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ABSTRACT

A study was performed to assess the effects of aging on the performance and availability of
containment cooling systems in U.S. commercial nuclear power plants. This study is part of the
Nuclear Plant Aging Research (NPAR) program sponsored by the U.S. Nuclear Regulatory
Commission. The objectives of this program are to provide an understanding of the aging process
and how it affects plant safety so that it can be properly managed. This is one of a number of
studies performed under the NPAR program which provide a technical basis for the identification
and evaluation of degradation caused by age.

The effects of age were characterized for the containment cooling system by reviewing and
analyzing failure data from national databases, as well as plant-specific data. The predominant
failure causes and aging mechanisms were identified, along with the components that failed most
frequently. Current inspection, surveillance, and monitoring practices were also examined.

A containment cooling system unavailability analysis was performed to examine the potential
effects of aging by increasing failure rates for selected components. A commonly found containment
spray system design and a commonly found fan cooler system design were modeled. Parametric
failure rates for those components in each system that could be subject to aging were accounted for
in the model to simulate the time-dependent effects of aging degradation, assuming no provisions
are made to properly manage it. System unavailability as a function of increasing component failure
rates was then calculated.
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EXECUTIVE SUMMARY

An aging assessment of containment cooling systems in commercial nuclear power plants has
been performed as part of the Nuclear Plant Aging Research (NPAR) program. The NPAR
program is sponsored by the U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory
Research, Division of Engineering. Its goal is to provide a technical basis for understanding and
managing the effects of aging in nuclear power plants. Containment cooling systems are one of
several systems selected for study under this program due to its importance to plant safety during
normal, as well as accident conditions.

The containment ccoling function is performed by several different systems, depending on
the type and design of the plant. The two systems focused on in this study are the containment
spray system, which is used in pressurized water reactors (PWRs) and boiling water reactors
(BWRs), and the fan cooler system, which is used in PWRs. These systems were selected since they
are the primary means of removing containment heat during accident conditions. While the
suppression pool cooling system is also an important means of containment cooling in BWRys, it is
an operating mode of the residual heat removal system, which was studied previously under the
NPAR program.

The goal of this phase I aging analysis is to determine if aging degradation is a concern for
the containment cooling system, and to characterize its effects. To accomplish this, a planned
approach was taken based on previous phase I studies performed. This included 1) an extensive
review of existing FSARs to identify the different system designs, 2) identification of the operating
and environmental stressec imposed on the systems, 3) an analysis of failure data from national
databases covering all PWRs and BWRs in the U. S., 4) an analysis of plant-speci” data from one
PWR, and 5) a system unavailability analysis on one common containment spray system design and
one common fan cooler system design to evaluate the potential time-dependent effect of aging on
system unavailability.

One of the national databases used for this study is the Nuclear Plant Reliability Data System
(NPRDS). Over 50% of the approximately 2200 NPRDS records reviewed (data for all U.S. PWRs
and BWRs from 1986 to 1991) were related to degradation caused by aging. These failures typically
result in a degraded operating state for the system, or a loss of redundancy. Other findings from
the data analysis are summarized in Table S.1. The results of this work show that aging is a concern
for the containment cooling system and should be addressed in plant programs.

Failure modes and aging mechanisms were identified for several of the most frequently failed
components in each system. For each of the component failure modes, a potential detection method
was also identified. This information can be used to evaluate current plant monitoring programs
to ensure that aging degradation is being properly controlled.

xili



Table S.1 Summary f Data Analysis Results

Containment Spray System Fan Cooler System

Sample size 1368 records 808 records
Percentage of failures related to aging 9% 52%
Most frequently failed components Valves (47%) Circuit Breakers (32%)
Predominant failure cause Normal Service (74%) Normal Service (60%)
Predominant effect of failure Degraded Operation (60%) Loss of Redundancy (57%)
System status during failure detection Test (57%) In Service (64%)

“ Predominant failure detection method Test Results (58%) Abnormaul Operation (31%)

From the unavailability analysis performed on one common PWR containment spray system
design, the dominant contributor to system unavailability was found to be a non-aging related event;
namely a human error involving failure to reposition manual valves following surveillance testing.
For components that could be affected by aging, pumps and MOVs were found to be important to
system unavailability. Increases in their failure rate produce a noticeable increase in system
unavailability. For a ten fold increase in pump failure rate, system unavailability increases by a
factor of three, and the pump contribution to system unavailability exceeds that of the human error.
Similarly for MOVs, a ten fold increase in failure rate also increases system unavailability by a factor
of three. It is therefore important that aging of pumps and MOVs be carefully monitored and
controlled.

The unavailability analysis of one common PWR fan cooler system design showed no
dominant, single contributor to system unavailability. The largest single contributor was a common
mode failure of the fan motors. Based on cumulative contributions from all potential failure
scenarios in which it appears, unavailability due to maintenance was the largest contributor to system
unavailability, followed by dampers failing to open, circuit breaker malfunction, and fan motor
failures. The parametric analyses showed that for a ten fold increase in damper failure rate, system
unavailability increases by a factor of approximately 66. The exponential increase in unavailability
is due to the redundancy of the components in the system design. When circuit breaker failure rate
increases by a factor of 10, system unavailability increases by a factor of approximately 13.
Therefore, proper aging management of dampers and circuit breakers is important and should be
addressed in plant programs.

This phase I aging analysis has provided a basis for understanding the effects of aging in
containment cooling systems. Conclusions and recommendations resulting from this study are
summarized below:

- Aging degradation exists in containment cooling systems and is a significant contributor to failures.
Since these systems play an important role in accident mitigation, plant programs should specifically
address the proper management of aging in containment cooling systems. Each of the aging
mechanisms identified in this study should be addressed by at least one monitoring technique.

Xiv



- The failure data show that most containment spray system failures are detected by surveillance tests
and inspections. This is significant since it shows the importance of performing tests and inspections
on standby systems to detect degradation before it results in an operational failure.

- There are a number of operational and environmental stresses that cause the various aging
mechanisms to become active and lead to degradation. The predominant stresses have been
identified, and can be used to develop an effective monitoring program.

- The failure data show that the most common human error type failure occurs during or as a result
of maintenance activities. It is recommended that, if efforts to reduce human errors are made, they
should be concentrated in the area of maintenance.

- The review of industry and plant specific data has shown that the failures occurring in the
containment cooling systems were not severe enough to result in a complete loss of system function.
Typically, the most severe failure will result in a loss of redundancy, however, the system is still able
to perform its design function. No aging related failures were found in the data analyzed (1986 to
1991) that resulted in a complete loss of system function. However, one event was found in 1980
where corrosion of cooling coils led to a loss of fan cooler system function. This finding shows the
importance of designing these systems with sufficient redundancy.

- Failure trends identified from NPRDS for most of the major system components show a trend for
increasing failures with age. This increasing trend will resuit in a corresponding increase in system
unavailability with age, if the trend is not properly controlled. Therefore, plant programs should
include a similar plant specific analysis to identify any time-dependent trends in component failures
so they can be properly managed.

- It is recommended that a phase II study be performed to identify the most effective methods tor
detecting and mitigating aging degradation in containment cooling systems. The results of the phase
IT study would be useful for evaluating existing programs and practices, and would provide a means
of addressing any weaknesses found in the aging management process.
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1. INTRODUCTION

Background

Nuclear power plants are designed to
be reliable and safe, and use a great deal of
“state-of-the-art” engineering technology to
accomplish these goals. However, as these
plants become older there is some uncertainty
as to how degradation due to aging will affect
their reliability and safety performance.
Therefore, the U.S. NRC, Office of Nuclear
Regulatory Research, Division of Engineering
has instituted the Nuclear Plant Aging Re-
search (NPAR) Program to provide an under-
standing of the aging process.

1.1

The goal of the NPAR program is to
improve the operational readiness of nuclear
plant systems and components that are impor-
tant to safety by understanding ana waiaging
the effects of aging degradation. To accom-
plish this, the NPAR studies are typically
performed in two phases. In phase I, the
effects of aging are characterized by identify-
ing the predominant failure modes ard mech-
anisms, along with the components most
frequently failed. The potential effects of
improperly managed aging degradation are
also reviewed in terms of the impact on sys-
tem availability and component importance.
If aging is found to be a concern, a phase Il
study is performed in which methods of de-
tecting and mitigating aging degradation are
reviewed. From the results of these studies
recommendations can be made on 0w to
properly manage aging in a particular compo-
nent or system. Specific tasks for each phase
are shown in Figure 1.1. The structure of the
NPAR program is discussed in detail in
NUREG-1144".

The systems and components studied
under the NPAR program a ted based
on their importance to | JAety. In this
study the containment coc g system is exam-
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ined since its design function is to mitigate the
consequences of any accident which can result
in an increase in containment pressure and/or
temperature, such as a loss of coolant accident
or a main steam line break. By controlling
the pressure and temperature inside contain-
ment, the containment cooling system helps to
maintain the integrity of the containment
structure and mitigate releases of radiation to
the environment following an accident. The-
refore, it is important that aging degradation
in this system be properly understood and
managed.

Objectives

The objectives of this phase I aging
study of ccntainment cooling systems are to
characterize the effects of aging, and deter-
mine if appropriate measures are in place to
effectively manage these effects. This is
accomplished by analyzing operating experi-
ence and identifying predominant failure
modes, aging mechanisms, and components
that most frequently fail. The impact of these
failures on system availability is also examine:".
In addition, a preliminary review of inspection,
surveillance, monitoring, and maintenance
(ISM&M) methods is performed to under-
stand what steps are currently being taken to
manage aging degradation.

1.2

Once the effects of aging are charac-
terized, a determination can be made as to
whether aging is a concern in this system, and
whether additional work is needed to study
ways of more effectively managing aging
degradation. If aging is found to be a signifi-
cant contributor to system failures and un-
availability, a phase II study will be recom-
mended to study inspection, surveillance,
monitoring, and maintenance practices in
more detail. Recommendations will then be
made on how to more effectively control the
effects of aging through improved ISM&M
programs.

NUREG/CR-593y
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Figure 1.1 NPAR program strategy

1.3 Research Approach

In order to provide a comprehensive
analysis and achieve the goals previously
discussed for the phase I study, a systematic
rescarch approach is needed. The Aging and
Life Extension Assessment Program (ALEAP)
plan® developed at BNL established the ap-
proach used for initial phase I NPAR system
studies**. With each study performed, the
analysis methodology was refined to concen-
trate more heavily on those analysis tech-
niques providing the most useful results. As
a result, the current rescarch approach was
obtained.

As shcwn in Figure 1.2, the first step
in performing, the aging analysis is to define
the system This is required so that bound-
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arics can be established to identify what
should and should not be inciuded in the
analysis. Once this is done, three separate
review steps are taken to characterize aging
cffects. In the first step, NRC documents,
such as Generic Letters, Information Notices,
Generic Issues, and Bulletins are reviewed to
identify any specific areas where aging of the
system has led to a safety concern. If any are
found, the analysis can be focused in that area
to help resolve existing problems.

In the second step, final safety analysis
reports (FSARs) are reviewed to identify the
various design differences that exist between
plants. This is important since different
designs can have different susceptibilities to
the various aging stresses acting on the sys-
tems. Design differences may also require



i | L 4 |
REVIEW KRC REVIEW PAST
CENERIC BEVIEW PSARs OPERATING REVIEW FPRA®
LETTERS, etc n;n
i
[ ol OAVAILABILITY
3 AGTNG EFPRCTS e
1
I8 AGTNG NO
DEGRADATION
A PROBLEM?
YES

ANALYZE TIME-DEPENDENT
AGING EFFECTE FOR TER

A
i -

CALCULATE POTENTIAL INCREASE
I SYSTEM UNAVAILABILITY DUR TO AGING

b ]

REVIEW ISN&M PRACTICES

v

CORCLUSIONS & RECOMUINDATIONS

Figure 1.2 Phase | research approach

1-3

NUREG/CR-5939



different operating procedures, which can
impose unique stresses on the system.

The third analysis step requires a
review of past operating experience. This
involves the coliection of failure data from
national databases, as well as from several
operating nuclear power plants. The data are
analyzed to identify failure modes and causes,
along with the various aging mechanisms
present in the system. The operating experi-
ence review also helps to determine which
components in the system are the most sus-
ceptible to aging and, thus, require the most
attention in terms of monitoring and mainte-
nance. Using the results of this analysis, along
with the results of the first two analysis steps,
the effects of aging on the system can be
characterized.

A fourth analysis step, which is used to
determine unavailability implications, is also
performed. This involves the review of select-
ed plant probabilistic risk assessments (PRAs).
From these reviews, the importance of the
system to plant safety, and the implications of
system aging can be determined. In addition,
the components which are most important to
system availability can be identified. This
information can then be correlated with the
results of the other analyses to identify specif-
ic aging concemns.

If aging is found to be a concern, the
data are further analyzed to determine if there
are any time-dependent increases in aging
degradation. Ifso, simplified PRA models are
used to examine the potential implications to
system unavailability.

As a final part of the phase I analysis,
a preliminary review of ISM&M practices is
performed. From this review, those practices
which may help to detect and mitigate aging
degradation can be determined. Conclusions
and recommendations for future work are
then made based on the combined results of
the analysis.

NUREG/CR-5939
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The analysis methodology was applied
separately to the containment spray system
and the fan cooler system for this study. The
following subsection discusses the system
definitions and boundaries. In Section 2 the
various systems supplying the containment
cooling function are discussed in detail
Section 3 discusses the operational and envi-
ronmental stresses acting on the system.
Sections 4 and 5 present the analysis results of
the national database and plant specific data,
respectively. In Section 6 the safety signifi-
cance and time-dependent unavailability
impact of containment cooling system aging is
discussed. Section 7 summarizes the findings
of the study and presents recommendations
for future work. Section 8 presents the con-
clusions reached from this work on the effects
of aging in containment cooling systems.

System Definition and Boundaries

Containment cooling systems perform
the function of removing heat from contain-
ment to control pressure and temperature. In
PWRs, they also assist in fission product
cleanup by removing radioactive iodine from
the containment atmosphere following an
accident in which radiation leakage occurs,
such as a loss of coolant accident (LOCA) or
main steam line break (MSLB).

14

The containment cooling function can
encompass several different systems depending
on the type of containment, and the design
and age of the plant. Some of these systems
function only during normal plant cperation to
maintain normal containment atmospheric
conditions, while some are required to operate
during and/or following an accident to miti-
gate the consequences of the accident. For
this study, the definition of containment
cooling system used herein limits the systems
addressed to those that are required to func-
tion to mitigate the consequences of an acci-
dent. Containment cooling systems that
operate only during normal plant operation
are not addressed. The systems included in



this study are discussed in more detail in the
following sections.

i.4.1 Containment Cooling in PWRs

The containment structures used for
pressuriced water reactors (PWRs) are gener-
ally classified into three types; 1) large dry (or
vapor containments), 2) subatmospheric, and
3) ice condenser containments. The large dry
containments are designed such that the free
volume is sufficiently large to accommodate a
worst case accident (LOCA or MSLB) while
mitigating containment pressure increases.
The subatmospheric containment uses the
same principal as the large dry containment,
however, it includes provisions to condense a
sufficient amount of steam in the containment
atmosphere following an accident to maintain
the containment pressure less than atmospher-
ic. This further reduces the probability of
radiation leakage to the environment. The ice
condenser containments use ice beds that are
constantly maintained inside the containment
structure to perform a pressure suppression
function in the event of an accident. This
enables the size of the containment structure
to be reduced. Of the 80 PWRs in the U.S.,
63 use the large dry containment (Figure 1.3).
Ice condensers (10 units) were not addressed
in this study due to their small population.
Subatmospheric containments were included
in the study since the containment cooling
systems are similar to those used in the large
dry containments.

In all PWRs except one (Yankee
Rowe), containment cooling is provided by a
containment spray system which operates by
pumping water through spray nozzles located
at the top of the containment structure to cool
the containment atmosphere. In most PWRs,
containment fan coolers are also provided as
a backup to the containment spray system.
The fan coolers blow the containment air
across cooling coils to remove heat. Each of
these systems will be addressed in subsequent
sections of this report. In addition to these
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two systems, a containment vent system is also
available to control containment pressure.
This system would only be used as a last
resort following a release inside containment,
and is not included in this study since it is not
a primary means of accident mitigation.

1.4.2 Containment Cooling in BWRs

With the exception of one plant (Big
Rock Point), which uses a large dry contain-
ment, all BWRs in the U.S. use a pressure
suppression containment. This designincludes
a large pool of water inside the containment
structure, called the suppression pool, and a
drywell structure in which the reactor is
housed. Any steam produced as the result of
an accident is forced from the drywell into the
suppression pool and is condensed, thus
mitigating pressure increases inside the con-
tainment. This design feature aliows the size
of the containment structurc to be much
smaller than PWR containments.

There are three types of pressure
suppression containments. The oldest design
is the Mark I, which uses a separate torus
shaped suppression pool. In the subsequent
Mark I and Mark III designs, the suppression
pool is an integral part of the containment
structure. In Mark IIs, it is cylindrically
shaped and is located directly beneath the
reactor. In Mark IIIs, it is annular in shape,
with the reactor pressure vessel in the middle.
The distribution of BWR plants using each
type of containment is shown in Figure 1.4.

In the pressure suppression contain-
ments, cooling is provided by a containment
spray system to both the drywell and the
suppression pool sections, similar to that used
in PWRs, along with a suppression pool
cooling system. The suppression pool cooling
function is typically provided by the residual
heat removal (RHR) system. The design and
function of the containment spray and sup-
pression pool cooling systems will be discussed
in more detail in subsequent sections of this

NUREG/CR-5939
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report. Aging of the major components used
in these systems is addressed in Reference 4.

As with PWRs, the BWR contain-
ments also have containment vent systems
which can be used to control the pressure
inside containment during severe accidents.
These systems are not the primary means of
mitigating temperature and pressure increases
inside containment following a design-basis
accident, and are not addressed in this study.

1.43 System Boundaries

The various systems used to perform
the containment cooling function interface
with several other systems throughout the
plant. For example, the electrical system
provides power to the various pumps and fans,
and the service water or component cooling
water system provides cooling water to the
various heat exchangers. In order to provide
a clearly defined system for this study, bound-
aries must be established to identify which
components should be included in the analysis
and which should be eliminated. Therefore,
the following interfacing systems and bound-
aries have been identified.

1.43.1 AC electrical power

AC electrical power is supplied to the
various pumps, fans and motor operated
valves (MOVs) within the systems. The
source of this power is either from off-site
power or from the emergency diesel genera-
tors. The boundary for AC power will be at
the first circuit breaker from the component
being supplied, and will include the circuit
breaker and any breaker logic. It should be
noted that the class 1E power system has been
studied separately as part of the NPAR
program®.

1.4.3.2 DC electrical power

DC electrical power s supplied to the
instrumentation and contre Is used to monitor
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and operate the containment cooling systems.
The source of this power is typically from two
or more independent battery banks that are
periodically recharged using battery chargers
and inverters. The boundary for DC electrical
power will be at the first circuit breaker or
fuse from the component being supplied. It
should be noted that battery chargers and
inverters have been studied separately as part
of the NPAR program'®.

1.4.3.3 Cooling water system

Cooling water is supplied to the cool-
ing coils in the containment fan coolers to
remove heat from containment. Cooling
water is also used to cool the containment
spray pumps. The source of this water is
typically from the component cooling water
system or the service water system. The
boundary for the cooling water systems will be
at the first block valve from the component
being supplied, and will include the block
valve. The component cooling water and
service water systems have been studied under
the NPAR program®®1°,

1.4.3.4 Instrumentation

A number of different instruments are
used to monitor and control the containment
cooling function. These instruments may be
dedicated specifically to the containment
cooling function, or they may be used for
several different purposes. Any instrument
required to perform the containment cooling
function will be included in this analysis. The
boundary for all instruments will be at the first
circuit breaker or fuse from the instrument,
and will include the circuit breaker or fuse.
NPAR studies have been performed on sever-
al different types of instruments and
controls!!-!7,

1.4.3.5 Structures and bu’ldings

The various syst~-ms used for contain-
ment cooling typically run through several
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different areas and buildings within the plant.
These systems are typically mounted or sup-
ported so that they will withstand seismic
shocks. The structures and buildings to which
these systems are attached are not included in
this study, however, the supporting hardware
is included. Therefore, the boundary is just
beyond the supporting hardware.

Review of Generic Letters, Bulletins,
and Information Notices

As a precursor to the aging analysis, a
review of NRC Generic Letters, Bulletins, and
Information Notices was performed to identify
any past or present regulatory concerns relat-
ed to aging degradation of contazinment cool-
ing systems. Three Information Notices and
one Inspection and Enforcement Correspon-
dence were found that dealt with aging prob-
lems.

