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EXECUTIVE SUMMARY

The present work develops and demonstrates a
probabilistic risk assessment (PRA) approach to
assess the effect of aging and degradation of active
components on plant risk. The work supports the
Nuclear Plant Aging Rescarch Prograir sponsored
by the U.S. Nuclear Regulatory Commission
{USNRC). The work consists of three tasks:

. Develop a way to identity and quantify age-
dependent fatlure rates of active com-
ponents, and to incorporate them into PRA.

¢ Demonstrate this approach by applying it
with plant-specific data, to a fluid-mechani-
cal system. using the key elements of a
NUREG-115(® PRA,

¢ Present it as a step-by-step approach, so that
others can use it for evaluating risk signifi-
cance of aging phenomena in systems of
interest.

The approach was applied to analyze mainte-
nance data from the auxiliary feedwater (AFW)
sys'em of an older pressurized water reactor
(F'wR). Only the AFW system was assumed to be
aging. The age-dependent failure rates were then
input to the plant’s NUREG- 1150 PRA at various
assumed plant ages to show the effect of aging on
core damage frequency.

A number of assumptions were made to accom-
plish this work, For the data, it was assumed that
the component maintenance records obtained for
use¢ in this study were comolete and the “return-to-
service-date™ for corrective maintenance per-
formed on components determined to have failed
was an acceptable surrogate for the date of failure.
For the data analysis and system modeling it was
assumed that the failures of a component follow a
nonhomogeneous (time-dependent) Poisson pro-
cess, with time-dependent failure rate A(7). The
Poisson assumption implies that fai'ures are

a.  USNRC, Severe Accident Risk Assessment for
Five U/S. Nuclear Power Plams. NUREG-1150,
Draft 2, 1989

xiil

independent. The general torm assumed for A1)
involved a parameter J that governs the rate of
aging by means of a function 4 and a constam
multipher 4, all related by

Aty = A/

The three specific models considered in this
report are
AMD = de? (exponential failure rate)

A/t Y (Weibull failure rate)

il

At

Alt)

]

Al + B (linear failure rate).

For the Weibull modei, ¢, is an arbitrary
normalizing time. Each assumed model was rou-
tinely checked in the data analyses with the
following results. There was some clustering of
the tailure times; during an intermediate analysis,
but not after the final analysis, there was enough
clustering in one data set to cast strong doubt on
the Poisson assumption. The choice of an expo-
nential, Weibull, or linear form for A(r) never had
much effect on the fit of the model to the data.

It was further » sumed that replaced compo-
nerits in the data record could be considered as
goad as new, while repaired components could be
considered as good as old: and that the compo-
nents in place at the start of the data period were
installed when the plant began commercial opera-
tion, approximately four years before the start of
the data period. For risk modeling. it was assumed
that an increasing failure rate reflected aging, and
so could be extrapolated into the near future; and
the published NUREG-1150 PRA was complete
as modeled and could adequately model all sys-
tems other than the AFW system, with only minor
modifications needed for the AFW system to
account for aging.

The approach used statistical tests to detect
increasing failure rates and to test data-pooling
assumptions and model adequacy. Point estimates
and corfidence intervals were found for the
model parameters fand i, These were

NUREG/CR-5378
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transtated into estimates for the age-dependent
failure rates. In any short time period, such as one
year. each failure rate 4, was treated as a constant
and used to develop inputs to a PRA model, yield-
ing the plant core damage frequency (CDF)

Based on the statistical data analyses, only
selected components were modeled as aging in
the PRA. To identify these components, twe crite-
ra were used. Components were modeled as
aging if a test showed statistically significant
aging (a) at the 5% significance level (strong evi-
dence of aging) or (h) at the 40% significance
level (very weak evidence of aging). Both signifi-
cance levels were used because there is no sharp
dividing line between aging and non-aging.

To help account for the subjectivity in interpret-
ing the maintenance records, two definitions of
failure were used. A broadly defined failure was
one where the mantenance record might possibly
have descnbed a safety-related fuilure, whereas a
narrowly defined failure w as one where the main-
tenance record cenamnly described a failure, The
narrowly defined failures were & subset of the
broadly defined failures, The exact criteria for
each definition are clearly stated in this work to
allow for repeatability of the analysis,

The final resudt of applying the above approach
waus that two components showed some ¢ dence
of increasing failure rate. Extrapolation of these
failure rates into the near future resulted in negli-
gible changes in CDF from those calculated in the
NUREG- 1150 PRA.

Two conclusions of importance are as follows:

* A siep-by-step approach was developed and
demonstrated that provides a workable way
to estimate present and near-term future risk
based on the modeling assumptions.

¢  Three aging models were considered: the
exponential, Weibull, and linear failure rate
maodels. With the data used, they produced
very similar results for the data observation
pertod and for extrapolations into the near

NUF EG,CR-5378

future. However, the exponential modei
clearly behaved best for quantifying uncer-
tainties, and the linear made) clearly behaved
WOrsL, being in some ways unusable.

