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ABSTRACT

The effect of aging on the PWR Chemical and Volume Control System (CVCS) has been
evaluated. A detailed review of the NPRDS and LER databases for the 1988-1991 time period, together
with a review of industry and NRC experience and research, indicate that age-related degradations and
failures have occurred. These failures had significant effects on plant operation, including reactivity
excursions, and pressurizer level transients. The majority of these component failures resulted in leakage
of reactor coolant outside the containment.

A representative plant of each PWR NSSS design (W, CE, and B&W) was visited to obtain
specific information on system inspection, surveillance, monitoring, and inspection practices. The results
of these visits indicate that adequate system maintenance and inspection is being performed. In some
instances, the frequencies of inspection were increased in response to repeated failure events. A
parametric study was performed to assess the effect of system aging on Core Damage Frequency (CDF).
This study showed that as MOV operating failures increased, the contribution of the High Pressure
Injection to CDF also increased.
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SUMMARY

The Pressurized Water Reactor (PWR) Chemical and Volume Control System (CVCS) is designed
to provide both safety and non-safety related functions. During normal plant operation it is used to
control reactor coolant chemistry, and letdown and charging flow. In many plants, the charging pumps
also provide high pressure injection, emergency boration, and RCP seal injection in emergency situations.
This study examines the design, materials, maintenance, operation and actual degradation experiences of
the system and main sub-components to assess the potential for age degradation. Since the CVCS
provides many normal and emergency operating functions, it is important to understand the effect of
aging in order to detect and correct these instances prior to component failure.

The actual design of, and number of components in the system, varies between plant designs, as
well as plant-to-plant. Sufficient redundancy is provided for the major sub-components (valves,
deionizers, and pumps) such that failures do not result in an inoperable system. However, these
component failures do represent a loss of redundancy, which may affect plant operation and safety if
other redundant components also fail.

A detailed review of the Nuclear Plant Reliability Data System (NPRDS) and the Licensee Event
Report (LER) database, together with a review of industry and NRC experience and research, highlighted
the fact that age-related degradations and failures have occurred. These failures had significant effects
on the plant, including reactivity excursions, and pressurizer level transients. These occurrences resulted
in components being removed from service for repair, power reductions due to reactor coolant leakage,
and unnecessary system stresses in response to these events.

The majority of the system failure occurrences were due to degradation and failure of system
valves, positive displacement pumps, and valve operators. Aging accounted for over 50% of these
occurrences.

The following main failures were highlighted by this review of operational experience:

1.  Reactor coolant leakage was primarily due to charging pump packing failures commonly
associated with positive displacement pumps and vibration-induced damage to the piping located
both inside and outside of containment. These failures resulted in leakage of reactor coolant.
Unidentified leakages inside containment in excess of the technical specification limit of 1 gpm
resulted in power decreases and unit shutdowns. Leakages outside of containment resulted in
ALARA and maintenance concerns. In response to the packing failures, some plants increased
the frequency of inspections, or considered the feasibility of replacing the pumps with centrifugal-

type pumps.

2.  Gate and globe type of valves were most frequently reported failed. Such valves are used for
isolation and flow control throughout the system. Packing failures accounted for the majority of
these occurrences. External leakage commonly resulted from these events.

3.  Failures of valve operators primarily pneumatic and motor-operated, also were frequently

reported. These events resulted in the valve failing to operate properly. In pneumatic valves,
failure of the diaphragm accounted for over 15% of the occurrences.
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4.  Storage of the highly concentrated boric acid solution caused numerous operational failures (e.g.,
corrosion, precipitation). Failures of the boric acid tank heaters and pipe heat tracing resulted
in the precipitation of boric acid, resulting in flow obstructions. Leakages of this highly
concentrated solution corroded carbon steel fasteners and components. Erroneous level
indications resulted from the formation of boric acid crystals on the instrumentation.

For the major system components, the operating and environmental stresses on the system were
evaluated including the potential aging effects from continued exposure to these stresses. Detailed Failure
Modes and Effects Analysis (FMEA) were performed for each NSSS design. Methods of detecting
failures were also examined, including functional indicators and system operating characteristics.

Plant visits were made to one representative plant of each NSSS design to obtain plant specific
information on system inspection, surveillance, monitoring, and maintenance practices. The majority of
system inspections are performed in accordance with ASME Section XI, Appendix J, and Technical
Specification requirements. Each of the three plants visited used Reliability Centered Maintenance (RCM)
techniques to insure that adequate maintenance and surveillance was being performed on the components.
These techniques proved valuable in identifying some components which were being replaced
unnecessarily. In addition to being costly, these practices also induce unnecessary stresses on the
components.

A review of industry and NRC experience with CVCS operation confirmed the conclusions of
this Phase I study. Studies performed by EPRI concluded that the system valves were subject to age
related wear, and compared to valves in other systems, contributed the most cobalt into a plant. The
studies also highlighted the susceptibility of the system components to normal and abnormal operating
stresses, including those resulting from required testing and inspections (e.g., running pumps in the
minimum flow condition).

As part of this analysis, a parametric study was also performed to assess the effect of system
aging on Core Damage Frequency (CDF). Since the majority of CVCS functions are not safety-related,
the impact of failures are not assessed in plant PRAs. However, the High Pressure Injection System (of
which the CVCS charging pumps are part of) was found to be of medium importance, accounting for
10% of the CDF. Human errors were the primary contributor to this percentage, followed by motor-
operated valve (MOV) failures. Aging of the system, particularly MOVs, was found to have a
potentially significant impact upon system operability. If the unavailability estimate for MOV operating
failures were increased by a factor of 10, the HPI CDF contribution would be increased by a factor of
5. This highlighted the importance of monitoring and detecting age degradation prior to component
failure.

The results of this NPAR study show that aging degradation and failures has occurred in the
CVCS. These failures have not prevented the system from responding as designed in an emergency, but
have resulted in normal plant operation perturbations. These occurrences have resulted in unnecessary
actuation and operation of other system components in response, causing unnecessary stresses. The
results of the plant visits indicate that significant attention is being concentrated on the CVCS, and that
maintenance practices are being employed in response to specific component failure histories. However,
the large number of failure events reported to the databases, indicating that system failures are still
occurring, highlights the need for continued attention to the operation and aging of the system.
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1. INTRODUCTION

The Chemical and Volume Control System
(CVCS)™ is essential to the safe and reliable
operation of Pressurized Water Reactors
(PWRs). Among its many functions, the CVCS
provides for the control of reactor coolant
chemistry, and letdown and charging flow
during normal operation, and in many plants,
high pressure injection during transients and
accidents.

Failure or degradation of this system’s
components, due to aging, may significantly
affect plant operations (reactivity and pressurizer
level control).  Failures which affect the
system’s non-safety related functions do not
usually result in an increase in plant risk.
However, many plants utilize the same charging
pumps for charging flow and high pressure
injection. Failure to provide this emergency
flow, when required, would represent a
significant increase in plant risk.

An aging assessment was performed on the
PWR CVCS system and its main sub-
components. The results of this Phase I
assessment are described in the following
sections of this NUREG. This program was
performed under the United States Nuclear
Regulatory Commission’s (NRC) Nuclear Plant
Aging Research (NPAR) Program.

1.1 Background

Though the CVCS system at each PWR
performs basically the same functions, plant to
plant, and vendor design differences do exist.
Some plants use regenerative heat exchangers to
cool both the letdown flow and heat the charging
flow. The number and type of deionizers
(anion, cation, mixed-bed) used to purify the

coolant also varies. Charging flow is provided
by either positive displacement or centrifugal
pumps, or a combination of each. In addition,
the newer Westinghouse plants have a boron
thermal regeneration system which permits load
following. However, since this is not a normal
mode of plant operation, the sub-system has not
been used widely, though component failures in
this part of the system have occurred.

Table 1.1 provides a listing of each PWR
plant and age. As shown, the majority of
currently operating PWR plants (65%) have
been in service for greater than 10 years. To
maintain the operability of the system and
components, it is essential to understand the
cumulative effect of the induced stresses, and
detect aging prior to failure. Failures of the
CVCS system have resulted in significant system
and plant perturbations (e.g., reactivity
transients, pressurizer level fluctuations).

1.2 Objectives

As reactor years of operation increased, a
need developed to assess the effects of plant
aging on safety. The Director of the Office of
Nuclear Reactor Regulation of the U.S. Nuclear
Regulatory Commission (NRC) identified this
need, and the Nuclear Plant Aging Research
(NPAR) Program was developed by the Office
Of Nuclear Regulatory Research to assess this.
The technical and safety issues of the Program,
components and systems to be evaluated, and
potential uses of the results, are described in
NUREG-1144.!

The objectives of a Phase I system study are
described in NUREG-1144 and the BNL Aging
and Life Extension Assessment Program
(ALEAP) Systems Level Plan.? Specifically,
these objectives are to perform the following:

*For brevity, the general term Chemical and Volume Control System (CVCS) will be used in the report to refer to Westinghouse
(W), Combustion Engineering (CE) and Babcock & Wilcox (B&W) plants. In B&W plants, the system is identified as the
makeup and Purification System. When specifically applicable to B&W plants, the term Makeup and Purification System will

be used.
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Table 1.1 Years of Operation - PWR Plants

Years of Operation

Westinghouse Plants

- Combustion

| Babcock & Wiltox

5-10

21 units

Shearon Harris
Beaver Valley 2
Byron 1,2
Braidwood 1,2
Catawba 1,2
Vogtle 1

Millstone 3 .
Diablo Canyon 1,2
Callaway

Wolf Creek
McGuire 2
Braidwood 1,2
South Texas 1,2
Seabrook

Vogtle 2

5 units

Palo Verde 1,2,3
San Onofre 3
Waterford 3

11-15

7 units
Farley 2
Summer 1
North Anna 2
McGuire 1
Salem 2
Sequoyah 1,2

3 units

San Onofre 2
St. Lucie 2
Arkansas 2

16-20

12 units

Prairie Island 2
Kewaunee
Farley 1
Beaver Valley 1
North Anna 1
D.C. Cook 1,2
Indian Point 2,3
Trojan

Salem 1

Zion 2

4 units

St. Lucie 1
Calvert Cliffs 1,2
Milistone 2

6 units

Crystal River
Davis Besse
Arkansas 1

Oconee 2,3

Three Mile Island 1

Greater than 20

11 units

Prarie Island 1
Ginne

Pt. Beach 1,2
Robinson 2
Turkey Point 3,4
Surry 1,2

Zion 1

Haddam Neck

3 units

Fort Calhoun
Maine Yankee
Palisades

Oconee 1
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e adetailed evaluation of operating experience
data,

e an analysis of industry operating and
maintenance data,

e an identification of failure modes, causes,
and effects, and

e a review of design operating environment,
and performance requirements. To meet
these objectives, the following tasks were
completed for each PWR NSSS design:

A. The operating experience was reviewed
to identify the dominant component
failure modes, effects, and mechanisms,

B. A Failure Modes and Effects Analysis
(FMEA) for each main sub-system was
completed to identify the components
which affect the functions of the system,

C. One plant of each NSSS design was
visited to obtain current maintenance,
inspection, and surveillance practices.

1.3 Analysis Methodology and Report Format

In a Pressurized Water Reactor (PWR), both
the control rod assemblies (CRAs) and the
Chemical and Volume Control System (CVCS)
are necessary to control reactivity. The CVCS
compensates for long-term reactivity effects due
to coolant temperature changes, xenon
concentrations, and fuel burnup by controlling
the amount of soluble boron in the reactor
coolant. The control rod drive mechanisms
(CRDMs) position the movable CRAs within the
core to control short term reactivity effects.

Several CVCS components are also used in
the high pressure injection system. The effect of
aging on the HPI was previously analyzed by the
Idaho Nuclear Engineering Laboratory (INEL).?
Efforts were made during this Phase I study not
to duplicate the HPI aging assessment.

However, some duplication was unavoidable
since the failures for the components used by
For example,

each system affected both.

charging pump failures would have affected both
the ability to provide charging and HPI flow.
The effect of aging on PWR control rod drive
assemblies was also previously analyzed by
BNL.%

A simplified CVCS system schematic is
shown in Figure 1.1. The primary sub-systems
included in this study are:

letdown cooling system,
demineralizers,

boron thermal regeneration system,
volume control storage tank,

boric acid supply,

charging pumps, and

RCP seal water injection

Most of the CVCS components are located
outside of containment, so aging degradations
may result in external leakage of the reactor
coolant.

To fully understand the effect of system
aging, specific information on the system’s
operating characteristics, material, and design
function is presented in Section 2 for each NSSS
design. This information was obtained from a
review of the utilities’ Final Safety Analysis
Reports, technical reports, and system
descriptions. Appendices A, B, and C contain
design and operating data for the individual
components.

Section 3 evaluates the operational and
environmental impacts of the stresses on both
the system and components. The effect of
required surveillance and testing is considered,
along with other stresses including mechanical
wear, vibration, and corrosion.

Operating experience for each NSSS design,
for 1988-1991, is presented in Section 4. The
information used to evaluate the operating
experience was obtained from a variety of
sources, including:

¢ Nuclear Plant Reliability Data System

(NPRDS)
¢ Licensee Event Reports (LERs)

NUREG/CR-5954
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Figure 1.1 Chemical and volume control system®

e Plant Specific Failure Data
e Operating Plant Visits and Discussions With
Plant Personnel

This section discusses the primary failure causes
and effects for the main system components.
The databases were also reviewed to identify the
particular sub-component(s) which resulted in
pump and valve failure. The percentages of
failures directly attributable to aging degradation
is presented. The effect of the failure on the
system is also presented.

The results of the detailed design, operating
stressors, previous system studies, and operating
experience reviews are combined into a failure
mode and effects analysis for the primary
components of the CVCS system (Section 5).
Each individual FMEA analyzes the primary
component failures which may result in system
or plant effects. Detection methods for each
failure are also presented. These methods

NUREG/CR-5954
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include functional indicators and the system’s or
plant’s operating characteristics which would
alert the plant operator to aging degradation.

Section 6 discusses the results of visits to
representative plants of each NSSS design.
Information on system operating experience,
inspection, surveillance, and maintenance
practices is presented. The advantages of
performing a reliability centered maintenance
analysis on the CVCS to identify the critical
components and failure modes 1is also
presented.

The CVCS system has been the subject of
several industry and EPRI studies. In addition,
degradation of the system has resulted in the
issuance of NRC Bulletins and Information
Notices alerting utilities of these failures. These
have been in response to significant system and
operating failures. Section 7 summarizes this
work.



The effect of system aging on core damage
frequency is assessed in Section 8. A base case
system unavailability estimate based upon fault
tree analysis is provided. The results of a
parametric study, in which component failure
rates are varied to simulate the potential effect of
aging are also presented. Major contributors to

system unavailability, including specific
component failures and human errors are also
evaluated.

Section 9 presents the results and
conclusions of this Phase I aging assessment.

NUREG/CR-5954




2. DESCRIPTION OF THE CHEMICAL
AND VOLUME CONTROL SYSTEM

2.1 Introduction

The Chemical and Volume Control System
(CVCS) for PWR plants (W, CE, and B&W),
provides both normal and emergency operation
functions (Table 2.1). During normal operation,
the three primary system functions are to purify
the reactor coolant, control RCS inventory
(pressurizer level control), and provide RCP seal
water injection. During an emergency, the
primary safety functions for the majority of
PWR plants are to provide high pressure safety
injection, RCP seal injection, and emergency
boration. In addition, the containment isolation
system, which includes CVCS valves, isolates
the letdown and charging lines. With the
exception of the CE and several Westinghouse
plants, the majority of PWR plants also use the
charging pumps for high pressure injection.

The majority of the system’s components,
with the exception of those required for high
pressure injection, emergency boration, reactor
coolant pump seal injection, and containment
isolation, are not necessary to mitigate the
effects of an accident, and thus are not safety-
related. Upon an Engineered Safety System
(ESF) actuation, the system’s isolation valves
close, and the charging pumps are realigned with
the refueling water storage tank (RWST) to
provide coolant to the Reactor Coolant System

(RCS).

During normal plant operation, letdown
flow is typically set between 45 and 90 gpm,
and pressurizer level is stabilized by controlling
the charging flow rate. As the RCS temperature
or reactor power change, the pressurizer level
increases or decreases, and the CVCS responds
to these changes to restore the pressurizer level.

The typical system design used in the
majority of plants is shown schematically in
Figure 2.1. Specific variations exist between the

individual NSSS designs, as well as from plant
to plant. System operation and instrumentation
is discussed in Section 2.2, while Section 2.3
highlights the major system design variations.

2.2 CVCS Operation and Control

2.2.1 Typical System Design and
Operation”®

With the exception of times when the boron
concentration must be adjusted (increased or
diluted), the CVCS automatically maintains and
purifies the RCS (feed-and-bleed). Table 2.2
provides the typical design and operating
parameters of the system for each PWR design.
Specific data for the major system components
in the Westinghouse, Combustion Engineering,
and Babcock & Wilcox plants is included in
Appendices 1, 2, and 3, respectively.

Reactor letdown entering the CVCS is
controlled by redundant, isolation valves. These
valves are interlocked with the pressurizer, and
close on a low pressurizer level alarm to isolate
the letdown portion of the system. A
combination of two heat exchangers are used to
reduce the coolant temperature from reactor
temperature (540°F) to approximately 120°F.
The Westinghouse and Combustion Engineering
CVCS designs use a regenerative heat exchanger
to initially lower the letdown flow temperature
from reactor coolant temperature of 540°F to
approximately 290°F, while increasing the
charging flow temperature before returning it to
the RCS. A second letdown heat exchanger
which is non-regenerative, lowers the letdown
fluid temperature to approximately 120°F. This
reduction ensures the proper operation of the ion
exchanger. Cooling water to the second letdown
heat exchanger is provided by the Component
Cooling Water (CCW) system. The effect of
aging on the CCW system was studied in
NUREG/CR-5052 and 5693.32 A pressure-

regulating valve controls fluid pressure to ensure
it does not flash to steam during the temperature
reduction.

NUREG/CR-5954
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Table 2.1 CVCS Functions

. Function*

Reactor Coolant Purification

Reactor Coolant Boron Control

Pressurizer Level Control

Process Reactor Coolant Effluent

Coolant

Chemical Treatment of Reactor

Flow

Reactor Coolant Pump Seal Water

Bleedoff (B&W)

Collect Reactor Coolant Pump

High Pressure Injection (CE and W)

RCS Emergency Boration

Containment Isolation

Pressurizer Auxiliary Spray

Z | |o |

Letdown orifice valves downstream of the
regenerative heat exchanger control the letdown
flow rate. This control is required to regulate
the amount of RCS purification, or to achieve a
faster change in RCS boron concentration. The
letdown orifice valves also isolate the letdown
line upon an ESF signal.

A three-way temperature divert valve directs
the letdown flow, depending upon fluid
temperature. Normally, the flow is directed to
the ion exchangers. However, if the
temperature exceeds approximately 140°F, the
fluid is bypassed around the ion exchangers.
High temperatures reduce the efficiency of the
ion exchanger, and shorten the lifetime of the
resin bed.

A combination of mixed bed and cation ion
exchangers purify the coolant. Redundant ion
exchangers are installed to permit one to be

2-3

removed for maintenance, while still maintaining
the system operational. Mixed-bed ion
exchangers contain both anions and cations, and
also serve as very effective crud filters. B&W
provides two, parallel mixed-bed ion exchangers
and a cation exchanger which is used to control
lithium, cesium, yttrium, or molybdenum.
Letdown filters, located downstream of the ion
exchangers, provide mechanical filtration, and
prevent broken resin beads from entering the
RCS.

A level divert valve controls the direction of
flow from the filters. Normally, flow is directed
to a spray nozzle in the top of the volume
control tank or makeup tank in B&W plants.
However, flow can be diverted to other storage
tanks. This is necessary to maintain sufficient
volume in the tank to accommodate pressurizer
level changes. By controlling both letdown and
charging flow, pressurizer level can be adjusted.

NUREG/CR-5954
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Table 2.2 Typical CVCS Design Parameters

— COmbus{mn : ‘Babcock

- Wes;i:igﬁéuse :

Parameter 2Loop 3 Lo;op i 4

Seal water injection
flow rate, for the 16 24 32 - 32-60
reactor coolant pumps,
nominal, gpm.!

Seal water return flow
rate, for the reactor 6 9 12 6 6
coolant pumps, nominal,
gpm.!

Letdown flow
Normal, gpm 40 60 75 38 50
Maximum, gpm 80 120 120 126 200

Charging flow (excludes
seal water)

Normal, gpm 30 45 55 44 small?
Maximum, gpm 105 100 132 small

Temperature of letdown
reactor coolant entering <545 542-555 <560 550 <510
system, °F

Temperature of
charging flow directed 488 497-501 518 410 -
to reactor coolant
system, °F

Temperature of effluent
directed to boron 127 115 115-127 120 120
recycle system,°F

Maximum pressurization
required for hydrostatic 3107 3107 3107 3025 3200
testing of reactor

coolant system, psig

Note:

1.  Parameters for RCP are representative, plant to plant variations exist. For detailed information,
see NUREG/CR-4948.%

2.  The majority of the makeup flow is provided via the RCP seals.

NUREG/CR-5954 2-4



An overpressure of hydrogen cover gas is
maintained in the Volume Control Tank (VCT)
which enables the hydrogen gas to be absorbed
by the fluid as it enters the tank. Upon reaching
the core, the radiation will cause the hydrogen to
associate with any free oxygen. Chemical
addition taps are also provided for adding
lithium hydroxide and hydrazine. Lithium
hydroxide assists in controlling pH to minimize
corrosion, and hydrazine serves as a oxygen
scavenger during cold shutdowns. An additional
tap in the line between the volume-control tank
and the charging pump suction allows for
emergency boration. To resist corrosion, the
tank is fabricated from austenitic stainless steel.
Redundant, normally closed motor-operated
valves (MOVs) are located between the
Refueling Water Storage Tank (RWST) and th
charging pumps. .

