 Rupture
(Misalignment of Gears) 8.10E-04 5.95E-06 9.34E-03 O.OOE+OO 5.56E-IO

Transfer Open

See Note 3.
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Table C.24
Summary of Calculations for RCIC of Quad Cities

Experience AOV MOV f( Op) P(Rupture) S2 A

Browns Ferry-l 1.,47E-02 1.20E-03 1.76E-OS 1.74E-03 O.OOE+OO 3.07E-ll
Hatch-2 Rupture
(Reverse Air) 8.10E-04 1.19E-OS 1.74E-03 O.OOE+OO 2.07E-ll

Transfer Open
2.S7E-03 1.89E-OS O.OOE+OO O.OOE+OO O.OOE+OO
Failure to Reclose

Cooper 7.35E-03 1.20E-03 8.82E-06 1. 74E-03 O.OOE+OO I.S3E-ll
(Foreign Material) Rupture

8.10E-04 S.9SE-06 1. 74E-03 O.OOE+OO 1.04E-11
Transfer Open

F'ilgrim-l 7.3SE-03 1.20E-03 8.82E-06 1.74E-03 O.OOE+OO 1.S3E-ll
Sept. 29,1983 Rupture
(Rusted Linkage) 8.10E-04 S.9SE-06 1.74E-03 O.OOE+OO 1.04E-ll

Transfer Open

Pilgrim Scenario 7.3SE-04 1.74E-03 O.OOE+OO 1.28E-09
(Rusted Linkage, HE in Testing)

LaSalle-1 7.35E-03 1.20E-03 8.82E-06 1.74E-03 O.OOE+OO I.S3E-I0
Sept. 14,1983 Rupture
(Misalignment of Gears) 8.10E-04 S.95E-06 1.74E-03 O.OOE+OO 1.04E-I0

Transfer Open

See Note 3.



C-48

Notes for Appendix C Tables

Note 1: f(OP) = Frequency of Overpressurization (fry).
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).

Note 2: f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry) •..

Note 3: AOV = Failure Rate of Air-Operated Check Valve (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
8 2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (fry).
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APPENDIX D: Discussions on Data Used i.n Quantification
of the Frequency of Interfacing LOCA

This appendix discusses the sources of some failure data listed in Table
4.1, and provides the derivation for the rest of the failure rate data listed in
Table 4.1. Table 4.1 is reproduced in Table D.1. Each failure event in the
table is discussed as follows.

1. MOV Rupture - This failure represents catastrophic failure of MOV such that
the valve is widely open. An LER search was performed to identify failures
of injection valves in LPCI, LPCS, HPCI/HPCS, and RCIC systems in BWRs.
Five events were found, in which the valve disc was separated from the
stem. The number of injection valves for each plant was determined by the
information provided in the Event-V inspection report for region I reactors 1

and the FSARs for other plants. The number of reactor years for each plant
was obtained from the Grey Book dated February 1986. The total number of
BWR injection valve years is the summation of the products of the number of
injection valves and the number of reactor years. It was estimated to be
4173 valve years. Therefore, the failure rate was calculated as the number
of failures divided by the number of valve years, i.e., 1.2x10- 3 per year.

2. MOV Transfer Open - This failure mode represents failures in which an MOV is
opened inadvertently due to human errors during test or maintenance, or due
to failures of hardware sueh as valve control circuits and power supplies.
The failure rate for this failure mode was taken from Seabrook PSA,2 where
generic data was used to estimate this failure rate.

3. MOV Failure to Close While Indicating Closed - This failure mode represents
failures in which an MOV fails to close fully after being opened, such that
the valve is leaking while the indication in the control room shows the
valve to be closed. The failure data for this failure mode was also taken
from the Seabrook PSA. This failure mode results in limited leakage through
the valve. If an interfacing LOCA occurs with an ~10V failed in this mode,
the LOCA is limited to a small LOCA.

4. MOV Inadvertently Opened - This failure mode represents operator error
during logic system functional test at Peach Bottom, such that the injection
valve is opened inadvertently. While performing the test, the operator is
supposed to energize a relay to inhibit the open signal to the injection
valve. The procedure requires the operator to initial this step after
performing it. If this step is skipped, the injection valve will open when
the actuation signal is inserted. The human error probability for this
event was taken from the handbook for human reliability analysis. 3 The
probability of error of omission in use of written procedures, with check
off provisions and long list of items, was used.

5-9. Air-Operated Check Valve Failure Modes - The nine incidents of failures of
air-operated check valves identified in Section 3 were used to estimate the
failure rates of five failure modes. Similar to the analysis done for MOV
rupture, the number of air--operated check valves at each BWR was estimated
using the region I Event-V report and FSARs, and the number of reactor years
was estimated based on the Grey Book. The nu.mber of valve years was
estimated to be 1361. Therefore, the failure: rate for each failure mode is
equal to the number of events divided by 1361. For example, the frequency
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that the air-operated check valve is held open due to reversed air supply
was calculated based on two events, Browns Ferry-l and Hatch, in 1361 years,
i.e., 1.47xl0- 3 per year. Similarly, the frequency for the failure mode
that the check valve is held open by foreign material was estimated using
the Cooper incident. The frequency that the check valve is opened due to
rusted linkage between the valve stem and the air operator was estimated
using the Pilgrim incident. The frequency that the valve is held open due
to misalignment of gears between the check valve and its operator was
estimated based on the incident at LaSalle-Ion September 14, 1983. The
four remaining failures identified in Section 3 represent leaks through the
check valves. They are used to estimate the frequency of check valve
leakage.

10. Check Valve Rupture - This represents catastrophic failure of the check
valve. The failure rate was taken from the PSA procedures GUide,4 where the
failure rate was estimated using experts' opinion in a reliability data
workshop.

11. Check Valve Leak - ~lliis failure mode applies to the pump discharge check
valve in the high pressure core spray system of Nine Mile Point-2. The
failure rate was assumed to be the same as that of the testable check valve.

12-15. Squares of Failure Rates - Some isolation valve arrangements involve two
valves of the same type in series, e.g., RHR shutdown cooling suction and
vessel head spray at Nine Mile Point-2. Therefore, two valves may fail due
to the same failure mode, e.g., both RHR suction valves may fail due to
rupture. The expression for the failure of both valves involves the square
of the failure rate. Due to the uncertainties in the failure rates, the
point values were considered the means of the probability distributions for
them. The mean of the square of a random variable is related to the mean of
the random variable by the following:

E(X 2) = (EX) 2 + variance (X)

where E(X2) is the mean of the square of X, EX is the mean of X, and
variance (X) is the variance of X. In order to use this equation, the
variance or the probability distribution of X is needed. How to calculate
each of the squares of the failure rates is explained in the following:

MOV Rupture - The probability distribution for catastrophic failure of an
MOV, given in the PSA Procedure GUide,4 was used as a prior distribution. A
Bayes update using the evidence of five events in 4173 years was performed.
The mean of the square was calculated using the discretized probability
distribution for the posterior distribution.

MOV Leak - The probability distribution for this failure made is given in
the Seabrook PSA. 2 The parameters for the lognormal distribution were
calculated to be

~ = -9.429 and a

The corresponding variance is 1.05xl0- 8•

0.808



D-3

AOV Leak - The probability distribution for minor internal leakage of check
valves, given in PSA Procedures Guide, 4 was used as the prior distribution.
A Bayes updating was performed using the evidence of four events in 1361
years to obtain a posterior distribution. The mean of the square was
calculated using the discretized probability distribution for the posterior
distribution.

AOV Rusted Linkage - The same procedure as that for AOV leak was used except
that the evidence was one event in 1361 years.
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2. Pickard, Lowe and Garrick" Inc., "Seabrook Station Probabilistic Safety
Assessment," Prepared for Public Service Company of New Hampshire and Yankee
Atomic Electric Company, PLG-0300, December 1983.

3. A. D. Swain and H. E. Guttman, "Handbook of Human Reliability Analysis with
Emphasis on Nuclear Power Plant Applications," NUREG/CR-1278, August 1983.

4. R. A. Bari et ale, "Probabilistic Safety Analysis Procedures Guide,"
NUREC/CR-2815, July 1985.
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Table D.l
Some Data Used in the Quantification of the

Frequency of Intersystem LOCAs

Failure Event Failure Data Sources

5. AOV Opened Due to Reversed Air Supply 1.47xl0- 3(jry)

6. AOV Opened Due to Foreign Material 7. 35xlO- 4(j ry)

7. AOV Opened Due to Rusted Linkage 7. 35xlO- 4(j ry)

8. AOV Opened Due to Misalignment of Gears 7.35xlO- 4(jry)

9. AOV Leak 2. 94xlO- 3(j ry)

1O.Check Valve Rupture 8. 80xlO- lf (j ry)

1. MOV Rupture

2. MOV Transfer Open

3. MOV Failure to Close While Indicating
Closed

4. MOV Inadvertently Opened

1.20xlO- 3(jry)

8.l0xlO- 4(jry)

1.07xlO- 4(/demand)

3x 10- 3( / demand)

See Appendix D

Seabrook PRA

Seabrook PRA

Handbook of
Human
Reliability
Analysis

See Appendix D

See Appendix D

See Appendix D

See Appendix D

See Appendix D

PSA Procedures
Guide

ll. Check Valve Leak 2.94xlO- 3(jry)

12.Lamda Rupture Square C1'lOV) 2.06xlO- 5(j ry 2)

13. Lamda Leak Square 2.20xlO- 8(j ry 2)

14.Lamda Leak Square (AOV) 1.09xlO- 5(j ry 2)

15.Lamda Rust Square 2.13xlO- 6(j ry 2)

Same as AOV Leak

EX 2=(EX) 2+var •

EX?-=(EX) ?-+var.



E-1

APPENDIX E: Interfacing LOCA Pipe Break Probability

An estimate of thE~ likelihood that the low pressure p1p1ng in a particu­
lar plant will fail when subjected to overpressurization is an essential item
needed to assess the core damage frequency resulting from an interfacing sys­
tem LOCA. The purpose of this appendix is to establish a reasonable pipe
rupture probability associated with interfacing tOCA in both BWRs and PWRs.
This pipe failure probability estimate is based on the limited amount of data
available in this area and on a good deal of engineering judgement.

Review of Industry Estimates of Pipe Failure Dur:i.n~ In~erfacing LOCA

As an initial step, the sections dealing with pipe rupture of three
industry documents on the subject of interfacing LOCA were reviewed:

1. "Seabrook Station Risk Management and Emergency Planning Study,"
PLG-0432, December 1985.

2. Fauske & Associates, Inc., "Evaluation of Containment Bypass and
Failure to Isolate Sequences for the IDeOR Reference Plants," Draft
Report FAI/84--9, July 1984.

3. Draft of GE Report, "BWR Owners Group Assessment of Emergency Core
Cooling System Pressurization in Boiling Water Reactors," by Mehta
and Howard.

For convenience, these reports are referred to as Seabrook, IDCOR, and
BWROG in the subsequent: discussion.

Section 3 of Seabrook, entitled "SSPSA Plant Model Update," briefly dis­
cusses the Seabrook RHR piping strength and rupture probability. Seabrook
states that the piping involved is Schedule 40, 304 stainless steel piping
with a maximum diameter of 16 inches on the suction side. While the pipe is
designed for a pressure of 600 psig, during an interfacing LOCA it may experi­
ence a pressure of 2,250 psia. Seabrook proceeds to model the overpressuriza­
tion as quasi-static, based on the arguments madE~ in the IDCOR report
(discussed here later). The conclusion stated in Seabrook is that, with a
2250 psia pressure, thE! hoop stress 0h will approach the yield stress of 35
ksi (kilopounds per square inch). (This can be easily verified. For a
Schedule 40, 16 inch pipe

2,250 psi (15.5)
CYh = 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 0.001.
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The following observations 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 experiences. A standard reference work on
stainless steels gives a value of 24 ksi as the yield for 304 SS at 500°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 two references, Seabrook treats the
problem only quasi-statically.

The InGOR document considers interfacing system LOGA 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, InGOR describes 20 inch piping made of ASTM A106 B with a
wall thickness of 0.95 cm (0.375 in.). According to InGOR, this piping could
be exposed to pressures approaching 7 MPa (megapascals) (1,000 psia). The
subsequent stress calculations in InGOR are difficult to make sense of: For
the pipe described at 7 MPa of internal pressure, InGOR cites a hoop stress of
375 MPa. This is clearly wrong. The correct stress is only

7 MPa (49.85 cm) = 184 MPa (26.6 ksi) •
2 (.95 cm)

However, InGOR also cites the yield stress for A-106 Grade B as 414 MPa (60
ksi) but this value is actually the ultimate stress of this material. The
yield stress is only 241 MPa (35 ksi) at room temperature and more like 186
MPa (27 ksi) for 500°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, InGOR considers 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 cm. This
low pressure piping could be exposed to 15.5 MPa (2,250 psia) according to
InGOR. The resulting hoop stress is correctly cited as 233 MPa (33.8 ksi) but
the yield stress for 316 SS is given by InGOR as 552 MPa (80 ksi). This again
is an ultimate stress not a yield stress. 316 SS has a yield l of about 276
MPa (40 ksi) at room temperature and about 173 MPa (25.1 ksi) at 500°F.
Therefore the hoop stress is likely to be above yield even without allowance
for corrosion which is not considered. Again dynamic effects are dismissed.

For the Grand Gulf calculation InGOR refers back to the Peach Bottom
discussion. Sequoyah is considered similar to Zion.

Of all three documents, document number 3, the BWROG report, has the most
extensive sections dealing with pipe failure. Piping integrity is evaluated
using three different criteria:

1) Hoop stress versus burst margins.
2) Limiting axial flaw length in the plplng.
3) Pipe rupture probability at a circumferential butt weld.
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probabilistic and BWROG cites the probability calculated via the third method
as the overall piping failure probability. This approach is inconsistent.
The other two criteria should be applied probabilistically also, and all
indications are they would produce higher pipe failure probabilities than the
third method, which BWROG relies on.

For the first crit,eria, comparison of pipe hoop stress during overpres­
surization with burst margin, typical pipes from the Core Spray, RCIC, HPCI
and RHR systems are analysed in BWROG. Pipe size range.s from 6 to 24 inch
ODe 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 reportl~d 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 ksi as yield and 60 ksi as ultimate stress at 550°F. An
allowance of .08 inches in wall thickness, regardless of diameter, due to
corrosion is also made. The hoop stress calculations in BWROG show the
following values:

Pipe Size (in.)