1.5

Information Notice 79-34 deals with
the inadequate design of safety-related heat
exchangers. A plant identified defects in four
containment spray heat exchangers. The heat
exchanger tube bundles were damaged by
excessive vibrations of the tubes against each
other. These vibrations were caused by a
support arrangement that allowed excessive
unsupported tube lengths. The large ampli-
tude vibration resulted in reductions in wall
thickness and some tube leakage. To correct
this condition, the leaking tubes had to be
plugged and supports were placed on the tube
bundle to mitigate the vibration.

This incident presents an example of
how a design error can result in an aging-
related failure. Although the root cause of
the failure was inadequate support of the tube
bund'e, this allowed an aging mechanism,
namely vibration, to cause degradation of the
tubes and eventually lead to failure. If a
monitoring practice had been in place to
detect tube vibration in the heat exchanger,
this failure may have been avoided. One
possible monitoring method that may have
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been useful in this case is acoustic emission
monitoring.

Information Notice 80-37 deals with
the flooding of the reactor cavity due to leaks
in the cooling coils of the containment fan
coolers. Upon entry into containment at one
plant it was discovered that a significant
amount of water was collected on the contain-
ment floor, in the containment sumps, and in
the cavity under the reactor pressure vessel.
This condition resvited from a number of
concurrent failures, which included multiple
service water leaks from the containment fan
cooling units directly onto the containment
floor. These coolers have a history of such
leaks, which cannot be detected by supply
inventory losses since the supply system (ser-
vice water system) is not a closed system.
Subsequent analyses determined that the
water had entered the cavity below the ieactor
vessel and flooded it to a level at which the
bottom nine feet of the reactor vessel were
wetted. This led to concerns of chloride stress
corrosion and thermal shock of the vessel.

The fan cooler units involved in the
aforementioned event have air conditioner
type cooling coils consisting of 90-10 Cu-Ni
pipe headers and tubes, along with copper
plate type fins. The cooling water to the coils
is supplied by the service water system, which
uses untreated river water as its source. The
causc of the leaks was corrosion due to the
quality of the cooling water, as well as im-
proper installation techniques for the supply
line and coil tubes. Corrosion is a common
aging mechanism leading to degradation and
subsequent failure of heat exchangers. This
event demonstrates how uncontrolied aging
degradation can lead to a failure of the fan
cooler system with significant consequences to
the plant.

Information Notice 83-46 deals with
failure of valves which admit service water to
the recirculation spray coolers. At one plant,
seven of eight motor-operated, 30 inch butter-



fly valves failed to open during surveillance
tests of the recirculation spray subsystem. The
failures were attributed to the use of brackish
and siity service water, which led to corrosion
and marine growth on the valves. In addition,
infrequent testing was cited as a contributor to
failure since the valves had only been stroke
tested during refueling outages. The failures
were corrected by cleaning the piping and
valve internals, applying marine inhibitor paint
on the valve discs, and installing new motor
operators with a higher torque output. In
addition, the valve test frequency was in-
creased to quarterly testing. This is a typical
example of aging degradation for valves oper-
ated in poor quality water. Corrosion and
marine growth are typical aging mechanisms
associated with this degradation.
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Inspection and Enforcement Corre-
spondence 79-19 discusses the problem of
cracking in safety-related stainless steel piping
systems and portions of systems which contain
oxygenated, stagnant, or essentially stagnant
borated water. These cracks occurred in the
weld heai affected zone of type 304 material
in the spent fuel pool cooling system piping.
The cracks were found as a result of local
boric acid buildup and were due to Intergran-
ular Stress Corrosion Cracking. As a result,
ultrasonic examinations of other potentially
affected systems, including the reactor build-
ing spray system, were performed. This event
identifies a potential aging problem for con-
tainment spray systems which use borated
water.
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2. CONTAINMENT COOLING SYS-
TEM DESIGNS

Containment cooling systems perform
the functions of containment heat removal
and pressure control. In addition, they can
assist in fission product cleanup in the event
of a release inside containment. In pressur-
ized water reactors these systems usually take
the form of a containment spray system and
several fan cooler units, while in boiling water
reactors they are usually comprised of contain-
ment spray and suppression pool cooling
systems. While the basic function of the
systems is comparable, the designs vary from
plant to plant. This section will discuss the
various designs currently in use for each of the
systems, along with the operation of the sys-
tem and a description of its major compo-
nents.

2.1 i t ste

2.1.1 Containment Spray System Descrip-
tion

Containment spray system designs vary
from plant to plant. The design variations
reflect improvements in technology, as well as
modifications to the General Design Criteria
specified in the Code of Federal Regulations.
The basic function of the system is to pump
water through spray nozzles located
circumferentially near the top of the contain-
ment structure. The water spray condenses
steam produced as a result of a LOCA or
MSLBinside containment, thus mitigating any
increase in containment pressure andtempera-
ture.

In a typical PWR containment spray
system design, two or more containment spray
pumps deliver water from the refueling water
storage tank (RWST) to the containment
spray headers (Figure 2.1). The headers
direct the water to a number of spray nozzles
from which the water is injected as a fine mist
to the containment atmosphere. This is com-
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monly referred to as the injection phase of
containment spray. When the RWST reaches
a specified low level, the spray pumps are
realigned to take suction from the contain-
ment sump. The sump water is then delivered
to the same spray headers and nozzles. This
is referred to as the recirculation phase since
the water pumped to the spray headers even-
tually collects in the containment sump and is
recirculated.

Some common design variations in-
clude the use of the residual heat removal
(RHR) pumps for the recirculation phase
instead of the containment spray pumps,
which are tripped and isolated after the injec-
tion phase is completed (Figure 2.2). Also,
some of the designs include the use of a heat
exchanger, through which the water passes
before being delivered to the spray headers.
Some designs include dedicated containment
spray heat exchangers, which are used during
both phases of containment spray, while other
designs use the RHR heat exchangers only
during the recirculation phase. Still other
designs have two separate systems; a quench
spray system for the injection phase, and a
recirculation system for the recirculation
phase. In this type of arrangement each
system is independent and has its own dedicat-
ed set of pumps and spray headers.

In order to assist in fission product
cleanup following a LOCA or MSLB, many
PWR containment spray systems include a
means of injecting a chemical additive, such as
sodium hydroxide or hydrazine, to the spray
water. These chemicals help to convert radio-
active iodine to non-volatile compounds, such
as iodide and iodate, that can be kept in
solution in the sump water. One method of
doing this is to have a chemical addition
system znd eductors, which entrain the chemi-
cal additive in a small recirculation flow taken
from the containment pump discharge and
delivered back to the containment pump
suction (Figures 2.1 and 2.2).
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Figure 2.1 Common PWR containment spray system design

Containment spray systems in BWR
plants are similar to those described for the
PWRs, with a few exceptions. In a BWR the
RHR system is typically used for containment
spray. The RHR pumps ar: aligned to take
suction from the suppression pool and deliver
spray water to the RHR heat exchangers,
where it is cooled (Figure 2.3). The cooled
water is then delivered to the spray rings. In
Mark I and Mark II containments there are
three spray rings, with two in the drywell and
one in the suppression chamber. In most
Mark III containments there are also three
spray rings, however, none are in the drywell.
Some BWR plants use an emergency ventila-
tion system, which removes iodine by circulat-
ing the air through carbon filters. BWR
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plants do not have a chemical injection sys-
tem.

2.1.2 Containment Spray System Operation

In PWR plants the containment spray
system is actuated by a signal initiated manu-
ally from the control room, or automatically
on coincidence of two out of four (two out of
three for older units) high containment pres-
sure signals. The initiation signal starts the
containment spray pumps, opens the discharge
valves to the spray headers, and opens the
valves between the spray eductors and the
spray additive tank, for those units that have
this feature. A small portion of the total
spray flow is recirculated through the eductors
then back to the spray pump suction. As this
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Figure 2.2 Alternate PWR containment spray system design

recirculated flvid flows through the eductors
it entrains the chemical additive in the spray
flow.

When the RWST is nearly empty, the
injection phase is terminated and the recircu-
lation phase is begun. For units that use the
RHR pumps for recirculation, the contain-
ment spray pumps are manually tripped and
isolated. The RHR system is then aligned for
containment spray and the RHR pumps are
started. Throttle valves in the injection lines
are used to split the recirculation flow and
deliver a portion of the flow to the reactor
core to provide decay heat removal. This
mode of operation can then be continued as
long as required to maintain containment
pressure and temperature, and complete
iodine removal from the containment atmo-
sphere.
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In newer plants that use the contain-
ment spray pumps for both phases, recircula-
tion is initiated when the low-low RWST level
signal is received. This typically is done
manually when the RWST level reaches 10%.
Switch over at this point ensures that the
system piping remains full of water and that
adequate net positive suction head (NPSH)
for the spray pumps is maintained. The
operator manually realigns the spray pump
suction from the RWST to the containment
recirculation sump. In one plant the switch
over to recirculation is done automatically,
and is initiated by a safety injection signal
concurrent with a low-low RWST level signal.

In BWR plants with Mark I or Mark

II containments, the containment spray system
is actuated manually from the control room.
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Figure 2.3 Containment spray mode of RHR in BWR plants

There are no signals that automatically initiate
the spray function. The RHR system is
aligned for containment cooling after the
reactor vessel water level has been recovered.
For plants with a Mark III containment, the
containment cooling function may be initiated
manually, or it may be initiated automatically.
Th: containment spray mode is automatically
iyitiated on high containment pressure if
LOCA and high drywell pressure signals are
present.

2.13 Major Containment Spray System
Components

Refueling water storage tank (RWST):
This tank serves as a source of emergency
borated cooling water for injection and con-
tainment spray in PWRs. It is normally used
to fill the refueling canal for refueling opera-
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tions. During all other plant operating modes
it is aligned to the suction of the emergency
core cooling pumps and the containment spray
pumps. The RWST is typically an austenitic
stainless steel tank containing borated water at
a concentration of 2,000 + 50 ppm boron.
The capacity of the tank varies from 250,000
to over 700,000 gallons. It is maintained at
atmospheric pressure, and is vented directly to
the atmosphere. Provisions are made to
prevent the tank contents from freezing. Tank
level indication and high/low level alarms are
also provided.

:  The
containment spray pumps are either vertical or
horizontal centrifugal purnps driven by electric
induction motors. Design flow rates typically
range from 2000 to 3000 gpm. The motors
are typically 400 to 600 horsepower. They



have open, drip-proof enclosures, and are
provided with sufficient insulation to allow
continuous operation at 100% rated load at 50
°C. Power for the motors is provided by the
emergency busses. One plant has one of three
pumps driven by diesel engine. The pump
casing is usually made of stainless steel.

Valves: Motor-operated gate valves

are commonly used in the containment spray
pump discharge lines. These are typically
interlocked to open within several seconds on
a containment spray signal to allow flow to the
spray nozzles.
Some designs also use MOVs or AOVs as
isolation valves to the RWST and the contain-
ment sump. Manual valves may also be used
in the system to isolate components for main-
tenance purposes. In addition, there are
numerous check valves in the system, includ-
ing valves used to provide containment isola-
tion.

Spray Nozzles: The spray nozzes are

typically of the hollow cone design having an
open throat with either a 3/8-inch or 7/16-inch
spray orifice. The nozzles are not subject to
clogging oy particles less than 1/4-inch in size.
One typical nozzle design produces a mean
drop diameter of 700 microns at its rated
conditions of 40 psid and 15.2 gpm per nozzie.
The number of nozzles varies with the system
design, ranging from approximately 150 to
over 400 per unit. The nozzles are tested
periodically according to technical specifica-
tions to ensure they are unobstructed.

Piping: The piping used for the con-
tainment spray systems is typically austenitic
stainless steel. The joints are welded, with the
exception of flange connections at the pumps
and relief valves.

Containment Recirculation _Sumps:

The containment recirculation sumps in PWRs
are typically concrete structures which are an
integral part of the containment structure.
They act as collecting reservoirs from which

the containment spray pumps take suction
during the recirculation phase of the contain-
ment spray mode. Water sprayed into the
containment will drain to the containment
floor and be channeled into the sumps. The
sumps are located as far as possible from the
reactor coolant system piping and compo-
nents, which could become sources of debris
in the event of an accident. The sump intakes
are protected by either trash guards and fine
mesh screens, or a baffle arrangement of
grating, coarse screening, and fine screening to
prevent floating debris and high density parti-
cles from entering.

Suppression Pool: The suppression
pool in BWRs is an integral part of the con-
tainment structure in Mark II and Mark III
containments. Inthe Mark I containment it is
a torus shaped structure inside containment.
The suppression pool is filled with water
during all plant operating modes. In the event
of an accident in which coolant or steam is
released into the containment, the steam is
directed through the suppression pool and is
condensed, thus mitigating any pressure or
temperature increases inside containment.
This pool of water also serves as a source of
cooling water for several systems, including
the RHR system in the containment spray
mode. During containment spray, the water
delivered to the spray rings falls through the
containment atmosphere and eventually is
collected and returned to the suppression

pool.
Instrumentation: Instrumentation is

provided to monitor a number of system
parameters. Water level is monitored by level
transmitters in the containment sump, as well
as in the RWST and suppression pool, with
indication provided in the control room.
Spray pump suction and discharge pressure is
monitored by local pressure gauges. Pump
flow and recirculation flow to the eductors is
also monitored via flow transmitters. Contain-
ment pressure and temperature are monitored
by several pressure and temperature transmit-

NUREG/CR-5939



ters located throughout the containment to
indicate the effectiveness of the containment
cooling system.

Chemical Addition System: In those

designs that use one, the chemical addition
system provides a means of injecting a chemi-
cal additive into the spray water. This system
typically includes a chemical storage tank,
piping, valves, and spray eductors. Typically,
a bleed flow is taken from the discharge side
of the pump and circulated through the
eductor, which allows chemicals to be drawn
into the flow. The chemical laden flow is then
returned to the suction side of the pump, and
is mixed with the main flow for delivery to the
spray nozzles.

Additional design information on
PWR and BWR containment spray systems is
included in Appendix A.

2.2 FEan Cooler System

2.2.1 Fan Cooler System Description
Unlike the containment spray system,
fan coolers are used in PWRs and BWRs
during normal plant operation to maintain a
suitable atmosphere for the equipment located
within the containment. In most PWR plants,
and several BWR plants, fan orolers are also
used as an engineered safety “cature to reduce
the containment temperature and pressure
following a LOCA or MSLB. In most BWRs,
fan coolers are not used under accident condi-
tions. However, BWR fan cooler data was
obtained and analyzed in this study since their
failure modes and aging mechanisms are
expected to be similar to safety-related fan
coolers.

The basic design of the fan cooler
units includes cooling coils, through which
cooling water circulates, a fan, which blows
the containment air over the cooling coils, and
various duct work and dampers to direct the
air flow (Figure 2.4). Older plants typically
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use a centrifugal fan design, while newer
plants use a vane-axial fan design. Some units
also have filters to heip remove particulates
from the air. There are typically three or
more fan cooler units located within contain-
ment, depending on the plant, each with one
or two fans per unit.

2.22 Fan Cooler System Operation

During normal plant operation the
number of fan cooler units running will de-
pend on the amount of cooling required for
the containment. The operator uses the
containment temperature and pressure read-
ings to determine how many units should be
operating. At full power operation, most, if
not all of the units may be required, however,
all units z re typically run for flow distribution
purposes. At cold shutdown, only one fan
cooler unit may be required to maintain
containment temperature at an acceptable
level. Technical Specifications usually set an
upper limit of 120 to 130 °F for containment
temperature.

The source and amount of cooling
water flow to che fan cooler units varies be-
tween plants. In some plants, the raw service
water system provices cooling water to the fan
coolers during normal operation and emergen-
cy conditions. In other plants, the component
cooling water system provides the cooling
water. These two systems are the most com-
monly used source of cooling water for the fan
coolers. A less commonly used design em-
ploys a chilled water system supplied by refrig-
eration units to augment the service water
system supply of cooling water to the fan
coolers during normal operation. Inthe event
of an accident, the chilled water system is
isolated.

For those plants that use the fan
coolers as an engineered safety feature, a
LOCA or MSLB will initiate a safety injection
signal which, in turn, will start any fan coolers
that are not operating at the time. Inthe case
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Figure 2.4 Fan cooler unit schematic

of a loss of off-site power, there will be a
sequenced loading of the fan cooler units. In
addition, some designs have the air dampers
automatically repositioned to an accident
position. This directs the air fiow through a
filtration section, which consists of moisture
separators, high efficiency particulate air
(HEPA) filtcrs, and charcoal filters. Some
designs also automatically switch the cooler
fans to a slower speed to reduce horsepower
requirements during the accident. An addi-
tional design feature used by some plants is
fusible link plates on the fan cooler housing,
which open to allow unrestricted air flow
through the fan coolers. The fusible link
plates are steel plates that are hinged to the
duct work and held in a closed position by
fusible links. When a certain design tempera-
ture is reached (typically around 160 °F) the
fusible links release, thus dropping the plate
from the duct work. The resulting opening
exceeds the cross-sectional area of the fan
providing an unrestricted flow path.
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2.23 Major Fan Cooler System Components

Fan-Motor Units: The fans are either
centrifugal or vane-axial type, with rated flows
ranging from 35,000 to 85,000 cfm. They are
driven by totally enclosed induction motors
that typically contain an integral air-to-water
heat exchanger for cooling. There are nor-
mally one or two fans per fan cooler unit.
Fan-motor space heaters are provided to
maintain favorable conditions of temperature
and humidity during fan shutdown. The
motors are typically rated at 300 to 400 horse-
power. The bearings are grease lubricated,
and their vibration and temperature are moni-
tored.

Cooling Coils: The cooling coils are
typically arranged in one or two banks. They

are usually made of copper or a copper alloy,
however, at least two plants changed to Alle-
gheny Ludium, which is a high nick-
el/chrome/molybdenum alloy, due to corrosion
problems. All of the coils are copper finned.
Tube diameter is typically 5/8 inch. Cooling
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water flow through the coils for each unit
typically ranges from 1500 to 2500 gpm, with
an inlet temperature of 85 to 95 °F. Cooling
water is usually supplied by the service water
or component cooling water system.

Dampers: In addition to iniet and
outlet dampers on the fan cooler units, there
is usually a backdraft (or check) damper in
the discharge duct work. The backdraft dam-
per protects the fan cooler against any reverse
flow that might be induced by a LOCA or
MSLB. This damper is designed to close
quickly (on the order of 70 milliseconds). The
backdraft damper is gravity actuated and is
normally closed when the fan is not running.
For units with filtration sections, accident and
bypass dampers are included to direct air flow
through the filters or bypass the filters, de-
pending on the operating conditions. In some
units, fusible link plates are also used as a

type of damper.

Valves: MOVs or AOVs may be used
as isolation valves for the cooling water supply
and return lines for the cooling coils. These
valves can be remotely operated from the
control room as required to take fan coolers
in or out of service.

Instrumentation: Instrumentation is

provided to monitor a number of system
operating parameters. Inlet and outlet air
temperatures are monitored either locally, in
the control room, or on the plant computer.
Air flow through the units is monitored by
flow switches or differential pressure switches.
Humidity detectors are usually provided
upstream of each fan cooler. Cooling water
flow rate, as well as inlet and outlet tempera-
ture are also monitored in the control room.
Containment pressure is also monitored by
several sensors to detect a pressure rise due to
a LOCA or MSLB, and initiate a safety injec-
tion signal.
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Additional design information on fan
cooler units for PWRs and BWRs is included
in Appendix B.

23  Suppression Pool Cooling System
2.3.1 Suppression Pool Cooling System De-
scription

In BWR plants, a primary means of
containment cooling is performed by the
suppression pool cooling system. This system,
like the containment spray system, is actually
an operating mode of the residual heat remov-
al (RHR) system.

The RHR system has been studied in
detail under the NPAR program®, therefore,
the aging characteristics of the suppression
pool cooling and containment spray modes
will not be a focus of this study. The major
RHR system components studied previously
are common to these modes of operation.
However, the containment spray and suppres-
sion pool cooling modes of the RHR system
will be discussed herein for completeness. To
summarize the results of the RHR study, it
was found that aging contributed to over 70%
of the failures in that system, with the pre-
dominant cause of failure being normal ser-
vice. The components most frequently failed
were valves, followed by instrumentation, with
the predominant aging mechanism being wear.
For valves, the dominant failure mode was
leakage, while for instrumentation it was
calibration drift.

The RHR system has different config-
urations among plants, however, there are
some basic design characteristics that are
common between designs. The RHR system
typically has two or three independent trains
with each having one to two pumps which
operate in parallel. Each train will also have
one or two heat exchangers, as well as a
number of valves to direct the flow where
required. The heat exchangers are typically



cooled by the component cooling water or
service water system.