Depending upon the plant’s design, the
charging pumps may serve both as the normal
source of charging flow to the RCS, and as
high-pressure injection pumps in an emergency.
The majority of PWR plants use the charging
pumps to supply high pressure injection.
However, CE and some Westinghouse plants
have separate high pressure injection pumps
(Table 2.3) which are not used to supply
charging flow during normal plant operation.

Typically, three pumps are provided
(combination of centrifugal and positive
displacement) for charging and high pressure
injection. The centrifugal pumps are normally
used for emergency high pressure injection, and
power is supplied from a vital, Class 1E bus.
For plants where the charging pumps do not
provide emergency cooling, then power may be
supplied from non-vital power busses. Most of
the charging pump discharge flow enters the
charging header, with some diverted for reactor
cooling pump seal cooling. The charging flow
is directed through a regenerative heat exchanger
in order to increase the temperature before
injection back to the RCS; this minimizes the
risk of thermal shock to the reactor coolant loop
nozzle penetrations.

2-5

The reactor makeup portion of the system is
used to adjust the RCS boron concentration
(increase or decrease) and compensate for any
system leakage while maintaining a constant
boron concentration. Water (from the primary
water storage tank) is fed through the blender by
a flow control valve to the volume control tank
to dilute the RCS boron concentration. To
increase it, concentrated boric acid is transferred
from the boric acid tanks by dedicated transfer
pumps, through the blender, to the charging
pump suction. The boric acid tanks are
electrically heated and the piping in the boric
acid flow path is heat traced to ensure that the
boric acid remains in solution. The boric acid
blender limits the flow to approximately 10
gpm, so an alternate boration flow path is
provided for emergencies. Both boric acid and
pure water are used to compensate for RCS
leakage and maintain the system boric acid
concentration.

2.2.2 System Instrumentation

Process control instrumentation is installed
to monitor key operational parameters. The
instrumentation furnishes input signals for
monitoring, alarming, and/or control purposes.
Indications and alarms are normally provided
for:

a. Temperature

1.  Seal water return temperature upstream
and downstream of the heat exchanger,

2.  RCP No. 1 seal outlet temperatures to
monitor seal water leakoff temperature

3.  Temperatures upstream and downstream
of the regenerative heat exchangers to
ensure that the fluid does not exceed the
saturation temperature of the letdown
stream at the pressure prevailing
downstream of the letdown orifices,

4.  Discharge temperature of letdown line
relief valves, for actuation or leak
indication,

S. VCT outlet temperature,

NUREG/CR-5954

o
',-E v



Table 2.3 PWR Plants with Separate High Pressure Injection Pumps

Ginna H.B. Robinson
Kewaunee Turkey Point 3 & 4
Point Beach 1 & 2 Indian Point 2 & 3
Prairie Island 1 & 2 Yankee Rowe
- Béb‘cocki& Wﬂcox .
Davis Besse

CombusnonEngineering s iE

Arkansas 2 San Onofre 2 & 3
Calvert Cliffs 1 & 2 St. Lucie 2 & 3
Fort Calhoun Waterford 3
Millstone 2 Palo Verde 1,2,&3
Palisades
6.  Outlet temperature of the letdown heat 3. RCP seals differential pressure which

exchanger to ensure it does not exceed
limits necessary for proper demineralizer

operation, 4.
7.  Lower bearing temperatures on the RCPs

to ensure adequate cooling.  High 5.

temperatures could be an indication of

seal water loss or reactor coolant 6.

backflow,
8.  Temperature of the boric acid batching 7.

tank and flowpath to ensure an adequate

boric acid solution, 8.
b. Pressure

c

1. Seal water pressure upstream and

downstream of the seal water filter to 1.

ensure proper operation,

2.  Letdown heat exchanger outlet pressure
used to set a control valve to match back
pressure on RCP seals,

NUREG/CR-5954 2-6
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indirectly monitors the direction and
magnitude of seal water injection.
Pressure downstream of the letdown heat
exchanger to prevent steam flashing,
Pressure of the demineralizers upstream
and downstream,

VCT pressure to ensure Overpres-
surization,

Charging and boric acid pumps suction
and discharge pressure,

Differential pressure across seal injection
and boric acid filters.

. Flow

RCP seal water injection flow to ensure
adequate flow,

Letdown flow rate,

Flow rate of the demineralizer and
deionizer,



4,  Controlled leakage flow of the RCP seal
water,

5.  Bypass flow to RCP No. 1 seal of the
monitor seal water flow,

6.  Charging flow,

7.  Emergency boration flow.

8 Makeup and blender flow.

d. Water Level

1.  VCT level

2.  Reactor coolant stand pipe level to
monitor seal backpressure

3.  Boric acid tank level

Some specific control functions include:

a. Letdown flow is diverted to the VCT
upon high temperature indication,

b.  Pressure is controlled upstream of the
letdown heat exchanger to prevent
flashing to steam of the letdown flow,

c.  Charging flow rate is controlled during
charging pump operation to ensure
acceptable power operation,

d. Water level is controlled in the VCT,

e.  RCP seal injection flow is controlled,

Temperature of borated water is

controlled to maintain the boric acid in

solution.

™

2.2.3 Modes of Operation

Reactivity control in PWRs is controlled by
a combination of control rods and the CVCS.
The control rods are positioned in the core to
control short-term reactivity effects. The CVCS
compensates for long-term reactivity effects due
to coolant temperature changes, xenon
concentration, and fuel burn-up by controlling
the amount of soluble boron in the RCS.

The CVCS can be placed in several different
modes of operation, depending primarily upon
plant operating status. These are feed-and-
bleed, automatic makeup, dilution, boration,
emergency boration and manual.

2-7

2.2.3.1  Feed-and-bleed

The charging and the letdown functions of
the CVCS maintain a programmed pressurizer
water level, which, in turn, maintains a proper
coolant inventory during all phases of plant
operation. This is achieved by a continuous
feed-and-bleed process, during which the feed
rate is automatically controlled based upon
pressurizer level or through control valves. The
actual bleed rate is chosen to suit various
operational requirements by selecting the proper
combination of letdown orifices.

During this mode of operation, the CVCS
cools and maintains the proper water-chemistry
levels, as described in Section 2.2.1.
2.2.3.2 Automatic makeup

Under this mode of operation, the CVCS
automatically provides a boric acid solution
preset to match the RCS boron concentration.
This compensates for minor coolant leakages
without significantly changing the boron
concentration. Upon receipt of a pre-set low
level signal from the VCT level controller, a
signal is sent to open the makeup stop valve to
the charging pumps suction, the concentrated
boric acid control valve, and the primary water
makeup control valve. The flow controllers then
blend the makeup stream to the desired
concentration of boric acid. Makeup addition to
the suction header of the charging pumps causes
the VCT level to rise. Upon attaining the pre-
set level, makeup addition is halted.
2.2.3.3  Dilution

Under this mode of operation, a pre-selected
amount of primary water makeup, at a set flow
rate, is added to the RCS. This allows primary
water to be added to the VCT and to the
charging pump header. When the preset amount
of water has been added, the batch integrator
closes the primary water makeup control valve
and stops the reactor water makeup pump.

NUREG/CR-5954




2.2.3.4  Boration

This mode of operation is the reverse of the
dilution mode, and adds a pre-selected
concentration of boric acid solution to the RCS.
The makeup stop valves to the VCT are closed,
and the makeup stop valve from the boric acid
tank to the suction header of the charging pumps
is opened. Typically, the total quantity of boric
acid solution added is so small that it has only a
minor effect on VCT level. When the desired
concentration increase has been attained, the
batch integrator causes the boric acid transfer
pumps to stop, and closes the boric acid control
valve.

2.2.3.5 Emergency Boration

The CVCS Emergency Boration system is
manually initiated to provide negative reactivity
insertion for shutdown related events such as
reactor trips with rod(s) stuck out of the core, or
inadequate boron concentration during
shutdowns or refuelings. This portion of the
system consists of the boric acid tanks, transfer
pumps, flow control valves, and charging
pumps. The concentrated boric acid is
discharged to the RCS via the normal charging
line. A redundant flow path, required by
Technical Specifications, is the High Pressure
Safety Injection System. This system consists of
the RWST, flow control valves, and the
charging pumps.
2.2.3.6 Manual

The manual mode of operation allows a pre-
selected quantity and blend of boric acid solution
to be added to the refueling water storage tank,
spent fuel pool, or other locations where needed
via temporary connections. While in this mode
of operation, the automatic RCS makeup
function cannot operate. The discharge flow
path is obtained by opening the desired manual
valves.

NUREG/CR-5954

2.3 Design Variations
2.3.1 Westinghouse'**

The one major design change made to the
Westinghouse CVCS has been to allow load
following capability over the entire fuel cycle.
Older plants only had the capability to load
follow over certain portions of the fuel cycle.
The addition of the Boron Thermal Regeneration
System (Figure 2.2) provides plants the
capability to load follow at any point in the fuel
cycle (Table 2.4). Such capability increases the
complexity of the system’s design, though plants
do not generally use this function. Storage and
release of boron is determined by the
temperature of the letdown stream at the inlet to
the thermal regeneration demineralizers. A
chiller unit and heat exchangers are used to
provide the desired fluid temperature at the
demineralizer inlets for either boron release or
storage. Boron content in the letdown stream
may be monitored before it is diverted for
processing, or after it has been treated by the
thermal regeneration process.

2.3.2 Combustion Engineering'

Figure 2.3 shows the CE CVCS. The one
major design difference incorporated in the CE
design is a reactor coolant bleed through seal
cooling for the reactor coolant pumps, as
opposed to the common seal injection designs of
Westinghouse and B&W. CE plants also use a
dedicated high pressure injection system.

2.3.3 Babcock & Wilcox"

Figure 2.4 shows the B&W Makeup and
Purification System. B&W uses signals from
the Integrated Control System to control boron,
as opposed to relying solely on process flow. A
regenerative heat exchanger to heat the charging
flow is not needed since most of the makeup
flow is directed to the reactor coolant pump



seals, as opposed to being injected directly into been reliable, though the required valving
the cold leg. This is a unique design which has scheme increases the system’s complexity.

Table 2.4 Westinghouse Plants with Boron Thermal Regeneration Capability

Farley 1 & 2

Shearon Harris

Virgil Summer
Braidwood 1 & 2
Byron 1 & 2

Callaway
Catawba 1 & 2
Comanche Peak 1 & 2
McGuire 1 & 2
Millstone 3
Seabrook
South Texas 1 & 2
Vogtle 1 & 2
Wolf Creek

29 NUREG/CR-5954
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3. OPERATING AND ENVIRONMENTAL
STRESSES

While providing various operating and
emergency functions, the PWR CVCS system is
subject to a variety of operating and
environmental stresses, which over time, may
lead to age degradation. These include
mechanical, electrical, and environmental
stresses, along with stresses induced from human
error. Common mechanical stresses include
wear, fatigue, vibration, and corrosion.
Electrical stresses result from power surges,
electrical noise, and instrument drift.
Environmental stresses, primarily temperature
and radiation, may also result in system and
component aging. Externally induced stresses
resulting from human error, improper
maintenance, and testing may also contribute to
the aging process. These stresses, acting in
combination, tend to produce greater synergistic
effects than if they were acting individually.

Aging failure mechanisms result from the
long-term exposure to operating, environmental,
and external stresses. Component degradation
results in a decrease in the physical properties,
and functionality, affecting component operation,
and in some instances plant safety. This section
describes the individual stresses and potential
aging effects for the major system components.
Though specific plant system designs may vary,
the actual stresses and the aging effects are
similar.

3.1 System Operating Stresses

During normal operation, the majority of
the CVCS components are required to be
operational in order to provide for RCS level
control and chemistry control. The remaining
components are maintained in standby, including
one charging pump, deionizer, and the boric
acid transfer system. These components must be
maintained to ensure they will operate when
needed.

The system operating stresses during normal and
emergency operation are:

e Mechanical Wear: The physical interaction
between the system’s sub-components may
produce significant frictional forces. Over
time, these forces may produce material
wear, galling, fretting, or binding. Valve
seat and disc wear, and pump impeller and
piston wear are typical examples for the
CVCS.

e Cyclic Fatigue: Cyclic fatigue results from
the application of repeated loads. High
cycle fatigue results from vibration due to
high-frequency loading at low amplitudes.
The vibration resulting from positive
displacement pump operation produces
vibrations which may cause cracks in
suction and discharge piping.

e Debris and Crud: Debris and crud,
originating throughout the primary system,
may be transported and deposited in any of
the system’s components. Resin carryover
from the deionizers may block the flowpath
in the system filters, valves, and heat
exchangers restricting flow.

¢ Emergency Actuations: In many plants, the
CVCS also provides high pressure injection
in emergency situations. This actuation
results in the sudden start of standby
centrifugal pumps, the rapid closing of
containment isolation valves, and
realignment of the suction flow from the
VCT to the RWST. In addition to
presenting challenges to the operation of
these components, ESF actuations also
challenge other plant safety systems, which
also may contribute to age degradation.

¢ Boric Acid Corrosion: High concentrations
of boric acid solutions are required to be
maintained for rapid control of reactivity in
emergency situations. Primary coolant
leakage which contains boric acid may cause
corrosion of carbon steel components.
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e Electrical Surge: Electrical transients,
resulting from disturbances in the current
supplied to pumps and valves in the system,
can cause system faults, spurious operation,
and aging degradation.

¢ Electrical Noise and Drift: Electrical noise
and drift may produce electrical circuit
perturbations. If not detected and corrected,
spurious component actuation and aging
degradation may occur.

e Vibration: Vibration caused by either
coolant flow or component operation may
result in physical motion of components.
This displacement may lead to wear, crack
initiation or growth, galling, and component
failure.

e Maintenance: Normal, regularly scheduled
maintenance, designed to maintain the
operability of components and of the system

may place stresses on individual
components.
e Testing: To ensure the operational

readiness of those components required to
provide high pressure injection, quarterly
system testing is required. These tests
range from valve actuation, to establishing
flow from the charging pumps. Over the
40-year design life of the system, these
tests result in a considerable amount of
stresses. The characteristics of the required
test also may be detrimental to the
component. For example, operating the
pumps in minimum flow mode may cause
pump damage and failure.

e Human Error: To maintain the operational
readiness of the system, numerous tests and
inspections are required. Human error in
performing these tests may result in coolant
chemistry fluctuations, or spurious
component actuation, generating mechanical
and electrical stresses, which can accelerate
age degradation.
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3.2 Environmental Stresses

Temperature is the primary environmental
stress which can affect CVCS operation. A
review of plant operating experience indicates
that the system is susceptible to elevated
temperatures. However, the majority of the
components are outside the containment, where
temperatures are relatively low. The system has
not shown a susceptibility to other environmental
stresses, such as radiation and humidity, again
because they are located outside the
containment, in relatively cool and low radiation
areas.

The two components which are most
susceptible to high temperatures are the charging
pumps and the demineralizers. A chiller is
located in the pump room to dissipate the heat
generated from pump operation. This chiller is
required to be functional, and if not, corrective
measures must be taken in a timely manner, or
the pumps removed from service. High letdown
fluid temperature may also result in improper
demineralizer operation. High fluid temperature
will result in the premature degradation of the
resin, resulting in high coolant chemistry
contaminant and boron levels, and potential
operating transients.

3.3 Effect of Operating and Environmental
Stresses on_System Components

As discussed in Section 2,the CVCS system
is comprised of various fluid handling
components (i.e., pumps, valves, heat
exchangers, demineralizers) which are used for
both normal operating and emergency
conditions. [Each component is subjected to
mechanical, electrical, and environmental
stresses of varying intensity, frequency, and
duration.

This section describes the primary operating
and environmental stresses which affect the main
system components. Table 3.1 summarizes the
potential degradation mechanisms, failure



Table 3.1 CVCS Component Potential Degradation Mechanisms,
Failure Modes, and Detection Methods

AComponent : - |-Aging ﬂ
Charging Pumps | Operating Mechanical Wear | Failure to start Visual
*Centrifugal transients Vibration Failure to run inspections
ePositive Maintenance Fatigue Primary Coolant | Operating tests

Displacement Testing Corrosion Leakage oSpeed
Normal operation | Flow Blockage *Flow
Electrical eDifferential
Transient pressure
*Vibration
sTemperature
eLube Oil
Monitoring
Valves Operating Mechanical wear | Internal leakage Visual
sMotor- transients Flow blockage External leakage | inspections
operated Maintenance Corrosion Failure to open Operating tests
e Air operated Testing Electrical Failure to close sPosition
oCheck valves Normal operation | transient verification
Flow induced eStroke time
vibration *Flow
verification
Heat Exchangers | Operating Flow blockage Internal leakage Operating tests
eRegenerative transients Corrosion External leakage | eInlet and outlet
*Non- Tube leaks flow
regenerative ePressure drop
*Outlet
temperature
Volume Control | Operating Corrosion External leakage | Operating tests
Tank transients Flow blockage o] evel
Fabrication monitoring
deficiency ePressure
Normal operation indication

modes, and inspection methods which could

detect these potential failures.

¢ Pumps:

boric acid transfer pumps are subjected to

The CVCS charging pumps, and

shown that

and the

may lead to mechanical wear, primarily of
the impeller and piston.
experience has
displacement pumps run rougher than
centrifugal pumps,

Operating
positive

resulting

numerous mechanical and electrical stresses
during operation. These stresses, over time

vibration may cause fatigue failures. Both
the charging and boric acid transfer pumps
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are susceptible to flow blockages and
corrosion from the highly concentrated boric
acid. Performance of the required
maintenance and testing on the pumps,
particularly on the charging pumps may also
be a source of stress. The primary failure
detection methods include visual inspections
for coolant leakages, and operating tests to
monitor and trend the pump operating
characteristics.

Valves: The CVCS utilizes various types of
valves (e.g., check, motor-operated, air-
operated) to perform the desired operating
and containment isolation functions. All
valves are subject to corrosion and flow
blockage due to boric acid precipitation.
Flow-induced vibrations may result in wear
on the check valve internals.  These
stressors may result in internal leakage past
the seat or external leakage. Valve
operability and position verification are the
primary means of assuring operability.

Heat Exchangers: A series of heat
exchangers is wused to reduce the
temperature of the letdown flow. This
temperature reduction is necessary for
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proper operation of the demineralizers.
Regenerative heat exchangers are used in
several plants to increase the temperature of
the charging flow to minimize the risk of
thermal shock. Operating transients which
result in flow blockage, corrosion, or
internal tube leaks may result in degraded
operation. Operating tests to measure the
temperature reduction, and output flow and
pressure are the primary means to assess
operability.

Volume Control Tank: The volume control
tank is used as a holding tank for the excess
letdown flow. It also maintains the
hydrogen overpressure, which is absorbed
by the reactor coolant, and allows for the
scavenging of any free oxygen in the core.
The tank is fabricated from Austenitic
Stainless Steel to resist corrosion.
Operating transients resulting in the
overpressurization of the tank, operational
problems causing a vacuum, and fabrication
deficiencies resulting in external leakage are
the primary degradation mechanisms. Tank
instrumentation (level and pressure) and
visual inspections are the primary
monitoring methods to ensure integrity.



4. CVCS OPERATING EXPERIENCE
4.1 Introduction

A primary objective of this study was to
assess the impact of aging on the PWR CVCS.
To accomplish this, the individual component
and system failures were reviewed. As defined
in NUREG-1144, the following criteria must be
satisfied for failures to be classified as aging
related:

The failure must be the result of cumulative
changes with the passage of time, which if
unchecked, could result in the loss of function
and impairment of safety. Failures causing
aging include:

a)  natural, internal, chemical, and physical
processes which occur during operation,

b) external stresses (radiation, heat,
humidity) caused either by storage or
operating environments.

In addition, to eliminate failures due to "infant
mortality”, the component must have been in
service for at least six months.

A review of the operating and failure history
for each of the PWR CVCS designs suggest that
each has experienced age degradation (>50%)
with varying plant and system effects. This data
was obtained from two sources of information
on nuclear plant operating experience:

1)  Nuclear Plant Reliability Data System
(NPRDS), and

2)  Sequence Coding and Search System
(SCSS).

The NPRDS is a computerized information
retrieval system maintained by the Institute of
Nuclear Power Operations (INPO). Perform-
ance information provided by this system is
based upon failure event reports of key
components submitted by the nuclear utilities.
NPRDS gives access to historical engineering
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data reflecting a broad range of operating
experience.

The Sequence Coding and Search System
(SCSS), also known as the LER data base,
provides summaries for each LER. These
entries supply information on the failed
components mentioned in each LER, the root
cause of the failure (if known), and the effect
upon plant operation.

Both databases were searched for CVCS
failure data. The LER database contains
information primarily on failures which occurred
during plant operation. The NPRDS database
contains component failure data found during
maintenance and outages, as well as during
operation. There is duplication in the data
bases; however, it was important to review both
to obtain an understanding of all the reported
failures. Due to the voluminous amount of data
in these databases for the 1980-1991 time
period, a detailed review was limited to the
1988-1991 period. This also limits the data to
the post-1984 period when the LER reporting
requirements were revised, and the NPRDS
contents became more thorough. In addition to
the failures reported to the databases, plant visits
were conducted to obtain additional information
on system aging. The results of these visits is
presented in Section 6.

Figure 4.1 shows the total number of CVCS
failures contained in these databases for this
period. The actual number of failures reported
to the NPRDS greatly exceeds the number of
LERs (3384 vs. 645). The number of failures
reported to the NPRDS exceeds that reported on
LERs because most CVCS failures were found
during regularly scheduled maintenance and
inspections, and did not result in plant operating
effects.