6
14
16
20
24

16.3
23.9
27.4
34.5
28.9

Since none of the calculated hoop stresses exceeds 54 ksi, the conclusion
in BWROG is that pipe failure will not occur, i.e .. , has zero probability.
This is an inappropriate! approach. Both the burst hoop stress and the actual
total stress in the pipe! should be considered as statistical variables which
can take on a range of values. For instance, three of the hoop stresses above
are higher than the yield stress of 27 ksi. A probabilistic approach such as
that used by Seabrook, discussed earlier, where a hoop stress equal to the
yield stress means a .01 failur,e probability, would imply that the failure
probabilities of the 16, 20 and 24 inch pipes are all greater than 0.0l!

The application of the second criteria in BWROG, Hmiting axial flaw
length calculated via a limit load approach, suffe!rs from the same
inconsistencies as the hoop stress comparison just discussed: A deterministic
application of the equations involved reaches the conclusion that the smallest
crack length which will lead to failure is 2.4 inehes and, since this is too
large to remain undetected, failure cannot occur. Without even discussing the
question of whether a 2.4 inch flaw will always be detected in time, the
approach used can be again termed inconsistent: If the flow stress and hoop
stress used in the theory were treated as statistical quantities, a range of
crack lengths, some considerably less than 2.4 inches, would result. 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. When such small probabilities are the result of
mathematical models using various assumed inputs to describe a physical
process ,one wonders to IY'hat order of magnitude the result is valid. BWROG
assumes 300 welds per piping system and uses the resulting probability of
3x10- 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 be 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 IDCOR 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 IDCOR TR and by a related calculation in a PL&G memorandum which
show that the maximum pressure in the low pressure pipe cannot exceed the pri­
mary system pressure, Le., no dynamic "pressure spike" is generated which
would result in a higher hoop stress than is calculated in a quasi-static
manner. The IDCOR and PL&G 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-0582, Water Hammer in Nuclear
Power Plants; "•••• local pressure increase is not the only cause of water
hammer damage •••• most of the reported damage can be attributed to forces
produced during the transient at pipe bends and flow area changes. These
forces can cause pipe 'jump' and result in axial forces and bending and
torsional moments." While we are not dealing with a classical water hammer
problem, the interfacing system LOCA causes a transient 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.
Normal isolation valve opening times on the order of lOts 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 weld.s, etc. are all important
in determining the response of the piping system to dynamic loading and
calculating the resulting forces and moments and corresponding stresses.
Obviously no generic calculations are possible and the many piping system and
even segment specific calculations needed would be extremely costly,
especially since differences in assumptions 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 Duri~~LInt.erfacing 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. Given 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 will 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,
similar to the Seabrook approach discussed above, that the estimated
probability applies to the particular piping system in question (RCIC, RHR,
etc.) as a whole. Stress levels in the piping system depend on the imposed
pressure and on the material and geometric properties of the pipe. If a
particular piping system contains segments of different properties, we will
assume the segment with the highest stress level to be the major 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 discussed the approach used by Seabrook, which assumed a
lognormal cumulative failure distribution whose parameters were determined by
assigning percentile constraints at cry, the yield stress and Ou, the
ultimate stress. Seabrook took these constraints to be P(cry) = 0.01
(p(ay ) represents the cumulative failure probability at the yield stress)
and P(au) = 0.99. The 0.99 value at Ou seems reasonable since one can
expect failure at cru with almost certainty. 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
overpressurization 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 P(Oy) = 0.001 for instance,
which seems just as defensible (or indefensible) as Seabrook's P(ar) = 0.01
without data, will shift failure probabilities by an order of magnltude 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 Seabrook's lognormal calculations, with cry = 35 ksi and cru
80 ksi, the mean failure stress is 55.5 ksi 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 E.1 shows a
lognormal distribution for ASTM A106 B constrained by P(ay ) = 0.001 and
P(au ) = 0.99, where cry = 27 ksi and cru = 60 ksi at 500°F. The mean of
this distribution corresponds to 42.1 ksi and the median to 41.7 ksi while
(cry + cru)/2 equals 43.5 ksi. These values of mean and/or median failure
stress relative to cry and cru do not agree with the limited data we do have
on pipe overpressurization, i.e., the burst tests conducted by General
Electric on ASTM A106 B pipe 2 mentioned in BWROG.

Specifically, General Electric conducted burst tests on seamless A106 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 BWRs for much of the
low pressure piping affected by a postulated interfacing LOCA. During the GE
tests the actual yield and ultimate stress of the pipe material used for each
test specimen was determined. The average burst hoop stress of unflawed pipe
specimens was found to be at approximately 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 calculations 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 we feel sure enough about to couch as constraints
for our distribution are the following:

First, the mean failure stress is approximately at 90% of the ultimate
stress. This informati.on is hased on tests done on a series of unflawed pipe
specimens of A106 B ste~eL 2 W,e of course want to include flawed as well as
unflawed pipes in our d.istribution. 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 cou.rse, 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 construct 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 rJ'3.terials of interest: ASTM A106 B, 304SS, and
316S8. We also assume that the average failure stress will be 0.90 of au
for 304 and 316 stainless steel just as it is for ASTM AI06 B, even though the
test data is only for A8TM A106 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 adoptE~d additional
assumptions not supported by the available knowledge. Based on information
theory, certain axioms for measuring uncertainty can bE~ established 3 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. 1+

For our problem we have a finite variable range and we presume to know
the first moment and one percentile constraint. 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 E.2, E.3, and E.4 show the cumulative probability functions
calculated by the code for the three materials of interest. The ultimate
stress values at 500°F for all three steels used to determine the probability
curves shown are listed in Table E.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 304S8 the failure
probability at yield shown in Figure E.3 is 2. 5x10- 3, a factor of four lower
than the value at yield assumed by Seabrook to quantify its lognormal
distribution even though Seabrook used a room temperature yield of 35 ksi
compared to our 24 ksi corresponding to 500°F. The 316SS failure probability
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is 2.0xl0- 3 at yield (Figure E.4) while for AI06 B failure at yield is up to
8.1xl0- 3 (Figure E.2) - not surprising since AI06 B has a considerably lower
au than the two stainless steels.

During normal operating conditions these p1p1ng systems are stressed in
the range of 10 to 15 ksi. As the figures show, failure probabilities here
are typically an order of magnitude less than at yield. At 10 ksi 304SS has a
cumulative failure probability of 2.3xl0- 4 ; for 316SS it is 2.0xl0- 4 and for
AI06 B the value is 5.4xl0- 4• 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 E.2, E.3, and E.4 provide reasonable estimates of
pipe failure probability vs. pipe stress during an interfacing system LOCA.

If the overpressurization of the piping occurs "slowly" enough so that
pipe motion and associated dynamic effects can be neglected, the stress in the
pipe can be taken equivalent to the hoop stress due to the 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 or gradual failure would appear to be the more usual scenario. If
the stress in Figures E.2 through E.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 E.2, E.3,
and E.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 shear 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 D/t. Tables E.2,
E.3, and E.4 list the failure probabilities due to hoop stress of a number of
typical pipe sizes for expected maximum overpressures as derived from the
probability curves in Figures E.2, E.3, and E.4. Table E.2 and Figure E.2 are
for BWRs with 106 Grade B carbon steel and SOO°F. Tables E.3 and E.4 as well
as Figures E.3 and E.4 are for PWRs. Table Eo3 and Figure E.3 are for 304
stainless steel at SOO°F. Table E.4 and Figure E.4 are for 316 stainless
steel at SOO°F.
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Steel

AI06 GrB Carbon*

304 Stainless**

316 Stainless**
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Table E.1
Steel Properties at 500°F

Yield Stress Ultimate Stress
k!;:L (MPa) kBi (MPa)

27 (186.2) 60 (413.7)

21. (165.5) 6L~. 6 (445.4)

25.1 (173.1) 12.5 (499.9)

*From BWROG document and Metals Handbook Ninth Edition, AMS, 1978.
**From Reference 1.

Table E. 2
Failure Probabilities for Some BWR Pipes at Maximum Overpressure

Material: AI06 GrB Carbon Sted
Properties at 500°F: (J = 27 ksi au = 60 ksi
Internal Pressure: 10~0 psia

As Built Corroded*---Nominal Hoop- Failure Hoop- Failure
Pipe Size stress Proba- stress Proba-

(in. ) Schedule nit (ksi) bility D/t (ksi) bility

3 Std. 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 21.10 3.36-3 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 60 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 E.3
Failure Probabilities for Some PWR Pipes at Maximum Overpressure

Material: 304 Stainless Steel
Properties at 500°F: CJy = ~4 ksi au = 64.6 ksi
Internal Pressure: 2250 pS1.a

As Built Corroded*
Nominal Hoop- Failure Hoop- Failure

Pipe Size stress Proba·- stress Proba-
(in. ) Schedule D/t (ksi) bility D/t (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 1Lf.91 16.77 7.54-4
4 80S 12.35 13.90 4.66-4 16.51 18.57 1.01-3
6 40S 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 40S 25.79 29.01 5.08-3 34.64 38.97 2.29-2

10 20 42.00 47.25 7.99-2 62.24 70.01 ~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 1l.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 E.4
Failure Probabilities for Some PWR Pipes at Maximum Overpressure

Material: 316 Stainless Steel
Properties at 500°F: cry = 25.1 ksi CU= 72.5 ksl
Internal Pressure: 2250 psia

As Built Corroded*---- Failure FailureNominal Hoop- Hoop-
Pipe Size stress Proba- stress Proba-

(in. ) Schedule D/t (ksi) bility D/t (ksi) bility

2 80S 9.89 11.13 2.49-4 16.21 18.24 7.52-4
2.5 lOS 22.96 25.83 1.90-3 i'0.88 79.73 N1.0
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 40S 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 40S 25.79 29.01 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 lOS 69.83 78.56 N1.0 126.50 142.31 ,vl.0
12 20 50.00 56.25 1.24-1 74.00 83.25 v1.0
14 10 55.00 61.88 2.61-1 81.35 91.52 "1.0
14 30 36.33 40.88 1.63-2 46.46 52.26 7.33-2
14 40 31.04 34.92 7.38-3 38.22 42.99 2.15-2
14 140 10.20 11.48 2.65-4 10.97 12.34 3.05-4

*All wall thickness reduced by 0.08 inches for corrosion allowance regardless
of pipe size.
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APPENDIX F: Sensitivity Caleulations

In this appendix, the results of some sensitivity calculations on pipe
rupture probability and common mode failure are presented. They are shown in
Tables F.l to F.17.

1. Pipe Rupture Probab:llity - Three values for conditional probability
of rupture were used in the calculations~ Le., 10-1, 10- 3, and
3. Ox 10- 5.

2. Common Mode Failure .- The survey of operating experience discussed in
Section 3 did not identify any evidence of common mode failures of
pressure isolation valves besides the feedwater check valve failures
at San Onofre-I. As a sensitivity study, common mode failure was
considered where two identical valves are in series by assuming that
the beta factor may take on three pos~ible values, 0, 0.05, and 0.1.
When the beta factor is equal to zero, it. rE!presents the case that
the failures are independent. The value of 0.1 was chosen because it
is typically Llsed for screening purposes. The following lines
contain two idantir~l valves in series:

• RHR Suction Lines -' Common mode failure is considered for the
rupture failure mode •

• Steam Cond,ensing Lines of Nine Mile Point-'2 - Common mode failure
is considered for the rupture failure mode.
Vessel Head Spray for Nine Mile Point-2 - Common mode failure is
considered for the failure mode of rusted linkage of the
air-operated check valves.
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Table F.l
Summary of Results - Sensitivity

Plant Beta f(OP) P(Rupture) S2 A CDF

Peach Bottom 0.0 9.23E-03 1.00E-01 3.l1E-05 1.05E-04 5.59E-06
1.00E-03 3.l2E-05 1.05E-06 1.99E-07
3.00E-05 3.l2E-05 3.l6E-08 1.46E-07

0.05 9.29E-03 1.00E-01 8.5lE-05 1.11E-04 1.18E-05
1.00E-03 9.l1E-05 1.llE-06 5.37E-07
3.00E-05 9.l2E-05 3.34E-08 4.27E-07

0.1 9.35E-03 1.00E-0 1 1.39E-04 1.17E-04 le8lE-05
1.00E-03 1.5lE-04 1.17E-06 8.75E-07
3.00E-05 1.5lE-04 3.52E-08 7.07E-07

Nine Mile 0.0 9.92E-03 1. OOE-O 1 6.99E-04· 3.23E-04 2.23E-04
Point-2 loOOE-03 4. lOE-05 3.23E-06 2.23E-06

3.00E-05 3.46E-05 9.68E-08 7.l3E-08
0.05 1.05E-02 1.00E-01 7.90E-04 3.4lE-04 2.4lE-04

loOOE-03 1.03E-04 3.4lE-06 2.42E-06
3.00E-05 9.58E-05 1.02E-07 8.42E-08

0.1 1.10E-02 1.00E-01 8.8lE-04 3.S9E-04 2.S9E-04
1.00E-03 1.64E-04 3.59E-06 2.6IE-06
3.00E-05 1.57E-04 1.08E-07 9.72E-08

Quad Cities 0.0 6.89E-03 1.00E-01 4.lSE-05 1.09E-04 9.59E-06
1.00E-03 4.l6E-05 1.09E-06 3.17E-07
3.00E-05 4.l6E-05 3.28E-08 2.26E-07

0.05 6.95E-03 1.00E-01 9.55E-05 lo15E-04 1. 59E-05
LOOE-03 1.02E-04 1.15E-06 6.98E-07
3.00E-OS 1.02E-04 3.46E-08 5.49E-07

0.1 7.01E-03 1.00E-01 1.50E-04 1.2lE-04 2.22E-05
1.00E-03 1.62E-04 1.2lE-06 1.08E-06
3.00E-05 1.62E-04 3.64E-08 8.73E-07

Notes: Beta = Beta Factor for Common Cause Failure.
f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).