In the suppression pool cooling mode,
the RHR pumps take suction from the sup-
pression pool through suction strainers and
pump the water to the RHR heat exchangers
where it is cooled. The cooled water is then
delivered back to the suppression pool (Figure
2.5). In the containment spray mode the
suction flow path is the same, however, the
cooled water is delivered to the containment
spray headers located in the dry well or sup-
pression chamber.

232 Suppression Pool Cooling System
Operation

For all BWR RHR systems, the con-
tainment cooling modes may be remote manu-
ally initiated from the control room. For
some BWR designs, the containment spray
mode is initiated automatically after a 10
minute delay, if both LOCA and high dryweil
pressure signals are present concurrently. The
RHR system is realigned for containment
cooling after the reactor vessel water level has
been recovered. An interlock is provided so
that the operator does not inadvertently
initiate containment cooling before low pres-
sure coolant injection (LPCI), which is anoth-
er operatirg mode of RHR, restores reactor
vessel water level.

The typical PRA success criteria for
containment cooling in BWRs is to have rated

flow delivered from any RHR pump/heat
exchanger train to the suppression pool for
suppression pool cooling, and to the spray
headers for containment spray cooling.

233 Major Suppression Pool Cooling Sys-
tem Components

The suppression pool cooling and
containment spray systems use the RHR
system pumps, heat exchangers, valves, and
piping. Aging of these components has been
addressed in Reference 4. Components that
are specific to the containment spray and
suppression pool cooling modes are the sup-
pression pool, return lines, and spray nozzes.
These components are briefly described in the
following paragraphs.

Piping: The piping used in the RHR
system to support the containment cooling
operating modes is typically stainless steel.
The joints are welded.

Valves: The valves used in the suction
and return lines are conventional gate, globe
and check valves designed for nuclear service.
The valves may be manually operated, or they
may be equipped with motor or air actuated
operators for remote operation.

Spray Nozzles: The spray nozzles are

similar to those used in the PWR containment
spray systems, which are described in Section
2.1.3. The nozzles are located in spray head-
ers, which are supplied by the RHR system.
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3. OPERATIONAL AND
ENVIRONMENTAL STRESSES

Aging degradation results when a
component is exposed to various aging
mechanisms over a period of time. These
aging mechanisms are induced by stresses
imposed by the operating conditions or
environment the component is in. Prolonged
exposure to these stresses can result in a
decrease in mechanical strength or electrical
properties of the various components, and
eventually lead to failure. By understanding
what the different stresses are and how they
are brought about, a better understanding of
how to manage the aging process can be
obtained.

This section discusses the various
operational and environmental stresses
containment cooling system components are
exposed to. These stresses can be imposed by
operation of the components, including both
normal operation and testing, along with
factors imposed by the surrounding
environment.  The corresponding aging
mechanisms indu. ©d vy these stresses are also
discussed.

Operational Stresses

As discussed in the previous section,
the containment cooling function can be
performed by several different plant systems,
including the containment spray system and
the fan cooler system. Since the containment
spray system is predominantly a standby
system, the dominant aging mechanisms may
be different from a system with similar
components that continuously operate.
However, this does not mean that aging
mechanisms associated with operation will not
be important to this system since these
mechanisms can be imposed through testing of
the components. In some plants, the fan
cooler units are operated periodically during
normal plant operation, therefore, exposure to
normal operating stresses is greater.

il

31

For the containment spray system,
operation involves the pumping of water from
a source (usually the refueling water storage
tank, the containment sump, or the
suppression pool) to spray nozzles inside
containment. The components involved to
perform this function are pumps, valves,
piping, heat exchangers, and
instrumentation/controls. The pumps, valves
and piping are typically made of stainless steel
and are designed for temperatures as high as
500°F and pressures up to 500 psig, however,
actual operating parameters are usually much
lower.

The physical processes that are active
when the containment spray system op rates
are water flow through pipes, pumps and
valves; internal water pressure; frictional
rubbing between moving parts, such as pump
seals and wear rings; and vibration. Each of
these physical processes imposes one or more
stresses on the component that can aliow an
aging mechanism to become active. For
example, components exposed to flowing
water are subject to erosion, if the conditions
are conducive to this type of degradation.
The degree to which erosion leads to
degradation of the component depends on
several factors, including what material the
component is made of, how high the waier
velocity is, how turbulent the flow is, and how
long the component is exposed to this stress.

In good designs, these factors are
considered and minimized as much as possible
by proper sizing and material selection.
However, they can not always be eliminated
completely. Trade-offs must usually be made
to provide a reliable, as well as cost effective
design. Even though the operational stresses
are minimized, over long periods of time they
can result in degradation severe enough to
cause failure of the component. Therefore, it
is important to identify all possible aging
mechanisms and monitor components for signs
of degradation that may be caused by these
mechanisms before it results in failure. Each
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of the physical processes has been reviewed,
and the stresses and corresponding aging
mechanisms have been identified. These are
summarized in Table 3.1 for the components
in the containment spray sy:icm.

The function of the fan cooler units
involves the blowing of air from the
containment over cooling coils to extract heat,
then returning the cooled air to containment.
The cooling coils have water circulating
through them to remove the heat from the air.
This water is typically supplied by the
component cooling water system, which
supplies treated water, or the service water
system, which supplies untreated water.
Cooling coils supplied by the service water
system are exposed to a more severe internal
environment since service water can use water
from nearby lakes, rivers, or oceans, and can

be of poor quality.

As previously mentioned, the fan
cooler units can be operated during normal
plant operation to provide cooling to the
containment. Therefore, they are routinely
exposed to normal operating stresses. These
include water flow through the cooling coils,
frictional rubbing of moving parts, such as
motor bearings and damper bushings, internal
water pressure in the cooling coils, and
vibration. The stresses and corresponding
aging mechanisms for these operating
conditions are summarized in Table 3.2 for
the fan cooler units.

3.2 Environmental Stresses

In addition to the operational stresses
discussed above, the components are subjected
to stresses by the environment in which they
are located. This includes high temperatures,
which can cause dry out of certain seals and
gaskets, humidity, which can lead to corrosion
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or deterioration of various materials, and
radiation, which can cause embrittlement. As
for the operational stresses, the degree to
which each of these environmental stresses
leads to degradation depends on a number of
factors, such as the material of construction,
the severity of the stress condition, and the
time of exvosure.

The location of the components plays
an important part in determining how severe
the environmental stresses are. Since the fan
cooler units are located inside containment
they are subjected to temperatures as high as
100°F to 130°F during normal plant operation.
In addition, they are in a radiation
environment, which imposes additional
stresses on the components. The containment
spray system components are typically located
outside of containment, with the exception of
the spray rings and nozzles. The external
environment is, therefore, less severe than for
the fan cooler units.

The environmental stresses acting on
the containment cooling systems have been
reviewed and the corresponding aging
mechanisms have been identified. These are
included in Tables 3.1 and 3.2 for the
containment spray and fan cooler units,
respectively.

To properly manage aging, each of the
potential stresses and corresponding aging
mechanisms should be addressed by
identifying how severe the problem is, and
having appropriate inspection, surveillance,
and monitoring methods in place to detect
and mitigate it. This section has identified
what stresses may be present and the aging
mechanisms they can result in. The next two
sections on data analysis examine the severity
of the different aging mechanisms and how
they lead to component failures.



Table 3.1 Stresses for Containment Spray System Components

operator

Pumps - Internal water flow - Deterioration of Medium
gaskets/seals

- Erosion of internals Low Pumps constructed of

- Corrosion of internz.ls Low stainless steel, which s

- Cavitation of internals Low resistant to these

- Pitting of internaly Low mechanisms

- Internal water - Deformation of Low Pumps typically do not
pressure internals operate at very high
pressures.

- Fatigue of internals Low Cycling of pump can
cause fatigue due to
pressure increases and
decreases.

- Rotation of shaft, - Wear of bearings, seals High Wear of bearings and
impeller, motor seals is a common pump

- Galling/binding of Medium aging problem.

internals

- Vibration induced Medium

loosening of internals
- Distortion of internals Low
L. due to centrifugal
forces
- Exposure to external - Deterioration of Medium
environment gaskels and seals
- Dirt/dust intrusion Medium
Valves - Internal water flow - Erosion of internals Low Valves are made of

- Corrosion of internals Low stainless steel which is
resistant 1o these
mechanisms.

- Deterioration of Medium

gaskets and seals
- Stroking of the - Wear of packing High Wear of valve packing s
valve a common aging

- Wear of internals Medium problem.

- Adjustment drift of Medium

switches/linkages

- Gallingdinding of Low

internals

- Distortion/fatigue of Low

internals

- Short/burnout of motor Low
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Table 3.1 Stresses for Containment Spray System Components (Cont'd)

Valves - Exposure to external - Deterioration of Mediem
{Cont'd) environmen gaskets and seals
- Deterioration of MOV Medium High temperatures and
motor insulation/ humidity can cause
clectrical connections breakdown of insulation
and corrosion of
electrical connections.
Instruments - Normal operation - Calibration drift High Calibration drift 1s a
Controls common aging problem.
- Deterioration of Medium
electrical components
- Wear of internals Low
- Exposure to external - Deterioration of Medium High temperatures and
enviroument clectrical connections humidity can cause
breakdown of insulation
and corrosion of
electrical connections.
Circuit - Breaker cycling - Wear/fatigue of High Fatigue of pole shaft
Breakers internals welds has been a
problem.
- Misalignment of Medium
internals
- Deterioration of Medium Arcing of contacts can
electrical contacts cause pitting,
- Exposure to external - Deterioration of Low
environment electrical connectiont
- Dirt/dust intrusion Low
Heat - Internal water flow - Fouling/lockage High Fouling/plugging of
Exchangers tubes is a common
aging problem.

- Cerrosion of internals Medium Most tubes are made of
copper or nicke! alloys,
which have good
corrosion resistance.

- Deterioration of Medium

gaskets and seals
- Erosion of internals Low
- Tube vibration Low
- Internal water - Fatigue/deformation Low

pressure

NUREG/CR-5939

of internals

34




4. ANALYSIS OF NATIONAL DATA-
BASE OPERATING EXPERIENCE

To characterize the effects of aging on
the containment cooling system, several sourc-
es of data were analyzed. These include the
Nuclear Plant Reliability Data System (NPR-
DS) and Licensee Event Reports (LERs),
which are national aatabases. In addition,
plant specific data we ‘e obtained to supple-
ment and validate the rational database find-
ings. This section presents the results of the
national database analyses. The results of the
plant specific data analyses are presented in
Section 5.

Data Analyzed

A search of the NPRDS database was
performed covering the five and one-haif year
period from January 1986 to June 1991. This
search produced approximately 2500 records
related to failures of the containment cooling
system. In this analysis, any event which re-
quired the comporent to be taken out of
service for correciive maintenance was consid-
ered to be a failure. In some cases, the com-
ponent may still have been able to perform its
design function, such as 1 valve with excessive
packing leakage. These events were classified
as failures since the component was removed
from service and was unavailable, which may
be significant to system reliability. In addi-
tion, the component condition could worsen,
if left uncorrected, and result in catastrophic
failure at a later date.

41

The failure records were divided into
two categories, corresponding to the systems
performing the containment cooling function,
and a separate analysis was performed on
2ach. These categories are the containment
sprav system (apprximately 1400 records),
and the containmen. fan coolers (approxi-
mately 800 records). Records related to
suppression pool cooling (approximately 300)
were not analyzed, as discussed previously.
The analyses performed involved a detailed
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review of each record to determine whether
the failure was related to aging, and, if so, to
identify the aging characteristics. This infor-
mation was then coded and entered into a
computerized database for analysis.

A similar approach was taken for the
LER search, however, due to the relatively
small number of records, the data were not
computerized. The LER search covered the
six and one-half year period from January
1985 to June 1991 and yielded approximately
100 events related to containment cooling
systems. The analysis results are discussed in
the following subsections according to the
aforementioned categories.

Containment Spray System Findings
Fraction of Failures Related to Aging

4.2
4.2.1

An important question which must be
answered as part of this aging analysis is
whether aging degradation is a significant
contributor to system failures. To provide
some insight into the answer, the data were
reviewed and a determination was made as to
whether each failure was age related. To
make this determination, the NPAR definition
of aging, as described in NUREG-1144", was
applicd. By this definition, a failure is consid-
er~.d age related if it is the result of cumula-
t've changes with the passage of time which, if
unchecked, may result in loss of function or
impairment of safety. Factors causing aging
include natural internal chemical or physical
processes during operation, external stresses
caused by storage or operating environment,
service wear, and excessive testing. Improper
installation, application, or maintenance can
also lead to aging degradation under certain
conditions, if the degradation occurs over a
period of time.

The NPRDS data indicate that aging
degradation plays a major role in containment
spray system failures, with 59% of the failures
being age related (Figure 4.1). Typical exam-
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Figure 4.1 Fraction of containment spray system failures reported
to NPRDS related to aging

ples of age related failures are leakage of
containment spray pump shaft seals due to
normal wear, or incorrect instrumentation
readings due to calibration drift over a period
of time. An example of a failure which would
not be considered age related is failure of an
isolation valve to open due to an incorrect
torque switch setting. In some cases, insuffi-
cient information was available to determine
whether or not the failure was related to
aging. These were classified as "potentially
age related” since they could have resulted
from aging degradation.

The LER data show a similarly high
aging contribution to failure, with 48% of the
reported events being age related (Figure 4.2).
The percentage of failures related to aging for
the LER data is lower than that for the
NPRDS data due tc the large number of
human error events reportable as an LER.
These inciude administrative problems, such
as failure to have certair procedures available,
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or failure to perform surveillance tests re-
quired by Technical Specifications. These
events are reportable as LERs, however, they
are not reportable to the NPRDE and are
clearly not age related.

4.2.2 Failure Detection Methods

During normal plant operation the
containment spray system is maintained in a
standby condition, which is the condition this
system spends most of its time in. Surveil-
lance tests and maintenance, which are per-
formed periodically, account for the remaining
time. Using these three categories, the data
were sorted to determine what the status of
the system is when most failures are detected.
The results show that most failures are detect-
ed while the system is being tested (Figure
4.3). Approximately one-third of the failures
are detected while the system is in standby,
and less than 10% are detected during mainte-
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Figure 4.2 Fraction of containment spray system events reported as LERs related to aging
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Figure 4.3 Status of the containment spray system during
failure detection
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nance. This shows th= importance of perform-
ing surveillance tests for this predominantly
standby system. Failures which may be pres-
ent while the system is in standby awaiting an
accident initiation signal may not be detected
until the system is called into operation and it
fails to »erform its function.

S nce the predominant number of
failures ace detected while the system is being
tested, it is expected that the test results are
the most common means of detecting failures
for the containment spray system. This is
confirmed by the data. which show a corre-
spondingly high percentage of failures detect-
¢d by test results (Figure 4.4). The data also
show that the failure detection method most
useful while the syst>m is in standby is inspec-
tions, which includcs cystem walkdowns. This
includes planned inspections, which are per-
formed on a rcutine basis, as well as
unplanned inspections oi casual observations.
This shows the importznce of having trair .d
personnel available to monitor equipme . and
determine whether they are operating properly
using only visual or audible information.
Detection methods used to a lesser degree are
maintenance actions, alarms, and operational
abnormalities.

The LER data support the results of
the NPRDS data showing the largest percent-
age of failures are detected using test results
(Figure 4.5). This is followed by inspections
and, an additional detection method found
only in the LER Ja‘a, engineering analysis.
Analysis can dete t potential failures, for
example, when ¢ reviev is performed to deter-
mine if the system desigr is sufficient to meet
criteria assumed in the safety analysis. On
occasion, design inadequacies are found which
would prevent the syst :m from performing its
function. For example, a design review dis-
covered that the logic circuitry design for the
system would have prevented the containment
spray system from operating in the recircula-
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tion mode if the reactor water level were too
low. This is considered a failure since the
system would not have operated according to
design. However, it is not considered age
related.

4.2.3  Failure Causes

To address failure causes at the system
level, the data were sorted into three broad
categories; namely, normal service, human
error, and other. Normal service includes
exposure to any stresses the component would
normally be expected to see during the course
of everyday operation. This could include, for
example, wear of pump shaft seals due to
pump operation, or corrosion of valve inter-
nals due to exposure to poor quality water.
Failures caused by normal service are typically
age related. Failures caused by human error
include improper or lack of maintenance,
installation errors, and operational errors.
Failures classified as "other" include those
caused by failures of other components or
systemns, manufacturing and design errors, or
falures for which the cause could not be
determined.

The data indicate that normal service
is the predominant failure cause, accounting
for 74% of the failures (Figure 4.6). This
supports the high aging fraction discussed
previously. Human error contributes to ap-
proximately 19% of the failures. The break-
down of human error failures presented in
Figure 4.6 shows that most human errors are
in the area of maintenance. This includes
maintenance which was not performed proper-
ly and subsequently resulted in component
failure, or maintenance which was not per-
formed when required. These findings indi-
cate that failures due to human error can be
reduced by focusing on improvements in
current maintenance practices.

The LER data analysis shows that
normal service is also the predominant cause
of failure (Figure 4.7) This supports the
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Figure 4.4 Detection methods for containment spray system
failures reported to NPRDS
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Figure 4.5 Detection methods for containment spray
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Figure 4.6 Causes of containment spray cystem events reported as LERs
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Figure 4.7 Causes of containment spray system failures reported to NPRDS
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results of the NPRDS data analysis. Again,
the percentage of failures attributed to human
error is higher than that observed in the
NPRDS data due to the types of events re-
portable as LERs.

4.24 Effect of Failures on System Perfor-
mance

The effect of ‘he failures on system
performance was identifid by sorting the data
into three distinct ca egories. Degraded
operation implies that the system could still
perform its function cithough its performance
was degraded. This would apply to failures
such as pump seal leaks which were not severe
enough to cause the pump to fail to run. The
pump is still considered operable, however,
some corrective action would have to be taken
or the failure would worsen and eventually
lead to complete loss of operation of the
component. Loss of redundancy implies that
one train of the system was unavailable to
perform its function. Since the systems have
redundant trains, the system function would
still be available The third category is for
failures which had 1.0 :ffect on system perfor-
mance. Inthe data aralyzed (1986 to 1991),
there were no failure: found in which the
containment spray system function was totally
unavailable.

The data show that the predominant
number of failures result in degraded opera-
tion of the system (Figure 4.8). The remain-
ing failures either have no effect on system
performance (20%), or result in a loss of
redundancy (20%). These findings indicate
that the failures occurring in the containment
spray system typically are not severe enough
1o cause a complete loss of system function.
However, they can affect the availability and
reliability of the svstem. In particular, failures
resulting in a loss of 1 *dundancy have a direct
effect on system relability since a single
failure can result 1a loss of system function if
one of two trains is a'ready failed.

To provide more insight into the
consequence of the failures, the data were
further sorted to identify the system function
that was affected by each failure. To do this,
the containment spray system was broken
down into five main functional groups. These
are delivery, whick includes the function of
piping. nozzles, a1d valves to deliver cooling
water to the prooer location; monitoring,
which involves th: proper functioning of
instrumentation; pumping, which requires
proper operation of pumps and motors; chem-
ical addition, which is performed by the chem-
ical injection system; and cooling, which
involves proper operation of heat exchangers
and cooling water supplies. As shown in
Figure 4.9, delivery of cooling water was the
system function most often affected by compo-
nent failures.

4.25 Containment Spray Components Af-
fected by Aging

To provide a better understanding of
how aging degradation affects the containment
spray system, the NPRDS data were analyzed
to identify the components most frequenily
failed. The results show that valves account
for the predominant number of failures in the
system (Figure 4.10). This is believed to be
primarily due to the large population of these
components. These data were not normalized
to account for population effects since the
intent of this analysis is to identify areas
where additional effort is needed to control
aging degradation, and not to calculate failure
rates. Instrumentation and controls are the
second most frequently failed components,
followed by circuit breakers, pumps, and heat
exchangers.

As a comparison with the NPRDS
findings, the LER data were also sorted based
on components. The findings showed valves
to be the predominant contributor to LERs
(Figure 4.11). This is consistent with the
NPRDS findings and confirms the fact that
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Figure 4.8 Effect of containment spray system failures reported to NPRDS
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Figure 4.9 Functions of containment spray systems affected by failures
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valves are involved in a large percentage of
occurrences related to improper operation of
the system. The LERs show pumps to be the
second most frequently reported component.
This is due to the relatively large number of
events related to design or operational errors
involving the pumps. Some examples are
inability of a pump to deliver design flow due
to an incorrectly personnel turning the wrong
switch. These types of events are not report-
able to NPRDS and are not considered age
related events.