Based upon a review of the information
obtained from these searches, it was concluded
that failures affecting each of the main sub-
components were reported. Figures 4.2 and 4.3
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Figure 4.1 CVCS failure occurrences
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Figure 4.2 CVCS component failures reported to NPRDS
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Figure 4.3 CVCS component failures reported to SCSS

show the percentage of total failures for the
system components as reported by the NPRDS
and the SCSS databases, respectively. Though
the actual number of failures differ between the
two databases, the same components were
identified, with pumps and valves being the most
frequently reported. In a fluid control system
such as the CVCS, which is predominantly
comprised of pumps and valves, engineering
judgement dictates that these would be the most
commonly failed components. Failures affecting
the other components (instrumentation,
demineralizers, heat exchangers, and piping)
were reported, but much less frequently.

While similar component failures were
identified in both databases, components (i.e.,
valve operators) were not specifically identified
in the SCSS database. These differences are
primarily due to the type of failures contained in
each. A review of the valve operator failures
indicated that many were identified during
regularly scheduled maintenance before their
operation was affected. Since no plant operation
perturbation resulted, LERs were not written.
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As described in Section 2, the primary non-
safety related functions of the CVCS are to
control the letdown and charging flow, maintain
water chemistry, and provide normal boration.
Failures affecting these functions could result in
significant plant effects including:

a.  loss of normal boration may result in an
unanticipated boron concentration
transient, which could lead to a
reactivity transient,

b. loss of RCS inventory control could
result in a reactor trip on high
pressurizer level, or a safety injection
signal on low-low pressurizer level and
possible RCS thermal shock,

c. loss of RCS chemistry control could
result in a forced plant shutdown due to
Technical Specification violation on
oxygen, chloride and fluoride
concentration limits, and

d. loss of boron recovery could result in
the inability to provide sufficient boric
acid and demineralized water makeup for
normal boration control.
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Figure 4.4 System functions affected by component failure

The charging, letdown, and RCP seal
cooling functions were the most frequently
affected by component degradation (Figure 4.4).
As discussed previously, the primary safety
function of the CVCS is to provide high
pressure injection and emergency boration. HPI
aging was not specifically considered in this
study and was addressed in a previous
NUREG/CR (Ref. 3). However, failures
affecting this function, and the components
needed to provide it, would be expected to result
in more significant plant effects. The failures
categorized as other system failures include
degradation of CCW, RHR, and HPI systems.
These failures were listed with CVCS since the
affected components were common to both (e.g.,
regenerative heat exchangers).

Figures 4.5 and 4.6 show the specific plant
and system effects resulting from these
component failures. The two most common
effects were inoperable components and the loss
of a particular sub-system train. Again, due to
the redundancy designed into the PWR CVCS
system, the effects on plant operation were
minimal, and those which did occur, were
detailed in the SCSS database. A major effect
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common to all the failures, though not readily
discernable from the LERs, was loss of
redundancy. As described, the system is
designed with multiple components and
flowpaths to ensure continuous operation in the
event of failure. Provided these alternate
components and trains remain functional, such
failures are not critical, however, in the event of
a failure of the redundant component, the
potential effect could be more severe, and affect
plant operation (i.e., reactor coolant chemistry
variations, and pressurizer level changes).

One area where there was a large
discrepancy was in the number of failures
attributable to aging. As shown on Figure 4.7,
the majority of failures contained in the NPRDS
database were found to be aging, while the
majority of failures in the SCSS database were
non-aging related (Figure 4.8). Again this may
be explained through the redundancy built into
the system. Failures of the CVCS typically did
not affect plant operation; therefore, many of the
LERs were based on design discrepancies,
missed surveillances and inspections, and system
actuation due to other system failures or
degradation. CVCS component failures did not
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Figure 4.5 Effect of failure (NPRDS)
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typically result in an LER. Conversely, the
NPRDS database reported all component failures
and degradations regardless of the effect.

Information on the failure of specific
components obtained from reviewing the two
databases is discussed in greater depth in the
following sections.

4.2 NPRDS Failures
4.2.1 Valve Failures

Among the individual sub-components in the
PWR CVCS system, valve failures accounted for
the majority of system failure occurrences (1533
total). Depending upon the specific function,
various types of valves and actuators are used.
As shown in Figure 4.9, most reported valve
failures and degradations affected gate and globe
valves. A review of the various system designs
for the PWR CVCS indicate that these types of
valves are commonly used throughout the system
to either isolate or direct flow through the major
sub-components. Therefore, the relatively large
number of failures for these valve types may be
attributed to their population. Other valve types
(e.g., check, diaphragm, butterfly, etc) were
used less frequently, and accounted for less than
10% of the failures. Figure 4.10 shows the
particular operators for these failed valves. The
majority of these failures affected manual,
motor-operated, pneumatic, and mechanical
valves. Mechanical valves (e.g., relief valves)
use spring force and differential pressure to open
and close. The review of the operator type
indicates that the wvalve failures were not
restricted to one type of operator.

In the NPRDS database, the age of the valve
at failure coincides with plant age. To account
for component population variations within each
of the age categories, this data was normalized
by unit-years of operations. As shown in Figure
4.11, the number of failures per unit-year show
an initial rise up to 5 years of service, then
demonstrate a steady decline out to 15 years.
This trend continues for CE, however, for W

and B&W plants, an increase in failures is seen.
The exact cause for these trends is not
discernable from the data; the decrease in
failures probably reflects the positive results
from increased valve maintenance and
surveillance. As the monitoring programs
become more sophisticated, the number of valve
degradations reported may also increase.
Nevertheless, licensees should monitor this trend
to ensure that some unknown, or undetected type
of aging degradation is not occurring in these
older valves. The design life of a particular
valve depends upon many factors, including its
design and service environment. An increasing
trend of failure with age may indicate aging
degradation mechanisms discussed in Section 3,
including the effects of boric acid and coolant
chemistry variations. Valve seat degradation,
packing failures, and other mechanical
degradation of the valve internals could also be
affected by these system conditions.

To determine if valve failures were caused
by the aging of any particular sub-component(s),
each of the individual failure records was
reviewed to identify the specific sub-component
that failed. This level of information was found
to be contained only in the NPRDS failure
narratives. As shown in Figure 4.12,
degradation and failure of valve packing
accounted for the majority of the failures. These
failures were significant because they resulted in
reactor coolant leakage. Other sub-components
which failed frequently included valve gaskets,
seating surfaces, valve stems, and valve
internals. Other failures were caused by random
failures (< 5%) of fasteners, bellows, seals, and
valve discs.

Internal and external leakage from the failed
valves was the most commonly reported mode of
failure (Figure 4.13). While these failures
typically did not affect valve operation, the
reactor coolant presented a radiological hazard,
a potential corrosion source due to the boric
acid, and a potential small break LOCA if the
leak was not corrected in adequate time.
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Figure 4.9 Valve failures vs. valve type (NPRDS)
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Figure 4.10 Valve failures vs. valve operator (NPRDS)
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Figure 4.12 Valve failures vs sub-component failed (NPRDS)
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Figure 4.13 Valve failure modes (NPRDS)

Internal leakage potentially could present an
operating stress to other components (i.e., pump
backflow) or a decrease in reactor isolation if it
was a containment isolation valve. The other
modes of failure were functional and affected the
valve’s operation (failure to function on demand,
remain in the design position, or spurious
operation).

The reported failure causes were reviewed
to determine the effect of aging on the failed
valves. Of the 14 failure causes identified on
Figure 4.14, the first 10 were determined to be
potentially aging-related resulting from valve
operation or environmental stresses. Mechanical
wear (both normal and abnormal) accounted for
most of the reported valve failures. Mechanical
binding and aging accounted for an average of
10% of the reported failures. Mechanical
binding may be due to excessive wear or thermal
stresses. Component out of adjustment may be
due to instrument drift for -electronic
components, or lack of lubrication or vibration
for mechanical components. Other various
aging failure causes accounted for 10% or less
of the failures.
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The valve failures which were not aging
related were caused by incorrect maintenance,
procedural errors, or installation of the incorrect
part. However, the significance and effect of
these failures, was similar to aging failures. A
review of the corrective actions in response to
the reported degradations (both aging and non-
aging) indicate that over 80% were repaired in
place by part replacement or repair, or
recalibration and adjustment (Figure 4.15). Less
than 10% of the failures required valve
replacement (e.g., housing cracks).

4.2.2 Pump Failures

The NPRDS database identified 552 pump
failures for W and CE plants; only one isolated
pump failure was reported for B&W plants. As
described in Section 2, both W and CE designs
use a combination of centrifugal and positive
displacement pumps, while B&W plants use only
centrifugal pumps. Centrifugal pumps are
constant speed, constant output flow pumps,
while positive displacement pumps are variable
speed, variable flow. Normally, in plants
designed to use both types of pumps in the
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Figure 4.14 Valve failure causes (NPRDS)
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Figure 4.15 Valve failures vs. corrective action (NPRDS)
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CVCS, the positive displacement pumps are used
to provide the normal charging flow, while
centrifugal pumps provide high pressure
injection.

As shown in Figure 4.16, almost all of the
pump failures reported for the CVCS were for
the positive displacement pumps. This would be
expected, since failures of the centrifugal pumps
would be reported for the High Pressure
Injection system, and this information is outside
the scope of this study. The typical pump inlet
size for these pumps is 2 to 6 inches (Figure
4.17), with only isolated failures reported for
large (6-12 inch) pumps. Because of this
frequency, the failure data presented in this
Section will be for the positive displacement
pumps only. Other pump failures, such as boric
acid transfer pumps, were not reported
frequently to the database.

Figure 4.18 shows pump age at failure,
normalized by plant years of operation. For
both CE and W plants, a steady rise in the
number of reported failures is evident for pumps
in service past 10 years, followed by steady
decrease in the number of failure occurrences.
Similar to valves, these trends may be directly
related to the increased surveillance and
monitoring. As more is understood about pump
aging, and the inspection frequency is increased,
and the type of inspections and surveillance
methods mature, a rise in the reported failures
may be anticipated. However, as these failures
are detected and repaired, the number of failures
should level out, or decline. The exact cause
for the significantly higher occurrence of failures
for CE plants is unknown, but may be due to the
greater use of positive displacement pumps (and
the failures associated with their operation), than
Westinghouse.

As shown on Figure 4.19, packing
degradation accounted for the majority of pump
failures (35% for W, 55% for CE). Packing
degradation and failures which result in external
leakage generally do not impair the pumps
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ability to operate.  External leakage is a
“"pressure boundary" concern, rather than an
operational one. An additional 15% of the
pump failures were due to failed discharge drain
valves, suction manifold check valves, and lube
oil system regulating and relief valves. Valve
component failures were due to seat, seal, and
gasket degradation. Other sub-components
which resulted in approximately 10% to 20% of
the failures were due to seal failures (o-ring,
plunger, and oil), bearing and ring wear, and
structural and mechanical fastener failures. CE
plants reported 12 pump casing failures due to

cracking. Numerous other pump sub-
components accounted for the remaining
failures. These random failures included

impellers, flanges, and valve and discharge
springs. No single component failure accounted
for more than 1% of the failures categorized as
miscellaneous.

The most common failure mode for pumps
was failure to run continuously (Figure 4.20),
caused by degradation and failure of the
individual pump sub-components, discovered
during operation, or during quarterly testing.
Decrease in output flow, high lube oil
temperature, or pump vibration were common
indications of pump degradation. In some
instances, the pump actually failed, and in
others, the plant staff removed the pump from
service prior to failure upon detecting an
operating abnormality. In both cases, the failure
mode was the same. External reactor coolant
leakage, primarily from packing degradation was
another significant failure mode. Other isolated
failure modes included failure to start, and
internal leakage from seal degradation. These
failures had a minimal effect on plant operation
due to the redundancy provided in the system.

Mechanical wear, both from normal
operation, and abnormal wear from pump
component degradation accounted for over 60%
of the failures (Figure 4.21). Other potential
aging-related causes of pump failures, include
mechanical binding of pump internals, loose
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pump connections and abnormal stress levels
from high mechanical vibration. Combined,
these potential aging mechanisms accounted for
90% of the failures. The remaining 10%, which
were non aging related, were due to incorrect

maintenance, installation of the wrong
component, and incorrect or inadequate
maintenance. Over 80% of the failures were

repaired by temporary adjustments and the
installation of replacement parts (Figure 4.22).
In only isolated failures (i.e., pump block crack)
was the pump replaced.

4.2.3 Valve Operator Failures

The NPRDS reported 436 valve operator
failures. As opposed to the valve failures
presented in Section 4.1.1, these failures were
directly due to degradation of the valve operator,
not the valve (i.e., body, stem, disc, bonnet).
These operators included AC electric motors,
pneumatic, solenoid, and mechanical operators
(Figure 4.23). Failures of the air-operated and
motor-operated valves accounted for the majority
of the failures, primarily because these valve
types are commonly used throughout the system.

No consistent trends were discernable when
the failures were normalized to account for plant
years of operation (Figure 4.24). Initial rises in
the number of reported failures, followed by a
steady, or declining number of failures were
seen from the data. These variations may
indicate that the inspection and surveillance
programs are not consistently detecting aging
degradation and failures. However, the
effectiveness of the inspection programs depends
upon the function of the valve, and the type of
the valve operator. Aging of motor-operated
valves are more easily detected than rapid acting
air-operated valves, where failures may only be
detected by the valve failure to function (open or
shut).

Greater than 95% of the valve operator

failures impacted valve operation (Figure 4.25).
Most occurrences resulted in operational
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irregularities, followed by total failure to close
or open. Depending upon the valve function
and location, these effects could have resulted in
a failure to isolate containment or letdown, or to
open for charging. External leakage occurred
less than 5% of the time, and resulted from seal
and gasket degradation between the valve body
and the operator.

Approximately 60% of the valve operator
failures were rectified by replacing, repairing, or
recalibrating and adjusting the degraded parts
(Figure 4.26). Compared to valves, the valve
operators were more commonly replaced because
of the ease in replacing the operator as opposed
to the valve itself.

A review of the actual failed sub-
components for these failure events indicated
that no single component was responsible for a
majority of the failures (Figure 4.27). Failed
solenoids, diaphragms, air regulators, and other
miscellaneous components on the valves
accounted for the majority of failures. The
cause of the failures was due to mechanical wear
between the actuating parts of the operator
(Figure 4.28). Significant other causes included
mechanical binding, defective and loose
connections, and adjustment problems.
Approximately 10% of the failures were due to
electrical degradation, including shorts, defective
and open circuits, and burned out motors. Ten
percent of the failures were not aging related,
and were due to incorrect maintenance and
installation of the wrong part.

4.2.4 Controller Failures

Automatic system operation is one of the
primary operating modes for the CVCS.
Typically, several CVCS functions are
automatically controlled to maintain letdown,
charging, and reactor coolant chemistry.
Changes are automatically made in response to
system changes (i.e., flow, boron content,
pressurizer level). Failures of the controllers
that accomplish and monitor these functions
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could result in variations in plant and system
parameters, and affect plant operation. As
shown in Figure 4.2, controller failures were not
common for the period evaluated (<5% of the
failures), but because of the potential effect on
system operation, the failure data was reviewed
to determine their causes and effects.

For the 1988-1991 time period, 148
controller failures were reported, most of which
occurred in Westinghouse plants. As indicated
on Figure 4.29, these controllers utilized
electrical signals (voltage and current) received
from system sensors and transmitters. Pressure
controllers accounted for an additional 20% of
the failures. Only isolated instances of flow rate
or tank level controller failures were reported.
The primary failure modes for the controllers
(Figure 4.30) were loss of, or erratic, output.
Less than 10% of the failures resulted in
erroneously high or low outputs. A detailed
review of the failure narratives did not reveal
specific sub-components which failed, typically
the failed sub-component was not identified, and
the controller that failed was replaced.
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Figure 4.31 shows the number of reported
controller failures, normalized to account for
plant years of operation vs. controller age at
failure. Following the first year of operation, a
consistent increase in the reported failures at 10
years of operation is seen for both Westinghouse
and CE plants, followed by a declining failure
rate to 15 years of operation. A steady, or
slightly decreasing number of failures is seen for
controllers following 15 years of operation.
Since the overall failure rate for the controllers
is low, and since the actual sub-component failed
was typically not reported, it is difficult to
determine exactly why the rise has occurred with
some older controllers.

Figure 4.32 gives the failure causes for
controllers. With the exception of the four
reported B&W failures, approximately 80% of
the failures were potentially due to electrical or
mechanical aging. Mechanical binding and wear
were the most frequent reported mechanical
causes, and defective circuitry accounted for
most of electrical causes. Non-aging causes
were reported in less than 20% of the instances,
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with the installation of the incorrect part being
the most common cause.

4.3 CVCS LERs

In addition to the system information
obtained from reviewing the NPRDS data, LERs
also provide important data on events which
occurred during plant operation. Often, system
and component failures which occur as a result
of, or during, plant operation are not reported to
the NPRDS database; therefore, it was important
to evaluate both databases. In order to ensure
that the information obtained from both
databases correlated, the same period of review
(1988-1991) was chosen.

As discussed (Figure 4.1), 2151 LERs have
been written documenting CVCS system
failures, degradations, and operational problems
at PWR plants from 1980-1991. These LERs
encompassed all of the failures associated with
the CVCS system, including those not aging-
related. Based upon a review of each LER, and
contrary to that seen from the NPRDS review,
it was found that the majority were not aging
related and did not document component or
system failures. These LERs typically reported
missed or exceeded surveillance and inspection
intervals, components inadvertently excluded
from inspection programs, design problems,
system actuation in response to other system
failures, or human errors resulting in improper
maintenance, improper installation, or improper
lineup of system valves.

The remaining LERs, which documented
either aging-related, or potentially aging-related
failures, showed that each of the major system
components failed during the period. The most
frequently affected components were pumps and
valves (Figure 4.3); this was anticipated, since
the system is comprised mostly of valves
(isolation, control, bypass, and check valves),
and redundant pumps (charging and boric acid
transfer). Failures of system piping were also
reported in 10% of the LERs. Other component
failures included boric acid heat tracing,
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instrumentation (switches and level sensors),
electrical components (relays, circuit breakers,
and inverters), and single volume control tank
and demineralizer failures.

As described in Section 2, the CVCS system
is designed with significant primary component
redundancy and alternate flowpaths, which
allows for ease of maintenance while not
affecting system operation, and minimizes the
effect of individual component failures on
system availability. A main effect of these
failures which was not included in the LERs is
loss of redundancy. As described in Section 8,
this redundancy was the primary reason why
system failures do not have a large effect on
core damage frequency and PRA analyses.
However, plant operators must remain cognizant
of individual component failures since a loss of
redundancy could have a significant impact if the
standby component also fails. Degradation and
failures of the charging and boric acid pumps
were typical examples.

A significant plant effect was primary
coolant leakage. Any CVCS component failure
(outside of containment) or degradation which
caused external leakage represents a release of
coolant outside of containment, and if
uncorrected could represent a small break
LOCA. Examples included failures of charging
pumps (seal failures), valves (degraded packing)
and piping (wall cracks) failures. Many of the
reported leaks inside containment were greater
than the one gallon per minute leak allowed by
individual plant Technical Specifications. These
resulted in plant shutdowns, or removal of one
train from service while repairs were made.
Several LERs documented excessive personnel
exposure from these leaks. Other isolated
failures resulted in pressurizer level changes due
to failures affecting letdown and charging flows.

4.3.1 Valve Failures
Valve degradation and failures accounted for
the majority of LERs generated. In PWRs, the

CVCS utilizes numerous valves of different sizes
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Figure 4.33 Valve failures vs. valve type (SCSS)

and operator types for the various system
functions (Section 2 and Appendices A-C). Of
the 30 LERs documenting valve failures, air-
operated valves accounted for the majority of
these, followed by check, motor-operated and
relief valves (Figure 4.33). Two failures were
also reported for solenoid operated and manual
valves.

The specific causes for these failures is
shown in Figure 4.34. Of the reported failure
causes, none was dominant. Three valves were
unable to operate due to the buildup and drying
of a on-the-shaft lubricant.  Several other
failures were due to packing degradation and
aging. Typically, packing failures are
representative of a maintenance and aging
problem. The root failure cause for these
failures was listed as age related degradation.
Normally, valve packing wear does not result in
an operational problem. Each occurrence
resulted in primary coolant leakage. In addition
to the radiation and maintenance problems
associated with such leakages, the boric acid in
the coolant is highly corrosive and could affect
the operability of other equipment in the vicinity
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of the leak. Other failure causes were housing
cracks, torn diaphragms, relief valve setpoint
drift, and isolated occurrences of internal wear
and binding. A significant number of failures
did not have information on specific failure
causes. It was unclear from the narratives
contained in the LERs whether a root cause
failure analysis was performed. Plant operators
should ensure that reasonable efforts are made to
identify failure causes to prevent them from
recurring or affecting other valves.

The effect of these failures depended upon
the valve type, failure cause, and valve function
(Figure 4.35). In many instances, several
failure effects were attributable to one failure
cause; for example, several check valves failed
open due to mechanical wear of the internals.
These occurrences resulted in internal leakage as
well as a valve which failed in the open position.
Degradation of packing, valve housing cracks,
and relief valves which failed in the open
position all resulted in external leakages.
Though not shown as a specific effect, the
majority of failures also represented a loss of
redundancy. Containment isolation valves which
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failed open also resulted in Technical Specifica-
tion violations by not meeting the leak require-
ments as specified in 10CFR50 Appendix J.

One instance of emergency safety system
actuation in response to a failed open relief valve
was reported. The root failure cause for this
was not reported. In another instance, failure to
close of a manual drain valve resuited in a large
leakage of primary coolant. This resulted in the
licensee declaring an unusual event until the leak
was identified. Again, no cause was given, but
most probably was due to human error.

4.3.2 Pump Failures

As shown in Figure 4.36, of the 19 pump
failures reported, charging pump failures
accounted for the majority (84%). Only three
instances of boric acid transfer pump
degradation were reported (16%). Charging
pump failures are particularly significant because
in addition to providing the charging flow, they
also provide high pressure injection in most
PWR plants. All of the failures reported
occurred during normal charging operation and
not during high pressure safety injection.