F-3

Table F.2
Summary of Results for Peach Bottom - Sensitivity

Line

LPCI

CS

HPCI

RCIC

Feedwater

RHR Suction

Beta

0.0

0.05

0.1

f( Op)

1.52E-03

1.52E-03

2.59E-03

2.59E-03

LOOE-03

7.71E-07

6.08E-05

1.2lE-04

p(rupture)

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.OOE-03
3.00E-05

1.00E-Ol
1.00E-03
3.00E-05

1. OOE-O 1
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05
1.00E-01
1.OOE-03
3.00E-05
1.OOE-01
1.00E-03
3.00E-05

S2

1.52:£-05
1.52:£-05
1.52:£-05

1.5lE-05
1.52E-05
1.52E-05

O.OOE+OO
O.OOE+OO
O.OOE+OO

O.OOE+OO
O.OOE+OO
O.OOE+OO

O.OOE+OO
O.OOE+OO
O.OOE+OO

7.45E-07
7.7lE-O?
7.7lE-07
5.47E-05
6.07E-05
6.08E-05
1.09E-OLf
1.21E-04
1.2lE-04

A

2.66E-06
2.66E-08
7.99E-10

2.08E-06
2.08E-08
6.23E-10

2.82E-07
2.82E-09
8.47E-ll

2.82E-07
2.82E-09
8.47E-ll

1.00E-04
1.00E-06
3.00E-08

2.58E-08
2.58E-10
7.73E-12
6.03E-06
6.03E-08
1.8lE-09
1.20E-05
1.20E-07
3.6lE-09

CDF

2.73E-06
9.73E-08
7.l4E-08

2.l5E-06
9.lIE-08
7.l0E-08

2.82E-07
2.82E-09
8.47E-ll

2.82E-07
2.82E-09
8.47E-ll

1.12E-07
1.12E-09
3.36E-ll

2.92E-08
3.83E-09
3.59E-09
6.28E-06
3.42E-07
2.84E-07
1. 25E-05
6.80E-07
5.64E-07

Vessel Head Spray 4.53E-08 1. OOE-O 1
1.00E-03
3.00E-05

4.38E-08
4.53E-08
4.53E-08

1.5lE-09
1.51 E-ll
4.54E-13

1.72E-09
2.25E-lO
2.llE-10

Notes: f(OP) = Frequeney of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (/ry).
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Table F.3
Summary Calculations for LPCI of Peach Bottom - Sensitivity

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-I 1.47E-03 1.93E-06 2.83E-09 O.OOE+OO 2.83E-ll O.OOE+OO
Hatch-2 Failure to O.OOE+OO 2.83E-ll O.OOE+OO
(Reverse Air) Reclose O.OOE+OO 2.83E-ll O.OOE+OO

6.00E-04 8.82E-07 1.OOE-Ol 8.8lE-09 8.82E-lO
Rupture 1.OOE-03 8.82E-09 8.82E-12

3.00E-05 8.82E-09 2.65E-13
3.00E-03 4.4lE-06 1.OOE-Ol 4.40E-08 4.4lE-09
Inadvertent Opening 1.OOE-03 4.4lE-08 4.4lE-ll

3.00E-05 4.4lE-08 1.32E-12
4.05E-04 5.95E-07 1.00E-Ol 5.95E-09 5.95E-lO
Transfer Open 1.00E-03 5.95E-09 5.95E-12

3.00E-05 5.95E-09 1. 79E-13
Browns Ferry Scenario 7.35E-04 1.OOE-Ol 7.34E-06 7.35E-07
(Reverse Air,Inadvertent Opened) 1.OOE-03 7.35E-06 7.35E-09

3.00E-05 7.35E-06 2.20E-lO

Cooper 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
(Foreign Material) Failure to O.OOE+OO 1. 42E-ll O.OOE+OO

Reclose O.OOE+OO 1.42E-ll O.OOE+OO
6.00E-04 4.4lE-07 1.OOE-Ol 3.97E-09 4.4lE-08
Rupture 1.OOE-03 4.40E-09 4.4lE-10

3.00E-05 4.4lE-09 1.32E-ll
3.00E-03 2.20E-06 1. OOE-O 1 1.98E-08 2.20E-07
Inadvertent Opening 1.OOE-03 2.20E-08 2.20E-09

3.00E-05 2.20E-08 6.61E-ll
4.0SE-04 2.98E-07 1.OOE-Ol 2.68E-09 2.98E-08
Transfer Open 1.OOE-03 2.97E-09 2.98E-I0

3.00E-05 2.98E-09 8.93E-12

Pilgrim-I 7.3SE-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 29,1983 Failure to Reclose O.OOE+OO 1. 42E-ll O.OOE+OO
(Rusted Linkage) O.OOE+OO 1.42E-ll O.OOE+OO

6.00E-04 4.4lE-07 1.OOE-Ol 4.40E-09 4.4lE-lO
Rupture 1.OOE-03 4.4lE-09 4.4lE-12

3.00E-05 4.4lE-09 1. 32E-13
3.00E-03 2.20E-06 1.OOE-Ol 2.20E-08 2.20E-09
Inadvertent Opening 1.OOE-03 2.20E-08 2.20E-ll

3.00E-05 2.20E-08 6.6lE-13
4.05E-04 2.98E-07 1.OOE-Ol 2.97E-09 2.98E-lO
Transfer Open 1.OOE-03 2.98E-09 2.98E-12

3.00E-OS 2.98E-09 8.93E-14

LaSalle-I 7.35E-04 1. 93E-06 1. 42E-09 O.OOE+OO 1. 42E-ll O.OOE+OO
Sept. 14,1983 Failure to Reclose O.OOE+OO 1.42E-ll O.OOE+OO
(Misalignment of Gears) O.OOE+OO 1.42E-ll O.OOE+OO

6.00E-04 4.4lE-07 1.OOE-Ol 3.97E-09 4.4lE-08
Rupture 1.OOE-03 4.40E-09 4.4lE-lO

3.00E-05 4.4lE-09 1.32E-ll
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Table F.3 (Continued)

Experience AOV HOV f(OP) P(Rupture) S2 A

3.00E-03 2.20E-06 I.OOE-OI 1.98E-08 2.20E-07
Inadvertent Opening I.OOE-03 2.20E-08 2.20E-09

3.00E-05 2.20E-08 6.6IE-ll
4.05E-04 2.98E-07 I.OOE-OI 2.68E-09 2.98E-08

Transfer Open 1.00E-03 2.97E-09 2.98E-IO
3.00E-05 2.98E-09 8.93E-12

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose O.OOE+OO 5.66E-ll O.OOE+OO
(Leakage) O.OOE+OO 5.66E-ll O.OOE+OO

6.00E-04 1. 76E-06 O.OOE+OO 1. 76E-08 O.OOE+OO
Rupture O.OOE+OO 1.76E-08 O.OOE+OO

O.OOE+OO 1. 76E-08 O.OOE+OO
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO

Inadvertent Opening O.OOE+OO 8.82E-08 O.OOE+OO
O.OOE+OO 8.82E-08 O.OOE+OO

4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open O.OOE+OO 1.19E-08 O.OOE+OO

O.OOE+OO 1.19E-08 O.OOE+OO

Notes: AOV = Failure Rate of Air-Operated Check Valvl~ (/ry).
MOV = Probability of MOV Failure.
f( Op) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Ruptur,~.

S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
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Table F.4
Summary Calculations for CS of Peach Bottom - Sensitivity

Experience AOV MOV f( OP) P(Rupture) 82 A

Browns Ferry-1 1.47E-03 1.93E-06 2.83E-09 O.OOE+OO 2.83E-11 O.OOE+OO
Hatch-2 Failure to O.OOE+OO 2.83E-11 O.OOE+OO
(Reverse Air) Reclose O.OOE+OO 2.83E-11 O.OOE+OO

6.00E-04 8.82E-07 1.00E-01 8.81E-09 8.82E-10
Rupture 1.00E-03 8.82E-09 8.82E-12

3.00E-OS 8.82E-09 2.65E-13
3.00E-03 4.41E-06 1.00E-01 4.40E-08 4.41E-09
Inadvertent Opening 1.00E-03 4.41E-08 4.41E-11

3.00E-05 4.41E-08 1.32E-12
4.05E-04 5.95E-07 1.00E-01 S.95E-09 5.95E-10
Transfer Open 1.00E-03 5.95E-09 5.95E-12

3.00E-05 5.95E-09 1. 79E-13
Browns Ferry Scenario 7.35E-04 1.00E-01 7.34E-06 7.35E-07

1.00E-03 7.35E-06 7.35E-09
3.00E-05 7.35E-06 2.20E-10

Pilgrim-l 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-11 O.OOE+OO
Sept. 29,1983 Failure to Reclose O.OOE+OO 1. 42E-11 O.OOE+OO
(Rusted Linkage) O.OOE+OO 1.42E-11 O.OOE+OO

Rupture 4.41E-07 1.00E-01 4.40E-09 4.41E-10
6.00E-04 1.00E-03 4.41E-09 4.41E-12

3.00E-05 4.41E-09 1.32E-13
3.00E--03 2.20E-06 1.00E-01 2.20E-08 2.20E-09
Inadvertent Opening 1.00E-03 2.20E-08 2.20E-11

3.00E-05 2.20E-08 6.61E-13
4.05E-04 2.98E-07 1.00E-01 2.97E-09 2.98E-10
Transfer Open 1.00E-03 2.98E-09 2.98E-12

3.00E-05 2.98E-09 8.93E-14

LaSalle-1 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-11 O.OOE+OO
Sept. 14,1983 Failure to Reclose O.OOE+OO 1.42E-11 O.OOE+OO
(Misalignment of Gears) O.OOE+OO 1.42E-11 O.OOE+OO

6.00E-04 4.41E-07 1.00E-01 3.97E-09 4.41E-08
Rupture 1.00E-03 4.40E-09 4.41E-10

3.00E-05 4.41E-09 1.32E-11
3.00E-03 2.20E-06 1.00E-01 1.98E-08 2.20E-07
Inadvertent Opening 1.00E-03 2.20E-08 2.20E-09

3.00E-05 2.20E-08 6.61E-11
4.05E-04 2.98E-07 1.00E-01 2.68E-09 2.98E-08
Transfer Open 1.00E-03 2.97E-09 2.98E-10

3.00E-05 2.98E-09 8.93E-12

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO S.66E-11 O.OOE+OO
Incidents Failure to Reclose O.OOE+OO 5.66E-11 O.OOE+OO
(Leakage) O.OOE+OO 5.66E-11 O.OOE+OO

6.00E--04 1.76E-06 O.OOE+OO 1.76E-08 O.OOE+OO
Rupture O.OOE+OO 1.76E-08 O.OOE+OO

O.OOE+OO 1. 76E-08 O.OOE+OO
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Table F.4 (Continued)

Experience AO" MOV· f(OP) P(Rupture) S2 A

J.OOE-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Opening O.OOE+OO 8.82E-08 O.OOE+OO

O.OOE+OO 8.82E-08 O.OOE+OO
4.0SE-04 l.l9E-06 O.OOE+OO l.l9E-08 O.OOE+OO

Transfer Open O.OOE+OO l.l9E-08 O.OOE+OO
O.OOE+OO l.l9E-08 O.OOE+OO

NoteB: AOV = Failure Rate of Air-Operated Check ValvE~ (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (fry)"
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry) ..
A = Frequency of Large LOCA (fry).
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Table F.S
Summary of Calculations for HPCI of Peach Bottom - Sensitivity

Experience

Browns Ferry-l
Hatch-2
(Reversed Air)

AOV

1.47E-02

MOV f(OP)

1.20E-03 1.76E-OS
Rupture

6.00E-03 8.82E-OS
Inadvertent Opening

8.l0E-04 1.19E-OS
Transfer Open

P(Rupture) S2 A

1.OOE-Ol O.OOE+OO 1.76E-09
1.OOE-03 O.OOE+OO 1.76E-11
3.00E-OS O.OOE+OO S.29E-13
I.OOE-OI O.OOE+OO 8.82E-09
1.OOE-03 O.OOE+OO 8.82E-Il
3.00E-OS O.OOE+OO 2.6SE-12
I.OOE-OI O.OOE+OO 1.19E-09
I.OOE-03 O.OOE+OO 1.19E-11
3.00E-OS O.OOE+OO 3.S7E-13

Browns Ferry Scenario
(Reverse Air, Inadvertent Opened)

7.3SE-04 I.OOE-OI O.OOE+OO 7.3SE-08
1.OOE-03 O.OOE+OO 7.3SE-lO
3.00E-OS O.OOE+OO 2.20E-ll

Cooper 7.3SE-03
(Foreign Material)

Pilgrim-l 7.3SE-03
Sept. 29,1983
(Rusted Linkage)

1.20E-03 8.82E-06
Rupture

6.00E-03 4.4lE-05
Inadvertent Opening

8.10E-04 S.9SE-06
Transfer Open

1.20E-03 8.82E-06
Rupture

6.00E-03 4.4lE-OS
Inadvertent Opening

8.l0E-04 S.95E-06
Transfer Open

1.OOE-OI O.OOE+OO 8.82E-09
1.OOE-03 O.OOE+OO 8.82E-ll
3.00E-OS O.OOE+OO 2.6SE-12
l.OOE-Ol O.OOE+OO 4.4lE-08
1.OOE-03 O.OOE+OO 4.4lE-lO
3.00E-OS O.OOE+OO 1.32E-11
I.OOE-Ol O.OOE+OO S.9SE-09
1.OOE-03 O.OOE+OO 5.9SE-ll
3.00E-OS O.OOE+OO 1.79E-12

1.OOE-Ol O.OOE+OO 8.82E-lO
1.OOE-03 O.OOE+OO 8.82E-12
3.00E-05 O.OOE+OO 2.65E-13
1.OOE-Ol O.OOE+OO 4.4IE-09
1.OOE-03 O.OOE+OO 4.4lE-11
3.00E-05 O.OOE+OO 1.32E-12
1.OOE-Ol O.OOE+OO S.95E-IO
1.OOE-03 O.OOE+OO 5.95E-12
3.00E-OS O.OOE+OO 1.79E-13

Pilgrim Scenario
(Rusted Linkage, HE in Testing)

7.35E-04 I.OOE-Ol O.OOE+OO 7.35E-08
1.OOE-03 O.OOE+OO 7.35E-lO
3.00E-05 O.OOE+OO 2.20E-ll

LaSalle-l 7.3SE-03
Sept. 14,1983
(Misalignment of Gears)

See Note 3.