Several difficulties were noted in applying the
approach. First, data from 10 years of AFW sys-
tem operation at two units provided too little in-
formation to precisely estimate the degree of
aging for many failure modes, although this data
set was comparatively large for such a plant-spe-
cific sample of failure events, Second, classifica-
tion of fatlure data from old records was difficult,
and necessita’ d the use of broad and narrow defi-
nitions of fatlure. Third, failures tended to cluster
in time. Finally, the maintenance and operational
environment may have changed at times in the
plant’s history. Some of these difficulties could be
addressed by discussions with people directly
{amiliar with the plant equipment, practices, and
history.

We also make the following observations
concerning the possible application of the
methodology:

¢ Extrapolation of observed trends to the
distant future would require more explicit
incorporztion of maintenance and replace-
ment policies. They are treated implicitly
here, as part of the environment for the
observed past failure events, Therefore, the
approach of this report should not be used for
distant extrapolation.

e  Periodic use of the approach at a plant is
suggested to help prioritize surveillance,
maintenance, and engineering analysis
efforts accordin~ to risk,

For managers who must make decisicns based
on three models, two dedinitions of failure, and
two significance levels, we. the anthors of this
report, ofter the following sugge...ions. Use the
exponential failure model. When aging ¢ a com-
ponent results in a significant increase in CDF,
use a table similar 1o the following example.

X1y
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Aging Data Analvsis and Risk
Assessment—Development and
Demonstration Study

1. INTRODUCTION

1.1 Purpose and Scope

The present work was planned to develop and
demonstrate a probabilistic risk assessment
tPRA) approach 1o assess the effect of aging and
degradation of active components on plant risk
This goal consisted of three tasks:

e Develop a way to identify and quanufy age-
dependent failure rates of active compo-
nents, and 1o incorporate them into PRA

e  Demonstrate this approach by applying it,
with plant-specific data, to a fluid-mechani-
cal system, using the key elements of a
NUREG-1150 PRA (USNRC 1989).

" Present it as a step-by-step approach, so that
others can use it to evaluate the risk signifi-
cance of aging phenomena in systems of
interest.

Thus study was restricted to active components.
Paraliel work ou passive components is described
by Phillips et al. (1990)

1.2 Background

1.2.1 History. The oldest licensed commercial
nuclear power station has been operating for about
30 years. As a part of its responsibilities to protect
the health and safety of the public, the United
States Nuclear Regulatory Commissio - { USNRC)
1s concerned about the aging of major compo-
nents, structures, and safety systems in nuclear
power plants. Therefore, the USNRC has initiated
the Nuclear Plant Aging Re<earch (NPAR) Pro-
gram (USNRC 19K7) 10 develop technical bases

for the systematic assessment of the effects of

aging on plant safety and pubhic risk,

Many hardware- and matenal-onienied research
programs have been implemented in the NPAR
program to gain an understanding of aging and
degradation phenomena in safety-significant
nuclear power plant equipment. This under-
standing will contribute to the identification and
resolution of aging-related technical issues, and to
recommendations on how *y identify, detect, and
control (manage) the effects of equipment aging.
Aging management must use approgriate tools
and techniques to ensure that components and
systems are identified according to their risk sig-
nificance, and that they are maintained #t an
acceptable level of rehiabiiity over the operating
life of the plant.

Onie specific task of the NPAR program, Risk
Evatuation of Aging Phenomena, was chartered to
develop ane  tand PRA techniques to evaluate
the impacts of equipment aging and degradation
on overall plant nisk indices, such as safety system
unavailability and core damage frequency (CDF).
The present work was perionned as part of this
task.

1.2.2 Motivation Risk assessment is a key
eletens of the NPAR program. Aging risk assess-
ment 1s envisioned for the following purposes:

o ldentify risk-significant components and
systems in which aging is a concern

. Provide assurance that ongoing aging man-
agement programs maintain an acceptable
level of plant safety

¢ Provide input to set schedules for activitics
that control the ef* ~ts of aging, such as
testing, surveillance, and replacemer!

NUREG/CR-5378
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¢ Examine the risk significance of plant-
specific design features/modifications and
select effective ways to reduce planit risk

. Prioritize resources for hardware-oriented
aging research (Levy et al. 198K)

*  Perform value-impact regulatory analysis.

A close look at current state-of-the-art PRA
technology reveals that incorporation of time-
dependence requires (a) development of a way 1o
treat ime-dependence in PRA inputs, (b) exami-
nation of the standard PRA approaches for
implicit non-aging assumptions, and (¢) docu-
mentation of PRA approaches for aging. The goal
of the Risk Evaluation of Aging Phenomena task
15 1o develop ways to incorporate the effects of
aging into PRA, thereby supporting the develop-
ment of regulatory criteria and strategies and
addressing the technical issues related to plant
aging.

1.3 Report Organization

Section | states the purpose and scope of this
report. li also gives a brief background and
motivation for this study.

Section 2 gives the overa!l approach taken in

th s report. It presents defimtions, specific objec-
tives, assumptions, and limitations. It explains

NUREG/CR-5378
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points 10 consider when facing the guestion “ls
there aging?” Finally, it gives a summary of the
step-by-step approach developed in this work.

Section 3 describes the pressurized water reac-
ted (PWR) auxiliary feedwater (AFW) system
used in demonstrating the approach.

Section 4 describes how the data from the AFW
system were interpreted for the demonstration.