Figure 4.37 lists the reported causes for
these pump failures. Seal degradation, and
mechanical wear of the pump internals were the
leading failure causes. The three failures of the
boric acid transfer pumps were attributed to seal
failure. Isolated instances of lube-oil failures,
bearing and shaft failures were also reported.
The effects of these failures are shown in
Figure 4.38. The primary effect of these
failures was having the pump declared
inoperable by the licensee and removed from
service. Similar to valve failures, one of the
main effects of all the pump failures was a loss
of redundancy. Typically, pump failures did not
violate plant Technical Specifications.
Numerous other examples were reported, due to
human error, when two pumps were removed
from service inadvertently in violation of the
Technical Specifications.
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4.3.3 Piping Failures

Though piping failures were not frequently
reported during the period, they also represent a
potential for primary coolant leaks. The six
failures were due to fatigue, vibration, and weld
failure (33% each) (Figure 4.39). All of the
system piping is fabricated from austenitic
stainless steel due to the corrosive properties of
the reactor coolant and the chemicals added to it.
As shown on Figure 4.40, each resulted in
primary coolant leakage, with resultant
Technical Specification violations, unit shutdown
or power reduction in response to the leakages
(2 instances each). Two of the piping failures
occurred at the charging pump suction, and were
attributed to excessive pump vibration. The two
cracked welds were caused by high vibration,
and the other by excessive misalignment.

4.4 Miscellaneous Failures

With the exception of the pump, valve, and
piping failures previously discussed, no other
system component accounted for any significant
number of failures. A single volume control
tank failure resulting in coolant leakage was
reported. This failure must be considered
potentially due to aging, because no root failure
cause was provided by the licensee. It is unclear
as to whether this failure was in fact aging-
related, since all the volume control tanks are
fabricated from austenitic stainless steel.
Depleted resin was the root cause of the one
demineralizer failure. This occurrence resulted
in excessive chloride level in the reactor coolant,
resulting in a Technical Specification violation.

-Four occurrences of heat trace failures were

reported on the boric acid piping, which were
due to degradation in the power supply to the
heat trace; all resulted in one of the redundant
boric acid paths being removed from service.
Undetected, these failures could result in boric
acid precipitates blocking the coolant flow paths.
Sensor failure due to conmection degradation
resulted in two instances of incorrect VCT and
RWST level indications.
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4.5 Summary

The review of operating data for the 1988 to
1991 period indicates that the CVCS components
have experienced notable age degradation and
failure. Greater than 50% of the events reported
to the NPRDS and SCSS databases were
classified as aging or potentially aging related.

The most frequently affected components
were valves, pumps, and valve operators. Due
primarily to the redundancy designed into the
system, failure of these components did not
typically result in significant plant effects.
However, these occurrences did represent a loss
of redundancy, which in the event of the failure
of the backup component, loss of system
function could result. While not occurring
frequently, system failures have resulted in
reactivity transients and pressurizer level
changes.

The most common effect of both pump and
valve failures was reactor coolant leakage. This
is significant for components located outside of
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containment. In addition, as specified in plant
Technical Specifications, unidentified leakages
greater than 1 gpm on containment may require
either a power reduction or plant shutdown to
repair the leak. Another significant effect is a
increase in airborne gaseous activity resulting
from degradation of pump packing.

Though both centrifugal and positive
displacement pumps are used in the CVCS, most
of the reported failures were for the latter.
When operating, these pumps produce
significant vibratory stresses which have resulted
in both pump and piping failures. Aging
degradation of the packing and seals due to wear
was commonly reported. These instances are a
result of normal pump operation and resulted in
external leakage, and failure to run properly.
Since the positive displacement pumps are not
typically used to provide high pressure injection,
the ability of the system to mitigate the
consequences of a potential accident were not
affected. However, they did affect the ability of
the system to provide charging flow.
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5. EFFECT OF COMPONENT FAILURES
ON CVCS SYSTEM

As discussed in Section 2., the primary
functions of the CVCS are letdown, purification,
boration and chemical addition, boron
regeneration, charging, RCP seal injection and
safety injection. The system consists of the
mechanical components (pumps, valves, heat
exchangers, volume control tanks, and
deionizers), instrumentation, and controls,
necessary to perform these functions.

A Failure Modes and Effects Analysis
(FMEA) was performed for each PWR design to
determine the effects of failures of the major
system components. Each FMEA included the
following items:

a) Failure Mode: The basic manner(s) which a
component may fail or cease to perform as
designed. The failure modes for these
components were consistent with those used
in industry reliability standards.

b) Failure Cause: The particular type of
degradation mechanisms which may cause
the component to failure. These stressors
were discussed in Section 3.

c) Failure Effect: The effect on the CVCS
system due to the component failure.

d) Detection Methods: Functional indicators or
system and plant operating characteristics
which would alert the operator of
component degradation and/or failure.

An important system function in many PWR
plants is to provide High Pressure Injection
under certain accident conditions. Since this
function was previously evaluated (Ref. 3), it
was not included in these FMEAs. However, it
is important to recognize that many of the CVCS
components that provide reactor charging are
also used for High Pressure Injection. Aging
degradation and failures of these components
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which result from normal plant operation, will
also affect their ability to provide high pressure
injection. It is essential that system aging be
understood, and detected, before it results in the
inability of the system to perform its safety
related function.

5.1 Westinghouse, Babcock & Wilcox, and
Combustion Engineering CVCS FMEAs

All PWR plants use the CVCS to provide
for letdown, purification, boration, chemical
addition, RCP seal injection and charging
functions. Tables 5.1 to 5.3 show the FMEAs
for the Westinghouse, Babcock & Wilcox, and
Combustion Engineering CVCS  designs
respectively.

Each CVCS design has sufficient
redundancy, and alternate flowpaths, such that
single component failures will not render the
system incapable of functioning. Through
manual or automatic actions, alternate flowpaths
can be established, and standby components
activated, so that individual component failures
will not adversely affect system operation. For
example, the CVCS system contains redundant
letdown and charging valves, deionizers, and
charging pumps. However, failure of these
components would represent a loss of
redundancy, which in the event of other failures,
may render the system inoperable.

Typically, component degradation and
failure will only affect a particular system
function, and not the total system or other
functions. For example, a failed deionizer,
caused by spent or degraded resin, will impair
only the ability of the system to adequately
purify the coolant, but will not affect letdown
and charging flow control. However, if not
detected and repaired in a timely manner, the
degraded operation of the deionizers may affect
the operation of other system components due to
the inability to remove the reactor coolant
impurities.
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Certain system components are required to
provide multiple functions, and their failure and
degradation will affect each function. The
regenerative heat exchanger (W and CE) is used
for the letdown flow temperature reduction, and
also to reheat the charging flow prior to
injection back into the RCS. Failure of the heat
exchanger due to inadequate heat transfer, or
blocked flow paths (due to the buildup of
corrosion products) may result in out-of-
specification coolant temperatures. High
letdown temperature will prematurely degrade
the deionizer resins, while a low charging flow
temperature may cause thermal shock to the
injection nozzles. A failure of one charging
pump represents a loss of redundancy which will
not normally impact the system’s performance.
However, if more than one pump fails, the
system would be wunable to provide both
adequate charging flow, and reactor coolant
pump seal flow. Charging pump failures will
also impact the safety related, high pressure
injection as well.

With the exception of system failures which
affect the ability to perform safety related
functions, CVCS failures do not compromise
plant safety. However, they challenge plant
operation, which may result in plant shutdown.
Under normal operating conditions, the CVCS
assists in controlling pressurizer level by
adjusting both the letdown and charging flow.
Failures which result in the loss of these
functions, or flow rate changes, may result in
pressurizer level and primary system pressure
perturbations. These occurrences may cause the
activation of other systems, such as the
pressurizer heaters or spray, to correct the
system’s pressure. Such unnecessary actuations
represent challenges to the operation of these
systems, and may contribute to their aging
degradation.

Operational effects may also result from
failure of the boration and purification portions
of the system. Reactivity control is
accomplished by both the CVCS and the control
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rod assemblies. The control rods compensate
for short term reactivity effects, while the CVCS
compensates for long-term reactivity effects due
to coolant temperature changes, xenon
concentration, and fuel burnup by controlling the
amount of soluble boron in the RCS.
Component failures affecting the boration and
purification functions would result in an
imbalance of soluble boron, and reactivity
transients.  Failures of the boric acid tank
immersion heaters, and heat tracing are typical
examples of failures which could prevent proper
boration. Degradation of ion exchanger resins
would result in the inability to remove boron
from the RCS and may cause an over-boration
condition, and reactor coolant chemistry control
perturbations.

A similar operational effect would result
from the failure of the boron thermal
regeneration portion of the CVCS in the newer
generation Westinghouse plants. Table 5.4
presents the FMEA for this portion of the
system. Failures of the chillers and the boration
demineralizers could result in either the dilution,
or over boration of the RCS. Since this is
normally an automatic function, any
unanticipated boron concentration transients
would also result in reactivity transients.

Another important effect of CVCS
component failures is external leakage. Any
primary coolant leakage from components
located outside of containment represents both a
radiological and an operating hazard. The
uncontrolled release. of primary coolant inside
containment would present a radiological hazard
to the plant staff. If this leakage came in contact
with other components, degradation and failure
may result due to the highly corrosive
characteristics of the boric acid contained in the
coolant. Unidentified leakages in-containment in
excess of the one gallon per minute Technical
Specification limit would require the plant
operator to isolate the system and correct the
leak. Undetected and uncorrected, these may
also represent a small break LOCA.



Table 5.1 Westinghouse CVCS FMEA®
(Letdown, Boron Storage, RCP Seal Cooling and Charging)

5-3 NUREG/CR-5954




*$IN320

Suid3nd sapdwos
210Jaq P219319p

9q pInoYs UOLLIOLIAIIP
Mol CAraiun
uid3nid aqm e30],

‘suonesipur aimesadwa],
*198uBYOX9 J8IY SSOIOB

*109)ap SurimorInuey

[enUaI3YJIp 2anssal *198]J9 ON ‘UOISO1I0)) afexes] aqny, ‘p
‘sI0}UOW
uoneIpel JUSWUIEIIO)) *95B9]0X *ofexyes|
‘gje1 Ue[00d ATRUILI] 189S OAJRA JUSA

oy dnaxyeur sAISsa0xXy

“MO[] UMOPI9] PIonpay

"yoeIo guise)

o3eyesy JeuraIXyg "

‘s101e21pUl aInyeIadur
9]0 Iagueyoxa
183y oAneIsuadey

‘sjusuodwod
wIeansuMop

0) aJewep 9jqissod

uy Sunpnsa1 sy
ugisop pasdxa Aew mopy
umopi9 Jo aimeradwa ],

*saqny
uo dnpjing o[eog

J9Jsuen
1691 JULLOLINSU] "q

*10320IpUI MO

*MO[J UMOPII] Paonpay

'Sod
ul Jerroewr uroroq

*dnpjing uoiog
"dnppinq
yonpoid uoIs0110D)

sagn], pa83niq ‘e

198ueyoxy 18oH
aAneIsuafay

(Kddns

Ire 10) Jomod jo

$50[ uodn pasoo {1e)
0} poudisap a1e SoA[BA

*s10180IpUL 91nssa1d
puE MOJJ Umopia]
‘uonesIpul

uonisod aajea ajoway

*1ogueyoxa

183y 9ANRIUIFAI

nays yred mopy

UMOPI3] [BULIOU JO SSO'T
*Kouepunpal Jo sso7]

‘1eudis snoundg
‘1omod [eoa11o9]2
10 1B JO $SO]

pasolD siied 'q

*s10)eo1pul a1meradura)
pue MO[j WEansuUMoq

‘uoneIpul
uonisod aafea ajoway

*MO[J UMOPI9]
9)RUIULIA) 0) 9[qBUf)
*Kouepunpal Jo $SO]

*Surpuiq Jestueyosy

uadp spieg e

SIAJRA [OIIUOD
MO[ UMOpI]

S3J0N

SPOYIIN
w0y dInfrey

Yayg oxnprey

535NE) 2IN[ILY

APOJAl danjresy

Juwouodwo)

(Suraey) pue Suijoo) [Bag ‘a3e10}S UOIOY ‘UMOPIYT])
VAN SDAD 3snoy3unsopy I'S dlqe,

54

NUREG/CR-5954



*Sunsay ‘uonoavjoad *9INjie] JEOIIRYOdIN
IX uonosss ISV 21n5591d19A0 JO $507] “Yup ujodiag Paso[D) siiedg 'q
*suonedIpul
ainssaid pue mojj *jue) Jor[el Jezianssaxd
MO[ WeaNSuUMO( ‘IdeMm 0} padieyosip *9INJIe} [EIIUBYIIN JA[EBA JI1[21
dnoyew O asn 2AISS90XY JuB[00D KIBWIlI] ‘Jyup urodiog uadQ sjieq ‘e aUl| UMOPIaT
*saojeolpul aanssoxd
pue MO[] UMOPI] ‘pedmoy ‘1euSis snoundg
‘uUonBOIpul | UMOPII] [BULIOU JO S5O *1omod [eorno9e
uonisod oA[EA 9j0WwaY * £OUBPURPI JO SSOT 10 Ite JO SSOT paso[ sjieq ‘q
-Sunsay qe9| [ xipuaddy *UONE[OS]
*10JE21pU} JuswiuIeIuod papeafaq JAJBA UONE[OS]
uonisod 2AjeA 2j0WY *Kouepunpal Jo sso7 *Suipuiq jestueyod uadQ spied ‘e JUSWILTBIUOD
‘s103eOIpUl 2Inssaid
pUB MO[J UMOPIaT] ‘1eusis snoundg
*10)831pUl *LDA ‘19m0d 1BO1NO9]D
uonisod aAjeA 0wy 0} moJj jo ageyoorg 10 118 JO $SOT paso[D sjied ‘q
*s10¥e01pUl 21nssa1d
(£1ddns 1e 10) 1omod pUB MO[] UMOPI] ‘tped mopy
Jo sso] uodn pasolo *10JBJIpUl | UMOP)S] [BWIOU JO SSOT SOA[BA
[1e} 01 paugisap SaAJeA uonisod aafea 230wy *fouepunpas Jo 0] *Suiputq [eotueyoay uadQ sjieq ‘e uone[os] oYL
§9jON . SPOUPIN .aootm aanpiey sasne) ey Eo:cmﬁ..oo, A

uoyA( 2npIey

IpOJN 2anj1ey

(PIuo)) 1°S 3lqeL

NUREG/CR-5954




‘9jel
Mmoyj dnoxewr 3AISS0XH

*a5e9jal
JuRj002 Arewlld
*MO[} UMOPI3] PaONpPay

*agexes]
JB3S 9AJBA JUOA
*joero Juise)

aFexeq| jeusalxg ‘p

“UOLEOIPUI MO} MO

*958910Ul
[9A9] Jue) 93InS MDD
“I31em
dnoyeur Jo osn §§39xXY *1o1em uipo0d | '109yop Sunmoejnuey
*10jIUOW UonEIper MDD | MDD JO uoneuIWIEIUOD *UOISOII0D) jeol agqny, "o

afewep

Jusuoduiod Weaxsumop

*103B21pUl ur Junnsax ‘syuy|

srmerodua) moyy udisop pa9oxa Aew J9Jsuei],

19In0 19gueyoxa eIy

axmexadwal 31x9 Y

aqm uo dnppinq 9[eds

189 juatonsul °q

*s1o3estpuy anssaxd
pue Mo]j weansumoq

*MO[} UMOPI3] paonpay

SOd
ur ferrrewn ugia1oq

dnp[ing uosog
"dnpjing
1onpoid uoIs0II0)

saqn} padinid ‘e

Io8ueyoxa Jeay
9AIIBIAUIZAI-UON

S3JON

SPOYIRI
oI danjrey

PIYIY danpey

sasne) ANPBY

IPOJA] danjie ]

ywuoduio))

(pauo)d) 1°S dAqeL,

5-6

NUREG/CR-5954



*10)B0IpUL
uonsod 9Ajea ajoursy

-a1meradure) $OY ysy
0} 9Np SIAZI[EISUIWAP
0} aewep 9[qIss0q
*SIZI[RISUIWAP 0} MO[J
UMOpIa] Snonupuo)

*9InjIe] [edIueyOdN
‘uopounjew
J0je1ado dAJRA

1971
-[eIauIwIap
0} Ajuo moyj
10j uado spieq *q

"dnpjing
jonpoid uoIssty
*S19ZIjBISUIISP *9In[ie) [EOlUBYOIN 9AJEA [ONUOD)
*J0Ye2Ipul 0} Suimoyy woy ‘uopounjenr | *IDA 03 K[uo mopy aigeradura),
uonisod aAJeA 9joway pajuoaaxd umopia] 100e19dQ aAfep Ioy uado sjreq ‘e Kepm €
‘uonezinssaidisao
SOV 9Iqrssod
*9AJBA JoI[a1
weaxisumop jo Sutuadp
*MO[} UMOPIA] Paonpay
*1a8ueyoxa *Surpuiq jeotuByoaIN
‘wele 1831 9ANRIaUITSI-HOU ‘uonounyjEUL Kjyadoad
uonedIpUl 2INSSAIJ Ul 9SBaIJUI 2INSSAl Iore1ado aAleA uado o3 sjieq ‘o
*10)e21put ‘uonezinssaidiaro
uonisod 9AfeA Sj0WY SO 2Iq1ssod ‘Jeudis snorndg
*$I0J8J1pUL MO *MO[} UMOPII] JO SSO] -xamod [eornoate
pue 21nssa1d ajoway *Kouepunpal Jo sso7 10 II® JO SSOT paso[D s[ied 'q
*Suiysepy wreas
(aameradwa) jusaaxd 03 Jonu0d *Suipuiq JeotuByIIN
ydy ‘ainssaxd moy) *a1nssaxd jo sso ‘uonounjjew QAJBA

WIIE[E UOHEDIPUI INSSAIJ

*KougpunpaI Jo §so]

1oyerado aAeA

usdQ spieq e

[oxuo)) 9Inssalg

S3ION

SPOYPRN . -
uoyadga( ddnjieg

T

mowlmo gy

e “apojy eanpiey

ﬁ.s..&s@.. :

(Pauo)) 1°S 9lqEL

NUREG/CR-5954




“LOA

*9In[IE,] [BOIUBYIIN

*Joyesipur a1nssaxd JDA Jo uonezinssaidiaaQ ‘Jup Jutodisg Paso[D sfied g

‘uoneiado
waisAs papeadaq
*958910U] *SIUNUOD IDA JO SSO7T

J9A9] juey dnpjo ‘WIASAS UjBIp IBI[ONU *2IN[Iej [BOIUBYIIN EIN TN

"95B3I03P [3A9] LOA 0} pajuaA pmbi LOA "Yup jutodiag uadQ spied e JaUsy 1OA
*JUSUIULEIU0D

JO apISINO Juejo0d | "109)Jop SurImoBjnuRIy juey,

"UONEIPUL [9A3] LA

Arewrxd Jo ases[oy

*UoIS01I0D)

ofeyea] JeuIoIXy ‘e

[ONU0YD) AWNJOA

‘uonesiput juswleas) *21nJie} [BOIUBYIIA
uonisod aAjeA ajowsy JURj00D jRUONIPPE 10) ‘uonoUNjBW IDA
-10Je0Ipul [9A3] IDA | LDA ssed4q o) sjqeun) Joyerado aafep 03 uado sjieq ‘q
‘syue) danpjoy

‘uonesIpul
uonisod aajea ajoway

0} Juejood Arewiid
Jo aseaja1 pauueydup

‘1eudss snorandg
‘uonounyew

uonisod ssed4q

SA[BA M2AIQ

*IOIROIPUI [9A9] IDA | 19AST LOA Ul aseaxoa(q 10)e13d0 9ATRA 01 uadQ sieq ‘e [9A9T LDA
“100§9p SunmdeINUEIA
*SIONUOUI |  JUSWUIBIUOD JO IPISING *UOIS0II0D)
uonRIpeI PUB YES] [EJ0T | 9SEO[ol JUB[00D Arewlid ‘[9ssoA payoe1d | afexes [eurdixy o
*95B2I0U]
aInssaxd [enuaiaip "*Mo[J *UONBUIWIEINO0D
JIozZijeIaunua(y UMOPI9] Pasealna] ajepnonied paddnig *q
*Buidwes ss20014 “dnpring
*J01UOW uoloq pue jonpoid "UISa1 1091100U[ [eaowas uoioq
uopeIpel ssa003J | uoISsy Jue[00d Arewlid ‘uIsa1 papeada | 10 uol 2ANIIYJau] "B SIoZljeIouIwa(g
SNON SPOUPIN o035 2anjiey $95ne)) ey PO danjiey puoduto)

uo§329)a(f dInE

(Pauo)) 1°S AqeL

5-8

NUREG/CR-5954



"SIONUOW [9A9] NUEB],

‘SOY PuE LDA
0) Ajddns proe on10q Jo
$SO7 ‘S3jUE]} JO SWIN[OA
‘rented 10 ‘[je Jo ss0

*309j9p Supmoejnue
*UoIS0II0D

o8eyea] [euIdXy ‘e

syue[, PRy oHog

SOy Jo
*LDA 0} uonesipui UONRIOGISAO [qISSO]
MO[} MO ‘UOHRIIUIOUOD "LOA 01 91ex mopy | -uonounjjews Ioyerado
uo10q YSiyg dnoyew Arewnad mo7 | 9AeA Sulpulq yeys pasoj) spred ‘q
*$10)BOIpUl ‘uopeIoqap
[9A9] LDA Pue mofj $O¥ a1qissod ‘uondunjrewt
ySiyg ‘uonenuasuod *LDA 0) Mo[} 101e13do 9A[BA JA[EA TONUOD
uo010q MO dnayew Arewnad ysSiy *Surpuiq jestueyoIN uadQ spied ‘e AWN[OA IDA
‘unepe *To1jisse§ap 9104o91
a1nssaxd ysSiy 2j0wal pue u0I0q 0] AAMXIW Sed ‘1eudis snorandg
Ioyeoipul aanssaxd IDA IDA Sunuaa jo sso *A1ddns 11e JO $S07] paso1) sped *q
"LOA ‘uogouryew
Jo uonezinssaidiono Jojerado aAJBA JAIBA
“103e01pur ainssaxd IDA Jo sso1 *Burpuiq jeotueyosy wadQ spied e | 3omisse8ad IDA