1.20E-03 8.82E-06
Rupture

6.00E-03 4.4lE-05
Inadvertent Opening

8.l0E-04 S.95E-06
Transfer Open

1.OOE-Ol O.OOE+OO 8.82E-09
1.OOE-03 O.OOE+OO 8.82E-ll
3.00E-OS O.OOE+OO 2.65E-12
1.OOE-Ol O.OOE+OO 4.4IE-08
I.OOE-03 O.OOE+OO 4.4lE-IO
3.00E-05 O.OOE+OO 1.32E-11
1.OOE-Ol O.OOE+OO S.95E-09
1.OOE-03 O.OOE+OO S.9SE-ll
3.00E-05 O.OOE+OO 1.79E-12
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Table "'06
Summary of Calculations for Rete of Peach Bottom - Sensitivity

Experience AOV MOV f( Oil) P(Rupture) S2 A

E,rowns Farry-l
Hatch-2
(Reversed Air)

1.471-02 1.20B-03 1.76B-05
Rupture

6.00£-03 8.82£-05
Inadvertent Opening

8.101-04 1.19B-05
'~I'andElr Open

1.00B-Ol 0.001+00 1.761-09
1.00£-03 0.00£+00 1.761-11
3.00£-05 0.001+00 5.291-13
1.00B-01 0.001+00 8.821-09
1.001-03 0.001+00 8.82£-11
3.001-05 0.001+00 2.651-12
1.001-01 0.001+00 1.191-09
1.00E-03 O.OOE+OO 1.19E-l1
3.001-05 0.001+00 3.57£-13

Browns Ferry Scenario
(Reverse Air, Inadvertent Opened)

7.351-04 1.001-01 0.00£+00 7.35E-08
1.00E-03 0.001+00 7.351-10
3.001-05 0.001+00 2.201-11

Cooper 7.351-03
(Foreign Material)

PUgrim-l 7.351~-03

SI!:!pt. 29,1983
('Rusted Linkage)

1.20B-03 8.82E-06
Rupture

6.00E-03 4.41E-05
Inadvertent Opening

8.10E-04 5.951-06
'I'ranshr Open

1.201-03 8.821-06
Rupture

6.00E-03 4.41E-05
Inadvertent Opening

8.10E-04 5.95E-06
Transfer Open

1.001-01 0.001+00 8.82E-09
1.001-03 O.OOE+OO 8.821-11
3.00E-05 O.OOE+OO 2.65£-12
1.001-01 O.OOE+OO 4.411-08
1.00E-03 0.001+00 4.411-10
3.001-05 0.001+00 1.321-11
1.001-01 0.001+00 5.951-09
1.001-03 0.001+00 5.95£-11
3.00E-05 0.001+00 1.791-12

1.00E-01 0.001+00 8.821-10
1.00E-03 0.001+00 8.821-12
3.001-05 O.OOE+OO 2.651-13
1.00E-01 O.OOE+OO 4.411-09
1.001-03 O.OOE+OO 4.411-11
3.001-05 O.OOE+OO 1.32E-12
1.00E-01 O.OOE+OO 5.95E-10
1.00E-03 O.OOE+OO 5.95E-12
3.00E-05 O.OOE+OO 1.79E-13

Pilgrim Scenario
(Rusted Linkage, HB in TC!lsting)

7.351-04 1.00E-01 0.001+00 7.351-08
1.00E-03 0.001+00 7.351-10
3.001-05 0.001+00 2.20E-11

LnSa11e-1
Sopt.14,1983

See Note 3.

7.35E:-03 1.201-03 a.82E-06
Rupture

6.00E-03 4.41E-05
Inadvertent Opening

8.10E-04 5.951-06
Transfer Open

1.001-01 O.OOE+OO 8.82E-09
1.00E-03 0.00£+00 8.821-11
3.001-05 0.001+00 2.651-12
1.001-01 O.OOE+OO 4.411-08
1.001-03 O.OOE+OO 4.411-10
3.001-05 0.001+00 1.321-11
1.00E-01 0.001+00 5.951-09
1.00E-03 O.OOE+OO 5.95E-ll
3.001-05 0.001+00 1.791-12
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Table F.7
Summary of Results for Nine Mile Point-2 - Sensitivity

Line Beta f( Op) P(Rupture) S2 A CDF

LPCI 1.33E-05 1.00E-Ol 7.85E-06 2.24E-07 2.25E-07
1.00E-03 7.99E-06 2.24E-09 3.37E-09
3.00E-05 7.99E-06 6.7lE-ll 1.20E-09

LPCS 3.69E-06 1.00E-Ol 2.22E-06 7.38E-IO 1.05E-09
1.00E-03 2.22E-06 7.38E-12 3.2lE-lO
3.00E-05 2.22E-06 2.22E-13 3.l4E-lO

SDC Return 8.86E-06 1.00E-Ol 5.24E-06 1.49E-07 1. 50E-07
1.00E-03 5.33E-06 L49E-09 2.24E-09
3.00E-05 5.33E-06 4.47E-ll 7.97E-IO

HPCS 2.65E-07 1.00E-Ol 2.65E-07 3.25E-13 5.3lE-ll
1.00E-03 2.65E-07 3.25E-15 5.28E-ll
3.00E-05 2.65E-07 9.75E-17 5.28E-ll

Vessel 0.0 4.35E-06 1.OOE-Ol S.OSE-08 S.34E-ll 2.74E-IO
Head LOOE-03 5.05E-08 S.34E-13 2.2lE-lO
Spray 3.00E-05 5.0SE-08 1.60E-14 2.20E-IO

0.05 2.28E-05 LOOE-Ol 2.64E-07 1.89E-09 3.05E-09
1.00E-03 2.64E-07 1.89E-ll 1.17E-09
3.00E-05 2.64E-07 5.68E-13 1.15E-09

0.1 4.12E-05 1.00E-Ol 4.78E-07 3.73E-09 S.82E-09
LOOE-03 4.78E-07 3.73E-ll 2.l2E-09
3.00E-05 4.78E-07 1.12E-12 2.09E-09

Feedwater 1.00E-03 1.00E-Ol O.OOE+OO 1.00E-04 1.12E-07
leOOE-03 O.OOE+OO 1.00E-06 1.12E-09
3.00E-05 O.OOE+OO 3.00E-08 3.36E-ll

RHR Suction 0.0 7.7lE-07 1.OOE-Ol 7.45E-07 2.58E-08 2.S8E-08
1.00E-03 7.7lE-07 2.58E-IO 3.4lE-lO
3.00E-05 7.7lE-07 7.73E-12 9.lOE-ll

0.05 6.08E-05 1.00E-Ol 5.47E-OS 6.03E-06 6.03E-06
1.00E-03 6.07E-05 6.03E-08 6.68E-08
3.00E-05 6.08E-05 1.8lE-09 8.37E-09

0.1 1.2lE-04 1.00E-Ol 1.09E-04 1. 20E-05 1. 20E-05
1.00E-03 1.2lE-04 1.20E-07 1.33E-07
3.00E-05 1.2lE-04 3.6lE-09 1. 67E-08

Steam 0.0 8.89E-03 1.00E-Ol 6.83E-04 2.22E-04 2.22E-04
Condensing 1.00E-03 2.44E-05 2.22E-06 2.23E-06

3.00E-05 1.80E-OS 6.67E-08 6.86E-08
0.05 9.37E-03 1.00E-Ol 7.20E-04 2.34E-04 2.34E-04

1.00E-03 2.58E-05 2.34E-06 2.35E-06
3.00E-05 1.90E-05 7.03E-08 7.23E-08

0.1 9.85E-03 1.00E-Ol 7.57E-04 2.46E-04 2.46E-04
1.00E-03 2.71E-05 2.46E-06 2.47E-06
3.00E-05 1.99E-05 7.39E-08 7.60E-08

See Note 4.
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Table F.8
Summary Calculations for LPCI of Nine Hile Point-2 - Sensitivity

Experience AOV J10V f( OJ?) P(Rupture) 82 A

Cooper 7.3SE-04 6.00E-04 4.4lE-07 1.OOE-Ol 3.97E-07 4.4lE-08
(Foreign Material) Rupture 1.OOE-03 4.40E-07 4.4lE-lO

3.00E-OS 4.4lE-07 1.32E-ll
ILOSE-04 2.98E-07 1.OOE-Ol 2.68E-09 2.98E-08
Transfer Open loOOE-03 2.97E-09 2.98E-1O

3.00E-OS 2.98E-09 8.93E-12

Pilgrim-l 7.3SE-04 6.00E-04 lfo4lE-07 1.OOE-Ol 4.40E-07 4.4lE-lO
Sept. 29,1983 Rupture 1.OOE-03 4.4lE-07 4.4lE-12

3.00E-OS 4.41E-07 1.32E-13
l•• OSE-04 2.98E-07 1.OOE-Ol 2.97E-09 2.98E-lO
Transfer Open I.OOE-03 2.98E-09 2.98E-12

3.00E-OS 2.98E-09 8. 93E-14 .

Four Remaining 2.94E-03 6.. 00E-04 1.76E-06 O.OOE+OO 1.76E-06 O.OOE+OO
Incidents Rupture O.OOE+OO 1.76E-06 O.OOE+OO
(Leakage) O.OOE+OO 1.76E-06 O.OOE+OO

l ... OSE-04 1. 19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open O.OOE+OO 1.19E-08 O.OOE+OO

O.OOE+OO 1.19E-08 O.OOE+OO

Notes: AOV = Failure Rate of Air-Operated Check Valve (fry).
MOV = Probability of MOV Failure.
f( OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (/ry).
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Table F.9
Summary Calculations for LPCS of Nine Mile Point-2 - Sensitivity

Experience

Pilgrim-l
Sept. 29,1983

Four Remaining
Incidents
(Leakage)

AOV MOV f( OP) P(Rupture) S2 A

7.35E-04 6.00E-04 4.4lE-07 1.OOE-Ol 4.40E-07 4.4lE-lO
Rupture 1.OOE-03 4.4lE-07 4.4lE-12

3.00E-05 4.4lE-07 1.32E-13
4.05E-04 2.98E-07 1.OOE-Ol 2.97E-09 2.98E-lO
Transfer Open 1.OOE-03 2.98E-09 2.98E-12

3.00E-05 2.98E-09 8.93E-14

2.94E-03 6.00E-04 1.76E-06 O.OOE+OO 1.76E-06 O.OOE+OO
Rupture O.OOE+OO 1.76E-06 O.OOE+OO

O.OOE+OO 1. 76E-06 O.OOE+OO
4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open O.OOE+OO 1.19E-08 O.OOE+OO

O.OOE+OO 1.19E-08 O.OOE+OO

Notes: AOV = Failure Rate of Air-Operated Check Valve (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (!ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (/ ry).
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Table F.10
Summary Calculations for HPCS of Nine Mile Point-2 - Sensitivity

Experience AOV MOV Check f(OP) P(Rupture) S2 A

Pilgrim-1 7.35£-04 2.14£-04 5.88E-02 9.25E-09 O.OOE+OO 9.25E-09 O.OOE+OO
Sept. 29,1983 Failure Leak O.OOE+OO 9.25E-09 O.OOE+OO
(Rusted Linkage) to Reclose O.OOE+OO 9.25E-09 O.OOE+OO

4.40E-04 6.92E-11 O.OOE+OO 6.92E-11 O.OOE+OO
Rupture O.OOE+OO 6.92E-11 O.OOE+OO

O.OOE+OO 6.92E-11 O.OOE+OO
6.00E-04 5.88E-02 2.59E-08 O.OOE+OO 2.59E-08 O.OOE+OO
Rupture Leak O.OOE+OO 2.59E-08 O.OOE+OO

O.OOE+OO 2.59E-08 O.OOE+OO
4.40E-04 1. 94E-10 1.00E-01 1.94E-10 1.94E-13
Rupture 1.00E-03 1.94E-10 1.94E-15

3.00E-05 1.94E-10 5.82E-17
4.05E-04 5.88E-02 1.75E-08 O.OOE+OO 1.75E-08 O.OOE+OO
Transfer Leak O.OOE+OO 1.75E-08 O.OOE+OO
Open O.OOE+OO 1.75E-08 O.OOE+OO

4.40E-04 1.31E-10 1.00E-01 1.31E-10 1.31E-13
Rupture 1.00E-03 1.31E-10 1.31E-15

3.00E-05 1.31E-10 3.93E-17

Four Remaining 2.94£-03 2. 14E-04 5.88E-02 3.70E-08 O.OOE+OO 3.70E-08 O.OOE+OO
Incidents Failure Leak O.OOE+OO 3.70E-08 O.OOE+OO
(Leakage) to Reclose O.OOE+OO 3.70E-08 O.OOE+OO

4.40E-04 2.77E-10 O.OOE+OO 2.77E-10 O.OOE+OO
Rupture O.OOE+OO 2.77E-10 O.OOE+OO

O.OOE+OO 2.77E-10 O.OOE+OO
6.00E-04 5.88E-02 1.04£0-07 O.OOE+OO 1.04E-07 O.OOE+OO
Rupture Leak O.OOE+OO 1.04E-07 O.OOE+OO

O.OOE+OO 1.04E-07 O.OOE+OO
4.40E-04 7.76E-10 O.OOE+OO 7.76E-10 O.OOE+OO
Rupture O.OOE+OO 7.76E-10 O.OOE+OO

O.OOE+OO 7.76E-10 O.OOE+OO
4.05E-04 5.88E-02 7.00£0-08 O.OOE+OO 7.00E-08 O.OOE+OO
Transfer Leak O.OOE+OO 7.00E-08 O.OOE+OO
Open O.OOE+OO 7.00E-08 O.OOE+OO

4.40E-04 5.24£0-10 O.OOE+OO 5.24E-10 O.OOE+OO
Rupture O.OOE+OO 5.24E-10 O.OOE+OO

O.OOE+OO 5.24E-10 O.OOE+OO

Notes: AOV = Failure Rate of Air-Operated Check Valve (fry) •
MOV = Probability of MOV Failure.
f( Op) = Frequency of Overpn~ssurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
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Table F.ll
Summary of Calculations for Vessel Head Spray of Nine Mile Point-2

Experience Beta AOV MOV f( Op) P(Rupture) S2 A

Leak+Leak 5.45E-06 2. 14E-04 1.63E-09 O.OOE+OO 1.63E-09 O.OOE+OO
Leak+Rusted Linkage 1.08E-06 Failure O.OOE+OO 1.63E-09 O.OOE+OO
Rusted Linkage+Leak 1.08E-06 to Reclose O.OOE+OO 1. 63E-09 O.OOE+OO

6.00E-04 4.57E-09 O.OOE+OO 4.57E-09 O.OOE+OO
Rupture O.OOE+OO 4.57E-09 O.OOE+OO

Total 7.61E-06 O.OOE+OO 4.57E-09 O.OOE+OO
5.00E-01 3.80E-06 O.OOE+OO 3.80E-08 O.OOE+OO
Open in Test O.OOE+OO 3.80E-08 O.OOE+OO

O.OOE+OO 3.80E-08 O.OOE+OO
4.05E-04 3.08E-09 O.OOE+OO 3.08E-11 O.OOE+OO
Transfer O.OOE+OO 3.08E-11 O.OOE+OO
Open O.OOE+OO 3.08E-11 O.OOE+OO

Rusted 0.0 1.06E-06 2.14E-04 2.28E-10 O.OOE+OO 2.28E-10 O.OOE+OO
Linkage (both) Failure O.OOE+OO 2.28E-10 O.OOE+OO

to Reclose O.OOE+OO 2.28E-10 O.OOE+OO
6.00E-04 6.39E-10 1.00E-01 6.39E-10 6.39E-14
Rupture 1.00E-03 6.39E-10 6.39E-16

3.00E-05 6.39E-10 1.92E-17
5.00E-01 5.32E-07 1.00E-01 5.32E-09 5.33E-11
Open in Test 1.00E-03 5.32E-09 5.33E-13