Section 5 presents a conceptual view of the sta-
tistical elements of the data analysis, with the
technical details relegated 1o Appendix A,

Section 6, presents the application of this anal-
ysis approach to the AFW data. The result is a set
of estimated age-dependent faiiure rates for cer-
tain components in the AFW system.

Section 7 uses these age-dependent failure
rates o modify the NUREG- 1150 PRA and then
i calculate risk us a function of time.

Section 8B summarizes the main results of the
report.

Section 9 lists the references ~ited.

Finally, Appendix A contawcs iechnical detaits
of the statistical methods, and Appendix B
contains tables of the AFW maintenance records,
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2. PROJECT APPROACH

2.1 The Definition of Aging

The NPAR definition of aging used in this work
15 .. the cumulative degradation which occurs
with the passage of time 1 a component, system,
or structure |that] can, if unmitigated, lead to loss
of function and an impairment of safety.”
(USNRC 19587) It is important 1o consider the
details of this definition o understand, in context,
the assumnticas made in the development and
application of the aging assessment approach.

First, consider the meaning of “passage of
time.” Often this 1s mterpreted as simply a calen-
dar process. However, the amount of degradation
that occurs within a given period of time depends
on the degrading conditions present. The degrad-
ing conditions are created by the eperational
environment, which includes the effects ol
operational procedures, policies, and mainte-
nance. Changes in the operational patterns affect
the degrading environment. In this report we
assumed that degrading conditions remained con-
stant, so that calendar time could be used as a
surrogate for time at degrading conditions.

Next, consider “cumulative degradation.” In
some cases degradation ocours so slowly under
the degradiny conditions present that it can not ve
observed. Practically speaking, the aging is negli-
2ible. If the effects of degradation can be
abserved, an eqaation describing the amount of
degradation as a function of nme is necessary in
order to quantify and predict the aging.

Next, consider “mitigation.” The amount of
degradation and the rate at wnich degradation
accumulates can be changed (mitigated) through
the performance of maintenance activities. If a
maintenance activity results in complete renewal/
replacement of all the degraded parts of a compo-
nent, then that component may be considered as
good as new, that is, unaged. 1f the maintenance
activity results in the renewal/replacement of only
a subset of the degraded parts, the component may
be considered better than old but not as good as
new; that is, the functional form of further

degradation may well be difierent from that occur-
ring before the mainienance because of the com-
plicated inte-tion of new and degraded parts. If
the maintera. ce activity results in the return of the
component to a condition nearly equivalent to that
before the maintenance was performied (for exam-
ple, the repair/replacement of a single part) then
the component may be considered as good as old.
Fina'ly, the component may be better than new if
a part or parts were replaced with better than origi-
nal equipment, or worse than old as a result of
faulty parts ¢ improper performance of the main-
tenance. The guantitative modeiing of this report
assuines that replacement makes a component as
good as new, while repair makes it as good as old.
Mitigating surveillance and maintenance pro-
grams are considered as part of the nermal condi-
tions at the plant and are not modeled explicitly.

Finally, consider degradation that can “iead to a
loss of function and an impairment of safety.” The
impaortant detail to understand here is that not all
degradation that resuits from the passage of time
contributes to the failure of a safety-specific
tunction. For example, the leakage of water from
a secondary system valve may well be incon-
venient, but may not affect the functional safety
of the valve. On the other hand, the leakage of
primary coolant from a reactor coolan: system
vaive does represent safety-related functional
degradation, which needs 1o be quantified to
describe aging, For this report, maintenance
record - ere screened and only safety-related
evenis were used.

2.2 Objectives for the Present
Work

In order to meet the purposes listed in
Section 1.1, the objectives of the present work are
to develop and document an understandable
step-by-step approach for accomplishing the
following analysis:

*  ldentity statistically significant and non-

significant increasing frilure rates for
components in the AFW system of an older

NUREG/CR-5378
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For the Weibull model, 1, 1s an arbitrary
normalizing time,

1

The components’ environments (ambient
¢ nditions, maintenance and operation
practices, and any degrading conditions)
were constant throughout the data period,
As 4 consequence it follows that

®  lncivasing failure rate reflects aging,
and therefore the increase can be
extrapolated into the near future. Sim-
ple extrapolation into the far future is
unjustified because it is likely that
badly aged components will be
discovered and replaced eventually.

®  Calendar time is an acceptable sur-
rogate for the time at degrading
conditions.

3. Replaces components were considered as
good as new, while repaired components
were considered as good as old.

4. The rcmponents in place at the stant of the
data period were installed when the plant
began commercial operation. This taeans
that no components were replaced during
the first 4.5 (approximately) years; note that
in 10 years of data records, very few
components were replaced.

5. The published NURE(G-1150 PRA was
complete as modeled and could adequately
model all systems other than the AFW
system, Minor modifications to the AFW
system fault trees are specifically identified
in Section 7.1.3.

Assumptions | through 4 go beyond those of an
ordinary PRA, as fol' ws. Assumption 1: Nor-
mally, the failures are ass. med to follow a Poisson
process with a constant failure rate Assumption 2:
The assumption of a constant environmen? is
implicit in the assumption of a constant failure
rate. Assumption 3: The concepts good-as-new
and good-as-old are irrelevant vhen the failure
rate is constant. Assumption 4; The age of a

L ———————
R

2-3

Project Approach

component at the start of the data period 15 irrele-
vant when the failure rate is assumed not to depend
on the component’'s age.