‘urIee a1nssaxd MO pue

*gseaIoul Jonpoid
uoIssyy §OY ul Sunjnsax
IOA 01 mopy uaSonN

‘[euSis snoundg

xo3eo1pul aanssaxd IDA pue uagoapAy Jo sso1 *K1ddns are jo sso] Paso) sjied °q
‘uafoniN *uonIUN[eUr AATBA
10 uaBoIpAH yNIM LOA 101e19d0 9AfRA [OTIU0)) UOBIPPY
*103001pUl Qanssaid DA Jo uonezunssardiaap -Suipuiq JeoIuByIIN uadp sjied ‘e JeoruIoy)
s3joN wonYAQ Sitity uowaﬁ axnjrey mow_.&_u aanrey apol .m:::am yusuodwod

(paJuo)) 1°S 3AqEL

NUREG/CR-5954

N
4




*J0YEOIpUL
MO[} 19jem dnoyey
‘uonesipu uonisod JA[RA

‘uonexado

juepd [ewIoU 10J
pannbax dnoxyew 193em
apiaoid 03 djqeun)

‘reusis snopndg
*A1ddns 1re Jo sso]

pasolD spted ‘q

‘uoperado juerd jeuriou

*10JB21pUl 10] pasmbar swn[oA *2InjIe) JAeA TONUOD
mop 1o1em dnoyepy | dnoyewr 1ojem pannbol 10jerado oAJRA MO[] I9pudig
‘woneatput uonisod SAfeA ap1aoxd 0y a[qeu) *Suipuiq [eotueyosIN uadp spieg ‘e pIoy ouiog
‘papasu se §OY
0} pIappe pue apew *fjiqedes uonippe
uonnjos [ed1way) *SI0JBOIPUI JOAS] Nue], JeolWwaYd paonpay | °103)op Funmoejnuey Jyue],

-yue) afeiois e joN | -Surjdwes [eorways §OY | °11ids uonnjos [ednuIyD *UOIS01I0D) yeo] [eusaixg e | Sulxipy [eolway)
*Surdures
[oA9] uoioq §OY *908)

*s10}e21pUl 21nssaxd
s81eyosip pue moyj dwng

“Aiiqedeo
UonIppe uoioq Jo sso]

jeay Surdid jo ainjieq
‘uonezijjeIsA1d uolog

‘mdino ugisop
sonpoid 0} sjieq ‘2

*SI01EJIPUI MO[} pue
aanssaid areyosip duing

‘uopIppe U0I0q
QAISSA0XD 9[qISSO]

‘Teudis
Jeo11199]2 snoundg

11e)g snonndg *q

"S19)E9Y U],
ploy oLiog Jo aInjied

‘uonezij[eIsi1o ‘peay Jo $$0°]
*S10}821pUl ploy ouiog *o1n[rej [eolnos[g
[9A9] Jque], PIOY du10g *Kouepunpai Jo $s07] ‘aInjre} 100N
‘dwind wosy sweje -Lpiqedes *2INZIds YeyS dwung 1ojsuelr],
a1nssaxd pue mopy Mo | UOBIppe UOI0Q JO SSO] "1B9YS Jeys aresadp 01 sjieg e proy ouog
5310N SPOURI 3093y51 danrey sasne)) xnpivy IPOJA] dan|ieg jusuoduro)

uo1jIII(Y danjrey

(pauo)) 1°S AqeL,

5-10

NUREG/CR-5954



*10)e91pUl ‘uopdUNJjEW
19A3[ juey proe suog ‘uope10q LousdIourd 10re1ado aafep
*103e01pul uonisod aAfeA ap1aoad 0y 9jqeup} -Suipuiq yeys paso[D sped °q
*SOY JO uoneI0q-19AQ
*10)e01pUl *sdund
[9A9] Jue) pIoe olI0g | JIoysuel) pIoe 9110q WOIJ
*103e01pUl UONISOd 9AJRA MO[} a3ej0St O) 9jqeUN *Juipuiq [estuRYOIN uadQ spreq e

S9AJRA uoneIog
Kouagrowyg

*JOJBOIPUT [9A9] LDA

-sduind
Suidreys 01 IDA

‘jeudis snorindg

*30)e01pul uonisod aAfep | woiy moy pinyg Jo ssoOT "Jamod Jo ssoy PasorD sjted 'q
*SOY ol uopoalul *aInjiey
uagoipAy ‘sduind 1o3e1ado aAfep JA[BA JONUO))
-103e01put uonisod aajep | Sutdaeyo jo Suipulq sen *Surpuiq [eo1UBYIIN uadQ spieyg ‘e /IO LOA
‘umopinys
101 Supnp uonnjos
*JOPI0J21 MOl PIOE JLI0g | PIo® 0110Q PIIRIIUIIU0D ‘Teugis snolndg
*103801pul uonisod sAjep apraoxd 0 sjqeun *K1ddns 118 JO $507] paso[D s[ted °q
~umopinys
j0Y ® Fulurene usym JA[A
$DOY ©1 pIoe 9H0q Jo -aIn|IE) [ONU0D MO
*13p10931 MO]J pIoe Juog uoneNUSIU0 panbax 10je12do 9AfRA 18RO Iapuslg
*103821pur uonisod 9ATeA ap1aoxd 0) sjqeun -Suipurg reswueyoay uadQ spieq ‘e ploy ouog
SAON u0N03JI( danpreg WY anjley sagne]) anpiey Ao\l 2anjIey jusuoduto’y

(PAu0)) 1°S 31qeL

NUREG/CR-5954

5-11




*9819A91
ur Sunerado dwing

*mopy udisap
ap1aoxd o) ajqeun)
‘duind 01 moyyoeg

"SHQIp §Od
‘uoneIqrA
-angneq
*s[euIaul usyoig

350]0 01 S[Ie 0

*J0YBOIPUL
21nssaxd pue moyy
wdino duind Suidiey)

*Burjooo eas §OA
pue SuiSieys 10J mojj
[y apiaoxd o) a1njieg

*Kouepunpalx JO SO

'Sqap SOY
‘s[euIsul uayolg

Ay uado 01 spred “q

‘uonesIpul
ainssaxd pue mopy
ndino dwnd Juigrey)

*MOJ} Supj00d
[eas dDY pue mopy

SuiBreys ndino paisap

opraoid 0y anjieq
*Kouepunpal Jo sso]

"UONBIQIA
‘ongneq
*S[euasul usyolg

uado 0] spieq ‘e

SOAJEA
o3y 19pINO
sduing SuiSrey)

"Aprs S| ur papnjoul
j0u uonoafur aInssard
YSIH ‘pa3iapisuod

st sdwind SuiBaeyo jo
uonexado fewsou AJUQ

swy3y Surioyuow
19)21q NJIID
‘uonEIAWINISYL 31nssard
pue moj 19pno dwung

‘moyy Juigreyo

SO 9AISS90X3 I[qISSOJ

‘Teusis
Jea1noals snoundg

Melg snoundg o

*gugj009 Jo

Io1em [e9s oY JO SSO]

‘suonerado 0) ssuodsax

up moyj SuiSaeyo sadoad

"uoneIUAWNISUL 9nssald apraoid 0y ajqeup) ‘uonons papeidaqg uoneladQ
pue mop 19pno dung *Kouepunpal Jo SSOT | ‘uoneZI[[eIsAo uolog papeadeq 'q
"(1res
sdwind ¢) suonipuod | -pesy uonodns Jo oY
"y81; Sunronuow Sunelado [euriou “1amod Jo §507]
Jo){Ba1q INOID Topun mo}j Surdreyo "aInjie] JOJON
‘uonEIUAWINISUL 21nssaid apiaoid 01 sjqeuf) *2InZ10s Jeys Ajsnonunuod

pue mo]j 1eopno dwng

*Kouepunpal Jo $S07]

“189YS$ 1JeyS

s1e1ado 0} aanjieg ‘e

(sdwnd
juswraoeydsip
aanisod

pue feSnyinua))
sduing Suidrey)

S9)ON

SPOIPIN
u0yOJR( danjIey

PIYYY danpiey

sasne?) danpey

apopy danpivyg

uauoduto))

(Pauo)) 1°S dqeL

5-12

NUREG/CR-5954



'S[e3s 4D 1
Joqunu 0] MOJJ 2InSU

0} 1amod [BoIN09]9
1o J1e Jo ssof uo uado
[1e} 03 paugisap dAJeA

‘uonealpur snssard
MOJJ 191eM [eaS JDY

"MOJJ Jojem [B9S DY
Jo jusunsnfpe jenuew
ap1aoxd o1 ajqeun)

‘jeusis snorndg

"PIsoOD s[ieg °q

"uopesipur a1nssard
MO]} 19em 835 dDY

MO J9JeM [9S JOY
Jo jusunsnipe jenuew
ap1aoad 03 9jqeun)

*Tomod [8a13109[9
10 IIB JO SSO']
"Surpuiq [eorueyosy

uadQ sjieyq ‘e

*9AJRA
01U0D MO}
JoeA 898 DY

*Ieusis uonosfur

£193es Jo uoneIausd
uodn poziSiaus
J0je19do 10101 ‘uado
Iy AjJewriou sA[ep

"uonedIpul [3A9] LOA
uonedIpul axmeradwa)
pue MO[J 19)em
Swi1eyy -1o3eoIpUl
mopj sxmeraduiay
umopya] ‘lojesipul
uonisod aAjea ajoway

*198ueyoxa

183y aAneIausfal

01 mopj Surjooo jo

$507T ‘dnajeur Jue[00d
pue uonn[p ‘uoneloq
moqy yred mopy Suidaeyo
JewIou JO $SO

‘1eus8is snonndg
*xomod
18211199]9 JO SSO]

Pasolo spied 'q

*UONESIPUY
uopnisod aAJeA Sj0WY

"SUONIPUOD JUIPIOOE
Juumnp auyy Juifieyo
Jo uone[osi Juipraoxd
ur Lsugpunpal Jo sso

‘Buipulg jeoruByoaN

uado sjieq ‘e

QA[EA UONE[OS]
mofy SuiSaey)

‘uonesIpul
mo[J Suidieyo moy

*3]qe[ieaeun yed

MO} UONEIOq [BUIION
MO} 1B3s 4Oy

pue ‘mopy SuiBeyo
‘ToA9] Iojem Ioziinssaxd
Jo jo1u02 y3Inoxp
mop Surdreyod 1snfpe
Aj[eaneuIoine 03 a[qeur)

‘reuSis snoundg
*19m0d 18011099
10 I8 JO SSO]

pasojo sired 'q

*103R0IpUL
mopy 191eam Suisiey)

"MOf 1838 DY

pue ‘mopy SuiSeyo
‘[9A9] J9lem Iozinssaxd
Jo jonu09 y3noiy

amo[} Surgreyo isnfpe
AJreonewolne 03 ajqeur)

‘Surpurg [eo1UBYOIN

uado spieq ‘e

JA[BA
[o1U0) MO
dung Suidiey)

$ojON

‘ SPOYRI -
u0§329)3(Y Anjrey

sosney oanpey”

..&52 u..:,.___m,m

; Eo:.o._ﬁou .

(Pauo)) 1°S 3IqEL

NUREG/CR-5954

5-13




‘uoneaIpul

21nssa1d pue [9A9]
jue) Joyyer Jazianssaxd
uonedIpul [9A9] LOA

‘uopasjoxd sinssaxd
J9A0 J9PEJY UINAI
Iorem [e3s JO SSO

‘d1njle] [eoIUBIIN
“yup utodsag

paso[D s[red "q

‘uonedIpul
[9A9] LOA “uonedlpul

amssoxd pue [9A9]
jue} 3101 J9ZIINSSALY

*S[OIJUOD MO]J BMOPIA]
JO sueawr SjBUIdE
ue se walsAs piny

UMOPIa] $539X9 JO asn
SHqIyul dnjiey “juey
Joures 19zunssaid 0)
passed£q mop umopig]
$§90X9 pue moj

WINJOI I9JeM [835 dDY

*aInjie} [eolUBYIIA
yup utodiag

uadQ spied ‘e

3ATEA JOOY
Jopeay wmay
Iolep (€98

*MO]J Iojem
[eas jo ssof a19[dwod

21039q uoperado
dOY [euonippe moje

*UOnEBIIPUL
[oA9] adidpuess
uoneorput uonisod sA[eA

‘Tess 4Oy ¢

*ON 91 $9O1AI0S YoIym
adidpuels 0) Joyem

[eas Jo dnaxeur Jo sSo]

‘[euSis snorindg
"1om0d Jo 507

pasolD sited 'q

*10180IpUL [949] adidpuwmis

3AJeA 991D 2did

01 108 wiefe adidpuelg | uopesipur uonisod sAjeA *QUON *Suipuiq [eo1uBYOIN uadQ sjieg ‘e | pumg sjess dOd
*ageyes]
juejood Areuntid
‘a3eyes] JeuIaIX? dDY o8ewep dDY
‘uopeatpur aInssaxd ‘sfeas DY

puB MOJ} I9jem [ess dDY

0] IojeM [BIS JO $SO7]

‘Jeudis snonndg

"pasold sited ‘q

‘uoneoipur 21nssad
MOp) J97eMm [83S dDY

*MO[} JO)eM EaS 2)B[OS]
0} UBY]) JOYI0 193]J0 ON

*39mod [BOI11090
10 1B JO $SO7]
*Burpuig [eoIuBYIIN

uadQ s|ieq ‘e

aAfeA
pajesado rojour
Ioyem 1835 DU

$9ION

SPOYRI
w0y danjrey -

sasne)) daniey

apox danyiey

ywouodwo)

(Pauo)d) 1°S dIqelL

5-14

NUREG/CR-5954



*I0JBOIPUI MO}
pue 2inssaid 1a8ueyoxs
1891 J9)BM [BAS

‘uoposjord
a1nssaxdiano yofueyoxs
JB3Y JajeM Jeas JO §SOT]

*a1n[iey [BOIUBYOIN
“guap jutodiog

"pasolD sied °q

*dwoy 198ueyoxo
jeaYy Ja)em [ess Yy
-aieradwa IDA YSIH

‘LA 01 passedAq mofj
-uiwr dwind SuiGaeyo

puE MO[J UIMoI
I91eMm BSOS JO UONIO]

*2InjIeJ [eoIUBYOIN
"Jup jutodiog

uadQ sjieq ‘e

JAIBA
Joray 1o8ueyoxyg
JeaH I9)eA\ eSS

‘feusis JSH
3o 1d1o9a1 uodn aajea
3y} 950[2 0] pazidIdud

AOWN ‘uado

*JOJEDIPUT MO[J UITYaI
IolEM [B3§ "UOWEDIpUl
uonisod aAjeA sjowsy

*Anjiqedes

Butjoos jeas papeidaq
‘Pa300[q

MO[J UMOPIJ] S530X3

pue uInyaI I9jeM eSS ‘Jeugis snoundg

"pasoD spred 'q

“uonEesIpul

"MO]J UMOPIT]
SS90X9 pue J9)em [B3S “romod
Jo uonejosi Jurpiacad [8911393[3 JO SSOT

9AJeA 2QO[D
I3pesf] uIy

AjjewIou st 9AJRA uonisod aAfeA aj0way | o Aouepunpai Jo sso] -SuIpuIq [eoIRYISN usdQ spieq ‘e 19BM 898
so1N wopasyoqtodmIEg poygomey - | soaeouei | opopouney | juouoduwog

(Pawo)) 1°s 2AqeL,

NUREG/CR-5954

5-15

S -

i

437
A

ST
Y

Pt



‘uoneoIpul
aieladwa) pue
aanssaid umopio| ss90XH

‘Jonuod

[9A8] Jazunssad

pue ‘Mo[} umopio|
Sugjjonuoo jo suesu
2)BUISI[E UEB SB Wa)SAS
PINJ UMOP)II] SS30XD

‘[eudis snoundg

J03001pul UONISOd SAJRA a1} asn 03 J|qeuf) *1omod Jo sso] ‘pasor) sqted 'q
‘uoneoIpu axmeradua) juey
pue a1nssaxd umopia] | utelp Jo 193ueloxa 1edy "OATBA
$500Xg 'IOJEDIPUL | UMOPIS] $SI0X JOUHIS 0 jonuo) Morg
uonisod 9AJRA Sl0WY MO]] 91e[0S] 0} 3[qeuf) -Sutpurg jesueyds|y uadQ spied ‘e uMmop1y §599xg
*s101eoIpul aImeIadway,
*193ueyoXa 183Y SS0I0R "109)9p FuLImdRINUBIN
[eIUIAJIIP 3INSSAIJ *199)J9 ON ‘W0IS0310D | ofeyes] jpuIixy p
*10)B01pUL
T2A9] Yues 981ns MDD
‘sloyedlput ‘uonnpip SOY
amssaid ejap pue moyj ‘weisAs | '103J9p SuiImjoejnueiy
agueyoxa 1eay Iatem [eas | MDD JO UOHRUILIEIUOD *U0IS0110D) jeaT agny, 9
‘s10je21pul 21nssaxd
pue ‘axmesadwia) ‘armezadura) usisop
‘mo[y a8ueyoxs IDA pasoxa Aew ‘saqmy *I9JSuBL],
189 MO[} I91BM [89S ameradwal xe ysiy uo dnpjing 9[eos JBOH uatoInSyu] 'q
‘SO
*x01E21pUl 21INssad uj [er1lew ugaiog
pue ‘axnieradwa) ‘uonendioaxd
‘moj} IaBueyoxs *MO[J UImal uorog ‘dnpjing Ja9ueyoxy 1BsH
169y I3JEM [esS I9JEM [B9S Paonpay yonpoid uoiso110) saqn) pagdnid ‘e I9eM 89S
SION SPOUPIN 399)J9 danjiey sasne) danjiey PO damjiey juauodinoy)

U01J00Ja( dANfIEy

(Pauo)) 1°S dqeL

5-16

NUREG/CR-5954



*[9A9] pue J0JEOIpUL

ainssaxd 19zuInssald
-103821pul Moy Suidrey)
*103e21pul uonisod 9AJBA

‘uonezinssaid

-19A0 19ZLINSsaxd

ur Sunpnsai pannbai Ji
Aeads Kienprxne apiaoxd
01 &[1qe Jo sso]

‘S9A[BA PaAsOlo Ajjewiou
104 "yped mopy Suidreyo
[eusIou JO SSOJ ‘SaAfeA
uado Ajjeuriou Jog ‘[euSis snonndg

posol) spied *q

-o1nssaxd

Iazrnssald paonpas ui
Supjnsax Leids Lzerixne
Jo uoneado JuISAPRU]
uf SINSI 2INJIEJ SOAJBA
Pasojo Ajjeuriou 104
~aur] Sur8ieyo 9)e[ost 0}
JeuSis ul s)nsal 2anjiey
‘SUONIPUOD JUIPIOTE

‘uonesIpul Iapun ‘19ASMOH
aanssaad 1oz1anssald ‘uonesado re[ndal *Surpurg jesiuByIaN
*10)01pul Moy Suifiey) | Surnp 109))9 OU ‘SIAJRA *yomod S9AJEA UOIEOS]
‘uonesiput uonisod SA[BA uado Ajjeuriou 104 JBOLII99]9 JO $SO°T uadQ spieg ‘e | welsg SuiSiey)
> iy o N -
Saj0N :o:%«ﬂu% v«.m:.nh P dmprey sosne)) danpiey . IPOW 2anjrey yusuodwo)

(Pauo)) 1°S dqeL

NUREG/CR-5954

5-17

oo




"UOnEDIpUL AIYRISAUID)
‘1oJueyoXd J89Y $S0I08
JenULIAJIIp 9Inssalq

‘109}J° ON

*193J9p Jurmoenuey
"uoIS01I0D)

afeyeoT [eUIIXY P

‘s10}eolpur anssaid

‘uonniip §oU

BIjop pue mo}j afueyoxa ‘woIshs | 3109)op Sunmorjnuey
189y ‘Mo[} UMOPIT | MDD JO uonRUIWEN0D *UOIS0110)) yeay agny, ‘9
‘s103ed1pul 2Inssoxd
pue ‘armeraduro)
‘moqy 193ueyoxs -o1meradua) ‘saqm) I9)suely,
189y ‘MO[J UMOPId] 1opn0 Y3y uo dnpjing s[eos 183 WAIOINSUf 'q

*s10)eo1pul 2anssald
pue ‘ainyerodwa)
‘mo[} Io8ueyoxo
783y ‘MO[J UMOPId]

"MOJJ UMOPI9] paonpay

T
ul [elretew ug1a104

-uoneydioald uolog
*dnping
jonpoid uoIs0110)

saqny, paddnid ‘e

IaSueyoxy 18aH
UMOPIT SSIOXY

SJON

SPOYPI
UL 2INpIEyY

Py danprey

sasne)) danjrey

Ao dan|rey

Juuodwio))

(pauo)) 1'S dqelL

5-18

NUREG/CR-5954



Table 5.2 Babcock & Wilcox - Makeup and Purification System!’
FMEA (Letdown, Boron Storage, RCP Seal Cooling and Charging)
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6. CVCS INSPECTION, SURVEILLANCE,
MONITORING AND MAINTENANCE
REVIEW (ISM&M)

Primarily because of the safety-related
function of providing high pressure injection,
RCP seal injection, containment isolation and
emergency boration, many of the system
components are required to be tested and
inspected to ensure their operational readiness.
These are performed in accordance with several
requirements, including ASME Section XI
Inservice Testing'®, Appendix J,* and the plant
Technical Specifications.”*?  Specific testing
requirements are discussed in Section 6.1.