3.00E-05 5.32E-09 1.60E-14
4.05E-04 4.31E-10 1.00E-01 4.31E-12 4.31E-14
Transfer 1.00E-03 4.31E-12 4.31E-16
Open 3.00E-05 4.31E-12 1.29E-17

0.05 3.78E-05 2. 14E-04 8.09E-09 O.OOE+OO 8.09E-09 O.OOE+OO
Failure O.OOE+OO 8.09E-09 O.OOE+OO
to Reclose O.OOE+OO 8.09E-09 O.OOE+OO
6.00E-04 2.27E-08 1. OOE-O 1 2.27E-08 2.27E-12
Rupture 1.00E-03 2.27E-08 2.27E-14

3.00E-05 2.27E-08 6.80E-16
5.00E-01 1.89E-05 1.00E-01 1.89E-07 1.89E-09
Open in Test 1.00E-03 1.89E-07 1.89E-11

3.00E-05 1.89E-07 5.67E-13
4.05E-04 1.53E-08 1.00E-01 1.53E-10 1.53E-12
Transfer Open 1.00E-03 1.53E-10 1.53E-14

3.00E-05 1. 53E-10 4.59E-16
0.1 7.45E-05 2.14E-04 1.60E-08 O.OOE+OO 1.60E-08 O.OOE+OO

Failure O.OOE+OO 1. 60E-08 O.OOE+OO
to Reclose O.OOE+OO 1.60E-08 O.OOE+OO
6.00E-04 4.47E-08 1.00E-01 4.47E-08 4.47E-12
Rupture 1.00E-03 4.47E-08 4.47E-14

3.00E-05 4.47E-08 1.34E-15
5.00E-01 3.73E-05 1.00E-01 3.73E-07 3.73E-09
Open in Test 1.00E-03 3.73E-07 3. 73E-ll

3.00E-05 3.73E-07 1.12E-12
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Table F.II (Continued)

Experience Beta AOV MOV f(OP) P(Rupture) 82 A

4.05E-04
Transfer Open

3.02E-08 I.OOE-OI 3.02E-IO 3.02E-12
I.OOE-03 3.02E-IO 3.02E-14
3.00E-05 3.02E-IO 9.06E-16

Notes: Beta = Beta Factor for Common Cause Failure.
AOV = Failure Rate of Air-Operated Check Valve (fry).
MOV = Probability of MOV Fa:tlure.
f( OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
82 = Frequency of UnisolatE~d Small LOCA (fry).
A = Frequency of Large LOCA (fry).
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Table F.j2
Summary Calculations for Steam Condensing Lines of Nine Mile Point-2 - Sensitivity

Pair Beta MOVl HOV2 f(OP) P(Rupture) S2 A

FOS2&F087 4.00E+00 2.28E-08 9.l3E-OB 1.00E-Ol 4.73E-09 4.S7E-09
Cycling Rupture 1.00E-03 2.28E-10 4. S7E-ll
per ry 3.00E-OS 1.84E-10 1. 37E-12

2.02E-04 8.lOE-04 1.00E-Ol 4.20E-OS 4.0SE-OS
Transfer 1.00E-03 2.02E-06 4.0SE-07
Open 3.00E-OS 1.63E-06 1.21E-08

0.0 1.20E-03 1.SOE-04 2.S8E-07 1. OOE-O 1 1.33E-08 1.29E-08
Rupture Rupture 1.00E-03 6.43E-10 1.29E-10

3.00E-OS S.19E-10 3.86E-12
S.00E-02 6.03E-OS 1.00E-Ol 3.l2E-06 3.01E-06

1.00E-03 l.SlE-07 3.01E-08
3.00E-OS 1.21E-07 9.04E-10

1.00E-Ol 1.20E-04 1.00E-Ol 6.23E-06 6.01E-06
1.00E-03 3.00E-07 6.01E-08
3.00E-OS 2.42E-07 1.80E-09

S.OOE-Ol 6.00E-04 1.00E-Ol 3.l1E-OS 3.00E-OS
Interlock I.OOE-03 1.50E-06 3.00E-07
Calibration 3.00E-OS 1.2IE-06 9.00E-09
8.l0E-04 9.72E-07 I.OOE-Ol S.03E-08 4.86E-08
Transfer 1.00E-03 2.43E-09 4.86E-10
Open 3.00E-OS 1.96E-09 1. 46E-ll

F2l8&F087 4.00E+00 2.28E-08 9.l3E-08 1. OOE-Ol 9.30E-09 O.OOE+OO
Cycling Rupture 1.00E-03 2.74E-10 O.OOE+OO
per ry 3.00E-OS 1.8SE-10 O.OOE+OO

2.02E-04 8.l0E-04 1. OOE-O 1 8.2SE-OS O.OOE+OO
Transfer 1.00E-03 2.43E-06 O.OOE+OO
Open 3.00E-OS 1.64E-06 O.OOE+OO

0.0 1.20E-03 1.SOE-04 2.S8E-07 1. OOE-O 1 2.62E-08 O.OOE+OO
Rupture Rupture 1.00E-03 7.72E-lO O.OOE+OO

3.00E-OS S.23E-lO O.OOE+OO
S.00E-02 6.03E-OS 1.OOE-Ol 6.l3E-06 O.OOE+OO

1.00E-03 1. 8lE-07 O.OOE+OO
3.00E-OS 1.22E-07 O.OOE+OO

1.00E-01 1.20E-04 1.00E-Ol 1.22E-OS O.OOE+OO
1.00E-03 3.61E-07 O.OOE+OO
3.00E-OS 2.44E-07 O.OOE+OO

S.OOE-Ol 6.00E-04 1.00E-01 6.l1E-OS O.OOE+OO
Interlock 1.OOE-03 1.80E-06 O.OOE+OO
Calibration 3.00E-OS l.22E-06 O.OOE+OO
8.l0E-04 9. 72E-07 1.00E-Ol 9.89E-08 O.OOE+OO
Transfer 1.00E-03 2.91E-09 O.OOE+OO
Open 3.00E-OS l.97E-09 O.OOE+OO
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Table F.12 (Continued)

Pair Beta MOVI MOV2 f(OP) P(Rupture) S2 A

F052&F051 4.00E+00 2.28E-08 9.l3E-08 1.0OE-OI 4.73E-09 4.57E-09
Cycling Rupture I.OOE-03 2.28E-IO 4.57E-ll
per ry 3.00E-05 1.84E-10 1.37E-12

2.02E-04 8.10E-04 1.00E-01 4.20E-05 4.05E-05
Transfer 1.00E-03 2.02E-06 4.05E-07
Open 3.00E-05 1.63E-06 1.2IE-08

0.0 I.ZOE-03 1.50E-04 2.58E-07 1.00E-01 1.33E-08 1.29E-08
Rupture Rupture 1.00E-03 6.43E-IO 1.29E-IO

3.00E-05 5.19E-IO 3.86E-12
5.00E-02 6.03E-05 I.OOE-OI 3.12E-06 3.0IE-06

I.OOE-03 1.5IE-07 3.0IE-08
3.00E-05 1.2IE-07 9.04E-IO

1.00E-01 1.20E-04 I.OOE-OI 6.23E-06 6.0IE-06
I.OOE-03 3.00E-07 6.0IE-08
3.00E-05 2.42E-07 1.80E-09

8.10E-04 9.72E-07 I.OOE-OI 5.03E-08 4.86E-08
Transfer I.OOE-03 2.43E-09 4.86E-IO
Open 3.00E-05 1.96E-09 1.46E-11

F218&F051 4.00E+00 2.28E-08 9.l3E--08 1.0OE-01 9.30E-09 O.OOE+OO
Cyc.ling Rupture I.OOE-03 2.74E-IO O.OOE+OO
per ry 3.00E-05 1.85E-IO O.OOE+OO

2.02E-04 8.10E--04 I.OOE-OI 8.25E-05 O.OOE+OO
Transfer 1.00E-03 2.43E-06 O.OOE+OO
Open 3.00E-05 1. 64E-06 O.OOE+OO

0.0 1.20E-03 .l.50E-04 2.58E-07 I.OOE-OI 2.62E-08 O.OOE+OO
Rupture Rupture I.OOE-03 7.72E-IO O.OOE+OO

3.00E-05 5.23E-IO O.OOE+OO
5.00E-02 6.03E--05 1.00E-OI 6.13E-06 O.OOE+OO

I.OOE-03 1.8IE-07 O.OOE+OO
3.00E-05 .1.22E-07 O.OOE+OO

1.0OE-01 .1.20E-·04 I.OOE-OI 1.22E-05 O.OOE+OO
1.00E-03 3.6IE-07 O.OOE+OO
3.00E-05 2.44E-07 O.OOE+OO

8.10E-04 9.72E-07 1.00E-01 9.89E-08 O.OOE+OO
Transfer 1.00E-03 2.9IE-09 O.OOE+OO
Open 3.00E-05 1.97E-09 O.OOE+OO

Notes: Beta = Beta Factor for Common Cause Failure.
AOV = Failure Rate of Air-Operated Check Valve (/ry) •
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture ..
S2 = Frequency of Uni.solated Small LOCA (/ry).
A = Frequency of Large LOCA (fry).
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Table F.13
Summary of Results for Quad Cities - Sensitivity

Line Beta f(OP) P(Rupture) S2 A CDF

LPCI 2.07E-03 1.00E-01 2.07E-05 6.00E-06 6. 11E-06
1.00E-03 2.07E-05 6.00E-08 1.71E-07
3.00E-05 2.07E-05 1.80E-09 1. 13E-07

CS 2.01E-03 1.00E-01 2.00E-05 3.04E-06 3.15E-06
1.00E-03 2.01E-05 3.04E-08 1.38E-07
3.00E-05 2.01E-05 9. 13E-1O 1. 09E-07

HPCI 9.03E-04 1.00E-01 O.OOE+OO 9.42E-08 9.42E-08
1.00E-03 O.OOE+OO 9.42E-10 9.42E-10
3.00E-05 O.OOE+OO 2.82E-11 2.82E-11

RCIC 9.03E-04 1.00E-01 O.OOE+OO 9.42E-08 9.42E-08
1.00E-03 O.OOE+OO 9.42E-10 9.42E-10
3.00E-05 O.OOE+OO 2.82E-11 2.82E-11

Feedwater 1.00E-03 1.00E-01 O.OOE+OO 1.00E-04 1. 12E-07
1.00E-03 O.OOE+OO 1.00E-06 1. 12E-09
3.00E-05 O.OOE+OO 3.00E-08 3.36E-11

RHR Suction 0.0 7.71E-07 1.00E-01 7.45E-07 2.58E-08 2.97E-08
1.00E-03 7.71E-07 2.58E-10 4.39E-09
3.00E-05 7.71E-07 7.73E-12 4. 14E-09

0.05 6.08E-05 1.00E-01 5.47E-05 6.03E-06 6.32E-06
1.00E-03 6.07E-05 6.03E-08 3.86E-07
3.00E-05 6.08E-05 1.81E-09 3.28E-07

0.1 1. 21E-0~· LOOE-01 1.09E-04 1.20E-05 1.26E-05
1.00E-03 1.21E-04 1.20E-07 7.67E-07
3.00E-05 1.21E-04 3.61E-09 6.51E-07

Vessel Head Spray 4.53E-08 1.00E-01 4. 38E-08 1.51E-09 1.75E-09
1.00E-03 4.53E-08 1.51E-ll 2.58E-10
3.00E-05 4. 53E-08 4.54E-13 2.43E-10

Notes: Beta = Beta Factor for Common Cause Failure.
f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ ry) •
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).
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Table F.14
Summary Caleulatiofls for LPCI of Quad Cities - Sensitivity

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-I 1.47E-02 2.57E-03 3.77E-·05 O.OOE+OO 3.77E-07 O.OOE+OO
Hatch-2 Failure O.OOE+OO 3.77E-07 O.OOE+OO
(Reverse Air) to Reclose O.OOE+OO 3.77E-07 O.OOE+OO

1.20E-03 1.76E-·05 1.00E-01 1.76E-07 1.76E-08
Rupture 1.00E-03 1.76E-07 1.76E-10

3.00E-05 1.76E-07 5.29E-12
8.lOE-04 1.19E-·05 1.00E-01 1.19E-07 1.19E-08
Transfer Open 1.00E-03 1.19E-07 1.19E-10

3.00E-05 1.19E-07 3.57E-12

Cooper 7.35E-03 2.57E-03 1.89E-·05 O.OOE+OO 1.89E-07 O.OOE+OO
(Foreign Material) Failure O.OOE+OO 1.89E-07 O.OOE+OO

to Reclose O.OOE+OO 1.89E-07 O.OOE+OO
1.20E-03 8.82E-06 1.00E-01 7.94E-08 8.82E-07
Rupture 1.00E-03 8.81E-08 8.82E-09

3.00E-05 8.82E-08 2.65E-10
8.10E-04 5.95E-·06 1.00E-01 5.36E-08 5.95E-07
Transfer Open 1.00E-03 5.95E-08 5.95E-09

3.00E-05 5.95E-08 1.79E-10

Pilgrim-I 7.35E-03 2..57E-03 1.89E-05 O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 29 t 1983 Failure O.OOE+OO 1.89E-07 O.OOE+OO
(Rusted Linkage) to Reclose O.OOE+OO 1.89E-07 O.OOE+OO

1.20E-03 8.82E-06 1.00E-01 8.81E-08 8.82E-09
Rupture 1.00E-03 8.82E-08 8.82E-11

3.00E-05 8.82E-08 2.65E-12
8.10E-04 5.95E-06 1.00E-01 5.95E-08 5.95E-09
Transfer Open 1.00E-03 5.95E-08 5.95E-11

3.00E-05 5.95E-08 1.79E-12

LaSalle-I 7.35E-03 2.57E-03 1.89E-05 O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 14,1983 Failure O.OOE+OO 1.89E-07 O.OOE+OO
(Misalignment of Gears) to Reclose O.OOE+OO 1.89E-07 O.OOE+OO

1.20E-03 8.82E-06 1.00E-01 7.94E-08 8.82E-07
Rupture 1.00E-03 8.81E-08 8.82E-09

3.00E-05 8.82E-08 2.65E-10
8.lOE-04 5.95E-06 1.00E-01 5.36E-08 5.95E-07
Transfer Open 1.00E-03 5.95E-08 5.95E-09

3.00E-05 5.95E-08 1.79E-10

Four Remaining 2.91+E-02 2.57E-03 7.55E-05 O.OOE+OO 7.55E-07 O.OOE+OO
Incidents Failure O.OOE+OO 7.55E-07 O.OOE+OO
(Leak) to Reclose O.OOE+OO 7.55E-07 O.OOE+OO