A non-constant environment may affect the
calculated failure rate. For example, if mainte-
nance practices are evolving and improving, the
calculated failure rate will gradually decrease, If
the environment fluctuates. but has no lfong-term
trend. then failures may be more frequent when
the operating environment is less than optimal.
However, no long-term upward or downward
trend will result in the calculated failvre rate

Assumption | was routinely checked in the data
analyses. There was some clustering of the failure
umes. During an intermediate analysis, but not
after finai analysis, there was enough clustering in
one data set to cast strong doubt on the Poisson
assumption. The choice of an exponential,
Weibull, or linear form for A(f) had linle effect on
the fit of the model to the data. The good-as-new
portion of Assumption 3 was checked through a
test for equality of the 4, values. We did not have
a technique for checking the good-as-old portion
of Assumption 3, and we did not have enough
information to check Assumptions 2, 4, and §.

2.4 Limitations

It goes without saying that the approach of this
report is not the only possible one. For example,
Bayesian approaches could be used. such as in
Bier et al. (1990). Other forms for A(r) could alse
be developed. besides the three used here. An
approach may be developed for allowing 4(7) to
vary continuously in a PRA; this would avoid the
stepwise approximation used here. The indistinct
bord. between aging and nonaging could be han-
dled in various ways. Although these orher
approaches might yield somewhat different
results, valid approaches should not yield substan-
tially different conclusions from the same data,

A related issue is extrapolation. The three mod-
els for A1) considered here (exponential, Weibull,
and linear) could not be distinguished by how well
they fit the data used in this report. However, they
would yield very different results at times far in the
future. This means that none of the models can be
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Step-by-Step Approach for
Aging Risk Analysis

otep 1. Develop Time Histories of
\’.

Components




STEP 6B
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Project Apptoach

Once the re v time-history data are collected,
thev should be categorized and stored in some
convenient computer format 1o allow for easier
reduction and analysis. Section 4 of this report
detatls the process of data development followed
for this demonstration, “"om raw maintenance
records to fe wre occurrer.e tmelines,

2.6.2 Step 2. Define Relevant Component
Failure Modes. The second step is the identi-
fication of the failure modes associated with
components of svstems being analyzed that will
enmtribute 1o an increase in plant risk, These
tulures modes <hould be abtained from a plant-
specific PRA. Failure modes removed from cons
sideration in a PRA at an early stage should 7 .« be
ignored because of the low contributia o risk
(e.g., removed from the cut sets by truncation).
hese tatlure modes may become more important,
potennially even controlling, as a result of the
igrease in their fre sncy with the passage of
time. The specific component boundancs used in
the PR A for establishing failure modes should also
be noted. These boundaries are necessary (o
correctly relate failure history to failure mode,
Section 4.2 contains the defimtions of the failure
mades used in this demonstration study.,

2.6.3 Step 3. Define Failure Criteria The
determination of whether a particular record from
the intormation gathered in Step | describes the
occurrence of one of the failure modes listed in
Step 2 15 often subjective. The information in the
records was not designed for the development of
failure tracking: therefore, the informaion is
v precise as to the exact condition of the compo-
nent, In order to bracket this subjectivity and to
fac.ditate 4 mose repeatable development of {1
ure time histories, two sets of failure criteria for
each failure mode are developed in this report.

The first sc. of ¢riteria is developed for a
“broac”" definition of failure. The criteria consist
of a list of those condibons considered to possibly
describe a failure, but which may only describe a
problem that was tixed before it was actually
necessary 10 remove the component from service.

The second set of critenia is A~veloped for a
“marrow” definition of failur. ™ “riieria consist
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of a list of those conditir “- considered to deseribe
the actual occurrence of 8 (ailure. These Palures
resulted either in an automatic loss of component
function or *he immediate manual removal of the
component from service to avoid damage.

The narrow faileres are a subset of the broad
fatlures. The use of the narrow definition of fatlure
allows risk 1o be quantified with data describing
failures that certainly took place, without the
masking effect caused by information in which
less confidence is placed. At the same time, the use
of broadly defined faitures identifies rish trends
that should be investigated further to check their
validity. The setting of these criteria is not sumple
and may involve some iteration with their applica-
tion, as described in Step 4. The broad and narrow
definitions used in this study are given in
Scotion 4.3

2.6.4 Step 4. Apply the Failure Criteria to
the Time Histories The component time histo-
ries are reviewed in Step 4 10 identity the failures,
using both the broad and narrow definitions. The
failure criteria defined in Step 3 are updated, as
necessary, to incorporate krowledge gained by
the in-depth review of the data. This process is
detailed in Section 4.4,

2.6.5 Step 5. Conetruct Fallure Timelines
and Cumulative Failure Plots 1t is useful 1o
construct graphical representations before start-
ing more formal statistical analysis to summarize
the results. These representations provide a “feel”
for the data and allow some simple trends to be
immediately identified. However, withou® statis-
tical analysis of the data, it is difficult to deter-
mine whether the apparent trends are statistically
significant, and in no case can the trends be quan-
tified. Examples of these graphs are provided in
Section 4.5,