To supplement the operating data obtained
from the review of the databases, a plant from
each NSSS design (W, CE, and B&W) was
visited to obtain additional system ISM&M data.
A primary objective of these visits was to obtain
the perspective of plant personnel on CVCS
aging. Section 6.2 presents the results of these
surveys.

6.1 Inspection, Surveillance, and Monitoring
Practices

Active components of the CVCS system are
inspected periodically to ensure their operational
readiness. For those plants where the CVCS
system is considered a safety-related system, the
charging and boric acid transfer pumps must be
tested in accordance with ASME Section XI,
which requires quarterly measurements of pump
flow, vibration, and head. The charging pumps
are tested individually during normal plant
operation. The boric acid transfer pumps, on
the other hand, are tested using a recirculation
loop that returns to the boric acid tank to
prevent the introduction of highly borated water
into the RCS and consequently a transient or
possibly a plant shutdown. The performance
parameters are measured and compared to
reference values. For these plants, the valves
must also be tested in accordance with ASME
Section XI, which requires exercising the valves

6-1

quarterly, or during shutdowns, if quarterly
testing is impractical, and leak-testing those
CVCS valves that are containment isolation
valves every 2 years. Relief valves are set-point
tested every 5 years in accordance with Section
XI.  Section XI also provides inspection
requirements for Class 1,2 and 3 pressure
retaining components (e.g., pressure testing and
non-destructive testing of welds).

The Technical Specifications also specify
surveillance requirements for portions of the
CVCS system that provide boration to the RCS
and, for Westinghouse plants, RCP seal
injection.

The system tests and inspections performed
for CVCS are summarized in Table 6.1.

6.2 Specific Plant Insights

6.2.1 Westinghouse

The Westinghouse plant visited was a 16
year old, four loop, 1130 MWe unit. The
CVCS system at this facility is a conventional
design without boron thermal regeneration
capability. Three charging pumps are provided,
one positive displacement pump for normal
charging, and two centrifugal pumps for high
pressure injection. Two mixed bed, one cation
bed, and two deborating demineralizers are used
to maintain proper coolant chemistry.

The CVCS system has operated reliably
over the past five years. During this period the
overall plant unavailability, due to component
failure, was less than 2%, however, the CVCS
system did not contribute to this unavailability.
Certain specific maintenance problems were
identified during discussions with cognizant plant
personnel, particularly with the boric acid and
positive displacement charging pumps.

The boric acid addition and transfer pumps

posed continual maintenance problems. The
mechanical seals on these pumps failed

NUREG/CR-5954




Table 6.1 Inspection, Surveillance and Monitoring Practices for the CVCS System

throttle and control valve

Component IS&M Practice ‘Frequency
Valves Verify correct position of 31 days
valves in the boron injection
flow path?
Verify RCP seal injection 31 days

Verify pump flow within
limits'?

position? (Westinghouse)
Verify stroke time! Quarterly/cold shutdown
Verify full stroke (check Quarterly/
valves)! Cold shutdown/refueling*
Verify valve seat leakage'? 2 years
Verify relief valve set 5 years
pressure’
Verify automatic valves actuate | 18 months
on safety injection actuation
signal®
Pumps (Charging and Boric Verify pump head within Quarterly
Acid Makeup) limits"

Quarterly, 18 months

the outside temperature is
<35F°2

Verify pump vibration within Quarterly
limits
Piping and pressure retaining | Verify no system external 3 years
components leakage'
Hydrostatically test system' 10 years
Verify temperature of heat 7 days
traced portion?
Surface or volumetrically 10 years
examine
selected welds!
Examine bolting>2 in.! 10 years
Boric Acid Storage and Verify boron concentration? 7 days
Refueling Water Tanks
Verify volume? 7 days
Verify solution temperature? 7 days
Verify RWT temperature when | 24 hours

1. ASME Section XI requirement

2. Technical Specification requirement

3. Appendix J requirement
4. Relief from Section XI requested
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approximately every two months. To rectify
this recurring problem, the pumps were rebuilt
and upgraded, including installing a larger pump
shaft and larger stuffing box. An improved
mechanical seal was also installed (Figure 6.1).
Since these modifications were completed, both
pumps have operated reliably for two years with
no seal failures.

Another maintenance problem identified was
the short service life of the packing on the
positive displacement charging pumps. At this
plant, the positive displacement pump is not
safety-related, so the packing problem did not
directly limit plant operation. Various types of
solutions have been tried, and none has proven
totally successful. Packing leakage from these
pumps is a common problem throughout the
industry, hence some plants have shortened the
inspection interval to every 150 hours
(operating).

As discussed in Section 6.1, most of
inspections and monitoring for the system are
made in accordance with the requirements of
ASME Section XI, or Technical Specification
requirements. The system piping is inspected
for cracks and other defects using non-
destructive examination techniques (e.g., eddy
current). The pumps, both centrifugal and
positive displacement, are tested quarterly (92
days) to check suction head.  Additional
measurements are taken to monitor pump head
vs. flow at various points on the pump curve;
and the results trended to detect any aging
degradation in the pump. This testing method
was instrumental in identifying a degraded
rotating assembly. The assembly was replaced
prior to failure, and the pump has performed
satisfactorily since. Vibration measurements and
lube oil analysis were also used as condition
monitoring techniques. These were successful in
identifying a gear tooth problem on a pump
speed increaser. Upon pump disassembly, the
missing gear tooth was verified, and the
component replaced.

" 18 years with a capacity of 845 MWe.

The licensee at this facility used Reliability
Centered Maintenance (RCM) techniques to
ensure that ISM&M was adequate. The primary
advantage of this approach is that it focusses
attention on each component individually, rather
than grouping similar components. RCM also
provides continuous feedback on the
effectiveness of maintenance, and highlights the
need for increased maintenance, if needed. An
example of this approach was the maintenance
applied to the diaphragm valves. Before
instituting this approach, the diaphragms on all
similar valves were replaced on the same
frequency, regardless of operating history. With
RCM, non-critical valves subject to less usage
now have longer periods specified between
routine diaphragm changeouts.

The single critical maintenance problem
identified at this plant was associated with the
boric acid portions of the system. The plant
currently operates with a 20,000-22,000 ppm
boric acid solution in the boron storage tank.
This concentration is highly corrosive to the
system materials, particularly carbon steel.
Even the more corrosion resistant, stainless steel
is not immune from corrosion attack at this
concentration. Also, many of the stainless steel
components use carbon steel fasteners that are
subject to corrosion. In response to these
concerns, this facility (as well as most other W
plants) have begun examining the possibility of
reducing the boric acid concentration to
approximately 8,000 ppm in the boron storage
tank. Though still corrosive, the corrosion rate
will be less at this lower concentration.

6.2.2 Combustion Engineering

The CE plant visited has been in service for
The
CVCS design consists of 3 positive displacement
pumps which provide charging flow under
normal operation. Upon receipt of a safety
injection actuation signal (SIAS), all three pumps
are started, and discharge concentrated boric
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Larger Shaft To Resist Deflection
Original 1.25" dia.
New  1.75"dia.

[

[l

New Frame and Frame Adapter

/

Plus Accessories To Accommodate

Larger Shaft

Modified Stuffing Box
With Improved B/W
Mechanical Seal

Figure 6.1 Boric acid transfer pump modifications

acid into the reactor coolant system. Two
mixed-bed ion exchangers are used to remove
the corrosion and fission products, and a
deborating ion exchanger is used towards the
end of a cycle to remove boron.

Several years ago, the owner of this facility
reviewed (similar to RCM) all the plant systems
to identify systems susceptible to failure. This
review consisted of a plant staff survey and a
documentation review. Specific documentation
reviewed included LERs, nonconformance
reports, design change requests, corrective
maintenance records, and the NPRDS database.
As a result of this effort, 27 systems were
classified as problem systems, with six identified
as most significant from a recurring problem and
plant operation impact standpoint. These six
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systems were saltwater cooling, CVCS,
feedwater, auxiliary feedwater, service air, and
compressed air. Further detailed evaluations
were then performed on each of the systems to
identify specific components which needed to be
addressed.

The CVCS system ranked fifth in the plant
staff survey, and first in the documentation
review. In the final system ranking at this plant
the system was ranked second, primarily due its
associated maintenance costs. The majority of
the failures noted were associated with positive
displacement pumps, instrumentation failures,
and boric acid pumps and heat tracing. Table
6.2 identifies the specific components failed and
the system function affected.



Table 6.2 CVCS Problem Summary - CE Plant

I. Positive Displacement Pumps
1. Packing Degradation
2. Suction Stabilizers

- internal failures
- vent failure
3. Discharge Desurger

- internal failures

Breakers

Relief Valves

Seal Water

Pump Valves

Charging

Nownk

1I. Instrumentation
1. Flow meters
2. Pressure switch

III. Valves
1. Auxiliary spray

I. Demineralizers
1. Resin degradation

. Valves

Letdown 1. Regenerative heat exchanger inlet
2. Excess flow check

3. letdown control

III. Purification filter

I. Piping
II. Heat tracing and insulation

III. Recorders

Makeup

IV. Boric acid storage tank level
instrumentation

V. Boric acid transfer pumps
1. Mechanical seals
2. Power supplies
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Positive  displacement charging pump
problems were foremost at this plant, primarily
because of the impact of these failures. The
pumps had frequent packing leaks, reduced
capacity, and failed to start on several occasions.

The lifespan of the pump packing has been
the subject of extensive investigation, testing and
development. Factors which affect the life of
the packing include the material, seal water
flow, proper parts and maintenance, and pump
operation. Plant configurations and operating
time will also affect packing life. To maximize
purification flow, some plants run two pumps
continuously, others only run one, leaving the
other pump on standby. Table 6.3 provides an
overview of the frequency of maintenance and
replacement of the packing at CE plants; there
are significant variations between plants. Some
plants replace the packing during refueling
outages, while others have to do this much more
frequently.

Experience indicates that the EDPM packing
material degrades rapidly without adequate seal
water. The system used at this plant to provide
the seal water operated on a thermal siphon
principal, and was not providing adequate
wetting and cooling. A Kevlar-based material
was found to provide longer life and to be less
susceptible to seal water flow. Other factors
which affect packing life were found to be
dimensional variations and incorrect
maintenance. This plant also recommended that
specific leak rates be developed to ensure
consistent changeout criteria.

Vibration from positive displacement pump
operation also resulted in accelerated packing
wear. An effective suction stabilizer and
properly functioning desurger were found to be
critical to ensuring the pump’s smooth operation.
In addition to providing a reservoir for the
erratic suction flow inherent with positive
displacement pumps, the suction stabilizer was
also designed to remove entrained gases. If the
gases were not removed from the pump suction,
cavitation-like effects occurred and a temporary
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loss of lubrication to the packing was possible.
The discharge desurger is designed to attenuate
90% of the pulsations in the discharge piping.
Proper functioning is related to the bladder pre-
charge, with the higher precharge resulting in
greater damping.

Pump operation characteristics were also
found to result in aging degradation. The
positive displacement pumps are required to start
and pick up full load immediately which did not
allow for the pump parts to be sufficiently
lubricated prior to full load demands. To rectify
this concern, a recirculation line with a
control/isolation valve was installed to allow
pump starting without load, and ease its flow
contribution into the system.

Problems associated with boric acid storage
and flow also accounted for significant
operational effects. Stress corrosion cracking of
the piping was promoted by the insulation
cement used on the heat traced piping. The
cement mixture contained halogens, which in the
particular operating environment, accelerated
cracking. This plant, similarly to the W plant,
investigated the potential for reducing the boric
acid concentration; this would reduce the need
for heat tracing, and the associated problems
caused by boric acid.

6.2.3 Babcock & Wilcox

The B&W plant visited was a 19 year old,
792 MWe plant. The Makeup and Purification
System utilized consists of three centrifugal
makeup pumps which provide both normal
charging and high pressure injection for
accidents. = Two mixed-bed demineralizers
provide for reactor coolant chemistry control.

At this plant, failures of the Makeup and
Purification System did not contribute to plant
downtime and unavailability. Interviews with
plant personnel revealed that the system has been
very reliable, with failures of the letdown
coolers and motor-operated valves being the only
ones of note.



Table 6.3 Summary of Pump Packing Type and Failure Rates

-Plant(s)

Arkansas Nuclear 1 and 2

Stainless steel coated with
Colmonoy #72

Recently had to replace during
repacking at 1000-2000 hours,
originally replaced every 12 to
18 months.

Calvert Cliffs 1 and 2

Stainless steel coated with
Colmonoy #72

Replacing during each
repacking at 2000-2500 hours,
trend is increasing with
packing life.

Fort Calhoun

Stainless steel coated with
Colmonoy #72

Not provided.

Millstone Point 2

Type 316 stainless steel coated
with Colmonoy #72

Change out during each plant
refueling overhaul.

Palisades

Stainless steel coated with
Colmonoy #72

Replace once per year

Palo Verde Units 1,2 & 3

Type 316 stainless steel coated
with Colmonoy #72

Replace every 4-12 months
depending on pump usage.

St. Lucie Units 1 and 2

Stainless steel coated with
Colmonoy #72

Replace during each repacking
at 2000 hours, trend is
increasing with packing life.

San Onofre Units 2 and 3 Type 316 stainless steel coated | Replace every 4-8 months.
with Colmonoy #72
Waterford 3 Type 304 stainless steel coated | Replace every 2-3 years.

with Colmonoy #72

Several years ago, the plant experienced
recurring tube leaks in the letdown coolers. The
units were replaced, but recurred within a year.
A root-cause analysis determined that the
failures were due to a design problem which
resulted in high cyclic stresses in the tubes
during temperature transients. A contributing
factor was the plant system configuration which
prevented both coolers from being operational
simultaneously. A plant modification rectified
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this situation, and in turn reduced the magnitude
of the temperature transients. Following these
actions, letdown cooler operation has been
satisfactory.

One instance was noted of a rotor
degradation in the charging pump by trending
the IST test results. The rotor was rebuilt, and
the pump has operated successfully since.
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Similar to the Westinghouse plant discussed
in Section 6.1, reliability centered maintenance
techniques were used to evaluate the system.
From this review, the licensee determined that
maintenance was adequate.  Of the 255
maintenance tasks identified through RCM, only
40 (16%) were not presently being done and
were subsequently added to the program. These
tasks were associated with several makeup
valves and instrumentation (i.e., pressure
transducers). In addition to identifying the
missed inspections, the RCM process also
identified other instruments in the makeup loop
with the same identifier. One instrument which
was not being maintained provided indication of
total seal injection flow in the control room; this
indication may have been erroneous, or out of
calibration due to lack of maintenance. Another
instrument which was not being maintained
provided a RCP interlock signal; here, continued
lack of maintenance could have caused a reactor
trip.

Identification and correction of these
deficiencies has resulted in a projected savings
of revenue which would of been lost in the event
of a plant shutdown.

6.3 Summary

A complete understanding of system and
component degradation and failure due to aging
may not always be obtained from reviewing the
failure databases. . The insights obtained from
cognizant plant personnel familiar with the
systems and components are also critical in
understanding system aging. The information in
this Section was obtained from plant visits, and
discussions with cognizant system engineers,
from one W, CE, and B&W plant. Plant data
reviewed were for the same time frame (1988-
1991), so as to coincide with the failure database
review. This information confirmed the trends
seen from the failure databases (Section 4).
Since the CVCS also provides for high pressure
injection during emergencies, the specific
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maintenance, inspection, testing and monitoring
programs ensure operational readiness. These
are performed in accordance with Section XI and
Technical Specifications, and in some instances
have been modified due to the frequency of
failures (e.g., positive displacement pump
packing failures).

Based upon the plant specific system
reviews completed, several component
degradations (pump packing and boric acid
storage) were found to be common. In addition,
each plant utilized RCM techniques to improve
system operability and reliability.

6.3.1 Pump Packing

The primary source of reactor coolant
leakage was charging pump packing leaks. The
majority of the reported leak occurrences were
associated with positive displacement pumps,
and did not compromise plant safety. In
response, various packing designs and
modifications were used, but to date, this still
remains a problem at some plants.
Westinghouse plants now have increased the
inspection frequency from quarterly to weekly.
Kevlar packing was found to be less susceptible
to variations in seal water flow. Other causes of
premature packing failure were attributed to
dimensional variations, and incorrect
maintenance.

6.3.2 Boric Acid

Another primary source of system failure
was associated with boric acid storage tank
leaks. Initially, the concentration of the boric
acid solution in the boron storage tank was
approximately 20,000 ppm. At these high
concentrations, leaks have corroded both carbon
steel and stainless steel components, caused
instrumentation failures due to boric acid
crystallization, and also heat trace failures. In
response to these failures, many PWR plants
have begun decreasing the concentrations of
boric acid required to obtain a safe shutdown.



6.3.3 Reliability Centered Maintenance

The use of Reliability Centered Maintenance
(RCM) to review the effectiveness of
maintenance programs at nuclear plants has been
used since the 1980°s. It should result in
decreased failure rates and improved availability.

Each of the three plants surveyed have
successfully incorporated RCM techniques into
the pre-ventive maintenance programs for the
system. One benefit realized from RCM is that
each individual component is reviewed and

maintained in accordance with its importance to
safety. These reviews have identified critical
components which were receiving inadequate, or
no maintenance, and reduced unnecessary
maintenance. Implementation of the program,
and correcting the deficiencies identified,

resulted in improved system operability and
reliability. However, eliminating inspections
and testing may also result in different
component aging mechanisms and stressors.
Maintenance frequency should be based upon
failure frequency, and may need to be adjusted
periodically.
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7. USNRC AND INDUSTRIAL STUDIES

The PWR CVCS has been the subject of
both NRC and industrial research. Many of
these efforts have been in response to specific
operational occurrences, such as reactor coolant
leakages, and boric acid corrosion. Recent
emphasis was placed on ALARA considerations
by reducing the amount of cobalt containing
materials used in the system pumps and valves,
and replacing parts sensitive to other materials in
order to reduce personnel exposure. This
section summarizes some of the documents
which have provided pertinent information in
attaining the goals of the NPAR program.
These also document the system and component
failures and degradation caused by continued
exposure to the operating and environmental
stresses discussed in Section 3.

Since 1980, the NRC has addressed the
PWR CVCS system by issuing Generic Letters
and NRC Bulletins that alerted licensees to
possible safety-related pump loss, pipe cracking
due to high cycle fatigue, and potential corrosion
problems associated with boric acid leakage.
Each document is summarized below.

7.1 USNRC Generic Letters

7.1.1 Generic Letter 88-05: Boric Acid
Corrosion of Carbon Steel Reactor
Pressure Boundary Components in
PWR Plants

This Generic Letter highlighted potential
operating concerns with reactor coolant leaks
below technical specification limits. The con-
cern was related specifically to the corrosive
properties of the dissolved boric acid in the
reactor coolant when it contacted carbon steel
components. Though none of the four specific
operating incidents discussed directly affected
the CVCS (one resulted in the corrosion of a
high pressure injection nozzle which amounted
to 67% of the wall thickness), the potential for
these problems exists, particularly for the boric
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acid transfer pumps, and associated piping and
tanks.

Licensees were requested to determine
potential locations where such small leaks could
occur, and to define the specific inspection
procedures and tests to detect and correct them.
Particular emphasis was placed on bolted joints,
primary coolant pumps where leakages occur at
cover-to-casing connections as a result of
defective gaskets, and defective welds.

Additional information attached to this
Generic Letter provided specific corrosion rates
as a function of boric acid concentration, .tem-
perature, and conditions (i.e., aerated, derated,
or dripping). Corrosion rates as high as 400
mils per month were reported. Though boric
acid is typically maintained at concentrations
between 0 and 1 weight percent, coolant lost
through leakage loses a considerable amount of
moisture through evaporation, resulting in highly
concentrated, corrosive solutions of boric acid.

7.2 NRC Bulletins -

7.2.1 Pipe Cracks in Chemical Volume
Control Due to Excessive Charging
Pump Vibrations

This unnumbered NRC Letter, issued in
1978, informed licensees of a potential safety
concern regarding pipe cracks resulting from
vibratory loads associated with positive dis-
placement pumps. High cycle fatigue pipe
failures had been reported at both the suction
and discharge sides of the pumps. At one PWR,
a through wall crack occurred on a four inch
diameter suction header.

The safety concern with this failure mecha-
nism was paramount at plants which used posi-
tive displacement pumps for high pressure injec-
tion as well as charging. These cracks could
result in the inability to provide HPI during an
accident. Failure of these pipes would result in
the loss of the borated water needed to furnish
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negative reactivity during reactor cooldown, and
during a postulated steam-line break. High cycle
fatigue cracks could also affect normal charging
and makeup functions.

7.2.2 NRC Bulletin No. 80-05 Vacuum
Condition Resulting in Damage to
Chemical Volume Control System
Holdup Tanks

This Bulletin informed licensees of four
incidents (at separate facilities) where holdup
tanks buckled due to partial vacuum conditions
in the system. A second concern was the
potential for an unexpected radioactive leakage
path to develop during abnormal conditions.
The CVCS holdup tanks were identified as a
potential leak path since normal letdown flow
could be directed to the tanks under certain
operating conditions (e.g., fuel failures). A
combination of manual and automatic maneuvers
in response to abnormal conditions could draw
a partial vacuum in the holdup tanks, causing
tank damage, and possibly rupture. Licensees
were requested to evaluate the addition of
vacuum breakers to the tanks to preclude such
collapse. Such design modifications also were
required to ensure that tanks with a cover gas
(e.g., hydrogen cover gas in the Volume Control
Tank) could admit the cover gas fast enough to
keep up with the maximum rate of liquid
removal from the tank. The vacuum breakers
were also required to be included in a
surveillance program to ensure proper operation,
and that there was no coolant leakage.