1.20E-03 3.53E-05 O.OOE+OO 3.53E-07 O.OOE+OO
Rupture O.OOE+OO 3.53E-07 O.OOE+OO

O.OOE+OO 3.53E-07 O.OOE+OO
8.10E-04 2.38E-05 O.OOE+OO 2.38E-07 O.OOE+OO
Transfer Open O.OOE+OO 2.38E-07 O.OOE+OO

O.OOE+OO 2.38E-07 ·O.OOE+OO
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Table F.14 (Continued)

Experience AOV MOV f( OP) P(Rupture) S2 A

Vermont Yankee
Scenario
(Leak, Failure to Fully Close)

7.35E-04 O.OOE+OO 7.35E-06 O.OOE+OO
O.OOE+OO 7.35E-06 O.OOE+OO
O.OOE+OO 7.35E-06 O.OOE+OO

Notes: AOV = Failure Rate of Air-Operated Check Valve (/ry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
82 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (/ry).
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Table F.15
Summary Calculations for CS of Quad Cities

l~xperience AOV MOV f( OP) P(Rupture) S2 A

Browns Ferry-1 1.47E-02 2.57E-03 3.77E-05 O.OOE+OO 3.77E-07 O.OOE+OO
Hatch-2 Failure O.OOE+OO 3.77E-07 O.OOE+OO
(Reverse Air) to Reclose O.OOE+OO 3.77E-07 O.OOE+OO

1.20E-03 1.76E-05 1.00E-01 1.76E-07 1.76E-08
Rupture 1.00E-03 1.76E-07 1.76R-10

3.00E-05 1.76E-07 5.29E-12
8.10E-04 1. 19E-05 1.00E-Ol 1.19E-07 1.19E-08
Transfer Open 1.00E-03 1.19E-07 1.19E-10

3.00E-05 1.19E-07 3.57E-12

Pilgrim-l 7.35E-03 2.57E-03 J..89E:-05 O.OOE+OO 1.89E-07 O.OOE+OO
Sept. 29,1983 Failure O.OOE+OO 1.89E-07 O.OOE+OO
(Rusted Linkage) to Reclose O.OOE+OO 1.89E-07 O.OOE+OO

1.20E-03 8.82E-06 1.00E-01 8.81E-08 8.82E-09
Rupture 1.00E-03 8.82E-08 8.82E-ll

3.00E-05 8.82E-08 2.65E-12
8.10E-04 5.9.5E-06 1.00E-01 5.95E-08 5.95E-09
Transfer Open 1.00E-03 5.95E-08 5.95E-11

3.00E-05 5.95E-08 1.79E-12

LaSalle-1 7.35E-03 2.57E-03 1.89E-05 O.OOE+OO 1.89E-07 O.OOE+OO
Sl~pt. 14,1983 Failure O.OOE+OO 1.89E-07 O.OOE+OO
(Misalignment of Gears) to Reclose O.OOE+OO 1.89E-07 O.OOE+OO

1.20E-03 8.82E--06 1.00E-Ol 7.94E-08 8.82E-07
Rupture 1.00E-03 8.81E-08 8.82E-09

3.00E-05 8.82E-08 2.65E-10
8.10E-04 5.95E--06 1.00E-01 5.36E-08 5.95E-07
Transfer Open 1.00E-03 5.95E-08 5.95E-09

3.00E-05 5.95E-08 1.79E-lO

Four Remaining 2.94E-02 2.57E-03 7.55E--05 O.OOE+OO 7.55E-07 O.OOE+OO
Incidents Failure O.OOE+OO 7.55E-07 O.OOE+OO
(Leak) to Reclose O.OOE+OO 7.55E-07 O.OOE+OO

1.20E-03 3.53E--05 O.OOE+OO 3.53E-07 O.OOE+OO
Rupture O.OOE+OO 3.53E-07 O.OOE+OO

O.OOE+OO 3.53E-07 O.OOE+OO
8.10E-04 2.38E-·05 O.OOE+OO 2.38E-07 O.OOE+OO
Transfer Open O.OOE+OO 2.38E-07 O.OOE+OO

O.OOE+OO 2.38E-07 O.OOE+OO
Vermont Yankee 7.35E-·04 O.OOE+OO 7.35E-06 O.OOE+OO
Scenario O.OOE+OO 7.35E-06 O.OOE+OO
(Leak, Failure to Fully Close) O.OOE+OO 7.35E-06 O.OOE+OO

See Note 3.
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Table F.16
Summary of Calculations for HPCI of Quad Cities - Sensitivity

Pilgrim Scenario
(Rusted Linkage, Failure to Fully Close)

LaSalle-1 7.3sE-03
Sept. 14,1983
(Misalignment of Gears)

Experience

Browns Ferry-1
Hatch-2
(Reverse Air)

Cooper
(Foreign Material)

Pilgrim-1
Sept. 29,1983
(Rusted Linkage)

AOV MOV

1.47E-02 1.20E-03
Rupture

8.10E-04
Transfer Open

7.3sE-03 1.20E-03
Rupture

8.10E-04
Transfer Open

7.3sE-03 1.20E-03
Rupture

8.10E-04
Transfer Open

1.20E-03
Rupture

8.10E-04
Transfer Open

f(OP) P(Rupture) S2 A

1.76E-Os 1. OOE-O 1 O.OOE+OO 1.76E-09
1.00E-03 O.OOE+OO 1.76E-ll
3.00E-Os O.OOE+OO s.29E-13

1.19E-Os 1.00E-01 O.OOE+OO 1. 19E-09
1.00E-03 O.OOE+OO 1.19E-11
3.00E-Os O.OOE+OO 3.s7E-13

8.82E-06 1.00E-01 O.OOE+OO 8.82E-10
1.00E-03 O.OOE+OO 8.82E-12
3.00E-Os O.OOE+OO 2.6sE-13

s.9sE-06 1.00E-01 O.OOE+OO s.9sE-10
1.00E-03 O.OOE+OO s.9sE-12
3.00E-Os O.OOE+OO 1.79E-13

8.82E-06 1.00E-01 O.OOE+OO 8.82E-10
1.00E-03 O.OOE+OO 8.82E-12
3.00E-OS O.OOE+OO 2.6sE-13

5.95E-06 1.00E-01 O.OOE+OO 5.95E-10
1.00E-03 O.OOE+OO s.9sE-12
3.00E-Os O.OOE+OO 1.79E-13

7.3sE-04 1.00E-01 O.OOE+OO 7.3sE-08
1.00E-03 O.OOE+OO 7.3sE-10
3.00E-Os O.OOE+OO 2.20E-11

8.82E-06 1.00E-01 O.OOE+OO 8.82E-09
1.00E-03 O.OOE+OO 8.82E-ll
3.00E-Os O.OOE+OO 2.6sE-12

s.9sE-06 1.00E-01 O.OOE+OO s.95E-09
1.00E-03 O.OOE+OO s.95E-11
3.00E-Os O.OOE+OO 1.79E-12

Notes: AOV = Failure Rate of Air-Operated Check Valve (/ry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
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Table F.l7
Summary of Calculations for RCIC of Quad Cities - Sensitivity

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l 1.47E-02 1.20E-03 1.76E·-OS 1.OOE-Ol O.OOE+OO 1.76E-09
Hatch-2 Rupture 1.OOE-03 O.OOE+OO 1.76E-ll
(Reverse Air) 3.00E-OS O.OOE+OO S.29E-13

8.lOE-04 1.19E···OS 1.OOE-Ol O.OOE+OO 1.19E-09
Transfer Open 1.OOE-03 O.OOE+OO 1.19E-ll

3.00E-OS O.OOE+OO 3.S7E-13

Cooper 7.3SE-03 1.20E-03 8.82E·-06 1.OOE-Ol O.OOE+OO 8.82E-lO
(Foreign Material) Rupture 1.OOE-03 O.OOE+OO 8.82E-12

3.00E-OS O.OOE+OO 2.65E-13
8.lOE-04 5.9 SK-06 1.OOE-Ol O.OOE+OO 5.9SE-lO
Transfer Open 1.OOE-03 O.OOE+OO 5.95E-12

3.00E-OS O.OOE+OO 1.79E-13

Pilgrim-l 7.3SE-03 1.20E-03 8.82E·-06 1.OOE-Ol O.OOE+OO 8.82E-lO
Sept. 29,1983 Rupture 1.OOE-03 O.OOE+OO 8.82E-12
(Rusted Linkage) 3.00E-OS O.OOE+OO 2.6SE-13

8.l0E-04 5.9SE·-06 1.OOE-Ol O.OOE+OO S.9SE-lO
Transfer Open 1.OOE-03 O.OOE+OO S.9SE-12

3.00E-OS O.OOE+OO 1.79E-13

Pilgrim Scenario 7.3SE--04 1.OOE-Ol O.OOE+OO 7.3SE-08
(Rusted Linkage, Failure to Fully Close) 1.OOE-03 O.OOE+OO 7.3SE-lO

3.00E-OS O.OOE+OO 2.20E-ll

LaSalle-l 7.3SE-03 1.20E-03 8.82K-06 1.OOE-Ol O.OOE+OO 8.82E-09
S(~pt • 14,1983 Rupture 1.OOE-03 O.OOE+OO 8.82E-ll
(Misalignment of Gears) 3.00E-OS O.OOE+OO 2.6SE-12

8.l0E-04 S.9SE·-06 1.OOE-Ol O.OOE+OO S.9SE-09
Transfer Open 1.OOE-03 O.OOE+OO S.9SE-ll

3.00E-05 O.OOE+OO 1.79E-12

Notes: AOV = Failure Rate of Air-Operated Check Valve (f ry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (fry) ..
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry) ..
A = Frequency of Large LOCA (fry).
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Notes for Appendix F Tables

Note 1: f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (/ry).
CDF = Core Damage Frequency (/ry).

Note 2: f(OP) = Frequency of Overpressurization (/ry).
P(Rupture = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
CDF Core Damage Frequency (/ry).

Note 3: AOV = Failure Rate of Air-Operated Check Vale (/ry).
MOV Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).

Note 4: Beta = Beta Factor for Common Cause Failure.
f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).

Note 5: Beta = Beta Factor for Common Cause Failure.
AOV = Failure Rate of Air-Operated Check Vale (/ry).
MOV = Probability ofMOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
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APPENDIX G: Cost Estimates Provided by the Plants

G.l Cost Estimates Provided by Peach Bottom

ATTACHMENT A

Co~t and Dose Estimat~.

A. Paragraph 5.1.1 Leak Test~After Ma1ntenance

A.l The following is a list of Air Operated Testable Check Valves.
Considering both PrevEmtive and Corrective Maintenance, each valve
would be maintained once each 24 months average.

PERFORMING L1~AK TEST POST MAINTliliANCE

System/Valve Man-Hours Man-Re,!!1

HPCI AO-23-l8 28 0.25

RCIC AO-l3-22 28 0.25

RHR AO-lO-46A 30 0.4

RHR AO-1O-46B 30 0.4

Core Spray AO,·14-13A 25 0.375

Core Spray AO-14-13B 25 0.375

Total for One Unit 166 2.05
for Two Years

A.2 In addition, because the Core Spray and RHR must be tested to comply
with 10CFR 50 Appendix J, these test procedures have already been
written. To write, review, approve, type, duplicate, and distribute
new test procedures for HPCI and Rele, 'it is estimated 480 man-hours
would be required.
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A.3 The RHR and Core Spray Leak fests will be performed each fuel cycle as
required by Appendix J.

PERFORMING LEAK TEST FOR APPENDIX J

System/Valve ~Ian-Hours Man-Rem

RHR AO-1O-46A 30 0.4

RHR AO-IO-46B 30 0.4

Core Spray AO-14-13A 25 0.375

Core Spray AO-14-13B 25 0.375

1. 55110Total for One Unit
for each 18 Month
fuel Cycle

A.4 The fuel cycle Appendix J test and the post maintenance test will not
coincide. The Appendix J test is performed immediately after shutdown
to obtain liAs Found" data. If the leakage is too high, or if
preventive or other corrective maintenance is performed, the test must
be repeated as a post maintenance test. Therefore, the costs are
additive.

B. Paragraph 5.1.2 Perform Logic System Functional Tests of EeCS

B.1 The purpose of the Logic System Functional Test is as follows:

The .purpose of this test is to ascertain the ability of the HPCI
SYSTEM LOGIC to initiate and sustain the automatic operation of
the HPCI SYSTEM during design accident conditions.

Jhe design accident conditions are full power normal operating
conditions. Performing the test at shutdown does not really meet that
condition.

B.2 The HPCI and RCIC Systems, being steam driven systems require reactor
steam. Auxiliary boilers steam is not capable of achieVing rated HPCI
flow at rated pressure. For the HPCI test, power levels above 9% are
required:

B.3 The logic systems are required by lOCFR to be testable. The
"testability" features included in the logic systems are designed to
allow testing at normal operating conditions.

8.4 If the test frequency were changed from "once per 6 months" to /lonce
per operating cycle/l. the risk could be redued by a factor of 3 to 4.
But testing with reactor stearn is stili required for HPCI and RCIC.
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B.5 The Core Spray an~ RHR sf~tems may be able to be tested during shutdown
conditions because they are low pressure systems.

8.6 The cost estimate for writing, reviewing, approving, typing,
duplication, and distribution is as follows:

PROCEDURE REVISION FOR LOGIC SYSTEM TEST~

System

Core Spray A Lc~gic

Core Spray B Logic

RHR A Logic

RHR B Logic

Total for One Unit.

l~an-Hours

480

480

480

480

1920

B.7 Because of the system "testability" design additional man power wil' be
requi red to pel"form the tests.

System/Valve Man-Hours Man-Rem

Core Spray A 8 0.12

Core Spray B 8 0.12

RHR A 8 0.12

RHR B 8 0.12

Total (or 'One ·jJn1t 32 ·O~48
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B.8 Cost to process Tech Spec change of test frequency.

BWROG performing safty analysis

1. PEeo's share of BWROGcost: $8,000

2. NRC fee to process Tech Spec: $5 9 000

3. PEea's time to process Tech Spec Amend

Man-Hours

Page 4

licensing Section Engineer
(Draft - Coordinate)

Review by Management. Safety
Committees, legal

Typing

Resolve NRC Questions

40

40

10

40

130 Hours

Based on $40/hr yields approximately $5.000

Total Cost: 8,000 + 5,000 + 5,000 = $18,000

C. Paragraph 5.1.3 Leak Test HPCI & RCIC Testable Check Valves Every
Refueling

C.1 To leak test HPCI and ReIC each refueling.

PERFORMING LEAK TEST EACH REFUELING

System/Valve Man-Hours Man-Rem

HPCI AO-23-18 28 0.25

RCIC AO-13-22 28 0.25

Total per Unit for 56 0.5
each 18 month
cycle
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C.2 Using historical data .on other tested check valves, they will fail the
leak test and 1~equ1re maintenance and post maintenance retesting 25% of
the time. Therefore, these values must be increased by 25%.