Since valves are the most frequently
failed component, the data were further ana-
lyzed to identify the types of valves most often
failed. As shown in Figure 4.1Z, motor oper-
ated valves (MOVs) are involved in the most
failures. This can be attributed to the com-
plexity of the component since it includes the
valve and an operator, which itself includes a
motor, gears, and switches. MOVs have also
been found to be the predominant valve type
involved in failures in other systems studied™*.
The MOVs are followed by manual valves,
check valves, and air operated valves (AOVs).
It should be noted that these results are not
normalized, thereiore, population effects
contribute to the reletive number of failures
experienced by each valve type.

The instrumentation and control
(1&C) data were also sorted to identify the
types of components most frequently failed.
The results show that transmitters are the
predominant I&C component failed, followed
by indicators/recorders, and integrators/comp-
utators (Figure 4.13). As with valves, the
relative number of failures are believed to be
due to population effects.

4.2.6 Aging Mechanisms and Failure Modes
for Containment Spray Components

To help in understanding and evaluat-
ing ways of detecting and mitigating aging, the
aging mechanisms =n 1 failure modes for the
most frequently failld components were
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identified. This information is important since
it forms a basis for determining how well
current inspection, testing, and maintenance
practices are able to detect aging degradation
and incipient failures. In general it was found
that each component has one predominant
aging mechanism and failure mode. However,
there are typically several others which also
need to be addressed to completely control
the aging process. The aging mechanisms and
failure modes for each component are dis-
cussed in the following paragraphs.

As discussed previously, valves are the
most frequently failed component in the
containment spray system. The predominant
aging mechanism for valves was found to be
wear, which is a time-dependent process
resulting from normal operation of the com-
ponent (Figure 4.14). As an example of a
typical vzlve failure attributed to wear, one
plant reported seat leakage of a containment
spray header isolation control valve (air oper-
ated butterfly valve). Investigation found the
valve liner was worn out and the valve disc-to-
shaft taper pin holes were elongated to the
point where the disc would wobble on the
shaft. This was attributed to normal wear,
and the valve was repaired by replacing the
liner bushings, o-rings, disc, disc pins, and
valve stem. As another example of valve
failure due to wear, one plant reported that a
containment spray pump recirculation check
valve would not seat. Investigation found the
valve seat and hinge degraded due to normal
wear causing the clapper to stick in the mid-
stroke position. The valve was subsequently
replaced. Addit .2l check valve aging char-
acteristics arc reported in Reference 18,

Other common aging mechanisms
leading to valve failures are adjustment drift,
galling/binding, and dirt/dust intrusion (Figure
4.14). Adjustment drift failures typically
involve MOVs or AOVs which fail to operate
due to torque or limit switches being out of
adjustrnent. Galling/binding tynically involves
damage to the valve stem or corrosion of the
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Figure 4.14 Aging mechanisms for containment spray valves

valve internals which causes the valve to bind.
Dirt/dust intrusion typically involves debris
being introduced into the valve which can
build up between the disc and seat causing
seat leakage, or can foul electrical contacts in
the valve operator causing the valve to mal-
function. Other less common aging mecha-
nisms are shorting/burnout of MOV motors,
and lubrication problems.

The predominant failure mode associ-
ated with valves is leakage (Figure 4.15). This
includes internal leakage through the valve
seat, as wcll as external leakage through
packings or gaskets. Valve seat leakage is
typically detected by tests, while external valve
leakage is typically detected by visual inspec-
tions. Other common valve failure modes are
failure to open, failure to close, and failure to
operate (open or close). An additional failure
mode applicable to relief valves is "exceeds
limit", where the valve fails to open at its
design sct-pressure.
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The predominant aging mechanism for
instrumentation and controls is calibration
drift (Figure 4.16). This is considered an
aging mechanism since it is a process which
occus over a period of time while the compo-
nent is in normal service. Calibration drift
can be detected by tests or by observation of
the instrument reading. It is usually corrected
by recalibrating the instrumentation, however,
in severe cases the instrument may need to be
replaced due to extreme wear of internal
parts. Other common aging mechanisms for
1&C components are wear and internal de-
fects. These can be due to cycling of the
component, or exposure to heat and/or mois-
ture which deteriorates the internal electrical
components. Some of the less common aging
mechanisms found are contamination from
dirt or dust, problems with the power supplies,
and binding of internal components. The
most common failure modes for I&C compo-
nents are incorrect signal and loss of function.
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Circuit breakers are the third most
frequently failed component in the contain-
ment spray system, and the predominant aging
mechanism is adjustment drift (Figure 4.17).
As an example, one plant reported that during
surveillance testing the circuit breaker for a
spray pump failed to close on demand. Inves-
tigation found the reason to be a latch adjust-
ment screw which was set too sensitive due to
setpoint drift through normal usage. This was
corrected by readjusting the screw. In another
example, a plant reported a spray pump circuit
breaker failed to close during testing due to a
switch being out or adjustment. The switch
was readjusted and *he circuit breaker was
returned to servic.. Other common aging
mechanisms for circuit breakers are galling/bi-
nding, shorting/burnout/pitting, and wear.
Additional aging insights are presented in
References 16 and 17.

The most common failure mode for
circuit breakers is failure to clese, which
accounted for nearly 60% of all breaker
failures (Figure 4.18). The closed position is
designated to be when the breaker contacts
are closed allowing power to be supplied to
the component. When the breaker opens,
contact is broken and the power supply to the
component is terminated. Other failure
modes for the circuit breaker are failure to
open and failure to operate.

For the containment spray pumps the
most significant aging mechanism is wear
(Figure 4.19). A very common failure attrib-
uted to wear is seal leaks. As an example,
one plant reported tait one of the contain-
ment spray pumps was found to have a seal
leak during a routine inspection. This was
attributed to normal wear and was corrected
by replacing the seal. In another case, a plant
reported that during a surveillance test a
containment spray pump bearing temperature
exceeded 140 °F, and there was a metallic
rubbing noise coming from the pedestal bear-
ing during coast down of the pump. Investiga-
tion found the pump to be rubbing on dam-
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aged inner wear rings. In addition, the pump
shaft was out of tolerance and the impeller
was out of round. This was attributed to wear
due to normal pump service. The problem
was corrected by rebuilding the pump. Al-
though wear is the dominant aging mechanism
for pumps, there are several others which can
lead to pump failure, such as galling/binding
and adjustment drift, as shown in Figure 4.19.
To completely control aging degradation each
of these mechanisms must be addressed.

The predominant failure mode for
pumps is leakage, which is usually the result of
a seal failure (Figure 4.20). The remaining
pump failures typically result in failure of the
pump to run, or failure of the pump to start.
It should be noted that the contribution to
failures shown in Figure 4.20 where the pump
failed to start does not include those failures
attributed to circuit breaker or motor prob-
lems. This explains why pump failure to start
is lower than pump failure to run.

Although cooling coils or heat exchan-
gers are not included in all containment spray
system designs, they are susceptible to aging
and can lead to system failures. Therefore,
the aging mechanisms and failure modes for
this component were also identified. The
predominant aging mechanism is blockage/-
fouling by debris (Figure 4.21). This usually
involves some foreign substance, such as
mussels or clams being drawn into the heat
exchanger and plugging the tubes. This is
typically a problem for heat exchangers cooled
by service water systems which use local
oceans, lakes, or rivers for cooling water.
Other heat exchanger aging mechanisms are
corrosion, wear, and vibration.

The predominant failure mode for the
heat exchangers is plugging, which is consis-
tent with the high percentage of failures
attributed to contamination by foreign sub-
stances (Figure 4.22). The remaining heat
exchanger failures manifest themselves in the
form of leakage or fouling.
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Figure 4.21 Aging mechanisms for containment spray heat exchangers
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4.3.1 Fraction of Failures Related to Aging
As was done for the containment spray
system, the fan cooler data were sorted to
identify the fraction of failures related to
aging. The results indicate that aging degra-
dation is also an important contributor to
failures of the fan cooler units with over 50%
of the failures related to aging (Figure 4.23).
As an example of an age related fan cooler
unit failure, one plant reported that low flow
and high temperature alarms were received
for one of the containment cooling units.
Investigation found that the alarms were
caused by reduced air flow through the cool-
ing coils due to the accumulation of dirt and
dust on the coils. This was corrected by
cleaning the coils. In another case a plant
reported that a fan motor circuit breaker
failed its functional test. The breaker failed to
recharge and could not close. Investigation
found that the drive pawl, ratchet assembly,
and pawl pivot were worn due to normal wear.
These parts were subsequently replaced.
These results are similar to those found in the
NPAR aging study of circuit breakers.

The LER data also showed a high
percentage of events related to aging, howev-
er, the predominant humber of events report-
ed were found to be non-age related (Figure
4.24). As discussed in relation to the contain-
ment spray system LERs (Section 4.2.1), the
large number of non-age related events can be
attributed to the type: cf events reportable as
LERs. Many of the LERs are related to
administrative or procedural events which are
not reportable to NPRDS. These incidents
are typically not age related problems, there-
fore, this results in a higher percentage of
LERs being classified as non-aging.
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4.3.2 Failure Detection Methods

During normal plant operation the fan
cooler units are used to maintain the contain-
ment temperature within acceptable limits.
The number of fan cooler units in operation
depends on the reactor power level. At full
power operation all units may be used to
provide cooling, while at shutdown conditions
only one unit may be required. The fan
cooler units spend the predominant amount of
time either in operation or in standby. Peri-
odically the units are removed from service for
maintenance or testing.

The failure data were analyzed to
determine what mode the fan coolers are in
when most failures are detected. The results
show that most failures are detected while the
units are in service (Figure 4.25). The catego-
ry "in service” includes the time when the unit
is actually operating, as well as the time the
unit is in standby waiting for a start signal.
The remainder of the failures are detected
while the unit is being tested or is out for
maintenance.

The methods used to detect the fail-
ures were also identified from the data. While
the units are in service, operating abnormali-
ties and inspections are the predominant
methods used to detect failures (Figure 4.26).
Alarms account for approximately 8% of the
failures detected. While this percentage is
low, it does not indicate that the system is
inadequately instrumented since many of the
more common failures (e.g., leaks) do not
require instruments to detect. The remaining
failures are detected by test results and main-
tenance, which is consistent with the findings
for the status of the units during failure detec-
tion.
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Figure 4.23 Fraction of failures reported to NPRDS related to aging
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Figure 4.24 Fraction of fan cooler events reported as LERs related to aging
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The LER data were also analyzed to
identify the detection methods used. The
results show that inspections account for the
predominant number of events reported,
followed by test results (Figure 4.27). As for
the containment spray system, analysis is a
method commonly found in the LER data
base for identifying problems. This is not
found in the NPRDS data base since the
problems identified are typically design errors
or procedural deficiencies which could poten-
tially lead to a failure.

4.3.3 Causes of Fan Cooler Failures

The fan cooler data were sorted into
the same three failure cause categories dis-
cussed previously for the containment spray
system (see Section 4.2.3). The results indi-
cate that normal service is also the predomi-
nant failure cause ror fan coolers (Figure
4.28). This is consistent with the high per-
centage of failures related to aging, and indi-
cates that aging management is important for
fan coolers. Human ¢rrors account for ap-
proximately 23% of the failures, and these are
dominated by maintenance related errors.

The LER data also show normal
service to be a significant cause of failures for
fan coolers, however, human error is the
predominant cause in the events reported
(Figure 4.29). This again is attributable to the
types of events reportable as LERs. The
human errors found in the LERs are related
to design errors, where, for example, a compo-
nent is sized incorrectly or a circuit logic
would not allow 2 :omponent to perform its
intended function. They also include proce-
dural errors, where, for example, required
procedures are not avai'able or they were not
performed at the required frequency.

4.3.4  Effect of failures on fan cooler perfor-
mance

As previously discussed, plants typical-
ly have three or more fan coolers inside con-

tainment to provide redundancy. In the event
one unit fails, another available unit can be
put into operation to make up for the failed
unit. In cases such as this, the effect of the
failure would be classified as a loss of redun-
dancy. The containment cooling function
would not be affected. In other cases, the
failure may not be severe enough to cause the
fan cooler unit to be inoperable. However,
some corrective action is required or the
condition would worsen and eventually lead to
a complete failure of the unit. In these cases
the failure would be classified as degraded
component operation.

The da'a were sorted based on the
aforementioned classifications to identify the
effect of the failurcs on fan cooler perfor-
mance. The predominant failure effect was
found to be a loss of redundancy (Figure
4.30). This indicates that most failures are
severe enough to cause a loss of function of
the fan cooler unit. From this finding the
importance of redundancy becomes apparent.
The remainder of the failures are equally
divided between causing degraded component
operation and having no effect on fan cooler
performance.

4.3.5 Fan Cooler Components Affected by
Aging

There are a number of different com-
ponents which must function properly in order
for a fan cooler unit to operate. Each compo-
nent can be affected by aging to a different
degree. To illustrate this, the data were
sorted to identify which components are most
affected by aging degradation. The results
show that circuit breakers supplying power to
the fan cooler units are the most frequently
failedcomponent, accounting for approximate-
ly one-third of all fan cooler failures (Figure
4.31). Typical circuit breaker problems in-
clude blown fuses, worn trip units, burned
contacts, worn springs, defective overload
relays, and trip settings out of calibration. In
addition to circuit breakers, other commonly
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Figure 4.27 Detection methods for fan cooler events reported as LERs

Figure 4.28 Causes of fan cooler failures reported to NPKDS
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Figure 4.30 Effect of fan cooler frilures reported to NPRDS
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Figure 4.31 Most ‘requently failed fan cooler components
reported to NPRDS

failed components are instrumentation and
controls, valves, heat exchangers (i.e., cooling
coils), fan motors, and blowers.

Since circuit breakers accounted for a
relatively large number of fan cooler failures,
an analysis was performed to identify the
subcornponents in the circuit breaker which
were the most problematic. The data indicate
that gears/linkage were involved in the largest
number of circuit breaker failures (Figure
4.32). As an example of a typical failure, one
plant reported that during surveillance testing,
the breaker for 4 containment cooler could
not be charged. Investigation found that the
charging motor would not charge the breaker
due to ratchet wheel tooth damage. This is
believed to be caused by misalignment of the
holding fork. The failure was corrected by
replacing the ratchet pawl assembly and assc
ciated parts. In another case, a plant reported
that during surveillance testing of a fan cooler,
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the breaker would not close. It was subse-
quently found that the stationary racking pawl
was riding at an angle on the spring charging
gear, which caused the charging gear to move
back and forth without advancing. This fail-
ure was corrected by realigning the racking
pawl and tightening the retaining clip on the
racking pawl. Other common circuit breaker
failures involved burned or pitted contacts,
degraded fuses, and defective starters.

A similar analysis was performed to
identify the typec of instrumentation and
controls most f.equently failed. Indicators
and recorder account for the predominant
amourt, fol'owed by transmitters, bistables/-
switches, 7nd relays (Figure 4.33). As an
exariple of a typical indicator failure, one
plaat reported that a cooling coil temperature
‘ndicator operated very sluggishly. It was
subsequently found that the indicator’s motor
bearings were bound, causing the motor to
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operate at less than rated speed. This was
attributed to natural wear of the bearings.
The failure was corrected by replacing the
bearings. In anothe: case, a plant reported
that a drywell temperature recorder was
printing all points erratically. Examination of
the recorder found that the servo amplifier
had failed. This was attributed to its natural
end of life. The failure was corrected by
replacing the servo amplifier. Other common
1&C failures include calibration drift, short
circuits, and burned contacts.

43.6 Aging Mechanisms and Failure Modes
for Fan Cooler Components

The aging mechanisms and failure
modes for the most frequently failed fan
cooler components were investigated by ana-
lyzing the failure data. For some of the
components it was found that one aging
mechanism was predominant, while other
components are equally affected by several
different mechanisms. The results for each
component are discussed in the following
paragraphs.

The predominant aging mechanisms
for circuit breakers are shorting, burnout, and
pitting (Figure 4.34). These mechanisms are
grouped together since they represent deterio-
ration of electrical components. They affect
several different circuit breaker components,
including contacts, fuses, starters, and coils.
There are also several other aging mechanisms
which lead to degradation of circuit breakers.
These are wear, adjustment drift, gall-
ing/binding, fatigue/cracking, and dirt/dust
intrusion.

The failure modes for the circuit
breakers are grouped into three categories;
namely, fail to close, fail to open, and fail to
operate. As shown in Figure 4.35, the pre-
dominant failure mode is fail to close, which
accounted for nearly 70% of the circuit bre k-
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er failures. As a typical example of this type
of failure, one plant reported that during a
refueling outage operators attempted to start
a containment cooling fan, however, the
starter contactor was binding. This prevented
the electrical contacts from closing and the
fan from operating. The cause of the failure
was attributed to wear out of the moving
magnetic armature assembly in the starter
contactor. The starter was removed and the
worn armature assembly was replaced.

For the fan cooler instrumentation and
controls, there were four main aging mecha-
nisms identified in the data. These are cali-
bration drift, wear, shorting/burnout, and
contamination (Figure 4.36). Each contributes
to a significant number of failures with no one
mechanism being dominant. Binding is anoth-
er mechanism which also leads to failures, but
to a lesser degree. The dominant failure
modes for 1&C are incorrect readings and loss
of function.

The data showed the dominant aging
mechanism for the valves/dampers used in the
fan cooler systems to be wear (Figure 4.37).
As an example of a typica! dampor failure,
one plant reported that upon starting a con-
tainment cooling fan the associated damper
failed to operate. Investigation found that the
damper motor had failed due to wear out of
the damper linkages. The damper motor was
subsequently replaced. The data also showed
that galling/binding is a significant contributor
to valve/damper failures, along with adjust-
ment drift and fatigue/cracking. Binding
typically results from misalignment or damage
to the damper linkage. As an example, one
plant reported that during a special inspection,
a back draft damper was found stuck in the
50% open position and would not fully open
or close during fan cooler operation. Investi-
gation found that the damper blade linkages
were misaligned. The failure was corrected by
realigning the linkages and adding additional
counter weights to assist closing.
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Another problem worth noting that
was found in the data involves pneumatically
operated dampers. One plant reported that
with the unit shutdown for refueling, a con-
tainment inservice purge supply damper would
not move from the closed position when the
control board switch was activated. Investiga-
tion found that the shuttle valve supplying air
to the damper actuator was leaking, which
prevented station air from pressurizing the
actuator. These shuitle valves have experi-
enced accelerated aging at this plant in the
containment environment, and periodic re-
placement is routine. A modification was
subsequently initiated to replace these shuttle
valves with solenoid valves in this plant. In
light of this experience all plants using these
shuttle valves on pneumatically operated
dampers inside containment should monitor
them for signs of air leakage. If accelerated
aging is noted, the valve should be repaired or
replaced.

The predominant failure mode for the
fan cooler valves and dampers is failure to
close (Figure 4.38). This failure mode is
typically associated with 'he back draft damp-
ers used on the fan cooler discharge. The
back draft dampzr must close when the fan is
shut down to prevent back flow through the
unit, which can cause rsverse rotation of the
fan. The majority of these failures are due to
misalignment or cdamage to the linkage.
Other common failure modes for the dampers
are failure to operate, failure to open, and
leakage.

The failure data for fan cooler motors
indicates that the most common aging mecha-
nism is deterioration of electrical components.
This includes shorting, grounding, and burnout
of insulation and motor internals (Figure
4.39). The second most frequent aging mech-
anism is wear, which primarily affects the
noise and vibration, and can cause motor ar¢
also subject to failure ‘rom aging mechanisms.
The most commonr ag ng mechanism is con-
tamination due to fore‘gn material or debris
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entering the system (Figure 4.40). This results
in plugging or fouling of the coils. Other
common aging mechanisms are corrosion and
vibration, which can lead to damage of the
coil material and leakage. As mentioned in
Section 1.5, one incident involving corrosion
of cooling coils resulted in leakage of service
water, and flooding of the reactor cavity.

The most common aging mechanism
for the fan cooler blowers is wear (Figure
4.41). This is followed by vibration and frac-
ture/crack growth. The most common failure
mode for the blowers is failure to run.

Summary of Aging Characteristics

The analyses of the national database
data have identified the major aging character-
istics for the containment cooling system
components. This information is necessary for
understanding the aging process so that it can
be properly monitored and managed. The
following tables summarize the fiadings fiom
the data analyses.

44

Table 4.1 presents the aging character-
istics for the most frequendy failed compo-
nents in the containment spray system. The
component relative failure frequency repre-
sents the relative frequency at which that
component fails as compared to other compo-
nents in the system. Similarly, the subcom-
ponent relative failure frequency represents
the relative frequency at which that subcom-
ponent fails as compared to other subcom-
ponents in that specific component. The
relative failure mode frequency represents the
frequency at which that failure mode occurs
when that subcomponent fails as compared to
other possible failure modes for that subcom-
ponent.