2.6.6 Step 6. Perform Statistical Analysis.
The next step is to mode! the age-dependent
hehavior of the components for which time histo-
ries have been developed and to estimate model
parameters from the data. The failure data, using
both the broad and narrow definitions of failure,
should be placed in an appropriate format and
then analyzed statistically. The approach is
explained more fully in Section 5 and carried out
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for this demonstration in Section 6. The steps 10
perform the statistical analysis are explained
briefly in the following sec’ions,

Step 6A. Test for Common [ for ali Com-
ponents. Recall that f# govoms whether the fail-
ure rate 18 increasing or not. The assumption that
the f ve'ues for like components are equa’ should
be checked by evaluating the significance leve,
for equality of A, This test is accompanied by a
plot of confidence intervals for f, with each inter-
vitl based on a single component. Although the
assumption of a common f wee never rejected
with the data of this report, the data should rou-
tinely be screened in this way for outliers or other
~vidence of dissimilanty among the components.
A decision 10 delete an outlier should be based on
an engirsering evaluation, with the goal of under-
standing the physical process that resulted in the
observed anomalous ehavior.

Step 6B. Test For Aging. Tes! for the presence
of aging by checking the significance level of the
null hypothesis (= 0) for all sets of components
with homogeneous A As mentioned in Sec-
ton 2.4, two analyses are performed in this
wiport, one with a critical value of 0.05 and one
with a cntical value of 0.40. If the significance
level 1s less than the critical value, then the null
hypothesis 1s rejected and the components are
considered to be aging. Otherwise, the compo-
nents are considered to have a constant failure
rate. A1l of the remainin steps below are carried
out only if the components are considered 10 be
aging.

Step 6C. Test Assumed Form of Aging
Model. A graphical check consists of a Quantile-
Quantile (Q-Q) plot. If & plot shows no marked
divergence of the plotted points from the
45-dr s1ee line, then the model appears adequ . ¢
If the overall trend in the data shows a marked
divergence, such as a large “S Laape, then the
assumed aging model appears inadequate to
describe the data and should not be appled. Sup-
plementing the plot, the Kolmogoro. Simov
test can be used as a formal test of the asswin=d
model

-
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In this report, the Q-Q plots show some indi-
cation that the recorded failures tend 1o cluster in
time. Clustering casts doubt on the assumed
independence of the failures, For most of the data
sets, the clustering was not extreme. For one data
sel, however, the clustering was severe enough
that the Kolmogorov-Smirnov test rejected or
nearly rejected any of the models assumed. In the
intermediate analysis, the components were mod-
¢led as aging, and this data set turned out to be the
dominant contributor 10 the risk caused by aging.
Therefore, follow-up inquiries at the plant were
made regarding this data set, resulting in a rein-
terpretation of all those events as non-failures.
This reinterpreted data set was used for the final
analysis. See Section 6.2 3,

Step 60. Test for Common /., for All Compo-
nents. The assumption that the 4, values for like
components are equal should be tested statis-
tically. This is similar to the est for common f,
The assumption never wis rejected with the data
of this study,

Step 6E. Find the MLE for (/1,4,). Having
examined the data and having concluded that the
components may be assumed to have a failure rate
determuned by fand 4, the maximum like)hood
estimates (MLEs) of these two parameters shouid
be found.

Step 6F. Check Normal Approximation for
Distribution of MLE The MLEs for the two
parameters yield the MLE for the failure rate A
at any time 1. The MLE is & point estimate only.
To also get a confidence band for A, it is very
useful to say that the MLE for (flog4,) has an
appioximately normal bivariate distribution, This
yields a distribution for A(n) that is approximately
lognormal and merges neatly with standard PRA
calculations. The check for the adequacy of the
normal approximation is graphical. For the data
of this demonstration study, approximate normal-
it appeared true when the exponential or Weibull
failure m del was used. Approximate normality
was clearly false with the linear model; much
‘arger data sets would have been needed before
the asymptotic normal distribution was
approached,
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3. PWR AUXILIARY FEEDWATER SYSTEM REVIEW
3.2 Flowpath

3.1 Design Function

The auxiliary feedwater (AFW) system sup-
plies feedwater to the steam generators following
the interruption of the main feedwater supply. If
the reactor trips and the main ‘eedwater pumps
cease 10 operate for any reason, feedwater must
be provided to remove heat from the reactor cool-
ant system using the steam generators. The AFW
system must operate during both normal transient
conditions e.g.. unit startup and shutdown) and
abnormal transient conditions (e g., loss of main
feedwater, loss of offsite power, and station
blackout).

The AFW system design 15 both redundant
(there are two trains in parallel) and separate (the
two trains are supphied by different support sys-
tems) i ensure its capabilay to remove heat from
the core, As a result of its design, the AFW system
can function even in the presence of a single active
component failure during the nitial demand for
the system or a single passive component failure
during long-term operation.

— Y
3
-
A
g,
ne

Ta Unit 2

AFW syatem |

The system is shown schematically in
Figure 3-1, and normal system status is summa-
rized in Table 3-1. The normal source of water for
the system s the 110,000-gallon condensate stor-
age tank (CST). Each of the three pumps takes its
suction from the CST through a dedicated line. If
the normal water source 1s depleted, then one of
three backup sources may be lined up te supply
water to any or all of the AFW pumps. The lincup
is performed by manipulating manually operated
valves. The three altemate water sources are the
300.000-gallon CST, the emergency makeup
system, and the firewater system.