Times 1.25

Man-Hours

70

,Man-Rem

0.625

C.3 The estimate for procedure writing for this item are in paragraph A.2.



G.2 Cost Estimates Provided by Nine Mile Point-2

NTNIAGARA
UMOHAWK

NINE MILE POINT-UNIT 2/P.O BOX 63, LYCOMING, NY 13093/TELEPHONE (315) 343-2110

January 21, 1987

G-6

Mr. T.L. Chu
Risk Evaluation Group
Brookhaven National LciL
Upton, Long Island, New York 11973

Dear Mr. Chu;

In response to your letter of 12/22/86 and our subsequent conversation,
we have attempted to make an estimate of the total cost of obtaining re1 ief
of the referenced 151 requirements.

These 151 requirements had already been identified in a current program
revision to be changed, so a specific cost estimate is not easily obtainable.
It has been estimated that the approximate cost of these chsnges for this
program revision submittal is approximately $20,000 - $25,000 including
procedure changes that are also underway. Had these been the only program
revisions and procedural changes the total cost is estimated to be $30,000 ­
$35,000 to complete and implement all aspects of the changes.

As a comment on your report, I am glad that the NMP 2 project has
adequately addressed proper and comprehensive testing in this area.

5i ncere1y ,

M.D. Jones
Supt. Operations - NMP 2
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G.3 Cost Estimates Provided by Quad Cities
Atfacnment 2

"cost, Estimate for Proposed BNL Con-active
Actions at Quad Cities st;aUQnl

COre Spray Check Valve Test 'raE'"

Engineering

- Design Drawingsl
- Material Spec.
- Repair Program
- Se1S11ic Analysi,s
- MOdification pr'ogram

construction (Per Line)

~ab 16 man-hrs.
!nstall 48 man-hrs.

- NOS/Test 40 man-hrs
- Misc. (Insulat1.on) 26 Man-hrs
- supervision ~m~n~~

170

Materials (per line)

$ 25,000

$ 6,000

$ 1,700

- Valves
- Pipe" Fit
- Weld
- 1118C Tools

$ 600 each (2)
$ 300
$ 100
LiDO
$1.100

Total COst $40,400 per unit
(2 lines)

:3001K
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APPENDIX H: Interfacing System LOCA Analysis for a Plant
That Does Not Perform Any Leak Testing of Pressure
Isolation Valves

In this section, a plant model representing a plant that does not perform
any leak testing of pressure isolation valves (PIVs) is described. It was
assumed that this plant was identical to Peach :Bottom in terms of
configuration and genE~ral operating practices except that no leak testing is
performed on the PIVs.. The leak tests that Peaeh Bottom currently performs
are LLRT and operational hydrostatic tests. ThE~y hav,e been described in
Section 4.1. Basically, the analysis for Peach Bottom has been modified to
remove any credit taken for leak testing of the pressure isolation valves to
form a base case model. Table H.l summarizes the results of the base case
analysis. Also listed in Table H.l are the results for this plant assuming
that the air-operated check valves are leak tested afl~er valve maintenance and
at every refueling outage. For a plant that does not perform leak testing,
failures of the PIVs may go undetected. Therefore, the frequency of an
overpressurization of low preSBure piping occurring increases from year to
year. The results shown in Figure H.l are the averagE! over the 30 years of
remaining plant life. Tables H.2 to H.6 summarize thE! calculations for the
individual lines. Tables H.? to H.ll provide the corresponding results if
leak testing of the air-operated check valves were to be implemented. (They
essentially represent the Peach Bottom model with corrective actions one and
three for Peach Bottom included therein.)

The changes that w'ere made to the Peach Bottom model to remove the
existing credit for leak testing are discussed in the following:

1. LPCI, CS, HPCI, and RCIC Lines

These injection lines have the same valve al~rangement, i.e., an
air-operated check valve, a normally closed MOV Clnd a normally open t-1OV. For
the plant that does not perform any leak testing, any failure of the
air-operated check valve will go undetected. Therefor,e, the probability that
the check valve is in a failed state increases linearly with time. It was
assumed that the plant has operated 10 years and has 30 years of remaining
plant life. Therefore, the average probability that the check valve is in a
failed condition in the remaining plant life is

30
~O f A(t + 10)dt = 25A,

o

where A is the frequency of check valve failure. This effectively increases
the frequency of valve failure by a factor of 25.

Failure of the MOVs is expected to be detectable by several means. The
operability test of the injection valves in LPCI and CS lines requires
pressurizing the pipe sE~ction between the two inj ection valves. If one
injection valve fails open, it will be impossible to perform the operability
test. The operability test also measures the stroke time of the valves and
the current through the valve motor. Abnormality in these measurements may
also indicate valve failure. The operability test for the injection valves of
HPCI and RCIC does not require pressurization of any pipe section, and only
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valve stroke time is measured. Therefore, if an injection valve fails to
close fully after stroking, the failure may go undetected. However, such a
failure mode may only divert some feedwater flow and is not of interest.
Other failure modes involve gross failure of the HOV and are expected to be
detectable by valve operability testing. Therefore, the only effect of no
leak testing on the injection valves is that the exposure time of the
injection valves is doubled, i.e., the conditional probability of injection
valve failure given that the check valve has already failed is doubled. This
is because the expected time at which the check valve failure occurs, given
that the check valve has already failed, is before the year that is being
considered. Therefore,:lf the injection valve fails any time during the year,
an overpressurization will occur. Tables H.3 to H.6 summarize the
calculations for these lines.

2. Feedwater Line

The frequency of overpressurization for this line is estimated based on
the San Onofre-l experience in which the check valve failure was caused by low
flow induced vibration. Leak testing of the check valves is not expected to
have any effect on the occurrence of such common cause failures.

3. RHR Suction From Recirculation

Two failure modes of the RHR suction valves were considered, rupture and
failure to fully reclose. The rupture failure mode is expected to be detected
by stroking the valve. Therefore, not leak testing for these valves simply
increases the probability of the failure mode that the valve fails to close
fully after it has been stroked. Similar to the failure rate of the
air-operated check valves, this probability is increased by a factor of 25.
Since both suction valves may fail due to this failure mode, a factor of 50
increase in the frequency of the leak-rupture or rupture-leak failure mode
results.



H-3

Table H.l
Comparison of a Plant That Does Not Perform Any

PIV Leak Testing iolith One That Does

Plant f(OP)

A Plant With No Leak Testing 1.53xl0- 2

Same Plant With Leak T,esting* 4.03xl0- 3

1.09xlO- 4

1.44xlO- 6

A

2. 20xlO- 5

4.14xlO- 6

CDF

1.86xlO- 5

1.97xlO- 7

*Leak test of air-operated check valves after maintenance and at every
refueling.

Notes: f( OP) = Frequency of Overpressurization (fry).
S2 = Frequency of Unisolated Small LOCA (!ry).
A = Frequency of Large LOCA (f ry) •
CDF = Core Damage Frequency (fry).

Table H.2
Summary of Results by System for a Plant

That Does Not Perform Any Leak Testing

Line f( Op) P(Rupture) S2 A CDF

LPCI ~1.12E-03 2.65E-02 4.lOE-05 1.62E-05 1.64E-05

CS 3.82E-03 5.52E-03 3.82E-05 1.75E-06 1.93E-06

HPCI 3.18E-03 9.34E-03 O.OOE+OO 4.53E-08 4.53E-08

RCIC 3. 18E-03 1.74E-03 O.OOE+OO 8.45E-09 8.45E-09

Feedwater 1.00E-03 3.95E-03 O.OOE+OO 3.95E-06 4.42E-09

RHR Suction 2.59E-05 7.48E-02 2.59E-05 1.93E-08 1.40E-07

Vessel Head Spray 3.81E-06 2.65E-02 3.81E-06 1.00E-09 1.87E-08

Notes: f( OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).
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Table H.3
Summary Calculations for LPCI of a Plant That Does Not Perform Any Leak Testing

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l
Hatch-2
(Reverse Air)

3.67E-02 3.85E-06 1.42E-07
Failure to Reclose

O.OOE+OO 1.42E-09 O.OOE+OO

1.20E-03 4.4lE-05 2.65E-02 4.41E-07 l.17E-08
Rupture
6.00E-03 2.20E-04 2.65E-02 2.20E-06 5.84E-08
Inadvertent Opening
8.10E-04 2.98E-OS 2.65E-02 2.97E-07 7.89E-09
Transfer Open

Browns Ferry Scenario 7.35E-04 2.65E~02 7.35E-06 1.9SE-07
(Reverse Air,Inadvertent Opened)

Cooper 1.84E-02
(Foreign ~~terial)

Pilgrim-l 1.84E-02
Sept. 29,1983
(Rusted Linkage)

3.8SE-06 7.08E-08
Failure to Reclose
1.20E-03 2.20E-05
Rupture
6.00E-03 1.lOE-04
Inadvertent Opening
8.10E-04 1.49E-05
Transfer Open

3.85E-06 7.08E-08
Failure to Reclose
1.20E-03 2.20E-OS
Rupture
6.00E-03 l.lOE-04
Inadvertent Opening
8.10E-04 1.49E-OS
Transfer Open

O.OOE+OO 7.08E-IO O.OOE+OO

2.65E-02 2.l5E-07 5.84E-07

2.65E-02 l.07E-06 2.92E-06

2.65E-02 l.45E-07 3.94E-07

O.OOE+OO 7.08E-I0 O.OOE+OO

2.65E-02 2.20E-07 5.84E-09

2.65E-02 l.lOE-06 2.92E-08

2.65E-02 1.49E-07 3.94E-09

LaSalle-I 1.84E-02
Sept. 14,1983
(Misalignment of Gears)

3.85E-06 7.08E-08 O.OOE+OO 7.08E-IO O.OOE+OO
Failure to Reclose
1.20E-03 2.20E-05 2.65E-02 2.l5E-07 5.84E-07
Rupture
6.00E-03 1.10E-04 2.65E-02 1.07E-06 2.92E-06
Inadvertent Opening
8.l0E-04 1..49E-05 2.65E-02 1..45E-07 3.94E-07
Transfer Open

Four Remaining
Incidents
(Leakage)

See Note 3.

7.35E-02 3.85E-06 2.83E-07 O.OOE+OO 2.83E-09 O.OOE+OO
Failure to Reclose
1.20E-03 8.82E-05 O.OOE+OO 8.82E-07 O.OOE+OO
Rupture
6.00E-03 4.41E-04 O.OOE+OO 4.41E-06 O.OOE+OO
Inadvertent Opening
8.10E-04 5.95E-05 O.OOE+OO 5.9SE-07 O.OOE+OO
Transfer Open
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Table H.4
Summary Calculations for CS of a Plant That

Does Not Perform Any Leak Testing

Experience AOV MOV f(OP) P(Rupture) S2 A

Browns Ferry-l 3.67E-02 3.85E-06 1.42E-07' O.OOE+OO 1.42E-09 O.OOE+OO
Hatch-2 Failure to Reclose
(Reverse Air) 1.20E-03 4.41E-05, 5.52E-03 4.41E-07 2.43E-09

Rupture
6.00£-03 2.20E-04· 5.52E-03 2.20E-06 1.22E-08
Inadvertent Opening
8.10E-04 2.98E-05 5.52E-03 2.98E-07 1.64E-09
Transfer Open

Browns Ferry Scenario 7.35E-04 5.52E-03 7.35E-06 4.06E-08

Pilgrim-l 1.84E-02 3.85E-06 7.08E-08 O.OOE+OO 7.08E-I0 O.OOE+OO
Sept. 29,1983 Failure to Reclose O.OOE+OO 7.08E-I0 O.OOE+OO
(Rusted Linkage) 1.20E-03 2.:WE-05 5.52E-03 2.20E-07 1.22E-09

Rupture
6.00E-03 1.10E-04 5.52E-03 l.lOE-06 6.08E-09
Inadvertent Opening
8.10E-04 l.l~9E-05 5.52E-03 1.49E-07 8.21E-I0
Transfer Open

LaSaHe-l 1.84E-02 3.85E-06 7.08E-08 O.OOE+OO 7.08E-I0 O.OOE+OO
Sept .. 14,1983 Failure to Reclose
(Misalignment of Gears) 1.20E-03 2.20E-05 5.52E-03 2. 19E-07 1.22E-07

Rupture
6.00£0-03 1.10E-04 5.52E-03 1.10E-06 6.08E-07
Inadvertent Opening
8.10E·-04 1.~f9E-05 5.52E-03 1.48E-07 8.21E-08
Transfer Open

Four Remaining 7.35E-02 3.85E--06 2.83E-07 O.OOE+OO 2.83E-09 O.OOE+OO
Incidents Failur.e to Reclose
(Leakage) 1.20E--03 8.82E-05 O.OOE+OO 8.82E-07 O.OOE+OO

Rupture
6.00E·-03 4.41E-04 O.OOE+OO 4.41E-06 O.OOE+OO
Inadvertent Opening
8.10E·-04 5.95E-05 O.OOE+OO 5.95E-07 O.OOE+OO
Transfer Open

Notes: AOV = Failure Rate of Air-Operated Check Valve (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (/ry).
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Table H.5
Summary of Calculations for HPCI of a Plant

That Does Not Perform Any Leak Testing

Experience AOV HOV f( OP) P(Rupture) S2 A

Browns Ferry-l 3.67E-02 1.20E-03 4.41E-05 9.34E-03 O.OOE+OO 4.12E-I0
Hatch-2 Rupture
(Reversed Air) 6.00E-03 2.20E-04 9.34E-03 O.OOE+OO 2.06E-09

Inadvertent Opening
8.10E-04 2.98E-05 9.34E-03 O.OOE+OO 2.78E-I0
Transfer Open

Browns Ferry Scenario
(Reverse Air, Inadvertent Opened)

7.35E-04 9.34E-03 O.OOE+OO 6.86E-09

2.20E-05 9.34E-03 O.OOE+OO 2.06E-09

1.10E-04 9.34E-03 O.OOE+OO 1.03E-08
Opening

1.49E-05 9.34E-03 O.OOE+OO 1.39E-09

1.20E-03
Rupture
6.00E-03
Inadvertent
8.10E-04
Transfer Open

1. 84E-02Cooper
(Foreign Material)

Pilgrim-l 1.84E-02 1. 20E-03 2.20E-05 9.34E-03 O.OOE+OO 2.06E-I0
Sept. 29,1983 Rupture
(Rusted Linkage) 6.00E-03 1.10E-04 9.34E-03 O.OOE+OO 1.03E-09