The frequency ratings of low, medium, and
high are based on the percentage of total
occurrences found in the data analyzed. A
frequency was judged to be high if it account-
ed for 50% or more of the total number of
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occurrences. A frequency was judged to be
medium if it accounted for 25% to 50% of the
total number of occurrences, and low if it
represented less than 25% of the total. It
should be noted that these ratings may not be
representative of any specific plant since there
are many factors which can influence these
results. These findings should be considered
as industry averages which can be used as a
baseline for reviewing existing aging manage-
ment techniques.

As an example of the interpretation of
these tables, veferring to Table 4.1, the first
entry is for valves in the containment spray
system. Their relative failure frequency is
medium, which indicates that if a failure
occurs in the containment spray system there
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is a good chance it will involve a valve. Fur-
ther, if the failure does involve a valve, there
is a very good chance that the failure will
involve the valve packing, and a very good
chance this packing problem will manifest
itself in the form of external leakage. The
predominant aging mechanism leading to this
type of failure is wear of the packing, and it
can be detected by a visual inspection. The
table also shows that, instead of leakage, there
is a chance that the valve packing problem will
manifest itself by causing the valve not to
open or close, however, the probability of this
failure mode is low. This could be caused by
binding or distortion of the packing, an' ~an
be detected by a valve stroke test. Entric: ¢
other components can be interpreted in the
same manner.
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Table 4.1 Aging Characteristics for Containment Spray System Components

FAILURE FAYLURE FATLURE MODE MODE
PREQUERCY PREQUENCY FREQUENCY |
Valves Msdium Seals/Packing High External Bigh Wear Visual inspection
Leskage
Does Rot Low Binding Valve stroks test
Open/Close Distortion
Seats Mediwm Internal High Wear Valve leskage test
Leaksge Corrosion
Ercsion
Dirt/Crud Buildup
Does not Low Binding Valve stroke test
open/close Dirt/crud buildup
Stem/linkage Low Does not High Wear Stroke test
opean/close Binding
Poor lubrication
External Hedium Galling Visual inspec®ion
leaksage Nicking
Valve Medium Torque Medium Does not Bigh Setpeint drift Valve stroke test
Operator switch open/close Short/ground Valve leakage test
Wear
Dirt/dust intrusion
Gears Low Doas not High Wear Valve stroke test
open/close Feor lubrication Visual inspection
Fatigue
Fracture/cracking
Motors Low Does not Bigh Short/burnout Valve stroke test
open/close Wear Motor current

Dirt/dust intrusien
Deteriorstion of
insulation

signature analvsis
Motor insulation
resistance test
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Table 4.1 Aging Characteristics for Containment Spray System Components {(Cont’d.)

COMPORERT SUBCOMPONENT | ; RELATIVE
Valve Limit switch Low Does not High Wear =~ Valve stroke test
Cperator open/close Out of edjustment
(cont.) Dirt dust intrusion
Short /ground
Solenoid Low Does Mot Bigh Binding ~ Valve stroke test
Open/Closs Dirt/dust intrusion
Short/burnout
Diaphragms Low Does not High Wesr =~ Valve stroke test
open/close Deterioration
Instrumentstion/ Medium Transmitter Madium Incorrect High Calibration drift = Visual inspection
Controls sigral Skort/ground ~ Functional test
Deterioration
Dirt/dust intrusion
Indicator/ Medium Incorrect Eigh Calibration drift - Visual inspsction
Recorder signal Short/ground - Functional test
Deterioration
Dirt/dust intrusicn
Integrstor/ Medium Incorrect High Cslibration drift -~ Functional test
Computator signal Short/ground
Deterioration
Dirt/dust intrusion
Relays/ Low Loss of Bigh Wear - Functional test
Bistablas/ function Deteriorstion
Switches Pirt/dust intrusion
Short/ground
Power Low Loss of High Short /burnout - Functional test
Supply function Wear

-—&-—--m-——in__in—l..k

Dirt/dust intrusion
Detericraticn
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Circuit Breakers

Table 4.1 Aging Characteristics for Containment Spray System Components (Cont’d.)

SUBOOMPORERY RELATIVE
Contacts Medium Does not High -~ Wear Visusl inspection
open/close -~ Qut of adjustment Functional test
- Dirt dust intrusion
- Binding
- Corrosion
- Burnout/pitting
Gears Low Does Not Bigh - Binding Visual inspection
Open/Close - Out of sdjustment Functionsl test
~ Fatigue
- Fracture/crack
- Wear
Overload Low Breskar Bigh = Wear Visual inspection
Relays Trip - Detsricretion Functicnal test
-~ Fatigue
- Dirt/dust intrusion
Delay Timer Low Failure to High ~ Calibration drift Visual inspection
trip when - Short/ground Functional test
required - Deterioration
- Dirt/dust intrusion
=~ Wear
Handle/ Low Does not Righ -~ Wear Visual inspection
Control open/close - Fatigue/cracking Functional test
Switch - Binding
~ Deterioration

~ Poor lubrication

- Shert/burnout
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Table 4.1 Aging Characteristics for Containment Spray Systera Components (

-
Cor Nt SUBCOMPONENY
COMPORENT RELATIVE | SUBCOMPOWERT RELAYTVX
PALURE FAILIRE
FREQUERCY PREQUERCY

Sheft Seals

PATLERR
MODE
FREQENCY

- Dirt cdust intrusion

Detericration

Cont’d.)

Visual inspection
Functional test

- Binding
- Dut of sdjustment
- Distortion

Wear

Visual inspection
Functionel test
£haft torgue
measursment

Gaskets

Leaakage

High

=~ Wear
- Deterioration

Visual inspection
Functionel test

Hearinge

Low

Does not

Mad i

~ Deteriorstion

- Dirt/dust intrusien
-~ Wear

- Poor lubrication

- Binding

Visual inspection
Functional test
Vibration
measurements
Excessive noise
Lube oil snalysis

Leakege

- Wear
- Deteriorstion

Poor lubrication

Visual inspesction
Functional test
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Valves/Dampers

Table 4.2

Stem/linkage

Aging Characteristics for Fan Cooler Unit Compeonents

Binding
Poor lubricetion

Valve stroke test
Visual inspection

Wear

Corrosion

Erosion

- Dirt/Crud Buildup

Valve lsakage test

Bolts/
Fasteners

Does not
spen/close

Vibration
Fatigue
Fracture/cracking

Visual inspection

Does not
open/close

Fatigue
Waar
Fracture/crecking

Visual inspection
Functional test

Extemrmal
leskege

Wear
Deterioration

Visual inspection
Frnctional test

Does not
open/close

Deterioration
Wear

Vailve stroke test
Valve leakags test

Does not
open/close

Wear
Deterioration
Short/ground

Valve stroke test

Does not
open/close

Short/burnout

Wear

Dirt/dust intrusion
Deterioration of
insuleticn

Valve stroke test
Motor current
signature analyais
Motor insuiation
resistance test




Table 4.2 Aging Characteristics for Fan Cooler Unit Components (Cont’d.)

SHBCOMPORENT

COMPOSENT |  PAILURE ACING

6£65-HO/OTUNN

8ty

Dirt/dust intrusion

Instrumentation/ Low Transmitter Incorrect High Calibration drift - Visual inspection
Controls signal Short/ground ~ Functicnel test
Deterioration

Indicator/ High Incorrect High Calibration drift - Visual inspsction
Recorder signal Short/ground - Functional test
Deterioration

Dirt/dust intrusion

Intagrator/ Low Incorrect Bigh Calibration drift - Functional test
Computator signal Short/ground
Deteriorstion

Dirt/dust intrusion

Controllers Low Lose of High Wear ~ Functional tesat
function Deterioration
Dirt/dust intrusion

Short/ground

Cocling Coils

Tubes

High

External
leaksge

Bigh

Wear
Fracture/cracking

Visual inspection

£ddy current
testing

Fouling/
Plugging

Madium

Dirt/crud buildup

Visrel inspection
Functional test
Difisrential
pressure; tempersturs

External

High

Wear

- Detarioration

Visual inspection
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5. ARNALYSIS OF PLANT OPERATING
EXPERIENCE

To supplement the data from the
national databases, plant specific data were
obtained and analyzed. One operating plant
was visited and containment cooling system
data were collected, including maintenance
work requests, surveillance testing practices,
and inspection activities. The purpose of this
effort was to validate the findings of the
national databases, and to provide some
insight into current inspection, surveillance,
and monitoring practices.  This section
presents the results of these analyses.

5.1 Design Descriptions
The plant visited is a 16 year old PWR
unit.  This plant uses a number of

independently controlled systems to serve the
function of controlling the containment
atmosphere. These systems are:

- containment fan cooling system

- containment spray system

- containment iodine removal system
-containment combustible gas removal

system
-o  “™ent purge system
=3 @ cuum relief system

The two systems o' interest for this study are
the containment fin cooling system and the
containment spray system (i.e., safety-related
systems). The fan cooling system is an
engineered safeguird system that is designed
to operate during normal power generation, as
well as during a design basis loss-of-coolant-
accident, with or without a loss of off-site
power.  The containment spray system
provides a redundant means of post-accident
heat removal. Any of the following
combinations of containment spray and fan
cooler equipment trains will provide sufficient
heat removal to maintain the post-accident
containment pressure below the design value,

5-1

assuming that core residual heat is released to
the containment as steam:

- All five containment fan coolers

- Both trains of containment spray

- Three of five containment fan
coolers and one train of cor..alnnent

spray.

5.1.1 Contasinment Spray System Design
The containment spray system consists
of two separate, 100 percent capacity trains.
Each train consists of one containment spray
pump, which delivers borated, pH-adjusted
cooling water to a spray header located in the
upper dome of the containment structure.
Borated water drawn from the retuciing water
storage tank is blended with sodium hydroxide
from the common spray additive tank to raise
the pIl level for more efficient fission product
removal. Only one containment spray pump
is needed to operate for effective iodine
removal.

The principal components of the
containment spray system are two pumps, one
spray additive tank, two eductors, four spray
ring headers and associated nozzles, and the
necessary piping and valves. The containment
spray pumps and the spray additive tank are
located in the auxiliary building and the spray
pump suctions are normally lined up to the
RWST. Following an accident, the
containment spray pumps are utilized until the
water in the RWST is depleted. During the
recirculation phase, the system utilizes the two
RHR pumps, two residual heat exchangers
and associated valves and piping of the safety
injection system.

When the spray pumps draw from the
RWST, a small portion of the spray flow is
diverted from the pump discharge line through
the eductor and back to the pump suction.
The liquid from the spray additive tank then
mixes with the liquid entering the suction of
the pumps. When the RWST water is

NUREG/CR-5939



depleted, the spray flow is discontinued and
containment pressure control is maintained
with the RHR system functioning in the
containment spray mode.

All associated components, piping,
structures, and power supplies of the
containment spray systern are designed to
Class 1 (seismic) criteria. The two
containment spray pumps are of the
horizontal, centrifugal type, driven by 400 hp
electric motors, which can be supplied with
power from the standby ac power supply. The
materials of construction are stainless steel or
equivalent corrosion-resistant material. The
pumps have a design pressure of 250 psig, a
design temperature of 150 °F, and a rate)
flow of 2600 gpm.

The containment spray header piping
and nozzle orientation is designed to provide
maximum spray coverage of the containment.
The arrangement consists of four 360 degree
ring headers at different elevations, with
alternate headers connected. The spray
headers are stainless steel with a hollow-cone
pressure nozzle design, and a 3/ inch
diameter orifice. The nozzles have no internal
parts which could be subject to clogging.
During the recirculation mode, the water is
screened through a 1/4 inch mesh before
leaving the containment sump.

5.1.2 Containment
Design

Fan Cooler System

The containment fan cooling system is
designed to recirculate and cool the
containment atmosphere in the event of a
LLOCA and thereby ensure that the
containment pressure will not exceed its
design value of 47 psig at 271 °F. Although
the water in the core after a postulated LOCA
is designed to be quickly subcooled by the
safety injection system, the containment fan
cooling system is designed on the conservative
assumption that the core residual heat is
released to the containment as steam.
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The containment ventilation system,
which includes the fan cooling system, is
designed to remove the normal heat loss from
equipment and piping in the reactor
containment during plant operation. ™ must
also remove sufficient heat from the . cactor
containment, following the initial LOCA
containment pressure transient, to keep the
containment pressure from exceeding the
design pressure. The fan cooler units
continue to rcmove heat after the LOCA and
reduce the containment pressure to close to
atmospheric within the first 24 hours.

The containment fan cooling system
consists of five air handling units. Each unit
includes a motor, fan, motor heat exchanger,
cooling coils, roughing filters, dampers, duct
distribution system, instrumentation, and
controls. The units are located on the
operating floor, between the containment wall
and the polar crane wall. Each of the five fan
cooler units is capable of transferring heat at
the rate of 81 x 10° BTU/hr from the
containment atmosphere. The cooling coils
are supplied by the service (river) water
system. The fans are designed to supply
110,000 cfm during normal operation, and
47,000 cfm during accident operation.

Duct work distributes the cooled air to
the various containment compartments and
areas. During normal operation, the flow
sequence through each air handling unit is as
follows: inlet dampers, roughing filters, cooling
coils, fan, discharge header. During post-
accident operation, air is drawn through a
moisture separator, a post-accident high-
efficiency particulate air (HEPA) filter section
and cooling coils. Tight closing dampers
isolate the post-accident filter section from the
normally operating components.

The roughing filters are designed to
remove the larger particles of suspended dust
and dirt from the containment atmosphere
during normal power operation, normai
reactor shutdown, and loss of offsite power



conditions. Removal of the particles also
prevents buildup on the cooling coils, thus
avoiding a reduction in heat transfer. The
filters are arranged in two banks, each
consisting of a structural steel frame and
removable filter cells. Each filter cell contains
a fiberglass media, which is capable of
removing 9% of visible dust particles.

The HEPA filters in each fan cooler
are provided to remove any particulate matter
from the containment atmosphere. They are
arranged in a structural steel frame and are
individually removable. The filter media is
fiberglass with asbestos separators, and is
capable of collecting 99% of particles 0.3
micron and larger in size.

The five containment cooling fans are
of the centrifugal, non-overloading, direct
drive type. They are driven by two-speed
motors, which are totally enclosed, water
cooled, 300 hp, induction type. The motor
insulation is Westinghouse Thermalastic,
which is impregnated and coated to give a
homogeneous insulation system that is highly
impervious to moisture. The motors are
cooled by an air-to-water heat exchanger,
which is connected to the motor to form an
entirely enclosed cooling system. Cooling
water is supplied by the service water system.

The cooling coils are fabricated of Al-
6X tubing, which is high nickel, chrome,
molybdenum content alloy with good
corrosion resistance. The design internal
pressure of each coil is 200 psig and the coils
can withstand an external pressure of 47 psig
at a temperature of 271 °F without damage.
Each unit consists of 12 coil units mounted in
two banks of 6 coils high. These banks are
located one behind the other for horizontal
series air flow, and the tubes of the coil are
horizontal with vertical fans.

A moisture separator in each fan
cooler removes the larger droplets of
suspended moisture from the containment
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atmosphere in the event of a LOCA. This
prevents any significant water deluge over the
face of the HEPA filters, which would result
in a reduction in filter effectiveness. The
separator consists of a structural steel frame
with removable separator eclements. Each
element is capable of removing 95% of water
droplets 10 microns and larger in size. The
coils are provided with drain pans and piping,
which drain to the sump, to prevent flooding
during accident conditions.

The ducts are of welded and flanged
construction. Al longitudinal seams are
welded.  Where flanged joints are used,
gaskets are provided suitable for temperatures
up to 300 °F. The ducts are constructed of
galvanized sheet steel.

The air control dampers are designed
to Class I seismic criteria. Each damper is
constructed of specially painted steel, with
multiple blades that operate in unison, and an
edge seal to minimize air leakage. A
backdraft damper is provided at the discharge
of each fan cooler, which opens automatically
when the fan starts. This damper prevents
pressure surges from damaging the fan-motor
assembly. Two-position shut-off dampers are
provided at each fan cooler to divert air flow
through the HEPA filters and moisture
scparators during any LOCA, or through the
roughing filters during normal operation.
Each damper is provided with redundant
pneumatic operators that can provide 150% of
the design operating torque. The fan coolers
are also equipped with pressure relief dampers
in the filter enclosures.

Data Analysis Results
Containment Spray System

5.2
5.2.1

Corrective maintenance records were
collected for the containment spray system for
the five year period from 1987 to 1991. A
total of 99 records were obtained. Each event
was reviewed in a manner similar to the
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national database records to identify the
predominant aging characteristics for this
plant system. In general, the maintenance
records were not as comprehensive as the
NPRDS records, however, useful information
was obtained.

The events were first reviewed to
determine whether the required maintenance
was the result of aging degradation. As for
the national database records, the NUREG-
1144 definition of aging was applied. The
results showed that approximately 68% of the
corrective maintenance was due to failures
related to aging (Figure 5.1). This is
consistent with the national database findings,
which also showed a relatively high aging
fraction of 59% (Figure 4.1).

The data were also reviewed to
identify the failure causes. Again the results
were consistent with the national database
findings, showing the predominant cause of
failure to be normal service (Figure 5.2). It
should be noted that normal service implies
that the degradation mechanism is the result
of exposure to one or more stresses the
component is expected to see during its
normal service life.  Even though the
containment spray system is a standby system,
there are aging mechanisms that can be active
while the components are idle (see Section 3).
Therefore, normal service does not necessarily
mean that the component is operating.

The components most frequently failed
in the containment spray system were found to
be valves (Figure 5.3), which is the same as
the finding from the national databases
(Figure 4.10). This was followed by
instrumentation/controls, motors, pipes/tanks,
and pumps (Figure 53). As discussed
previously, the dominance of valves is believed
to be due primarily to the large population of
these components as compared to the other
components in the system. As in the NPRDS
and LER data analysis, these data were not
normalized to account for population effects
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since the intent of this anaiysis is to identify
areas where additional effort is needed to
control aging degradation, and not to calculate
failure rates.

The valve failures typically involved
leakage from the packing, along with leakage
of flange and bonnet gaskets. Therefore,
leakage is the predominant failure mode for
the valves. Similarly for pumps and piping,
leakage of seals and flange gaskets was the
predominant failure mode. The
instrumentation and control failures involved
a number of calibration problems, such as
switches being out of specification and
recorders being out of calibration. The motor
failures most often involved overheating of the
torque and limit switches on motor operated
valves.

5.2.2 Containment Fan Cooling System

Fan cooler data were also coliected for
the five year period from 1987 to 1991. These
data were analyzed separately to identify aging
characteristics specific to the fan cooler
components. The aging fraction for these
failures was consistent with national database
findings showing approximately 66% of the
failures being related to aging degradation
(Figure 5.4). This confirms the previous
findings that aging degradation is present in
the fan cooler system and that it contributes
to component failures.

The causes of failure were also
examined for the plant data. As in the
national database analysis (Figure 4.28),
normal service was found to be the
predominant failure cause in the plant data
(Figure 5.5). This is expected since the fan
coolers are used during normal operation, as
well as accident conditions.

The components most frequently failed
in the fan cooler system are instrumentation
and controls (Figure 5.6). Typical failures
involved incorrect signals from the component
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or loss of function. The corrective actions
taken required rebuilding or replacing of
subcomponents or recalibration. The types of
1&C most often failed were thermocouples
and switches.  Following 1&C, motors,
dampers, and fans were the next most
frequently failed components. In comparison
with the national database results (Figure
4.31), circait breakers were not found to be a
frequently failed component. This could be
due to the plant using a type of breaker that
is not as prone to failure, or differences in
reporting, where the plant associated the
breaker failure with the component it services.
However, neither of these reasons could be
verified.

53  Inspectiom, Surveillance and

Monitoring (IS&M) Practices

The plant data collected also provided
information on the inspection, surveillance,
and monitoring methods used for the
containment cooling systems. These practices
were reviewed to provide a preliminary look at
what is being done to detect and mitigate
aging degradation in containment cooling
systems.

5§3.1 Containment Spray System IS&M
Active components of the containment
spray system are tested periodically to ensure
their operational readiness. The spray pumps
must be tested in accordance with ASME
Section XI, which requires quarterly
measurements of pump flow, vibration, and
head. The pumps are tested individually by
opening the valves in the miniflow line and
starting the pump to establish flow. The
performance parameters are then measured
and compared to reference values. The spray
injection valves must also be tested in
accordance with ASME Section XI. This
requires stroke testing the valves quarterly, or
during shutdown if quarterly testing is
impractical. During these tests, the equipment
is visually inspected for leaks.
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Valves and pumps are operated and
inspected after any maintenance to ensure
proper operation. Permanent test lines for all
spray loops are located so that the system, up
to and including the isolation valves at the
spray header, can be tested. The isolation
valves are tested separately. Test lines for
checking the spray nozzles with air connect
downstream of the isolation valves. Tests with
air or smoke flow through the nozzies are
performed every 5 years as required by the
Technical Specifications, to verify the nozzles
are unobstructed.