Three pumps move the water from the vanous
sources to the steam generators. One AFW
system train consists of two electric motor-driven
pumps configured in parallel, each with a capac-
ity of 350 gpm. The other train consists of a single
steam turbine-driver pump, with a capacity of
700 gpm. Flow from each pump discharges

A et i S 5 Sy
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Figure 3-1. Schematic diagram of the PWR auxiliary feedwater system,

3.1
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AFW System Review

Table 3-1.  PWR AFW system component status and support system dependency summary.

Response 10
Support system support system
_Lomponent __Nammal status dependency __ fuilure
Pumps
MDP-A Standby a Bus IH Failure 1o stant
de Bus 1A oF run
MDP-B Standby ac Bus 1) Fatlure to stan
de Bus 1B or run
TDP Standby Main Steam Failure to stant
or run
Mutor Operated Valves
MOV-A, C,.E Normally open ac Bus 1H Fails as 1s
MOV-B, .D, -F Normally open ac Bus 1) Fails as is
MOV.G Normally closed ac Bus 1H Fails as 1s
MOV-H Normally closed ac Bus 1) Fails as is
MOV-| Normally closed ac Bus 2H Fails as 18
MOV.J Normally closed ac Bus 2) Fuils as is
Air Gperated Valves
AOV-A Normally closed Instrument Air Fails open
dc Bus 1A Fails open
AOV-A Normally closed Instrument Air Fails open
dec Bus 1A Fails open

through a unique discharge isolation check valve
(CV-A, -B, or -C) and then joins flow from the
other pumps in the two combined flow headers
(PS-4 and -5). Normally open manual isolation
valves can be used to isolate any pump from
either of the combined flow headers.

A cross-connect tap on each combined flow
header allows flow from ane or both of the headers
10 be sent 1o the other un.t. The taps are located out-
side of comtanment, upstream of the containment
isolation check valves. Each of the supply lines to
the opposite unit contains a normally open manual
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isolation valve and a normally shut motor-
operaied valve (MOV) (MOV-G and -H). Flow in
each of the combined headers passes through an
outboard containment isolation check valve
(CV-D or -E), through the containment wall, and
then through an inboard isolation check valve
(CV-F or -Gi). A cross-connect tap on each com-
bined flow header downstream of the containment
isolation check valves allows flow from the other
vnit’s AFW system 1o be supplied to one or both
of the combined flow headers. Backflow 1o the
other unit via the supply line is prevented by two
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4. COMPONENT FAILURE DATA

The process used in developing the plant-
specitic AFW system component failure data is
Hustrated in Figure 4-1. The individual steps
enresented in the figure are described in the

Howing sections

.1 Component History

The first step was 1o obtain historical informa-
tion pertaining to the components of interest.
Numerous sources were available, including
maintenance records, operating logs, and monthly
summarnes. The combination of information from
all of the sources would obviously result in the
most comprehensive and reliable history, Often,
however, in the interest of time and money, only a
select few sources would be used. Such was the
case for this study. and only documentation
obtained from the maintenance work order system
of an older, di al-unit PWR nuclear power station
wis used 1o develop component historie:

The maintenance records for the station were
grouped by major system, with the AFW system
records mixed with the main feedwater (FW) and
the emergency feedwater (EFW) system records.
Plant paping and instrument diagrams were used in
conjunc.don with the maintenance records 1o dis-
tinguish components among these three systems.
Atotal cf 1156 AFW events were thus identified
for further analysis

The data were ro eived encoded in the
following data structure:

Mark Number  Alpha-numeric identification for
the component, In fact, this
number refers to a component
location in the plant system,

Component  Type name of the component.
Problem A very brief and typically cryptic
Description  explanation of why work was

performed on the component.

e e e

4-1

History A very brief summary of what

Summary repairs were performed on the
component.

Retumn to The day that the component was

Service declared fully operational.

Date

wdentification  number
sequentially assigned to each
maintenance work order,

Mamntenance An
Record
Number

The preceding structure represents the
expected minimum, or redimentary, data
structure present in any given nuclear power
plant,

To facilitate development of failure data for
subsequent statistical analysis, these additional

categories were added to the data.

Component A consistent component type

Type definition.®

Classification A code reflecting the final classi-
fication of the record as enher
descnibing a failure or describing
some other maintenance action,

Replace A flag indicating complete
component replacement events,

Numberof  The running total number of

Replacements replacements for the particular
component  location (mark
number).

Notes on specific alterations or changes in the
data (e.g., correction of misspellings or standard-
ization of formats for consistency) were main-
tained in a change field, unique to each record.
After the standardization, the AFW component

b As an example, three separate, independent
maintenance activities on a single 3-in. check valve
referred to the valve as a “valve,” a “check valve, " and
an “isolation valve” in the compon-nt field of the
maintenance work order documentation.
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Component Fatlure Data

MODEL

ACTUAL

Obtain Component
History

A. Used maintenance records for the feedwater
system of an older dual-unit PWR. Records
covered 10 years of plant operation.

B. Identified AFW subset,

Define Relevant
Component
Failure Modes

Used representative PRAs to identity all failure
modes that could result in loss of salety-significan!
component functions.