Inadvertent Opening
8.10E-04 1.49E-05 9.34E-03 O.OOE+OO 1.39E-I0
Transfer Open

Pilgrim Scenario
(Rusted Linkage, HE in Testing)

7.35E-04 9.34E-03 O.OOE+OO 6.86E-09

LaSalle-l 1.84E-02
Sept. 14,1983
(Hisalignment of Gears)

1.20E-03 2.20E-05 9.34E-03 O.OOE+OO 2.06E-09
Rupture
6.00E-03 1.10E-04 9.34E-03 O.OOE+OO 1.03E-08
Inadvertent Opening
8.10E-04 1.49E-05 9.34E-03 O.OOE+OO 1.39E-09
Transfer Open

Notes: AOV = Failure Rate of Air-Operated Check Valve (fry).
HOV = Probability of HOV Failure.
f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Hajor Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
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Table H.6
Summary of Calculations for RCTC of a Plant

That Does Not Perform Any Leak Testing

Experience AOV MOV f( Op) P(Rupture) S2 A

"Browns Ferry-I 3.67E·-02 1.20E-03 4.41E-05 1. 74E-03 O.OOE+OO 7.67E-ll
Hatch-2 Rupture
(Reversed Air) 6.00E-03 2.20E-04· 1.74E-03 O.OOE+OO 3.84E-I0

Inadvertent Opening
8.l0E-04 2.98E-05 1.74E-03 O.OOE+OO 5. 18E-ll
Transfer Open

Browns Ferry Scenario
(Reverse Air, Inadvertent Opened)

7.35E-04· 1.74E-03 O.OOE+OO 1.28E-09

2.20E-05 1.74E-03 O.OOE+OO 3.84E-10

1.10E-04 1.74E-03 O.OOE+OO 1.92E-09
Opening

1.49E-05 1.74E-03 O.OOE+OO 2.59E-10

1. 84E·-02 1.2.0E-03
Rupture
6.00E-03
Inadvertent
8.10E-04
Transfer Open

Cooper
(Foreign Material)

Pilgrim-I 1.84E--02 1.20E-03 2.20E-05 1.74E-03 O.OOE+OO 3.84E-ll
Sept. 29,1983 Rupture
(Rusted Linkage) 6.00E-03 1.10E-04 1.74E-03 O.OOE+OO 1.92E-1O

Inadvertent Opening
8.10E-04 1.,~9E-05 1. 74E-03 O.OOE+OO 2.59E-ll
Transfer Open

Pilgrim Scenario
(Rusted Linkage, HE in Testing)

7.35E-04 1.74E-03 O.OOE+OO 1.28E-09

LaSalle-I
Sept .• 14,1983

1.84E-02 1.20E-03 2.20E-05
Rupture
6.00E-03 1.10E-04
Inadvertent Opening
8.10E-04 1.49E-05
Transfer Open

1.74E-03 O.OOE+OO 3.84E-I0

1.74E-03 O.OOE+OO 1.92E-09

1.74E-03 O.OOE+OO 2.59E-IO

Notes: AOV = Failure Rate of Air-Operated Check Valve (/ry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry) "
p( Rupture) = Probabi.lity of Maj or Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (/ry) ..
A = Frequency of Large LOCA (/ry).
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Table H.7
Summary of Results by System With Leak Testing

Line f(OP) P(Rupture) 82 A CDF

LPCr 3.S3E-OS 2.6SE-02 3.S2E-07 1.S8E-07 1. S9E-07

C8 2.94E-OS S.S2E-03 2.94E-07 3.2SE-1O 1.69E-09

lIPCr 1.48E-03 9.34E-03 O.OOE+OO 7.l6E-09 7.l6E-09

RCIC 1.48E-03 1.74E-03 O.OOE+OO 1.33E-09 1. 33E-09

Feedwater 1.OOE-03 3.9SE-03 O.OOE+OO 3.9SE-06 4.42E-09

RHR Suction 7.71E-07 7.48E-02 7.S2E-07 1.93E-08 2.27E-08

Vessel Head Spray 4.S3E-08 2.6SE-02 4.49E-08 4.01E-1O 6.lOE-1O

Notes: f(OP) = Frequency of Overpressurization (fry).
P(Rupture) = Probability of Major Pipe Rupture.
Sz = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).



H-9

Table H.8
Summary Calculations for LPCI .. With Leak Testing

Experience AOV MOV f(OP) P(Rupture) 82 A

Cooper 7.35E:-04 1.93E-06 I. Lf2E-09 O.OOE+OO 1.42E-ll O.OOE+OO
(Foreign Material) Failure to Reclose

6.00E-04 4. LdE-07 2.65E-02 4.29E-09 1.l7E-08
Rupture
3.00E-03 2.20E-06 2.65E-02 2.15E-08 5.84E-08
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.90E-09 7.89E-09
Transfer Open

Pilgrim-l 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) 6.00E-04 4.LfIE-07 2.65E-02 4.4IE-09 1.l7E-IO

Rupture
3.00E-03 2.20E-06 2.65E-02 2.20E-08 5.84E-IO
Inadvertent Opening
4.05E-04 2.98E-07 2.65E-02 2.97E-09 7.89E-ll
Transfer Open

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose
(Leakage) 6.00E-04 1.76E-06 O.OOE+OO 1.76E-08 O.OOE+OO

Rupture
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Opening;
4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open

Notes: AOV = Failure Rate of Air-Operated Check Vale (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (f ry) •
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Table H.9
Summary Calculations for CS - With Leak Testing

Experience AOV MOV f( Op) P(Rupture) 82 A

Pilgrim-l 7.35E-04 1.93E-06 1.42E-09 O.OOE+OO 1.42E-ll O.OOE+OO
Sept. 29,1983 Failure to Reclose
(Rusted Linkage) 6.00E-04 4.4lE-07 5.52E-03 4.4lE-09 2.43E-ll

Rupture
3.00E-03 2.20E-06 5.52E-03 2.20E-08 1.22E-lO
Inadvertent Opening
4.05E-04 2.98E-07 5.52E-03 2.98E-09 1. 64E-ll
Transfer Open

Four Remaining 2.94E-03 1.93E-06 5.66E-09 O.OOE+OO 5.66E-ll O.OOE+OO
Incidents Failure to Reclose
(Leakage) 6.00E-04 1. 76E-06 O.OOE+OO 1.76E-08 O.OOE+OO

Rupture
3.00E-03 8.82E-06 O.OOE+OO 8.82E-08 O.OOE+OO
Inadvertent Opening
4.05E-04 1.19E-06 O.OOE+OO 1.19E-08 O.OOE+OO
Transfer Open

Notes: AOV = Failure Rate of Air-Operated Check Vale (fry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (fry).
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
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Table H.lO
Summary of Calculations for HPCI - With Leak Testing

Experience AOV MOV f(OP) P(Rupture) S2 A

Cooper 7.3SE-4 6.00xlO- 4 4. LdxlO- 7 9.34E-03 O.OOE+OO 4.l2xlO- ll

(Foreign Material) Rupture
3"OOE-03 2.20xlO- 6 9.34E-03 O.OOE+OO 2.06xlO- 1O
Inadvertent Opening
4"OSE-04 2.98xlO- 7 9.34E-03 O.OOE+OO 2.78xlO- ll
Transfer Open

F'ilgrim-l 7.3SE-4 6"OOxlO- 4 4.4lxlO- 7 9.34E-03 O.OOE+OO 4.l2xlO- 12

Sept. 29,1983 Rupture
2.20xlO- 6 2.06xlO- ll(Rusted Linkage) 3.. 00E-03 9.34E-03 O.OOE+OO

Inadvertent Opening
4 .. 0SE-04 2.98xlO- 7 9.34E-03 O.OOE+OO 2.78xlO- 12
Transfer Open

Pilgrim Scenario 7.3SE-04 9.34E-03 O.OOE+OO 6.86E-09
(Rusted Linkage, HE in T,esting)

Notes: AOV = Failure Rate of Air-Operated Check Vale (fry).
MOV = Probability of MOV Failure.
f( OP) = Frequency of Overpressurization (fry).
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
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Table H.11
Summary of Calculations for RCIC - With Leak Testing

Experience AOV MOV f( OP) P(Rupture) S2 A

Cooper 7.35E-4 6.00x10-4- 4.41x10- 7 1.74E-03 O.OOE+OO 7.67x10- 12

(Foreign Material) Rupture
3.00E-03 2.20x10- 6 1. 74E-03 O.OOE+OO 3.84x10- 11

Inadvertent Opening
4.05E--04 2.98x10- 7 1.74E-03 O.OOE+OO 5.18x10- 12

Transfer Open

Pilgrim-1 7.35E-4 6.00x10-4- 4.41x10- 7 1.74E-03 O.OOE+OO 7.67x10- 13

Sept. 29,1983 Rupture
(Rusted Linkage) 3.00E-03 2.20x10- 6 1.74E-03 O.OOE+OO 3.84x10- 12

Inadvertent Opening
4.05E-04 2.98x10- 7 1.74E-03 O.OOE+OO 5.18x10- 13

Transfer Open

Pilgrim Scenario 7.35E-04 1.74E-03 O.OOE+OO 1.28E-09
(Rusted Linkage, HE in Testing)

Notes: AOV = Failure Rate of Air-Operated Check Vale (/ry).
MOV = Probability of MOV Failure.
f(OP) = Frequency of Overpressurization (/ry).
S2 = Frequency of Unisolated Small LOCA (/ry).
A = Frequency of Large LOCA (/ry).
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Notes for Appendix H Tables

Note 1: f(OP) = Frequency of Overpressurization (fry).
S2 = Frequeney of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (f ry) •
CDF = Core Damage Frequency (fry).

Note 2: f(OP) = Frequency of Overpressurization (fry).
P(Rupture = Probability of Maj or Pipe Ruptur l:!.

S2 = Frequenc:y of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (f ry).
CDF Core Da.mage Frequency (fry).

Note 3: AOV Failure Rate of Air-Operated Check Vall~ (fry).
MOV Probability of MOV Failure.
f( Op) = Frequency of Overpressurization (f ry).
S 2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).

Note 4: Beta = Beta Factor for Common Cause Failure.
f( OF) = Frequency of Overpressurization (fry).
P(Rupture) = ProbabiUty of Major Pipe Rupture.
S2 = Frequency of Unisolated Small LOCA (fry).
A = Frequency of Large LOCA (fry).
CDF = Core Damage Frequency (fry).

Note 5: Beta = Beta Factor for Common Cause Failure.
AOV = Failure Rate of Air-Operated Check Vale (fry).
MOV = Probability of MOV Failure.
f( OP) = Frequency of Overpressurization (fry).
S2 = Frequency of Unisolated Small LOCA (/ ry).
A = Frequency of Large LOCA (fry).
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APPENDIX I: Consequence Calculations

The consequences were calculated using the CRAC2 1- 2 computer code. The
consequences of principal interest are person-rem, dE!aths, and decontamination
area.

The techniques of consequence analysis are discussed in the Reactor
Safety Study (WASH-1400) 3 and the PRA Procedures Guide, 4 and, therefore, the
details are omitted here.

The
the ways
has been

a.
b.
c.
d.
e.

consequence codes consider five 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 (external 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 piece-wise linear due to irradiation of
the bone marrow, lung, and GI tract. The total risk is then:

where R1, R?, and R;3 a.re 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 3412 MWt
BWR.

The weather data consists of llourly weather observations of wind speed,
wind direction, stability class, and precipitation. The data was not taken
from a single year, but was averaged in a manner that represents the long-term
average weather behavior. The code sort this data into 29 weather categories
(called bins), as discussed in the CRAC2 Model t-lanual~? so that low
probability weather conditions can be adequately sampled.

The site weather input was taken to be that for Indian Point simply for
calculational convenience. Other site weather data would yield somewhat
different numerical results, however, it is important to note that the
relative magnitudes and relationships of the consequence analysis would be
expected to hold. The weather summaries Indian Point are given in Table 1.1.
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 wind speeds. Category F, with little
spread of the plume with distance, would occur late at night or just before
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dawn if wind speeds were very low. In addition, there are weather bins for
rain conditions, both at time of release and at later times, and for changing
wind conditions which produces a slowing down of the plume. Both of these
conditions could produce higher doses at greater distances than would
otherwise occur.

Source Terms

The characterization of a given release category is called the source
term. The factors of interest are the timing and duration of the release, the
release fractions and the plume energy. The timing of the release 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.

The source terms shown in Table 1.2 represent early radiological releases
(V scenario) associated with a MARK I BWR and were taken from NUREG/CR-4624
(BMI-2139 Vol. I). The first column represents the release corresponding to
an unscrubbed case while the second column assumes a scrubbing of the
release. It should be noted that a decontamination factor (DF) of 10 was
assumed except for the nobel gases.

The releases were assumed to occur one half hour after scram with a five
hour duration. The energy of the release was 30 MW for the unscrubbed case
and zero for the scrubbed case.

Results of the Consequence Calculations

Results were calculated assuming a realistic public response to an
evacuation within 10 miles starting one half hour after the release. The
results are given in Table 1.3 for deaths, injuries, person-rem within 50
miles and loss of use of the land due to land interdiction without
decontamination.
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Table 1.1
One Year of New York City Meteorological Data

Summarized Using Weather Bin Categories

Weather Bin Number of Sequences Percent

1. R ( 0) 697 7.96
2. R (0-5) 12 .14
3. R ( 5-10) 62 .71
4. R (l0-15) 102 1.16
5. R (15-20) 75 .86
6. R (20-25) 67 .76
7. R (25-30) 61 .70
8. S (0-10) 24 .27
9. S (10-15) 16 .18

10. S (15-20) 18 .21
11. S (20-25) 14 .16
12. S (25-30) 18 .21
13. A-C 1,2,3 168 1.92
14. A-C 4,5 892 10.18
15. D 1 0 0.00
16. D 2 61 .70
17. D 3 226 2.58
18. D 4 948 10.82
19. D 5 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 = Windspeed slowdown occurring within indicated interval (miles).
A-C, D,E,F = Stability categories.
1(0-1), 2(1-2), 3(2-3), 4(3-5), 5(GT 5) = Wind speed intervals (meters/

second) •
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Table 1.2
Comparison of Environmental Releases for

Unscrubbed and Scrubbed Cases

Species Unscrubbed Scrubbed

I 0.46 0.046

Cs 0.44 0.044

Te 0.26 0.026

Sx-Ba 0.24 0.024

Ru 1.4E-6 1.4E-7

La-Ce 2.0E-2 2.0E-3

Table 1.3
Results of Consequence Calculations

Total Land Cost w/o
Deaths Injuries Person-Rem Decontamination ($ )

Unscrubbed 5.9 91 3.26E6 $1.76E09

Scrubbed 0 0.35 1.51E6 $3.69E08