The tests and inspections performed
for the containment spray system are
summarized in Table 5.1.

532 Fan Cooler System IS&M

The containment fan cooling system is
designed such that the components can be
tested periodically, and after any component
maintenance, for operability and functional
performance. Four of the five fan cooling
units are typically in use during normal plant
operation. The fifth unit can be started from
the control room to verify operational
readiness.  The dampers directing flow
through the post-accident filter section can be
tested when the fan is running on low speed.

The functional test of the emergency
core cooling system includes testing for proper
transfer of the fan units in the event of a loss-
of-power. A test signal is used to initiate
damper motion and fan starting. This test
verifies proper functioning of the air flow
switch provided for each fan.

Access is provided for visual inspection
of the containment fan cooler components, in-
cluding the fans, cooling coils, dampers, and
duct work. Visual inspections are performed
periodically or when an operational abnor-
mality exists. The inspection, surveillance, and
monitoring practices for the fan cooler system
are summarized in Table 5.2.



Table 5.1 Inspection, Surveillance and Monitoring Practices for the
Containment Spray System

Valves Verify correct position® 31 days
Verify stroke time® Quarterly/cold shutdowm
Verify full stroke (check valves)' Cold shutdown/refueling®
Verify valve seat leakage''® 2 years
Verify relief valve set pressure’ years
Verify automatic valves actuate on 18 months
high-high containment pressure
signal?

Pumps Verify pump develops adequate 31 days
discharge pressure in recirculation
mode?
Verity pump starts on contaimment 18 months
high-high pressure signal?
Varify pump hesd within limits' Quarterly
Verify pump flow within limits' Quarterly
Verify pump vibration within limits’ Quarterly

Nozzles Verify nozzles unobstructed using 5 years
#ir or smoke®

Fiping Vorify no system external leakage' 3 years
Bydrostatically test system' 10 years

Spray Additive System Verify solution level in tank within 6 months
limits?
Verify NaOH concentrestion in tank 6 months

within limits

Verify NaOH flow rate through sample
valve?

5 years

Verify eductor fiow to containment
spray system within limits?

5 years

& W N

ASME Section XI1?' requirement

Technical Specification regquirement
10CFR Part 50, Appendix J*® requirement
. Relief from ASME Section XI®' requested

59
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Table 5.2 Inspection, Surveillance, and Monitoring Practices for the
Fan Cooler System

Manual start test' 31 days
Operate for 15 minutes’ 31 days :
Verify cooling water flow' 31 days j
Verify automatic start on high-high 18 months
containment pressure signal’

I Dampers and Valves Verify automatic operation for power 18 wonths l
operated components’

Cooling Coils Verify cooling water flow within limits’ 18 months I

Verify no external system leakage® 3 years
Hydrostatically test the system’ 10 years

1. Technical Specification reguirement
2. ASME Section XI¥ requirement

54  Summary of Findings component in the plant data, possibly due to
the type of breaker used, or due to plant
The results of the plant data analysis reporting practices.
have confirmed the findings from the national
databasec. Both data sources show that the From these findings it is seen that
majority of failures are related to aging aging degradation is present in containment
degradation, with normai service being the cooling systems and contributes to component
dominant failure cause. In the containment failures. The inspection, surveillance, and
spray system, both data sources show valves monitoring practices currently used are able to
are the component that fails most frequently. detect and mitigate some of the aging
For fan coolers, the national data bases show mechanisms, however, they do not detect all
circuit breakers to be the most frequently of them. This is evidenced by the high
failed component followed by instru- fraction of failures related to aging.
mentation/controls. The plant data show Additional attention should be given to
instrumentation/controls to be the most improving aging management for these
frequently failed component. Circuit breakers systems.

did not show up as a frequently failed
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6. SAFETY SIGNIFICANCE AND
TIME-DEPENDENT UNAVAILABILI-
TY IMPACT

One of the primary reasons for under-
standing and managing aging of nuclear power
plants is that as components and systems age
there may be an increase in failure rate due to
unchecked aging degradation. If this occurs,
it could result in a decrease in system avail-
ability. To understand the significance of
decreased containment cooling system avail-
ability on plant safety, several existing probab-
ilistic risk assessments (PRAs) were reviewed
to better define the role of this system. A
system unavailability analysis was then per-
formed to simulate the effects of unmitigated
aging on the availability of common contain-
ment spray system and fan cooler syitem
designs. This section discusses the resulty of
this work.

Safety Significance of the Contain-
ment Cooling System

During normal plant operation the
majority of the heat generated in the reactor
is removed by the power conversion system.
The remainder is transferred to the contain-
ment atmosphere 2nd the structures within it.
One function of the containment cooling
system is to remove this waste heat during
normal operation and maintain the contain-
ment atmosphere within specified temperature
limits. This is necessary for proper operation
of the components and structures within
containment, and to prolong their life. A loss
of containment cooling during normal opera-
tion may result in a reactor scram. For exam-
ple, in BWRs, loss of drywell coolers will
result in a containment temperature increase,
and corresponding pressure increase, which
can result in a scram at approximately 2 psig
in containment. This is especially true in
BWRs with small containments, such as Mark
Is and Mark Ils.

6.1
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Under accident conditions, decay heat
remaining in the reactor after shutdown, and
stored energy in the primary cooling system
can be significant. If the accident involves a
pipe break, this decay heat can be released
directly into containment. There are several
safety-related methods for removing decay
heat from containment. For BWRs this
function can be performed by the residual
heat removal system operating in the suppres-
sion pool cooling mode, the shutdown cooling
mode, or containment spray mode. In early
BWR:s isolation condensers are used. As a
last resort, decay heat can also be removed by
venting the primary containment.

In PWRs, safety-related methods of
removing containment heat include the auxil-
iary feedwater system, the containment spray
system, containment fan coolers, ice condens-
ers, the residual heat removal system in the
shutdown cooling mode, ‘eed and bleed cool-
ing, and high/low pressure recirculation with
heat exchangers.

There are other non-typical system
alignments that can be utilized when decay
heat is low, such as using the spent fuel pool
cooling heat exchangers, reactor water cleanup
non-regenerative heat exchangers, suppression
pool letdown, and high pressure coolant
injection (HPCI) and reactor core injection
cooling (RCIC) in the condensate storage
tank recirculation test mode. However, these
systems are not credited in the Safety Analysis
Report (SAR) and are not generally modeled
in PRAs.

A number of boiling water reactor
PRAs, including the Reactor Safety Study
WASH-1400° and the Browns Ferry Interim
Reliability Evaluation Program (IREP)®, have
postulated a significant percentage of the
degraded core frequency to be caused by a
transient with the loss of containment heat
removal. This represents the probability that
a core will be damaged due to the loss of
systems such as shutdown cooling, suppression
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pool cooling, containment sprays, power
conversion, and containment venting systems.
If these systems are not available during
accident conditions, this could cause the
suppression pool temperature to increase,
containment to over-pressurize and fail, loss of
makeup water to the core, and, subsequently,
core damage. Early PRAs, such as WASH
1400°, conse;  tively assume no recovery of
the power conversion system, and a loss of all
core injection following containment failure.
Additionally, no credit for venting is given
since most plants did not have venting proce-
dures for this at the time the PRAs were
performed.

In the Peach Bottom NUREG-1150
PRA’, which is a more recent study, credit is
give.. for venting from the wetweli to prevent
containment overpressurization failure, and
continued core injection after containment
failure. In this analysis, transients with a loss
of containment heat removal sequences ac-
count for less than 1% of the core damage
frequency. In contrast, in the WASH-1400
analyses of Peach Bottom, transients with a
loss of containment heat removal account for
53% of the core damage frequency, while in
the Browns Ferry IREP analyses they account
for 55%. Therefore, in the PRA analyscs the
contribution of loss of containment heat
removal to core damage frequency is a strong
function of the availability of alternative
containment heat removal systems (i.e., vent-
ing), as well as the assumptions made regard-
ing power conversion system recovery and
reactor pressure vessel injection. However,
the PRAs do show that the containment
cooling function can play a significant role in
mitigating core damage.

In addition to its contribution to core
damage, PRAs also evaluate the use of con-
tainment heat removal systems to mitigate
severe accidents once core damage has oc-
curred. These systems, which are the subject
of this study, may delay or prevent contain-
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ment venting or failure, and decrease the
quantity of fission products released.

The containment spray system is
utilized to condense the steam released into
the containment following an accident, thereby
lowering containment pressure and reducing
stress to the containment structure. It can
also be used to mitigate the effects of molten
core on the drywell floor by preventing con-
tact with the drywell shell, and can decontami-
nate the containment atmosphere, thereby
reducing the severity of any accidental releas-
es. In BWRs, the suppression pool cooling
system helps to reduce containment pressure
following an accident by maintaining the
suppression pool water in a subcooled state as
steam is condensed in it. This also reduces
the potential for pool flashing should the
containment fail or be vented, or should core
debris be deposited into the pool. In addition,
the suppression pool cooling system helps
prevent emergency core cooling system pump
failures due to inadequate net positive suction
head (NPSH) or seal failures due to over-
temperature, since these pumps take suction
from the suppression pool.

From the preceding discussion it is
seen that the containment cooling system is
important to plant safety during both normal
and accident conditions. It is, therefore,
important to understand the effects of aging
on the performance of its various components,
and to ensure that aging degradation is prop-
erly managed. In the following subsection the
effects of uncontrolled aging degradation are
examined using a fault tree methodology.
6.2  Unavailability Analysis of the Con-
tainment Spray System

As the basis of this analysis, an existing
utility PRA was obtained which included a
common design for a containment spray
system, with sodium hydroxide injection. A
system fault tree model was developed, and
several system components that could be



affected by aging were identified. A base case
unavailability was calculated using the failure
rates specified in the utility PRA or generic
databases. A parametric study was then
performed in which the failure rate for select-
ed components was increased by factors of
two, five, and ten to simulate the effect of
increasing failure rates due to aging. The
system unavailability was recalculated for each
case.

The containment spray system, as
analyzed, consists of two trains; each with one
normally closed motor operated valve, one
check valve, and one motor criven pump.
Also included in each train are several manual
valves, which are used for test and mainte-
nance purposes, along with piping, instrumen-
tation, and spray nozzles. The success criteri-
on for the containment spray system is for one
out of two trains to inject into the contain-
ment when signaled. For this simplified
analysis, only the injection phase of contain-
ment spray was modeled. A detailed system
description and the system fault tree are
included in Appendix C.

6.2.1 Base Case Analysis

The base case unavailability for the
containment spray system was calculated to be
4.1 x 107 per demand. The top 15 cutsets,
which account for over 99% of the system
unavailability, are presented in Table 6.1.
These cutsets show that the failure to correctly
reposition manual valves after surveillance
testing (events CSMNV-CS0037-HEP and
CSMNV-CS0040-HEP) are the dominant
events leading to system unavailability. These
human errors (HEP) appear in 11 of the top
15 cutsets.

For the components that can be affect-
ed by aging, Table 6.1 shows that failure of
the pumps to start (events CSPMP-A-FTS and
CSPMP-B-FTS), including common cause
failures (event CSPMPAB-CCF-FTS), appear
in five of the top 15 cutsets contributing to
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system unavailability. MOV failure to open
(events CSMOV-CS0002-FTO and CSMOV-
CS0004-FTO) also appears in five of the top
15 cutsets. Maintenance unavailability (events
CSA-MAINT-UNAVAI and CSB-MAINT-
UNAVALI), test unavailability (events CSA-
TEST-UNAVAIL and CSB-TEST-UNAVAI-
L), and nozzle plugging (events CSNOZAPL-
UGGED and CSNOZBPLUGGED) are seen
to be much smaller contributors.

Examination of Table 6.1 shows that
the sum of the cutset frequencies for all
cutsets with a human error event is 85% of
the total for all 15 cutsets. Similarly, the sum
for pump events is 21%, and for MOV events
the sum is 15%. This indicates that human
error is the most significant contributor to
system unavailability for this particular design.
This is followed by events involving pumps
and MOVs, which are both subject to aging
degradation.

6.2.2 Parawmetric Study for Increasing Fail-
ure Rates

Using the base case model of the
containment spray system, a parametric study
was performed to determine the potential
influence of aging on the system unavailability.
Basic events that could be affected by aging
were identified and analyzed. The failure
rates for these events were multiplied by
factors of two, five, and ten, and a new system
unavailability was calculated. The events
analyzed for the containment spray system are
pump failure to start, MOV failure to open,
check valve failure to open, nozzle plugging,
and maintenance unavailability. Maintenance
unavailability was included since aging degra-
dation can lead to an increase in downtime for
maintenance.

The parametric study results show that
an increase in pump failure rate can influence
total system unavailability (Table 6.2 and
Figure 6.1). If the pump failure rate were to
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Table 6.1 Containment Spray System Base Case Top 15 PRA Cutsets

Table 6.2 Parametric Study of Containment Spray System Unavailability

1 60.71 60.71% 2.5 x 109 CSMNV-CS0037-HEP, CSMNV-CS0040-HEP
2 73.01 12.32 5.1 x 104 CSPMPAB-BETA-FTS, CSPMPAB-CCF-FTS I
3 80,02 6.91 2.8 x 10 CSMNV-CS0040-HEP, CSMOV-CS0002-FT0 J
4 86,91 6.91 2.8 x 107 CSMNV-CS0037~HEP, CSMOV-CS0004-FTO I
s 90.61 3. +.5 x 104 CSMNV-CS0040-HEP, CSPMP-A-FTS I
6 94,42 3.7% 1.8 x 104 CSMNV-CS0037-HEP, CSPMP-B-FTS

7 95.2% 0.7% 3.2 x 10 CSMOV-CS0002-FTO, CSMOV-CS80004-FTO

8 95.92 0.72 2.9 x 10 CSMNV-CS0037-HEP, CSB-MAINT-UNAVAI

9 96.6% 0.72 2.9 x 164 CSMNV-CS0040-HEP, CSA-MAINT-UNAVAI

10 97.21 0.512 2.3 x 10°% CSMNV-CS0037-HEP, CSB-TEST-UNAVAIL

11 97.7% 0.52 2.3 x 10°% CSMNV-CS0040~HEP, CSA-TEST-UNAVAIL

12 98,21 0.41 1.7 x 10°* CSPMP-B-FTS, CSMOV-CS0002-FTO

13 98.6% 0.4 1.7 » 10°% CSPMP-A-FTS, CSMOV-CS0004-FTO J
14 98.92 0.2% 1.2 x 10 CSMNV-CS0037-HEP, CSNOZBPLUGGED I
15 99.22 0.2% 1.8 = 10 CSNOZAPLUGGED, CSMNV-CS0040-HEP
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: ]
SYSTEM UNAVATLABILITY ]
- - - - - - -~ ~ i
FAILURE BASIC EVENY PATLURE RATE MULTIPLICATION FACTOR ‘
RATE
BASE CASE X2 xS X 10
|
Pump failure to start 3.1 % 107 4,1 x 10 5.0 x 10°° 7.6 x 109 2 x 107
failure to run 3.0 X 10
MOVs failure to open 5.7 x 107 4.1 x10° 4.8 x 10°° 7.4 8 10°8 3% 107
Maintenance unavailability 5.9 x 104 4.1 x 109 4.2 x 10°® 4.4 x 10° 7 % 107
Spray nozzle plugsing 2.4 x 10" 4.1 x 107 4,1 x 107 4.2z 10 4 x 10°?
Check valve failure to open 4.3 x 10" 4.1 x 10 4.1 x 10° 4.2 x 108 .2 x 100
All of the above - 4.1 x 10° 5.9 x 10 1.2 x 102 2.6 x 1072
e S e L e o |
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Figure 6.1 Containment spray system unavailability versus
component failure rate

increase by a factor of five, its contribution to
system unavailability becomes approximately
equal to that of the human error related to
repositioning the manual valves. At ten times
the base case failure rate, the total system
unavailability increases by a factor of three,
and the pump contribution (72%) exceeds that
of the human error (53%). These results
show that if pump aging degradation is not
properly controlled, and failure rates increase
over time, pump failures can become an
important contributor, and lead to an increase
in containment spray system unavailability.

The parametric results for MOVs also
show a similar influence on system unavailabil-
itv when failure rates increase (Table 6.2 and
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Figure 6.1). For the case where MOV failure
rate experiences & ten fold increase, the con-
tribution of MOVs to system unavailability
also exceeds the human error related to repo-
sitioning of manual valves, and system unavail-
ability is seen to increase by a factor of ap-
proximately three. This indicates that MOVs
can also become important contributors to
system unavailability if aging degradation is
not properly controlied.

Maintenance unavailability, nozzle
plugging, and check valve failures have less of
an influence on overall system unavailability.
Even with a ten fold increase in the base case
failure rate, the impact is seen to be minor.
This is due to the relatively small base case
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failure rate associated with these events, as
shown in Table 6.2. These results show that
the system unavailability is dominated by those
basic events which have the largest failure
rate, and that it is important to properly
manage aging degradation for these basic
events to avoid an increase in unavailability
with age. As a limiting case, the failure rates
for all of the basic events were increased
simultaneously. This resuited in a six fold
increase in system unavailability for the case
where failure rates were multiplied by a factor
of ten (Table 6.2 and Figure 6.1).

63  Unavailability Analysis of Fan Cooler
Units

To perform this analysis, fault trees
were developed that modeled the individual
fan cooler subcomponents that could be
subject to aging degradation. The subcompo-
nents modeled are the fan motors, cooling
coils, circuit breakers, and dampers. As for
the containment spray system, maintenance
unavaiiability was also included in the model.

The plant design chosen as the basis
for this analysis is from a PWR using five fan
cooler units inside containment. The units are
normally operating, as required, to maintain
the containment temperature within specified
limits. On an accident signal, the operating
fan coolers switch to a slower speed and the
standby units start. Three units are sufficient
to maintain the containment pressure within
design limits for the design basis accident. A
detailed description of the fan cooler system
and the fault tree are presented in Appendix
C.
6.3.1 Base Case Analysis
The base case containment fan cooler
system unavailability was calculated to be 5.3
x 10 per demand. This is based on a success
criteria of three of five fan cooler units oper-
ating, thus the system fails when three fan
cooler units fail. As a result, most cutsets
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have three eiements. The top ten cutsets are
shown in Table 6.3. Unlike the containment
spray system, therc are no dominant failure
contributors. The top cutset is the common
mode failure of the fan motors, which itself
contributes 11% to the system unavailability.
The remaining 807 cutsets generated from the
analysis contribute less than 1% each. As
shown for cutsets two through ten in Table
6.3, there are three event cutsets involving fan
coolers being unavailable due to maintenance
(FCX-MAINT-UNAVAI)and failure of other
components, such as failure of a back flow
damper to open (FCBKFLWDMPRX-FTO).

Based on a cumulative contribution
from all cutsets in which it appears, the PRA
results show maintenance unavailability to be
the leading contributor to system unavailability
at 79%. This is followed by dampers failing to
open, which contributes 65%, circuit breaker
malfunction, which contributes 50%, and the
common cause failure of the fan motors,
which contributes 11%. Cooling coil failures
do not significantly contribute to system
unavailability.

6.3.2 Parametric Study for Increasing Fail-
ure Rates

A parametric study similar to that
done for the containment spray system was
performed for the fan cooler system. The
basic events analyzed, along with their base
case failure rate, are presented in Table 6.4.
For each event the base case failure rate was
multiplied by factors of two, five, and ten to
simulate the effects of aging degradation
where no provisions are made to properly
manage it.