Define Failure
Criteria

Developed two sets of criteria:

1. Broad ~ A list of conditions that could possibly
describe a fallure, but may have described a
problem that was fixed before the component
had to be removed from service.

2. Narrow - A list of conditions that could describe
the actual occurrence of a failure (a subset of
the broad category).

Apply Failure
Criteria to Data

A. Reviewed all AFW system records to ‘dentify
those describing conditions satistying the
broad criteria.

B. Reviewed all failures classified as broad to
identify those describing conditions satistying
the narrow critena.

A. Plott.d timeline of each component's failures,
Construct Failure grou Wing similar components 10 shov gross
Timelines and trenc.s. :
Cumulative Failure “
Curves B. Plotted cumulative failure curves by failure
mode.
LF91 0312
Figure 4-1. Process used (o develop component failure ,:ua. 3
’
y
.
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event records were sorted and then segregated
into 12 major component groups, as shown in
Table 4-1.

Table 4-1.  Distribution of raw mainienance
events for the AFW system according to
component type

— a5 ——— e b 8 et 4 e A =

Number
. Componenttype  _ of events

Steam-driven pump (TDP) 190
Motor-driven pump (MDP) 262
3n. motor-operated valve (MOV) 154
(individual feed header solation)

6-1n. motor-operated valve (IMOV) 54
(cross-connect header isolation)

L<in. check valve (CV) 11
(pump recirculation)

3.an. check valve (CV) 44
(individual feed header)

4-1n. check valve (CV) 11
(pump discharge header)

6-1n. check valve (CV) ol
{pump discharge header)

6-1n, check valve (CV) 28
(combined feed header)

Stop valves (various) 61
Piping (vanous) 111
Instruments (various) _21
Total 1156

43
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Component Fatlure Data

4.2 Definition of Relevant
Cemnonent Failure Modes

A list of 18 component failure modes (basic
events) was developed from a survey of the AFW
models contained n three representative PRAs.
Table 4-2 Lists these AFW component failure
modes. The component numbers can be matched
10 the companent locations on the AFW system
schematic shown in Figure 3-1. Because the data
were incomplete, we made no attempt 1o quantify
the two fatlure modes involving unavailability
resulting from testing or maintenance, The
remaining 1 3 modes were considered in the failure
evaluations described in Sections 4.3 and 4 4.

The system boundaries used 1o establish the
failure modes in Table 4-2 are basically evident by
inspection of the modes. The following specific
ground rules were used 1o develop the component
boundaries in the NUREG- 1150 PRA (USNRC
19%9) and to develop the failure criteria in the
following section.

o Assume pump and valve breakers and
control circuits are pant of the component

o Maodel ac and do power to the breaker and
control Circuits as a separate suppoii system
and, thus, not an AFW feilure mode.

4.3 Definition of Failure Criteria

Failure modes for the components of the AFW
system were described in the previous section.
The interpretation of the maintenance records to
determine which ones indicated the presence of &
failure was subjective. Because the information in
the records was not designed for the development
of failure tracking. the information was imprecise
concerning the exact condition of the component,
In order 1o bracket this subjectivity and to facili-
tate a more repeatable analysis, or comparison
with similar analyses, it was necessary to develop
a set of critena to define when a failure mode was
satisfied. To cover the specirum of events that
might reasonably be considered failures, two sets
of critena were developed for each failure mode,
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Comporent Fat'ure Data

MODEL

ACTUAL

Obtain Component
History

Detine Relevant
Component
Fallure Modes

A. Used maintenance records 1or the feedwater
system of an older dual init PWR. Records
covered 10 years of plant operation.

B. Idenified AFW subse!.

k)

Define Failuie
Critena

Used representative PRAS to identity all failure
modes that could result in loss of salety-significant
component functions.

Apply Failure
Criteria to Data

Developed two sets of criteria:

1. Broad - A list of conditions that could possibly
describe a failure, but may have described a
problem that was fixed before the component
had 10 be removed from service.

2. Narrow - A list of conditions tha! could describe
the actual occurrence of a fallure (a subset of
the brozd category).

Construct Failure
Timelines and
Cumulative Failure
Curves

A. Reviewed all AFW system records to identity
those describing conditions satistying the
broad criteria.

B. Reviewed all failures classified as broad to
identity those describing conditions satistying
the narrow criteria

A. Plotted timeline of each component's failures,
grontg:ing similar components 10 show gross
trends.

B. Piotted cumulative tailure curves by failure
mode.

LF91 0312

Figure 4-1. Process used to develop component failure data.
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event records were sorted and then segregated
into 12 major component groups, as shown in
Table 4-1.

Table 4-1.  Distribution of raw maintenance
events for the AFW system according to
component type.