7.2.3 NRC Bulletin No. 88-04: Potential
Safety-Related Pump Loss

This Bulletin alerted PWR licensees to two
operating problems which could result from
miniflow operation. The first concern involved
the potential for dead-heading one, or more,
pumps which have a common miniflow line to
two or more pumps, or other configurations
which do not preclude pump-to-pump interaction
during miniflow operation. The second concern
was related to the installed miniflow capacity for
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single pump operation. Though both of these
concerns are operational, pump operation in
these degraded conditions may accelerate aging.

When two centrifugal pumps operate in
parallel, and one pump develops a higher head
at the same flow than the other, the weaker
pump may be dead-headed when the pumps are
operating in the minimum flow mode. This
head difference is not a problem at moderate to
high flow because of the shape of the pump’s
characteristic curve in these regions.
Centrifugal pumps demonstrate hydraulic
instability at a point below the best efficiency
point on the characteristic curve.  These
unsteady flow phenomena become progressively
more pronounced as flow is further decreased,
and may damage the pump by vibration,
excessive forces on the impeller, and cavitation.

Though these problems were identified for
RHR pumps, the same concern is applicable to
CVCS pumps. Boric acid transfer pump’s may
have miniflow lines installed that allow IST and
other operational tests for standby pumps
without affecting plant operation. As stated in
this Bulletin, based on problems associated with
miniflow operation, manufacturers advise that
pumps should have minimum flow capacities of
25% to more than 50% of best efficiency flow
for extended operation to protect against
hydraulic instability or impeller recirculation
problems. Though miniflow operation may
provide information on the pumps operational
readiness, it may also subject the pump to
deleterious stresses which could lead to pump
degradation and premature failure.

‘7.3 Industrial Research

7.3.1 EPRI TR-100359 Volume 1 Nuclear
Power Plant Resource Book®

This two volume report (not publicly
available) evaluates the effects of changes in
plant conditions (i.e., coolant chemistry) or
operations on components, systems, and other
plant conditions. Information on the effects of



variations in primary side coolant chemistry
have on plant components. This provides
valuable information in understanding the impact
of CVCS degradation in maintaining proper
coolant chemistry. Extended degraded operation
could decrease reliability of the primary
system’s structural components, affect fuel clad-
ding integrity, and increase the radiation fields.

Another area of relevance to the CVCS dis-
cussed was the effect of preventive maintenance,
and its frequency of performance, on component
operability. Specific information is provided on
valves, reactor coolant pumps (CVCS provides
seal water cooling), and instrumentation and
controls. Specific noteworthy maintenance prac-
tices and problems for each area are discussed.

This special report has numerous references
which would be beneficial to plant operators in
understanding the potential long term deleterious
effects of degraded system operation. These con-
ditions could result from normal system aging,
or through inadequate maintenance practices on
critical components (i.e., pumps and valves).

7.3.2 EPRI NP-5796 Valve Performance in
PWR Chemical and Volume Control
Systems®

The main objective of this study, conducted
by Westinghouse for EPRI, was to survey CVCS
valves to determine the materials and perfor-
mance of the valve hard facing and to determine
the amount of cobalt released from CVCS
valves. Approximately 66% of the valves used
by plants contained no cobalt as shown on Table
7.1. The valve parts most likely to wear are the
seats, cages, stems, and plugs (Figure 7.1).

This study concluded that CVCS valve wear
contributes approximately 40% of the total co-
balt input from all plant valves. Almost all of
this input was from valves downstream of the
VCT, since 90% of the cobalt released by valves
upstream of the VCT was removed by the de-
mineralizers. Also, the number of valves up-
stream of the VCT is small compared to the

system total. The remaining 60% of cobalt con-
tained in the RCS was contributed equally from
reactor coolant system valves and safety injec-
tion check valves. Of all the plant systems, the
CVCS valves may potentially contribute the
most cobalt into a plant. Table 7.2 shows the
estimated cobalt input from corrosion and wear
of cobalt-containing alloys from DC Cook.
Check valves had wear rates four times greater
than globe or gate valves.

The NPRDS data base was also searched for
valve failure and maintenance data. Special
efforts were made to identify evidence of main-
tenance and repair activities indicative of wear,
such as part replacement and lapping seats. A
large percentage of the data documented leaks
from valve packing and gaskets, which concurs
with the results of the operational experience re-
ported in Section 4. These instances were typi-
cally corrected by repacking or re-gasketing the
valves, and were not considered to be wear-
related. The NPRDS study concluded that
events concerning repair or replacement of
potentially high cobalt wear parts in valves did
not occur frequently (typically, once to twice per
year), and therefore wear was not the cause of
cobalt levels in the system.

7.4 Other Miscellaneous Reports
Documenting CVCS Operating Events

7.4.1 Metallurgical Investigation of
Cracking in the Boric Acid Piping at
Prairie Island 1*

This letter summarized preliminary findings
of metallurgical investigations on a cracked boric
acid piping discovered at Prairie Island 1. These
cracks were found in the stagnant section of the
piping from the boric acid storage tank to the
centrifugal charging pumps. The evaluations
consisted of surface examinations, metallograph-
ic, fractographic and chemical examinations.

The inner diameter of the failed piping was
covered with a thick black oxide. The constit-
uents of this oxide were not identified in this
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Table 7.1 Charging Flow Control Valve Wear Materials

in Certain Westinghouse Plants

Plant(s)

 Stainless
Steel -

 Primiarily
High Cobalt

" Somie
High Cobalt

Beaver Valley 1

X

Beaver Valley 2

X

Braidwood 1 and 2

Byron 1 and 2

>

Callaway

Cook 1 and 2

Comanche Peak 1 and 2

o

Diablo Canyon 1 and 2

Farley 1 and 2

Ginna

Indian Point 2 and 3

North Anpa 1 and 27

Point Beach 1 and 2

Mo 4 [ I

Ringhals 2

Ringhals 3 and 4

Robinson 2

Trojan

Salem 1 and 2

Seabrook 1

>

Sequoyah 1 and 2

Shearon Harris

Summer

South Texas 1 and 2

Surry 1 and 2

" Turkey Point 3 and 4

IR E I Fll I

Vogtle 1 and 2

"

Watts Bar 1 and 2

Wolf Creek

Zion 1 and 2

TOTALS

27

12
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Figure 7.1 Wear parts in a typical charging flow control valve
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letter. Removal of this coating revealed numer-
ous circumferential cracks beginning near a weld
and extending 1 to 1 1/2 inches into the pipe.
Metallographic sections of the cracks showed
that they initiated on the inner diameter surface
and propagated radially outward. The cracking
behavior resembled typical chloride type crack-
ing in Type 304 stainless steel. X-ray powder
analysis of the surface oxide revealed evidence
of chlorides in the oxide layer (up to 70 ppm).

The potentially corrosive nature of boric
acid precipitate highlights the importance of
maintaining it in solution. Efforts should be
made to improve the reliability of piping heat
trace and tank heaters to prevent these occur-
rences. These failures, as identified in the
review of operating experience review in Section
4, present both an immediate problem, from the
boric-acid precipitates obstructing flow, and a
long term corrosion problem.

7.4.2 350 Gallon Leak From Chemical and
Volume Control System®

This voluntary special report, issued by
Duke Power, documented a 300 to 350 gallon
leak which occurred when the boron thermal re-
generation system was placed in the recirculation
mode at McGuire. As noted in Section 2, this
portion of the system is not typically used, and
was being sampled for corrosion inhibitor con-
centration and the presence of biological growth.

Shortly after flow was established in the
boron thermal regeneration line, a decreasing
level in the VCT was noted. Subsequent investi-
gation by the plant operators revealed that valve
2NV-347 (Figure 7.2) was in the intermediate
position, and opened the valve, which halted the
decrease. Following this, high radiation alarms
were received from the CVCS valve gallery.
Operations personnel discovered coolant water
on the floor, and estimated the leakage to be
approximately 350 gallons. The source of the
leak was not readily identified, and subsequent
system pressure tests found that it was caused by
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loose bomnet bolts on the mixed bed
demineralizer sluicing resin isolation valve
(2NV-350).

7.4.3 CVCS Letdown Line Water Hammer
Event?

In 1987, Houston Lighting and Power Co.
reported snubber damage associated with the
CVCS letdown line. The damage was caused by
a water hammer event which occurred during
hot functional testing. The root cause of the
event was a system logic design error.

Upon a containment isolation signal, the
containment isolation valves automatically
closed, followed by the letdown stop valves ten
seconds later. When these valves closed, the
downstream pressure of the flow orifices in-
creased, causing the relief valve to lift until the
upstream and downstream pressure equalized.
This resulted in a steam bubble formation due to
the depressurization of the high temperature
fluid. During normal operation, the line
upstream of the flow orifice is maintained at
RCS pressure, while the line downstream is
normally maintained at 350 psig by a pressure
control valve. Following the event, when the
letdown stop valves were reopened to reinitiate
letdown flow, reactor coolant at 567°F and 2200
psig contacted the fluid in the letdown line
which was equalized by the relief valve pressure
setting (600 psig and 490°F). The resulting
steam bubble collapse resulted in the water
hammer and snubber damage.

Design changes were initiated to change the
automatic containment isolation signal from the
letdown stop valves to the orifice isolation
valves. This change prevented depressurization
of the letdown piping upstream of the letdown
orifice following containment isolation.

7.5 Summary

Age related operating failures of the CVCS
components and system have resulted in both
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Figure 7.2 Flow diagram CVCS and boron thermal regeneration interface

NRC and industry studies. One of the main
thrusts of the industry research was to determine
the contribution of CVCS valve wear to plant
cobalt buildup. The results of these studies
concluded that these valves were a major source
of cobalt, and that check valves wore at four
times the rate of globe or gate valves. These
studies agreed with the results of the operating
experience analysis (Section 4) that primary
leakage due to packing and gasket failure were
the common failure mechanisms.
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The studies also highlighted the suscepti-
bility of components to normal and abnormal op-
erating stresses. Piping failure due to high cycle
fatigue from the operation of positive displace-
ment pumps, chloride corrosion due to boric
acid precipitate, and water hammer due to the
improper valve closure in response to contain-
ment isolation were all reported. The buckling
of holdup tanks due to partial vacuum, and the
potential for pump damage when operated in the
minimum flow condition were also highlighted.



8. EFFECT OF CVCS AGING ON CORE
DAMAGE FREQUENCY

In an attempt to quantify the effect of aging
upon CVCS performance, a PRA-based analysis
was performed. This effort consisted of
determing;

1) a base case core damage frequency
(CDF) estimate based upon fault-tree
analysis,

2)  the major contributors (i.e., component
failures, human errors) to the CDF, and

3) performing a parametric study which
varied selected component failure rates
to simulate the potential effect of aging
related degradation on CDF.

As discussed in Section 2, the majority of
the CVCS system functions are not safety
related, and therefore the total system is not
modelled in PRAs. However, the High Pressure
Injection (HPI) subsystem, which shares many
of the same components, is included in PWR
risk assessments. Therefore, the HPI function,
as modelled in the Surry PRA, and the
Integrated Reliability and Risk Analysis System
(IRRAS) was chosen as the basis for this study.
IRRAS is a PC-based PRA code which creates
and analyzes fault trees and accident sequences.?
In the Surry PRA, failures of the HPI were
contained in six of the top twenty-eight accident
sequences. These six sequences accounted for
10% of the total core damage frequency (CDF).

The use of the HPI system as a surrogate
for the CVCS necessitated a slight change in the
analysis approach. Previous PRA analyses in
support of NPAR used system unavailability as
the measure of potential impact of aging for
various systems (i.e., Containment Cooling,*
Reactor Core Isolation Cooling®). However,
HPI has several operating modes depending
upon the accident initiator. For example, a
medium LOCA requires the automatic initiation
of the system, a loss of decay heat removal
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requires manual initiation to support feed and
bleed operation, and an Anticipated Transient
Without Scram (ATWS) requires emergency
boration. Each mode of operation requires
unique critical components. It was decided for
this study to combine the accident sequences
with HPI failures into a composite fault tree
(HPI-SEQ). This tree utilizes CDF as a measure
of potential aging effects rather than system
unavailability. This tree, included in Appendix
D, recognizes the relative importance of each
HPI accident sequence and develops a CDF
weighted ranking on HPI failures for all of the
system operating modes. As such, the failure of
the emergency boration valve (HPI-MOV-FT-
1350) to open, which accounted for 60% of the
unavailability of the emergency boration fault
tree, contributed to individual cutsets which
comprised approximately 1% of the CDF
developed by the HPI-SEQ tree.

8.1 Discussion of Results

The HPI system (base case analysis)
contributes to specific accident sequences which
have a total CDF of 2.1E-5. The individual
cutsets which contributed to this base case are
presented in Table 8.1. This CDF is
approximately five times greater than the
comparable Surry CDF contribution.  This
difference is primarily due to the modelling of a
single unit plant which was used for this study
(The Surry PRA takes credit for recovery
actions from Unit 2). The CDF magnitude is
not critical, rather the fractional increases
attributable to the parametric studies are the

primary focus.

The HPI failures which contributed to the
base analysis are shown in Table 8.2. Human
error contributed to 49% of the HPI composite
tree failures. The majority of this human error
contribution (96%) was the failure of the
operator to establish feed-and-bleed following
loss of the decay heat removal systems
(sequence T2LD2 in the composite tree
contained in Appendix D). Other errors, such
as failure to align the HPI in an alternate
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Table 8.1 HPI Composite Tree Cutset Report

Ccut |% . | % Cut| Frequency . - Cut Sets

No. . | Total | Set . ot T

1 32.0 | 320 | 6.674E-006 AFW-CCF-LK-STMBD, HPI-XHE-FO-FDBLD,
1E-T2

2 482 | 162 | 3.380E-006 HPI-CCE-FT-115BD, IE-S3

3 545 |62 | 1.300E-006 HPI-CKV-FT-CV25, IE-S3

4 607 |62 | 1.300E-006 HPI-CKV-FT-CV410, IE-S3

5 642 | 3.5 | 7.341E-007 AFW-CKV-00-CV142, AFW-TDP-FS-FW2,
HPI-XHE-FO-FDBLD, IE-T2

6 67.6 |33 | 7.008E-007 AFW-CCF-FS-FW3AB, AFW-TDP-FR-2P6HR,
HPI-XHE-FO-FDBLD, IE-T2

7 706 |29 | 6.162E-007 CPC-CCF-LF-STRAB, IE-S3

8 728 |22 | 4.745E-007 HPI-XVM-PG-XV24, IE-S3

9 749 |20 | 4.2058-007 AFW-CKV-00-CV157, AFW-MDP-FS-FW3A,
HPI-XHE-FO-FDBLD, IE-T2

10 |769 |20 |[4.2058007 AFW-CKV-00-CV172, AFW-MDP-FS-FW3B,
HPI-XHE-FO-FDBLD, IE-T2

11 | 788 |19 | 3.994E-007 CPC-MDP-FR-SW10A, CPC-MDP-FS-SW10B,
IE-S3

12 |80 |12 |2600E-007 HPI-CCE-FT-867CD, IE-S1

13 |83 |12 |2600E-007 HPI-CCF-FT-115BD, IE-S2

14 |85 |12 |2.600E-007 HPI-CCF-FT-115BD, IE-S1

15 [83.8 |12 |2.569E-007 AFW-CCF-FS-FW3AB, AFW-TDP-FS-FW2,
HPI-XHE-FO-FDBLD, IE-T2

16 |8.0 |12 |2.501E007 HPI-CCF-FT-867DC, HPI-XHE-FO-ALTS3, IE-S3

17 |s861 |11 |2336E007 AFW-CCF-FS-FW3AB, AFW-TDP-MA-FW2,
HPI-XHE-FO-FDBLD, IE-T2

18 [87.1 |.9 2.020E-007 HPI-MOV-FT-1350, IE-T, K, R

19 |80 |.9 1.917E-007 CPC-MDP-FR-SW10A, CPC-MDP-FR-SW10B,
IE-S3

20 |888 |.7 1.586E-007 HPI-CCF-FT-867CD, HPI-XHE-FO-ALT, IE-S2
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Table 8.1 (Cont’d)

% .

No. .| Total, [ Set ~|: . ... : : T

21 89.3 | .5 1.170E-007 HPI-MOV-FT-1867C, HPI-MOV-FT-1867D, IE-S3

22 89.9 | .5 1.170E-007 HPI-MOV-FT-1115C, HPI-MOV-FT-1115E, IE-S3

23 90.4 |.5 1.170E-007 HPI-MOV-FT-1115B, HPI-MOV-FT-1115D, IE-S3

24 9.9 | .4 1.000E-007 HPI-CKV-FT-CV25, IE-S1

25 91.4 | 4 1.000E-007 HPI-CKV-FT-CV25, IE-S2

26 91.9 | .4 1.000E-007 HPI-CKV-FT-CV225, IE-S2

27 924 | .4 1.000E-007 HPI-CKV-FT-CV410, IE-S1

28 92.8 | .4 1.000E-007 HPI-CKV-FT-CV410, IE-S2

29 93.3 | .4 1.000E-007 HPI-CKV-FT-CV225, 1E-S1

30 93.8 | .4 9.984E-008 CPC-MDP-FR-SW10A, CPC-MDP-MA-SW10B,
IE-S3

31 942 |.3 7.947E-008 AFW-MDP-FS-FW3A, AFW-MDP-FS-FW3B,
AFW-TDP-FR-2P6HR, HPI-XHE-FO-FDBLD,
IE-T2

32 9.5 |.3 6.732E-008 IE-T, K, PPS-XHE-FO-EMBOR, R

33 948 |.3 6.674E-008 AFW-TNK-VF-CST, HPI-XHE-FO-FDBLD, IE-T2

34 95.1 | .3 6.240E-008 HPI-MOV-FT-1115B, IE-S3, SIS-ACT-FA-SISB

35 954 |.3 6.240E-008 HPI-MOV-FT-1115C, IE-S3, SIS-ACT-FA-SISB

36 957 | .3 6.240E-008 HPI-MOV-FT-1115E, IE-S3, SIS-ACT-FA-SISA

37 9.0 |.3 6.240E-008 HPI-MOV-FT-1115D, IE-S3, SIS-ACT-FA-SISA

38 9.3 | .2 5.720E-008 HPI-CCF-FT-115BD, IE-T7, RCS-XHE-FO-DPRES

39 9.6 | .2 5.720E-008 HPI-CCF-FT-867CD, IE-T7, RCS-XHE-FO-DPRES

40 9.8 | .2 4.992E-008 CPC-CKV-00-CV113, CPC-MDP-FR-SW10A, IE-S3

CDF Contribution 2.082E-005

B e
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injection configuration after failureswhich
disabled the normal injection path (sequences
S$2D1 and S3D1); and the failure to initiate
emergency boration (sequence TKRD4), were
much less significant contributors.

The second major group is the failure of the
HPI motor-operated valves (MOVs) to operate
(open or close) upon demand. This group
contributed approximately 26% to the HPI
failures. Eighty percent of the MOV
contribution was attributable to the failure to
open one or both of the two parallel reactor
water storage tank (RWST) suction MOVs
(1115B and D) (Figure 8.1). The HPI injection
line, with its similar geometry of two normally
closed, parallel MOVs (1867C and D) accounted
for only 15% of the MOV contribution because
of an alternate injection path available as a
backup.

Check valve failures to open contributed
15% to the HPI failures. Ninety-five percent of
this contribution was from failure of check
valves CV410 and CV25 in the common suction
line from the RWST to the charging pumps
suction. The relatively minor contribution (5%)
of check valve CV225 in the common portion of
the injection line was also due to the availability
of an alternate injection path.

HPI support system failures involving
charging pump cooling or safety injection
actuation accounted for 7% of the HPI failures.
Plugging of manual valve XV24 in the charging
pump suction line from the RWST accounted for
2% of the HPI failures. As noted in Section 4,
manual valve failures accounted for a significant
portion of the reported valve failures.

Equally significant to what does result in
HPI failure, is what does not. Charging pump
failures (failures to start, run, or unavailable due
to maintenance) were not significant. Surry has
three charging pumps with two divisions of
support systems. The 1C charging pump train
may be aligned to either Safety Injection
Actuation System (SIAS) train, charging pump
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cooling, and AC or DC power. The HPI
success criteria requires flow from only one of
the three available pumps. In standby systems,
the common cause failure to start of three pumps
would normally be a significant contributor to
system unavailability. However, in the charging
system, undetected demand failure (common
cause or otherwise) can only disable the two
standby pumps. Failures which are capable of
disabling the operating pump within the time
frame of interest are much less likely.
Therefore the combined unavailability of all
three pumps is a low probability event. The
relatively significant contribution of the support
systems reflect this. It is more likely that all
three pumps will become unavailable due to
malfunctions in the two charging pump cooling
trains or the SIAS divisions.

A parametric study was also performed to
simulate the effects of component aging upon the
HPI contribution to CDF. The specific classes
of failures (MOVs failure to operate, check
valve and manual valve plugging) which could
be impacted by aging degradation were adjusted
by factors of 2, 5, and 10, and the revised HPI
contribution to CDF recalculated. The results of
this parametric study are shown in Table 8.3.

The large human error contribution (49%)
to the base case HPI CDF contribution limits the
importance of aging. For example, if the human
error failure contribution (Table 8.2) approached
100%, the parametric study would show little or
no sensitivity to aging. Conversely, if human
error (or any other aging mechanism) were less
significant the base case component failures and
potential susceptibility to aging would become
more significant.

In conformance with their contribution to
the HPI base case CDF contribution, MOVs had
the largest potential aging related impact on
system performance. A factor of 10 increase in
MOV unavailability resulted in a five times
increase in the base case CDF. Check valve
failures and manual valve plugging were less
important. An order of magnitude unavailability
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Table 8.3 Results of the Parametric Study

~Group liéscﬁptibn; o ontribution
Base Case 1 2.1E-5
MOVs FTO/FTC 2 2.7E-5 1.3
5 5.0E-5 2.4
10 1.0E4 4.8
Check Valves FTO 2 2.4E-5 1.1
5 3.4E-5 1.6
10 5.0E-5 24 -
Manual Valve 2 2.1E-5 1.0
Plugging 5 2.3E-5 1.1
10 2.6E-5 1.2
All Components** 2 3.1E-5 1.5
5 5.9E-5 2.8
10 1.4E4 6.7
*Factor = Parametric CDF contribution/base case CDF
**ALL = All HPI failures that are potentially subject to aging (MOVS + CVs + manual valves)

increase raised the HPI CDF contribution by
factors of 2.4 and 1.2 respectively. As a
limiting case. all of the components which could
be affected by aging were included in the
parametric study. This resulted in a seven fold
increase in HPI CDF contribution over the base
case.