As shown in Table 6.4 and Figure 6.2,
an increase in fan damper failure rate has the
greatest influence on system unavailability.
When the failure rate is doubled, the system
unavailability increases by a factor of approxi-
mately two. For a ten fold increase in failure
rate, system unavailability increases by a factor



Table 6.3 Fan Cooler Sysiem Base Case Top 10 PRA Cutsets

1 11.12 11.12 6.0 x 10°® FOMIR-BETA-CCF, FUATR-CCF-FAIL

2 11.42 0.22 1.7 x 107 FC1-MAINT-UNAVAI, FC2-MAINT-UNAVAI,
PCBEKFLWDMPRA -FTO

3 11.71 0.3% 3.7 x 107 PCZ-MAINT-URAVAI, FC4-MAINT-UNAVAI,
FCINTDMPRS-FTO

“ 12.1% 0.3 1.7 = 10°7 FC1-MAINT-UNAVAL, FC2-MAINT-UNAVAI,
FCINTDMFR4 -FTO

Y 17.42 0.31 1.7 x 107 FC2-MAINT-UNAVAI, FCA-MAINT-UNAVAI,
PCBKFLWDMPRS ~FTO

¢ 12.7% 0,32 1.7 107 FC3-MAINT-UNAVAI, FCé-MAINT-UNAVAI,
FCINTDMPR1-FTO

? 13.0% 0.32 1.7 = 307 FCZ-MAINT-URAVAI, FCS-MAINT-UNAVAI,
FCBKFLWDMFR 1 -FTO

8 13.32 0.3 1.7 x 107 FC2-MAINT-URAVAI, FCS5-MAINT-UNAVAI,
FCBKFLWDMFR4 ~FTO

9 13,72 0.32 1.7 = 107 FC1-MAINT-UNAVAI, FC4-MAINT-UNAVAI,
FCEKFLWDMPRZ -FTO

10 14.0% 0.3 1.7 x 107 FC1-MAIRY-UNAVAI, FC3-MAINT-UNAVAI,
FCINTDMPRS-FTO

Table 6.4 Parametric Study of Fan Cooler System Unavailability

Dampers failure to open 3.0 X 107 5.3 x 10°% 1.2 x 10

Maintenance unavailability 7.6 x 10 5.3 x 10°% 1.3 x 10" 2.0 x 107

Circuit breaker failure to open 10°® 5.3 x 10°® 8.9 x 10°° 6.9 x 104
failure to close 10°®

Fan motor failure to start 6.1 x 10°% 5.3 x 10°® 5.9 2 10°% 1.1 % 30

Cooling coil plugging 1.4 x 10 5.3 x 10°% 5.3 x 10 5.3 x 10*

All of the above 3.9 x 10 4.6 x 102
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Figure 6.2 Fan cooler system unavailability versus component
failure rates

of approximately 66. These results indicate
that aging of dampers should be properly
controlled since an increase in failure rate
could result in a significant increase in system
unavailability.

Maintenance unavailability has the
next largest influence on system unavailability.
When the maintenance unavailability is in-
creased by a factor of ten, the system unavail-
ability increases by a factor of approximately
38. This shows that as the components age, if
increasing amounts of maintenance are re-
quired to maintain the components in an
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operational condition, system unavailability
could increase significantly.

Circuit breaker failures clso show an
influence on system unavailability when the
failure rate increases. When circuit breaker
failure rate is increased by a factor of ten,
system unavailability increases by a factor of
approximately 13. Therefore, proper aging
management is also important for this compo-
nent.

Increases in fan motor failures and
cooling coil failures show little or no influence



on system unavailability. For a ten fold in-
crease in fan motor failure rate, system un-
availability approximately doubles. Increases
in cooling coil failure rate show no effect on
system unavailability. This is due to the
relatively small initial failure rate for these
components as compared to the other compo-
nents (Table 6.4).

6.4 - Failure

Analysis

The system unavailability analysis has
shown that certain components can affect
system unavailability if their failure rate in-
creases with age. For the particular contain-
ment spray system design analyzed, the impor-
tant components are pumps and MOVs. For
the fan cooler system design analyzed, the
important components are dampers, circuit
breakers, and, due to its contribution in the
base case, fan motors. To examine the poten-
tial for increases in the failure rates for these
components, the data were analyzed to identi-
fy any time-dependent trends. For each of the
aforementioned components, the failure data
were categorized based on failure mode, then
sorted into five year age groups. Within each
group, the number of failures of the compo-
nent were counted and normalized based on
the number of plants reporting during that
period. A linear regression analysis was then
used to determine if there is any trend with
age.

It should be noted that the purpose of
this analysis is not to calculate component
failure rates, but only to identify potential
trends in the failure rate as a function of time.
For this purpose, the use of five year age
groupings for the failure data was chosen to
provide a sample size that was large enough to
provide meaningful information. As part of
the linear regression analysis, the standard
error in the trend slope was calculated, along
with the correlation coefficient for the data
(Note: a correlation coefficient of -1 or +1
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indicates perfect linear correlation, while a
coefficient of 0 indicates no correlation).
These parameters were used to determine 1f
the linear regression provided meaningful
results for the data analyzed, and to provide
an estimate of the uncertainty in the calcula-
tions. This analysis methodology is believed
to be an acceptable approach for identifying
trends in the data. A more sophisticated
analysis would be required to accurately
calculate failure rates.

The first set of data analyzed were for
the containment spray pump. The data for
the failure to run failure mode show an in-
creasing trend with age in the number of
failures, with a fairly good correlation coeffi-
cient of 0.64 for the linear regression (Figure
6.3). For this failure mode, an increase of
18% + 15% of the initial value per year was
calculated for the trend. With this rate of
increase, the failure rate would more than
triple by the time the component is 20 years
old (Table 6.5).

The pump failure to start failure mode
was also analyzed, however, a poor linear
regression correlation of 0.16 was obtained.
This indicates that the data are not well repre-
sented by a linear equation, and no meaning-
ful trend can be obtained from the data (Fig-
ure 6.4).

The data for MOVs show a decreasing
trend with age for the failure to open failure
mode, with a correlation coefficient of -0.49
(Figure 6.5). This could be due to additional
attention being given to MOVs in light of an
increasing industry awareness of MOV prob-
lems. It could also be due to inconsistencies
in the data. However, it should be noted that
other aging studies have found an increasing
trend in MOV failure rate with age (Refs.
3,4). Therefore, the possibility of MOV
failure rates increasing with age should not be
ruled out by these findings.
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Table 6.5 Failure Rate Increase Versus Age for Containment Cooling Components

MILTIPLICATION PACTOR FOR AVERAGE FATLURE RATE |

YEARLY = e q

COMPOBENT FALLURE MODE RATE OF AGE GEOUF (YEARS) ‘

TMCREASE'

1105 6 TO 10 11 10 15 > 15
| v Failure to run 181 4 151 1.0 1.8 2.6 3.4
l DAMPERS Failure to open 221 + 152 1.0 2.2 3.2 4.4
i[ CIRCUIT BREAKERS Failure to open 81 + 81 1.0 1.4 1.8 2.1

1. Percent of value for age group 1 to 5 years old.

FAILURES PER PLANT YEAR

CORRELAT ION=0 . 64

0, (03 = o oo o o e o o o e 2 e e

3 1) < e e o e

0.01

———— - ————_——
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6 TO 10

1M1 TO 15

OVER 15

COMPONENT AGE CYEARS)

Figure 6.3 Failure trend versus age for containment spray
pump failure to run

Of the fan cooler components exam-
ined, dampers were found to have the highest
increase in failures with age. For dampers
failing to open, an increasing trend of 22% +
15% per year was found, with a correlation
coefficient of 0.74 (Figure 6.6). If the failure
rate were to increase at this rate, it would
reach approximately 4.4 times its original
value in 20 years. This is based on zero
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failures in the first five years of service, as
found in the data analyzed. It is possible that
there could be a step change in failure rate
after five years. This was also analyzed,
however the linear regression correlation
coefficient of 0.09 was obtained, indicating
that the data are not well represented and no
meaningful trend can be obtained from the
data.
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Figure 6.4 Failure trend versus age for pump failure to start
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Figure 6.5 Failure trend versus age for MOV failure to open
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Figure 6.6 Failure trend versus age for fan cooler dampers

Circuit breakers showed the next
largest trend, with an increase of 8% + 8%
per year for breakers failing to open (Figure
6.7). The correlation coefficient was calculat-
ed to be 0.61 for this data. This rate of in-
crease would cause the breaker failure rate to
approximately double in 20 years (Table 6.5).

Analysis of the fan motor data resulted
in a poor correlation coefficient of 0.09, indi-
cating that no meaningful trend could be
obtained from the data (Figure 6.8).

The failure trend analysis shows that
there is a trend toward increasing numbers of
failures with age for most of the important
components. If these trends are allowed to
continue, they could impact system unavail-
ability. To demonstrate this, system unavail-
ability was calculated as a function of age
assuming the components aged according to
the trends observed in the above analysis. For
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the containment spray system it was assumed
that pump failure rates increased at a rate of
18% per year, whilz all other component
failure rates remained constant. This resulted
in system unavailability increasing at a rate of
approximately 2.6% per year. This is shown
in Figure 6.9 in which system unavailability is
normalized to equal one in the first year, and
plotted as a function of age. Similarly, for fan
coolers it was assumed that damper failure
rates increased at a rate of 22% per year.
This resulted in a 47% increase in fan cooler
system unavailability per year (Figure 6.10).

It should be noted that these results
are based on data from a national database,
which can only be viewed as industry averages.
These results can not be assumed to be repre-
sentative of any specific plant since actual
plant failure rates will differ based on plant
specitic factors, such as maintenance pro-
grams, component manufactur« rs, and person-
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Figure 6.7 Failure trend versus age for fan cocler circuit breakers
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Figure 6.8 Failure trend versus age for fan cooler motors
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Figure 6.9 Containment spray system unavailability versus age
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Figure 6.10 Fan cooler system unavailability versus age
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nel attentiveness to component and system aging degradation, and to demonstrate how

performance. Some individual plant compo- certain components can be more important
nent failure rates will be lower and some than others in relation to their contribution to
higher. The findings discussed here are only system unavailability.

presented to show the potential effects of
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7. RESULTS

This study has examined a number of
different areas related to the containment
cooling system to provide an understanding of
the aging process in this system. This section
discusses the results obtained.

FSAR Reviews

The review of FSARs provided insights
into the various systems used to provide the
containment cooling function and how they
operate. Those systems used to mitigate the
consequences of an accident were the focus of
this study. In PWRs, containment cooling is
typically provided by a containment spray
system, along with several fan cooler units
located inside containment. In BWRs, con-
tainment cooling is typically provided by the
RHR system operating in eithe: the suppres-
sion pool cooling mode or the containment
spray mode.

7.1

The containment spray systems in
PWRs pump water from the refueling water
storage tank or the containment sumps to
spray headers located inside containment to
condense steam following a LOCA or MSLB.
This mitigates any pressure or temperature
increases inside containment. The spray
systems in BWRs operate similarly, except the
source of water is the suppression pool. This
system is only used during accident conditions
and is normally maintained in standby status.
For PWRs which have dedicated containment
spray pumps, this reduces the exposure to
operating stresses, which can result in aging
degradation.

The primary source of operating stress
for these components is test and maintenance
related activities. Pumps and associated
components in systems which use the RHR
pumps for containment spray are exposed to
more operating stress since the RHR system
must function in other non-accident related
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operating modes, such as shutdown cooling or
fuel pool cooling.

Most fan cooler units are used during
normal, as well as accident conditions in
PWRs. Although BWRs also have fan cool-
ers, they are typically not designed to operate
during accident conditions. The fan coolers
operate by passing air from the containment
atmosphere over cooling coils and, in some
designs, through filters. The cooling coils are
typically supplied with water by the compo-
nent cooling water or service water system to
cool the air flowing over them. Duct work
and dampers direct the air flow to specific
areas of the containment. The number of fan
coolers in use at any time depends on the
operating conditions of the plant. However,
since the fan coolers are used during normal
plant operation they are in service more than
the containment spray components, and are,
thercfore, exposed to more frequent operating
stresses.

7.2 Review of Operating and Environmen-
tal Stresses

The review of operating and environ-
mental stresses identified those stresses the
containment cooling systems are exposed to
and the potential aging mechanisms that may
result from these stresses. The degree to
which the various components are affected by
these aging mechanisms is dependent upon
the time they are exposed to them. For
example, for containment spray pumps which
are normally maintained in a standby status
during plant operation, erosion due to pro-
longed periods of internal water flow are not
expected to be a problem. However, these
same pumps can experience degradation to
their gaskets and seals due to external envi-
ronmental conditions, such as humidity or
high temperature. Monitoring for gasket/seal
degradation should, therefore, be included in
the plant monitoring program for these com-
ponents. In a similar manner, plant monitor-
ing programs should be reviewed to ensure
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that each of the potential aging mechanisms
identified for the most critical components has
been addressed.

7.3 Results from the Failure Data

Analysis

The failure data analysis has shown
that aging degradation is present in the con-
tainment cooling systems, and that it is a
significant contributor to failures within the
system. For the containment spray system
approximately 60% of the failures reviewed
were related to aging, while for fan coolers
the aging fraction was approximately 50%.
This clearly shows that degradation due to
aging must be properly monitored and man-
aged to mitigate excessive failures and system
unavailability.

Containment spray system failures are
most often detected by inspections and sur-
veillance tests while the system is in test or
standby mode. Only a small percentage of
failures are detected while the system is in
operation. This is due to the primarily stand-
by status of the system during normal plant
operation. Since the components are not
frequently operated, many of the incipient
failures would not be detected if periodic
inspections and surveillance tests were not
performed. This finding illustrates the impor-
tance of inspections and surveillance tests for
this system, as well as other standby systems.
For the fan cooler units, since they are used
during normal plant operation, the majority of
their failures are detected while the units are
in service. The methods used include inspec-
tions and observation of abnormal operation.
Test results are also useful for detecting fan
cooler failures.

For both the containment sprav and
the fan cooler systems, the predominant cause
of failure was found to be normal service.
This indicates that the components are not
being subjected to any unusual or unexpected
stresses, and that aging degradation due to
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normal operating stresses is the primary con-
tributor to failure. It should be noted that
normal operating stresses cannot be complete-
ly eliminated from component operation.
However, a good aging management program
should mitigate these stresses as much as
possible, and be able to monitor the degrada-
tion they cause so that it can be controlled
before it results in failure.

The data also show that 15% to 20%
of the failures are due to human errors involv-
ing maintenance. This includes events where
a component is repaired improperly and does
not operate when reinstalled, as well as events
where a component is repaired then improper-
ly reinstalled. Therefore, if an effort is made
to reduce human error related failures, it
should be concentrated in the area of mainte-
nance, and restoration from test and mainte-
nance.

Failures in the containment spray
system most frequently result in degraded
operation of the system. This implies that the
system can still perform its design function,
however, it is not operating as efficiently as
possible. For example, a pump seal leak that
is not severe enough to result in the pump
failing to run is considered a failure since the
pump must be taken out of service for repair.
However, the pump could still be operated for
some time should it be required. This would
be considered a degraded operating state for
the system. In the data analyzed (1986 to
1991), no failures were found which resulted
in a complete loss of containment spray sys-
tem function.

The fan cooler unit failures most
frequently resulted in a loss of redundancy.
This is due to the nature of the fan cooler
system design, where each unit is considered
a redundant train. The most frequent failures
are dampers failing to operate, circuit break-
ers failing to function, or cooling coils devel-
oping leaks. These types of failures typically
require the unit to be taken out of service for



repair, which cffectively results in a loss of
redundancy. As for the containment spray
system, no failures were found in the data
analyzed (1986 to 1991) which resulted in a
complete loss of fan cooler system function.
However, one incident in 1980 was found
where corrosion of cooling coils resuited in a
complete loss of fan cooler systern function in
one plant.

The component most frequently failed
in the containment spray system is valves.
This is 2 common and expected finding for
systems such as this since valves typically have
the largest population of any of the compo-
nents. However, this does indicate that valves
require the most attention in terms of man-
hours to properly monitor and control aging
degradation. It is, therefore, important to
have effective and efficient monitoring meth-
ods for valves in plant programs. The second
most frequently failed components in the
containment spray system are instrumenta-
tion/controls, and this is followed by circuit
breakers, pumps, and heat exchangers. Each
of these components should be addressed in
plant programs to properly mitigate aging
related failures in this system.

The most frequently failed component
in the fan cooler system is circuit breakers.
Typical failures are failure of the breaker to
open or close due to wear of internal subcom-
ponents or burning pitting of contacts. This is
followed by instrumentation/controls, valves,
heat exchangers, fan motors, and blowers.
Aging of each of these components should be
addressed in plant programs

The predominant aging mechanisms
and failure modes for each of the most fre-
quently failed components were identified
from the data. This information can be used
to help select effective monitoring and mainte-
nance practices to properly manage aging
degradation. The aging mechanisms and
failure modes for containment spray and fan

-~
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cooler components are summarized in Table
7.1 and Table 7.2, respectively. It should be
noted that this information is based on generic
data, and that individual plant designs may
cause other failures to dominate.

74  Results from the Review of Plant
Specific Data

The plant specific data were collected
and reviewed to supplement and validate the
results of the national database findings.
From the data collected at a PWR plant, it
was seen that a large percentage of the fail-
ures were related to aging degradation, which
is consistent with the database findings. For
the containment spray system, the most fre-
quently fuiled component was valves, while for
the fan cooler system the most frequently
failed component was instrumentation/con-
trols.

In addition to component failure
information, the plant specific data provided
information on the surveillance and mainte-
nance practices currently used for the contain-
ment cooling systems. These are summarized
for the containment spray and fan cooler
systems in Tables 5.1 and 5.2, respectively.

7.5 Pesults of the System Unavailability
Analyses

The system unavailability analyses
showed that increases in failure rates Guc to
aging can adversely effect system unavailabili-
ty. For the containment spray system design
analyzed, the dominant contributor to system
unavailability was found to be a human error
involving failure to reposition manual valves
following surveillance testing. For compo-
nents that could be affected by aging, pumps
and MOVs were found to be important to
system unavailability. Check valves failing to
open and spray nozzle plugging showed only
a small contribution due to the relatively small
failure rates associated with them.
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Table 7.1 Summary of Aging Mechanisms and Failure Modes for Containment Spray
System Components

The parametric analyses simulated
increasing failure rates due to aging. For the
containment spray system, increases in pump
and MOV failure rate were found to have the
greatest effect on system unavailability. Fora
ten fold increase in pump failure rate, system
unavailability increased by a factor of three,
and the pump contribution to system unavail-
ability exceeds that of the human error.
Similarly for MOVs, for a ten fold increase in
failure rate system unavailability also increases
by a factor of three. It is therefore important
that aging of pumps and MOVs be carefully
monitored and controlled.
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The parametric analyses showed that
the effect of increasing failure rates for check
valves and nozzles had a minimal influence on
containment spray system unavailability. This
is due to the relatively small initial failure
rates associated with these components.
These results show that system unavailability
is dominated by those basic events which have
the largest failure rate. However, it should be
noted that these results are based on the
analysis of one specific system design. Find-
ings for other designs may be different.



Table 7.2 Summary of Aging Mechanisms and Failure Modes for Fan Cooler
System Components

The analysis for fan cooler units
showed no dominant single contributor to
system unavailability. The largest single
contributor was a common mode failure of the
fan motors. Based on cumulative contribu-
tions, maintenance unavailability was the
largest contributor to system unavailability,
followed by dampers failing to open, circuit
breaker malfunction, and fan motor failures.
The high contribution from maintenance is
due to the relatively large value for unavail-
ability used in the model. This value was
obtained from plant specific 1ata and can be
attributed in part to a technical specification
limiting condition for operation (LCO) that
allows two fan cooler units to be out of ser-
vice at the same time. Also from the analysis,
cooling coils did not show a significant influ-
ence on system unavailability.

The parametric analyses for fan cooler
units showed increases in damper failure rate
to have the largest effect on system unavail-
ability. For a ten fold increase in failure rate,
system unavailability increases by a factor of
approximately 66. In interpreting this result it

Circuit - Short/Burnout/Pitting 302 -~ Does Not Close
Breskers ~ Wear 15% - Does Not Open 172
- Adjustment Drift 142 -~ Does Not Opereste 61
- Fatigue/Cracking 132
- Galling Binding 102
- Dirt/Dust Intrusion 61
-~ Loss of Lubrication 22
- Corrosion 12
Instruments - Calibrastion Drift 222 - Incorrect Reading/ 1002
& Controls ~ Wear 221 Loss of Function
~ Short/Burnout 202
~ Contamination 171
-~ Binding ax
Dawpers ~ Wear 231 - Does Not Close 40Y
~ Galling/Binding 222 -~ Does Not Operate 212
- Adjustment Drift 171 - Does Not Open 202
- Fatigue/Cracking 111 ~ Leakage 151
- Short/Burnout/Pitting 61
- Loss of Lubrication
= Dirt/Dust Intrusion

X

should be noted that the study modeled the
four internal dampers in the fan cooler units
as one large damper which is consistent with
the plant PRA the study is based on. Other
modeling approaches could affect the damper
contribution to overall system unavailability.
However, these results show that dampers are
important to fan cooler unit availability.
Therefore, aging degradation of these compo-
nents should be properly monitored and
controlled to mitigate increases in faiiure
rates.

Circuit breakers were also found to
influence fan cooler availability when failure
rates were increased. When circuit breaker
failure rate increases by a factor of 10, system
unavailability increases by a factor of approxi-
mately 13. Therefore, proper aging manage-
ment of circuit breakers is also important.

Increases in fan motor failures and
cooling coil failures were also examined. The
results showed little or no effect on system
unavailability for increases in failure rates for
these components. This is due to the relative-
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ly small initial failure rates for these compo-
nents as compared to dampers and circuit
breakers.

To determine the feasibility of these
PRA findings, the data were analyzed to
identify any time-dependent trends in compo-
nent failures. For the containment spray
system, an increasing trend was found for
pumps, however, MOVs showed a slight
decrease in failures with age. For pump
failure to run, the increasing trend would
triple the failure rate in 20 years. The fan
cooler dampers also showed an increasing
trend with age. The damper failure rate
would increase by a factor of 4.4 in twenty
years if the trend continued.

Although the trends observed in the
data do not indicate a ten fold increase in
failure rates for a life expectancy of 20 years,
they do show that some component failures
are increasing with age. The degree to which
failure ratcs increase will vary from plant to
plant depending on many plant specific fac-
tors, therefore, the trends observed from this
analysis cannot be considered generic. How-
ever, they do indicate that the potential exists
for failure rates to increase and this should be
addressed in the management of aging in
plant programs. This would be particularly
important for plants considering extended life
operation since the current trends could
increase with age.

NUREG/CR-5939
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Using the failure trends calculated
from the data, system unavailabilities were
calculated as a function of age. For the
containment spray system, a pump failure rate
increase of 18% per year was used. No other
component failure rates were increased. This
resulted in a yearly system unavailability
increase of 2.6%, which would increase system
unavailability by over 50% over the course of
a 20 year life, if the trends were to continue.
For the fan cooler units, a damper failure rate
increase of 22% per year was used, with no
other component failure rates increasing. This
resulted in a yearly system unavailability
increase of 47%, which would result in an
increase in unavailability by over a factor of
nine over the course of a 20 year life.

It should be noted that these results
are based on one specific system design, and
data from a national database, which can only
be considered to represent industry averages.
The intention of presenting these results is to
show that the potential exists for failure rates
to increase with age, and that these increases
can have an adverse effect on system unavail-
ability. This helps to recognize the impor-
tance of effectively managing aging. The
actual extent to which failure rates increase
and the degree to which they affect system
performance can only be determined accurate-
ly by performing a plant specific analysis.



8. CONCLUSIONS AND RECOMMEN-
DATIONS

Phase 1 Study

The results of this phase I study have
helped to understand the aging process in
containment cooling systems and how it can
be better managed. The predominant aging
mechanisms and failure modes have been
determined, and the components most fre-
quently affected by aging degradation have
been identified. In addition, trends for in-
creasing failure rates with age, and their
potential affect on system unavailability have
been examined. This information serves to
characterize the effects of aging on the con-
tainment cooling system, and provides a tech-
nical basis upon which future work can be
performed. The following specific findings
have also resulted from this study:

8.1

- Aging degradation exists in containment
cooling systems and is a significant contributor
to failures. Since these systems play an im-
portant role in accident mitigation, plant
programs should specifically address aging of
containment cooling systems. Each of the
aging mechanisms identified in this study
should be addressed by at least one monitor-
ing technique.

- The failure data show that most containment
spray system failures are detected by surveil-
lance tests and inspections. This is significant
since it shows the importance of performing
tests and inspections on standby systems to
detect degradation before it results in an
operational failure.

- There are a number of stresses that cause
the various aging mechanisms to become
active a 1 lead to degradation. The predomi-
nant stresses have been identified and can be
used to develop an effective monitoring pro-
gram.

- The data show that maintenance related
failures are the most common human error
type failure. Itis recommended that if efforts
to reduce human errors are made, they should
be concentrated in the area of maintenance,
and restoration from test and maintenance.

- The review of industry and plant specific
data has shown that the failures occurring in
the containment cooling systems are usually
not severe enough to result in a complete loss
of system function. Typically, the most severe
failure will result in a loss of redundancy,
however, the system is still able to perform its
design function. No aging related failures
were found in the data analyzed (1986 to
1991) that resulted in a complete loss of
system function. However, one incident in
1980 was found in which aging led to a loss of
fan cooler system function. This finding
shows the importance of designing these
systems with sufficient redundancy.

- Failures for some of the risk significant
components show a trend for increasing fail-
ure rates with age. This increasing trend can
result in a corresponding increase in system
unavailability with age, if the trend is not
properly controlled. It is recommended that
plant programs include a similar plant specific
analysis to identify any time-dependent trends
in component failure rates so they can be
properly managed.

Future Work

The results of this phase I study have
shown that aging degradation is present in
containment cooling systems and that it con-
tributes to system failures. It is therefore
important to institute effective monitoring and
maintenance practices to ensure that aging
degradation is properly managed This study
has identified the predominant aging charac-
teristics and some of the practices currently
used to manage them. Based on the findings
from this phase I study, it is recommended
that a phase II study be performed. In the

8.2
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phase II study a more detailed look at moni-
toring and maintenance practices could be
performed to determine which practices are
the most effective for detecting and mitigating
aging degradation. Specific tasks could in-
clude the following:

- An in-depth review of current plant mainte-
nance, monitoring, and inspection practices
could be performed to identify their strengths
and weaknesses. The review could be based
on plant specific information, as well as a
survey of all operating plants.

NUREG/CR-5939
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- Generic listings of inspection, test, and
maintenance practices for each of the risk
significant components could be developed.
These listings will be useful for reviewing
existing aging management programs, or for
developing new ones.

- Recommendations could be made regarding
specific activities that can be used to formu-
late effective aging management practices for
containment cooling systems. These recom-
mendations could address the most common
types of aging problems exhibited industry
wide, and problems specific to certain plant
operating conditions.
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Table A.1 Containment Spray Data for Westinghouse Large Dry Contninment 7

Containment Spray Pumps
Type: Horzontal Horizontal Horzontal Horzontal
Centrifugal Centrifugal Centrifugal Centrifugal
Material: Stainless Steel Stainless Steel Stainless Steel Stainless Steel
__(_).uamity: 2 2 3 2
| Design Pressure (PSIG): 300 300 - 275
| Design Temperature (°F): 300 300 - 275
Design Flow Rate (GPM): 2600 2600 3000 2600 J
Design Head (Ft.): 450 427 477 450 l
Motor Horsepower: 400 400 600 (electric) -
fl 480 (diesel)
Containment Spra es
Type: Hollow Cone Hollow Cone Spraco 1713 Spraco 1713
Ramp Bottom Ramp Bottom h
Quantity: 315 315 343 343
Design Flow (GPM @ PSID): 15 @ 40 15 @ 40 152 @ 40 152 @ 40
I Orifice Size (Inches): 0.325 0.375 - 0.375
Eductors
Quantity: y 2 2 2
Design Pressure (PSIG): 195 195 400 200
Design Temperature (°F): Ambient Ambient 400 250 I
Design Flow (GPM): 112 112 260
Suction Flow (GPM): 29.5 29.5 50 55
Suction Fluid: 30% NaOH 30% NaOH 30% NaOH -
Spray Additive Tank
Quantity: 1 1 1 -
Volume (gallons): 5100 5100 5000 |
Design Pressure (PSIG): 300 300 Atmospheric -
Design Termperature (°F): 300 300 150
Operating Temperature (°F): i&mumum lin;aximum _J
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Table A.1

Containment Spray Data for Westinghouse Large
Dryv Containments (cont'd.)

A-4

Containment Spray Pumps
Type: Vertical Vertical Horizontal Vertical II
Centrifugal Centrifugal Centrifugal Centrifugal
Material: Stainless Steel Stainless Steel Stainless Steel Stainless Steel jll
Quantity: 2 2 2 3
Design Pressure (PSIG): 450 300 495 !H
Design Temperature (°F): 300 250 300
Design Flow Rate (GPM): 3415 Train A 3165 Injection 2600 1900 n
3925 Train B 3750 Recire
Design Head (Ft.): 450 464 Injection 450 560
400 Recire
n Motor Horsepower: 500
i Containment Spray Nozzles
" Type: Spraco Hollow Cone Spraco 1713 Hollow Cone
Quantity: 219 Train A 394 342
253 Train B
" Design Flow (GPM @ PSID): 15 @ 40 152 @ 40 152 @ 40
H Orifice Size (Inches) 0.438 0375 0.375
Eductors
Quantity: 2 2 2 3 f
Design Pressure (PSIG) 300 300
Design Temperature (°F): 300 300 265
Design Flow (GPM): 130
Suction Flow (GPM): 55 44 393
u Suction Fluid: 30% NaOH 30% NaOH
S sditive Taal
Quantity: 1 1 3
Volume (gallons): 5000 - 4000 1750
Design Pressure (PSIG): 13 10 100
Design Temperature (°F): 100 Ambient 120
Operating Temperature (°F): Ambient 65 to 104




Table A.2 Containment Spray Data for B&W and CE Ln Dry Containments -

1
Type: Horizontal Horizontal Horizontal Vertical Jl
Centrifugal Centrifugal Centrifugal Centrifugal
Matenal: Stainless Steel Stainless Steel Stainiess Steel Stainless Steel
Quantity: 2 2 2 2
Design Pressure (PSIG): 200 350 500 650
Design Temperature (°F): 300 300 300 400
Design Flow Rate (GPM): 2600 2040 1350 Injection 3500
1650 Recirc
Design Head (Ft.): 400 575 450 Injection 525
360 Recire
Motor Horsepower: 200 - 250 800 J
Containment Spray Nozzles
Type: Full Cone Spraco 1713 Spraco 1713 Spraco 1713
Quantity: 180 - 180 460
Design Flow (GPM @ PSID): 15@ 15 15 @ 40 15 @ 40 15.2 @ 40
Orifice Size (Inches) 0.375 0.375 -
Spray Additive Tank
Quantity: - 1
Volume (gallons) 850
Design Pressure (PSIG) - - 15
Design Temperature (°F): 150
Operating Temperature (°F): s 60
Chemical Injection Pumps
Type: NA NA NA Positive
Displacement
Quantity: NA NA NA 2
Capacity (GPM): NA NA NA 0.63
Design Pressure (PSIG): NA NA NA 200
Design Temperature (°F) NA NA NA 150
Motor Horsepower: NA NA NA l
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Table A3 Containment Spray Data for Westinghouse Subatmospheric and

Ice Condenser Containments

Containment Spray Pumps
w
Type: Horizontal Horizontal Vertical Vertical
Centrifugal Centrifugal Centrifugal Centrifugal
Material: Stainless Steel Stainless Steel Stainless Steel Stainless Steel
Quantity: 2 2 2 2 ]
Design Pressure (PSIG): 250 250 300 30C "
Design Temperature (°F): 150 200 190 l
Design Flow Rate (GPM): 2000 3000 3400 3400
Design Head (Ft.): 285 300 380 400
Motor Horsepower: 350 400 500
Recirculation § p
Type: Vertical Vertical NA NA
Deep-Well Deep-well
Quantity: 4 4 NA NA
Design Flow (GPM): 3300 3500 NA NA
Design Pressure (PSIG): 265 268 NA NA 1
Design Temperature (°F). 280 280 NA NA
Design Head (Ft.): 260 266 NA NA
Motor Horsepower 300 350 NA NA
t Spr. t Exch
Quantity 4 4 2 2
Design Load (BTUHR): 6.1x 10’ 143 x 108
Shell Side Fluid. Recirculation Recirculation Service Water Service Water
Water Water
Tube Side Fluid: Service Water Service Water Recirculation Recirculation
Water Water
Design Pressure (PSIG)
- Tube Side: 150 250 230 250
- Shell Side: 150 250 200 150
Design Temperature (°F)
- Tube Side: 280 250 200 200
- Shell Side: 280 250 200 200
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Table A.3 Containment Spray Data For Westighouse Subatmospheric
and Ice Condenser Containments (cont’d.)

Cooling Water Flow (GPM): 4,000 5,500 5,000 3,400
Matenal
- Tube Side: Stainless Steel Stainless Steel Stainless Steel
- Shell Side: Stainless Steel Stainless Steel Carbon Steel .
Containment Spray Nozzles
Type: Spraying Spraco 1713 Spraco 1713 Spraco 1713
System
Quantity: - 159 223
Design Flow (GPM @ PSID): 15@ 15 152 @ 40 152 @ 40 152 @ 40
Orifice Size (Inches) - 0.375 0.375 0.375 u
Quantity: 1 1 -
Volume (gallons): 5,200 10,000 . -
Design Pressure (PSIG): Atmospheric 26 - -
Design Temperature (°F) 150 150 -
Operating Temperature (“F): 50 to 95 -
Type: Horizontal Positive NA NA
Centrifugal Displacement
Quantity: 1 2 NA NA
Capacity (GPM): 54 55 to 60 NA NA
Design Pressure (PSIG). 225 150 NA NA 1
Design Temperature (°F) Ambient 180 NA NA '
Motor Horsepower: 5 5 NA NA
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Table B.1 Fan Cooler Data for Westinghouse Large Dry Containments (cont'd.)

Design Parameter | {
Byron 1&2 Calloway & Vogtle | South Texas

Braidwood 1&2 Wolfcreek Units 1&2 | Units 1&2
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Table B.2 Fan Cooler Data for B&W and CE Large Dry Containments

Cooling Water Source:

Service Water

Service Water

Reactor Building

Type: Centrifugal Centrifugal Centrifugal Centnifugal
Quantity: 3 @ S0% 3 @ 50% 4 @ 33.3%
Design Capacity (CFM)
|| - normal mode: 58,000 110,000 70.000 -
- accident mode: 117,000 53,900 34,800 -
Operating Speed (RPM)
- nomal mode: Full Full 1,760
- accident mode: Half Half 875
Motor Homsepower
- normal mode: - 75 -
- accident mode: . 37.5 -
Cooling Couls
Material: Copper CuNi 50-10 P
Heat Removal (BTU/HR)
- normal mode: 1.8 x 10°¢ 2.26 x 10° 2.2x 10°
- accident mode: 75 x 10° 148 x 10° 80 x 10° .

(Msating Water -
Cooling Water Flow (GPM)
- normal mode: 540 887 500 .
- accident mode: 1.600 2,726 2,000 .
Cooling Water Inlet (°F): 85 95 85 - u
Design Ambient (°F): 120 120 120 -

Tube Diameter (Inches):

Tube Thickness (Inches):

Fins Per Inch:
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C.  DESCRIPTION OF SIMPLIFIED PRA ANALYSIS

C.1  Containment Spray System
C.1.1 System Description

The containment spray system model is based on the Zion plant design. This design was
selected since the PRA was available in-house, and the design includes some features whicki are fairly
common. The system is used to reduce containment pressure (and temperature) and remove iodine
from the containment atmosphere following an accidental release inside containment. The system
is designed to deliver, with only one pump ruimning, ¢nough NaOH to the containment to form an
8.8 PH solution, when combined with the refueling water and spilled reactor coolant water after the
refueling water storage tank has been emptied. All components of the containment spray system
are designed as Seismic Class 1 (ASME Class 2) and are protected from missiles which could result
from a loss of coolant accident or a tornado.

The containment spray system has been divided into three independent 100% capacity subsys-
temns with no common header. The system diagram, provided in Figure C.1, illustrates equipment
redundancy and the flow path. Providing that a safety injection signal exists, all three 100%
containment spray system trains will be activated by a high-high containment pressure signal or by
manual initiation if required. Success of any one flow train requires that the pump starts, and that
the discharge motor-operated valve opens and remains open. In addition, the MOV in the
recirculation lines must remain closed, and the normally open containment isolation valves in each
train must remain open.

All three pumps are 3,000 gpm horizontal centrifugal spiit case pumps. The three normally
closed moter-operated discharge valves are set to open automatically. Motor Control Center MCC-
1372 powers MOV CS-0002 in train A and is fed directly from bus 147, which also powers pump A.
Similarly, MCC-1383A powers MOV CS-0004 in train B and pump B from bus 148. Pump C is
diesel engine-driven (not a typical design). However, the train C MOV C8-0006 is fed from MCC-
1393C. Water is supplied from the RWST through . eparate 14-inch diameter suction lines to each
pump. Manual valves in the suction and discharge line. are locked open except during maintenance.

C.1.2 Fault Tree Description

A brief review of the FSAR and PRA information was performed to determine if the Zion
design was a "typical” containment spray system. System information from Sequoyah, Surry, Calvert
Cliffs, and Commanche Peak was reviewed. All had two 100% capacity trains with motor driven
pumps. Most had a single normally closed MOV in the flow path. However, Surry had two
normally closed MOV’s in parallel for each train, which is generally a more reliable design. Calvert
Cliffs had two cross ties berween trains as well as a Low Pressure Safety Injection Crosstie, which
could be used to mitigate MOV and pump failures. Commanche Peak has two pumps per train,
both of which must operate, which is typically a less reliable system. Some planis have integral
sodium hydroxide addition systems, others do not.
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T'he containment spray fault tree (Figure C.2) modeled the Zion configuration, however, a
"house event” was used to mathematically omit train C (with the diesel driven pump). In addition,
a second fault tree was developed that combined the containment spray and the sodium hydroxide
(NaOH) addition systems (see Section C.2).

C.2  The Sodium Hydroxide Addition System
C.2.1 Design Description

The Sodium Hydroxide Addition, (NaOH) Sysiem is an integral part of the Zion containment
spray system (see Figure C.1). Eductors in each of the three containment spray pump trains draw
sodium hydroxide from the 5,000 gallon spray additive tank and add the solution to the pump
suction flow. The hi-hi containment pressure signal sends an opening signal to the normally closed
motor-operated valves CS0002, CS0004, and CS0006. Air operated flow control valves regulate the
rate of pump bypass (note that in Zion, these air-operated valves are physically prevented from full
closure).

C.2.2 Fault Tree Description

The NaOH Fault Tree is presented as Figure C3. The Tree is a combination of the
containment spray and the NAOH systems, as sodium hydroxide addition is dependent on successful
containment spray system operation. In a similar fashion, this tree models the Zion design in its
entirety and uses a house event to turn off loop C. It should be noted that not all plants have
sodium hydroxide addition to the containment spray system.

C.3  Containment Fan Cooling System
C.3.1 Design Description

Five fan cooler units, located in the Containment Building, can be used following a LOCA
to remove decay heat in the containment building. During normal operation these units are
operated as necessary to maintain containment temperature between 65° and 120° F. In the
accident mode, the Fan Cooling System performs the same function as the Containment Spray
System with the exception of iodine removal.

Following a LOCA, a safeguards actuation signal (pressure rise in containment) cawses the
fan coolers to switch automatically to the accident mode. Other initiation signals are:

Any one of five Safety Injection (SI) signals
Phase A isolation (manual push button)
Phase B isolation (manual push button)
High containment radiation signal

Successful accident operation requires that at least three of the fan cooler units switch to the
accident mode and run as long as necessary to cool the containment atmosphere and remove
radioactive particulates (2 24 hour time period is assumed). A schematic diagram of the system is
provided in Figure C.4 with a detail of a fan cooler train shown in Figure C.5.
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The fan coolers depend on electrical power to operate the fan motor. They also require
service water to remove containment heat and to ool the fan motor. Figure C.4 shows the service
water piping to the fan coolers. Note the split header arrangement that allows both service water
trains to supply each fan cooler. Given an accident signal, the fan cooler unit dampers will
automatically shift to the accident position. Air will then be drawn from the return air duct through
the open accident inlet damper into the filtration plenum, then through moisture separators, HEPA
filter, accident outlet damper, and past the cooling coil back into containment.

C.3.2 Fault Tree Description

A brief FSAR review was performed to see if the Zion fan cooler system design was typical.
There is no single representative PWR design. Plants have three or more fan coil units, with one
to two fans per unit, Some designs have a combination of non-safety and safety related units. The
latter units are usually in standby and used as needed during normal operation. The Zion design
was adopted as-is, including the system success criteria. Since the Zion PRA did not quantify
unavailability at the subcomponent level (fan motors, dampers, breakers etc.) generic data was used
for the purposes of this study. The fan cooler Fault Tree is presented as Figure C.6.

C-5



ALY
ADOITY N
Tann
4000 AL
wewos -
CONTARMSNT | CONYAMtnT TRATES. g
b 300
i O O
DRam T amn

m’;ﬁ\, f-—--*ﬁlr e

TR A
om0ty
sxzanEss - =
PRAY NOZELES |
FROM BE U SAL
AT NI AN

I
|
WPRAY wOLIES REIFTAICTING \ ’
|
I
|
|

PLOW TEST 10~ CAP
AL L T )

"0
' g reveras T 10 avs e
Yoner a
L GO
-0 . 0
e oy
— a1 |
cam
L # - € :Lv
wo
cuonm

Figure C.1 Containment spray system schematic
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Train A shown. The other trains are similar and are omitted here for brevity.

Figure C.2 The containment spray system fault tree
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Figure C.2 The containment spray system fault tree (cont’d)
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