8.2 Summary

From the review of the Surry PRA, it was
found that the normally operating modes of the
CVCS system are not modelled in PRAs since
its functions are not safety-related. However,
the High Pressure Injection System, which relies
on many of the same components, is modelled.
At Surry, the HPI was found to be of medium
importance in the PRA, contributing to accident
sequences which accounted for 10% of the total

CDF. The system, as modified to represent a
single unit site, had a base case contribution of
2.1E-05.

Human errors, primarily the failure to
initiate feed-and-bleed, were the major
contributor (49%). The remaining portion was
made up of component failures, with MOV
operating failures being the most significant.
The large human error component rendered the
system somewhat insensitive to the potential
component aging degradation. However, aging
may have a significant impact upon system
operability, particularly for the MOVs. When
the unavailability estimate for MOV operating
failures was increased by a factor of ten, the
HPI CDF contribution increased by
approximately five times. This highlighted the
importance of monitoring and detecting age
degradation before component failure.
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9. CONCLUSIONS AND
RECOMMENDATIONS

The PWR Chemical and Volume Control
System provides both normal operating and
emergency functions. During normal plant
operation the system provides for letdown flow
and cooling, reactor coolant chemistry control,
reactor coolant pump seal cooling, and charging
flow. During emergencies, charging pumps (in the
majority of plants) are also used to provide high
pressure injection. All of the functions are non-
safety related with the exception of high pressure
injection, emergency boration, RCP seal injection,
and containment isolation. This study highlighted
the importance of non-safety related systems to
plant safety, especially for those components which
are also used by safety related systems (i.e.,
charging pumps).

A Phase I aging assessment has been
completed for each NSSS system design.
Although each particular system design provides
the same functions, design variations exist between
plants and NSSS designs. A Failure Modes and
Effects Analysis (FMEA) for each NSSS design
was also completed. The CVCS has been the
subject of several EPRI studies. These studies,
and NRC Bulletins and utility reports documenting
significant system degradations conclude that
system aging has occurred, resulting in significant
failure effects. These studies and Bulletins were
reviewed.

Both the NPRDS and LER databases were
reviewed for operating failure events from 1980 to
1991. However, due to the voluminous amount of
events for this period (> 7000 failure records), the
review concentrated on the 1988 to 1991 period
(4029 failure records). Of these, 62% of the
failures reported to NPRDS were aging related,
and 51% of the failures reported on LERs were
aging or aging related. This review supported the
conclusion that aging has resulted in system and
component degradations and failures. Due to the
redundancy designed into the system, the majority
of these failures did not impair the ability of the
CVCS to provide the desired functions. However,

these failures do represent a loss of redundancy.
Other operating events resulted in reactor coolant
chemistry transients, and pressurizer level
fluctuations.

A representative plant for each NSSS design
was visited to obtain information on system
inspection, surveillance, monitoring, and
maintenance practices that mitigate aging. The
effect of system aging on core damage frequency
was also assessed.

9.1 Conclusions

The actual design of the PWR CVCS system
varies between NSSS suppliers and individual
plants. However, the specific functions of each
are equivalent. Based upon the review of the
operating databases and plant specific information,
the following conclusions were reached.

1) With the exception of high pressure injection,
emergency boration, RCP seal injection and
containment isolation, the other functions of
the CVCS are non-safety related. However,
failures affecting the components necessary to
provide these functions could result in
significant plant effects, including loss of
normal boration, RCS inventory control, RCS
chemistry control, and boronrecovery. These
failures could lead to plant transients, and
reactor scrams. Sufficient redundancy is
provided for the key system components
(charging pumps, deionizers, bypass valves)
such that failure does not result in the loss of
function. However, these failures do
represent a loss of redundancy which could
result in the system being unable to operate as
designed if the redundant component also
failed.

2) Degradation of the positive displacement
pumps and isolation and control valves (gate
and globe) accounted for the majority of the
system failures. The majority of these
failures resulted in coolant leakage resulting
from packing and seal degradation. Packing
degradation is a result of normal operation,
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3)

4)

5)

however, and if not detected in a timely
fashion, could result in leakages outside of
containment and increases in airborne gaseous
activity.

In addition to valve degradation, valve
operator (pneumatic and motor-operated)
failures also accounted for a significant
number of failure occurrences. The primary
effect of these occurrences was_a failure to
operate properly (failure to open or close
upon demand).

In order to provide for rapid reactivity
control, a highly concentrated boric acid
solution (20,000-22,000 ppm) is stored in the
boric acid storage tank. To maintain the boric
acid in solution, heaters are used both in the
tanks and on the piping. Numerous operating
difficulties have resulted from this storage.
These include corrosion of carbon steel
fasteners, boric acid precipitates forming from
failure of the heaters, and tank level
instrumentation failures from boric acid
crystallization. Due to these difficulties,
many utilities have reduced the required
concentration of boric acid needed.

A review of the operating experience has
shown that not every non-safety related
component requires the same maintenance
frequency. Significant benefits have been
realized from the application of reliability
centered maintenance. Each of the utilities
visited has applied this method which resulted
in improved allocation of maintenance and
surveillance resources, and the elimination of
unnecessary maintenance (e.g., replacement of
diaphragms on all valves) which could have
resulted in unnecessary component aging.
Plant personnel must remain cognizant that
decreasing the inspections and testing
frequencies may result in different aging
stressors and mechanisms (i.e., stand-by
valves). Maintenance frequency should be
assessed based upon the particular components

NUREG/CR-5954

6)

7)

9.2

failure history. The relative recent application
of RCM at nuclear plants should result in less
component failure occurrences and increased
availability.

The majority of the system inspections and
tests are performed in accordance with ASME
Section XI, Appendix J, and plant Technical
Specifications. = However, in response to
frequent reactor coolant leakage occurrences
(primarily due to packing failures and
degradation), many plants have increased
inspection of the pumps from quarterly to
weekly.

The majority of the CVCS system functions
are not safety-related, so the total system is
not modelled in PRAs. However, the HPI
subsystem, which uses many of the same
components is. The potential effect of aging
of system components also used for HPI on
core damage frequency highlighted the
importance of monitoring and detecting age
degradation before failure. Human errors
were found to be the major contributor to
CDF, followed by MOV failure. A
parametric study showed that a system aging
increase by a factor of ten resulted in a factor
of five increase in the system contribution to
CDF.

Recommendations

Based upon the results of this Phase I aging

study, and the results obtained from the plant
visits, the following general recommendations are

made.

These recommendations are intended to

highlight the important areas of the CVCS which
have been susceptible to aging degradation and
failures.

1)

One way the reliability of the system may be
improved is to decrease the potential of boric
acid related failures. One alternative which
may be considered by plants is to evaluate the
potential for decreasing the concentration of
boric acid required for reactivity control.



2) Pump packing degradation, resulting in
reactor coolant leakage, continues to be a
industry wide problem with positive
displacement pumps. A detailed review of the
industry experience (both nuclear and non-
nuclear) may be beneficial, with particular
emphasis applied to packing material, design,
and inspection and surveillance frequency.
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Appendix B

Combustion Engineering Chemical and Volume Control System
Principal Component Data Summary
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Appendix B Combustion Engineering Chemical and Volume Control System
Principal Component Data Summary

Design head, ft
Material
Cooling water, gpm
Maximum operating pressure, for reactor
coolant system hydrotest purposes, psig
Design code
Driver
Type
RPM
Speed ratio
Power supply
Seismic design

Component “DesigniValue :: -
Positive Displacement Pump

Number 3

Design pressure, psig 2,735

Design temperature, F 250

Design flow, gpm 44

Austenitic stainless steel

3,025
ASME III - Class 2

Electric motor

100 hp, 3 ¢, Class 1E
Category 1

Centrifugal Charging Pumps
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Cooling water, gpm
Design code

N/A, except for Maine Yankee
3

2,850

300

150

Austenitic Stainless Steel

Material
Design code
Driver
Type
RPM
Power supply
Seismic design

Driver
Type Electric Motor
RPM
Power supply 800 hp, 3 ¢, Class 1E
Seismic Design Category 1
Boric Acid Transfer Pump
Number 2-3
Design pressure, psig 150
Design temperature, F 250
Design flow, gpm 143
Design head, ft 231

Austenitic stainless steel
ASME III, Class 2

Electric motor

25 hp, 3 ¢, 440 volts, Class 1E
Category 1

NUREG/CR-5954




Appendix B (Cont’d.)

‘Compopent -

Boron Injection Makeup Pump
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Design code
Seismic design

N/A

Chiller Pumps
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Design code
Seismic design

N/A

Regenerative Heat Exchanger
Number

Design pressure, psig
Design temperature, F
Fluid

Material

Design code

Seismic design
Design Flow, gpm
Inlet temperature, F
Qutlet temperature, F

Shell Side
3,025

650

Borated reactor
coolant
Austenitic
stainless steel
ASME III, Class 2
Category I

132

120

393

Tube Side
2,485

650

Borated reactor
coolant
Austenitic
Stainless steel
ASME I, Class 2
Category 1

128

550

254

NUREG/CR-5954




Appendix B (Cont’d.)

Design code
Seismic design

ASME III, Class 3
Category 1

Component Design Value * -
Letdown Heat Exchanger
Number 1
Shell Side Tube Side
Design pressure, psig 150 650
Design temperature, F 250 550
Design flow, gpm 1,200 128
Fluid Component cooling Borated reactor
water coolant
Material Carbon steel Austenitic

stainless steel
ASME 1iI, Class 2
Category 1

Excess Letdown Heat Exchanger
Number
Heat transfer rate at design conditions,
Bw/hr
Design pressure, psig
Design temperature, F
Design flow, Ib/hr
Inlet temperature, F
Outlet temperature, F
Fluid
Material
Design code
Seismic design

Seal Injection Heat Exchanger
Number
Heat transfer rate at design conditions,
Btu/hr

Design pressure, psig
Design temperature, F
Design flow, Ib/hr
Inlet temperature, F
Outlet temperature, F
Fluid

Material

Design code

N/A Except Palo Verde
1

Shell Side
110

360

1740 Ibm/hr

Steam - Sat
Carbon Steel

ASME III, Class 3

Tube Side
2735

200

30

Reactor Coolant
Austenitic Stainless
Steel

ASME III, Class 2

NUREG/CR-5954
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Appendix B (Cont’d.)

Coniponent

Moderating Heat Exchanger
Number
Heat transfer rate at design conditions,
Brtu/hr
Design pressure, psig
Design temperature, F
Design flow, lb/hr
Design inlet temperature,
boron storage mode, F
Design outlet temperature,
boron storage mode, F
Inlet temperature, boron
release mode, F
Outlet temperature, boron
release mode, F
Material
Design code
Seismic design

N/A

Letdown Chiller Heat Exchanger
Number
Heat transfer rate at design conditions, boron
storage mode, Btu/hr
Design pressure, psig
Design temperature, F
Design flow, boron storage mode, Ib/hr
Design inlet temperature,
boron storage mode, F
Design outlet temperature,
boron storage mode, F
Flow, boron release mode, Ib/hr
Inlet temperature, boron
release mode, F
Outlet temperature, boron
release mode, F
Material
Design code
Seismic design

N/A

NUREG/CR-5954
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Component

“Design Valie

Letdown Reheat Heat Exchanger
Number
Heat transfer rate at design conditions,
Btu/hr
Design pressure, psig
Design temperature, F
Design flow, Ib/hr
Inlet temperature, F
Outlet temperature, F
Material
Design code
Seismic design

N/A

Volume Control Tank
Number
Volume, gal
Design pressure, psig
Design temperature, F
Material
Design code

1

4,780

75

250

Austenitic stainless steel
ASME I, Class C

Seismic design Category 1
Boric Acid Tanks

Number 2

Capacity, usable, gal 11,800

Design pressure, psig 15

Design temperature, F 200

Material
Design code

Austenitic stainless steel
ASME II, Class C

Seismic design Category 1
Batching Tank

Number 1

Capacity, gal 630

Design pressure, vessel steam jacket, psig Atmospheric

Design temperature, F 200

Material Austenitic stainless steel

Design code ASME VI

Seismic design Non-Category I
Chemical Addition Tank

Number 1

Capacity, gal 4

Design pressure, psig 150

Design temperature, F 150

Material Austenitic stainless steel

Design code ASME VII

Seismic design

Non-Category I

NUREG/CR-5954
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Appendix B (Cont’d.)

 Component * -

Design Valtie' - i -

Chiller Surge Tank
Number
Capacity, gal
Design pressure
Design temperature, F

Material N/A
Design code
Seismic design
Mixed Bed Demineralizers
Number 2
Design pressure , psig 200
Design temperature, F 250
Design flow, gpm 128
Resin volume, each, ft® 32
Material Austenitic stainless steel
Design code ASME III, Class 2
Seismic design Category 1
Deborating Demineralizers
Number 1
Design pressure , psig 200
Design temperature, F 250
Design flow, gpm 120
Resin volume, ft° 32
Material Austenitic stainless steel
Design code ASME I, Class 2
Seismic design Category I
Thermal Regeneration Demineralizers
Number
Design pressure, psig
Design temperature, F
Design flow, gpm N/A
Resin volume, ft®
Material
Design code
Seismic design
Letdown (Purification) Filters
Number 2
Design pressure, psig 200
Design temperature, F 250
Design flow, gpm 128

Particle retention
Material, vessel
Design code
Seismic design

98% of 20 micron size
Austenitic stainless steel
ASME II, Class 2
Category 1

NUREG/CR-5954
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Component Design Value

Seal Water Injection Filters
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Particle retention N/A
Material, vessel
Design code
Seismic design

Seal Water Return Filter
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Particle retention N/A
Material, vessel
Design code
Seismic design

Boric Acid Filter
Number
Design pressure, psig
Design temperature, F -
Design flow, gpm N/A
Particle retention
Material, vessel
Design code
Seismic design

Letdown Orifice?

Number 3
Design flow, gpm -
Differential pressure at design flow, psig

Design pressure, psig
Design temperature, F
Material

Design code

Seismic design

2485
550
Austenitic Stainless Steel

Class I

Chiller Unit
Number
Capacity, Bw/hr (ice tons) N/A
Design code
Seismic design

Notes:
1. Maine Yankee, the only CE 3 loop plant; has one positive displacement pump.
2. Palisades only.
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Appendix C Babcock & Wilcox Makeup and Purification System
Principal Component Data Summary

Component - s

Design Value

Positive Displacement Pump
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Cooling water, gpm
Maximum operating pressure, for reactor coolant
system hydrotest purposes, psig
Design code
Driver
Type
RPM
Speed ratio
Power supply
Seismic design

N/A

Centrifugal I Stage (Horizontal) Pumps, (Makeup
Pumps)
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, fi
Material
Cooling water, gpm
Design code
Driver
Type
RPM
Speed Ratio
Power supply
Seismic design

3

3,500

200

150450

6,500

Austenitic stainless steel

ASME III, Class 2

Electric motor

1,800

3.14:1

1000 hp, 6,900 V, 3 ¢ Class 1E
Category I

Boric Acid Pump

Number
Design pressure, psig
Design temperatre, F
Design flow, gpm
Design head, ft
Material
Design code
Driver

Type

RPM

Power Supply

Seismic design

2

150

200

25

210

Austenitic stainless steel
ASME III, Class 3

Electric motor
Class 1E

Diesel backed/
Category 1

NUREG/CR-5954
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Appendix C (Cont’d)

:Compoient:

Boron Injection Makeup Pump
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Design code
Seismic design

N/A

Chiller Pumps
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Design head, ft
Material
Design code
Seismic design

N/A

Letdown Coolers
Number
Heat transfer rate at design conditions, Btu/hr

Design pressure, psig
Design temperature, F
Fluid

Material

Design code
Seismic design

Flow, Ib/hr
Inlet temperature, F
Outlet temperature, F

2

23.9 x 10°

Shell Side

200

350

Component Cooling
Water

Austenitic
stainless steel
ASME 11, Class 3
Category I

Shell Side
300,500

{ Tube Side
2,500

600

Borated reactor
coolant
Austenitic
stainless steel
ASME III, Class 1
Category 1
Tube Side
49,830

570

120

Letdown Heat Exchanger
Number
Heat transfer rate at design conditions, Btu/hr
Design pressure, psig
Design flow, Ibm/hr
Fluid
Material
Design code
Seismic design

N/A

C-3
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Appendix C (Cont’d)

Component

Excess Letdown Heat Exchanger
Number
Heat transfer rate at design conditions, Bw/hr
Design pressure, psig
Design temperature, F
Design flow, Ibm/hr
Inlet temperature, F
Outlet temperature, F
Fluid
Material
Design code
Seismic design

N/A

RCP Seal Water Return Cooler

Number
Heat transfer rate at design conditions, Bu/hr

Design pressure, psig
Design temperature, F
Design flow, Ibm/hr
Inlet temperature, F
Outlet temperature, F
Fluid

Material

Design code
Seismic design

2

2.67 x 108
Shell Side
200

200
158,000

Component cooling
water
Carbon steel

ASME 1II, Class 3
Category I

Tube Side

150

200

55,800

145

120

1 Borated reactor
coolant

Austenitic stainless
steel

ASME III, Class 3
Category I

Moderating Heat Exchanger
Number
Heat transfer rate at design conditions, Btu/hr
Design pressure, psig
Design temperature, F
Design flow, Ibm/hr
Design inlet temperature, F
boron storage mode, F
Design outlet temperature,
boron storage mode, F
Inlet temperature, boron
release mode, F
Outlet temperature, boron
release mode, F
Material
Design code
Seismic design

N/A

NUREG/CR-5954
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o Co'x'ﬁpohent

Letdown Chiller Heat Exchanger
Number
Heat transfer rate at design conditions, boron
storage mode, Bm/hr
Design pressure, psig
Design temperature, F
Design flow, boron storage mode, 1b/hr
Design inlet temperature, F
boron storage mode, F
Design outlet temperature,
boron storage mode, F
Flow, boron release mode, Ib/hr
Inlet temperature, boron
release mode, F
Outlet temperature, boron
release mode, F
Material
Design code
Seismic design

N/A

Letdown Reheat Heat Exchanger
Number
Heat transfer rate at design conditions, Btu/hr
Design pressure, psig
Design temperature, F
Design flow, Ib/hr
Inlet temperature, F
Outlet temperature, F
Material
Design code
Seismic design

N/A

Makeup Tank
Number
Volume, ft®
Design pressure, vessel steam jacket, psig
Design temperature
Material
Design code

1

1200

100

200

Austenitic stainless steel
ASME 111, Class 2

Seismic design Category 1

- Concentrated Boric Acid Tank
Number 1 per unit
Volume, ft® 4,200
Design pressure, psig Atmospheric
Design temperature 200

Material
Design code
Seismic design

Austenitic stainless steel
ASME 11, Class 3
Category I

C-5
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Appendix C (Cont’d)

Component

I’De;ign:.,ilalde

Boric Acid Addition Tank
Number
Volume, ft*
Design pressure, vessel steam jacket, psig
Design temperature, F
Material
Design code

1

2,500

Atmospheric

200

Austenitic stainless steel
ASME III, Class 3

Material
Design code

Seismic design Category 1
Caustic Mixing Tank

Number 1

Volume, ft* 27

Design pressure, psig Atmospheric

Design temperature, F 200

Austenitic stainless steel
ASME VII (Non-Code)

Material
Design code

Seismic design Non-Category 1
Mixed Bed Demineralizers

Number 2

Design pressure, psig 150

Design temperature, F 200

Design flow, gpm 100

Resin volume, each, fi® 65

Austenitic stainless steel
ASME III, Class 3

Material
Design code
Seismic design

Seismic design Category 1
Cation Bed Demineralizers

Number 1

Design pressure, psig 150

Design temperature, F 200

Design flow, gpm 100

Resin volume, ft* 65

Austenitic stainless steel
ASME I1I, Class 3
Category I

Thermal Regeneration Demineralizers
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Resin volume, fe?
Material
Design code
Seismic design

N/A

NUREG/CR-5954
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“Component

Prefilter Filter
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Particle retention
Material, vessel
Design code

1

150

200

200

98% of 5 micron size
Austenitic stainless steel
ASME Iil, Class 2

Seismic design Category 1
Purification Filter

Number 2

Design pressure, psig 150

Design temperature, F 200

Design flow, gpm 200

Particle retention
Material, vessel
Design code

98% of 5 micron size
Austenitic stainless steel
ASME HI, Class 2

Seismic design Category I
Seal Water Injection Filters

Number 2

Design pressure, psig 3,200

Design temperature, F 200

Design flow, gpm 60

Particle retention
Material, vessel
Design code
Seismic design

98% of 5 micron size
Austenitic stainless steel
ASME III, Class 2
Category 1

Seal Water Return Filter
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Particle retention
Material, vessel
Design code
Seismic design

N/A

Boric Acid Filter
Number
Design pressure, psig
Design temperature, F
Design flow, gpm
Particle retention
Material, vessel
Design code
Seismic design

1

150

200

100

98% of 25 micron size
Austenitic stainless steel
ASME II, Class 2
Category I

NUREG/CR-5954
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- Component

. DésigniValue

Letdown (Block) Orifice
Number
Design pressure, psig
Design temperature, F
Material
Design code
Seismic design

50 gpm
1

2,195

200

Austenitic stainless steel
ASME III, Class 2
Category I

Chiller Unit
Number
Capacity, Btu/hr
(ice tons)
Design code
Seismic design

N/A
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