Number
_ Component type __of events
Steam-driven pump (TDP) 190
Mator-driven pump (MDP) 262
3-in. motor-operated valve (MOY) 354
(individual i=ed header isolation)
6-in. motor-operated valve (MOV) §4
(cross-connect header isolation)
1<in. check valve (CV) 11
(pump recirculation)
3an. check valve (CV) 44
(individual feed header)
d-in, check valve (CV) 11
(pump discharge header)
6-in. check valve (CV) 9
(pump discharge header)
6-in. check valve (CV) 2%
(combined feed header)
Stop valves (various) 61
Piping (various) 111
Instruments (vanous) 21
Total 1156

e e s

Component Failure Data

4.2 Definition of Relevant
Component Failure Modes

A hist of 15 component failure modes (basic
events) was developed from a survey of the AFW
models contained in three representative PRAS.
Table 4.2 lists these AFW component failure
mades. The component numbers can be matched
to the component locations on the AFW system
schematic shown in Figure 3-1. Because the data
were incomplote, we made no attempt 1o quantify
the two failure modes involving unavailability
resulting from testing or maintenance. The
remaining 13 modes were considered in the failure
evaluations described in Sections 4.3 and 4.4,

The system boundaries used to establish the
failure modes in Tuble 4-2 are basically evident by
inspection of the modes. The following specific
ground rules were used 1o develop the component
boundaries in the NUREG- 1150 PRA (USNRC
1989) and to develop the failure criteria in the
following section:

¢  Assume pump and valve breakers and
control circuits are part of the component

*  Maodel ac and dc power to the breaker and
control circuits as & separate support system
and, thus, not an AFW failure mode.

4.3 Definition of Failure Criteria

Failure modes for the components of the AFW
system were described in the previous section.
The interpretation of the maintenance records 10
determine which ones indicated the presence of a
failure was subjective. Because the information in
the records was not designed for the develnpment

of failure tracking, the information was imprecise |

concerning the exact condition of the component.
In order to hracket this subjectivity and to facili-
tate a . -_peatable analysis, or comparison
with sin 1= malyses, it was necessary 1o develop
a set of criteria to define when a failure mode was
satisfied. To cover the spectrum of events that
might reasonably be considered failures, two sets
of criteria were developed for each failure mode.
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Component Failure Data

Table 4-2. AFW system component failure modes, descriptions, and relevant component numbers,
corresponding to Figure 3-).

___ Failure mode L e Description P
AFW-ACT-FA-PMP-+ No actuation signal to pump. *MDP-A, -B
AFW.-ACT-FA-* No actuation signal to steam supply valve. *AOV-A, -B
AFW-AOV-LF.* Loss of flow through steam supply valve. *AOV-A, -B
AFW.CKV-FT.* Check valve fails to open. *3 in. CV-H, -1, -J; 4 in. CV-B, -C. 6 in. CV-A.

-D, -E, -F, <G; Main Steam, 3 in., CV-K, -L, -M.

AFW.CKV-00.* Backflow through pump discharge check valve, *CV-A, -B, -C
AFW-MOV-PG.-* Motor-operated valve plugged. *MOV-A, -B, -C, -D, -E, -F

AFW-PMP-LK-STMB[-* Undetected. simultaneous leakage through one of the following
combinations of check valves: [At least one of CV-H, -1, -J] and |either

CV-Dand -F or CV-E and -G} and [CV-A for *TDP or CV-B for *MDP-A:

CV-B or CV-C for *MDP-B],

AFW-PMP-FR-* Pump fails to run. *TDP, MDP-A, -B
AFW-PMP-FS-* Pump fails to start. *TDP, MDP-A, -B
AFW-PMP-TM -+ Pump unavailable due to testing or maintenance.

*TDP, MDP-A, -B

AFW-PSF-FC.-XCONN.* Flow diversion to opposite unit through motor-opera ed valves,
*MOV-G, -H, -1, -)

AFW-PSF-LF.* Faults in pipe segments. *Various pipe segments.
AFW-TNK-VF-CST Insufficient water available from 110,000-gal condensate storage tank.,
AFW-XVM-PG-XV.* Manual valve plugged. *Various manual valves.

AFW-*.TM.* Component unavailable due 1o testing or maintenance. *Any AFW

compaonent in testing or maintenance when it is required to be in service.

.

PMP-MDP-B for pump B.

Refers to the components histed at the end of the associated description. For example, the two failure modes corre-
sponding to the first entry of the table are AFW-ACT-FA-PMP-MDP- A for motor-driven pump A and AFW-ACT-FA.
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The first set of criteria was developed for what
18 cailed a “broad” defimtion of failare. The crite.
fa consist of conditions that could possibly have
described a failure, but which may have described
i problem that was fixed before the component
had to be removed from service. For example, a
fallure record for steam-driven pumps was con-
sidered 10 describe a broad failure if it stated one
of the following.

I Conditions existed that led to the repair of
the lubricating oil cooling system,

J

Conditions existed that led 1o a bearing
repair or replacement.

3. Conditions existed that led to the repair of
the trip/governor valve.

4. Conditions of high vibration existed.

5. Conditiois existed that led 10 the repair of
the pump for some unspecified reason.

6. Conditions existed that led to a control
system repair

~3

Pump failed to start or run.

Records that were not considered as failures by
the broad definition included those resulting from
preventive maintenance programs (including
planned overhauls), design changes, functionally
umimportant boundary leaks, gauge replacements,
and minor deficiency repairs. Also removed were
failures that resulted directly from impronerly
performed maintenance, such as a failure of the
turbine-driven feed pump from overpressuriza-
tion caused by an improper valve lineup during a
surveillance test.

The second set of criteria was developed for a
“narrow” definition of failure. The criteria consist
of those conditions considered to describe the
actual occurrence of a failure. These failures
resulted either in an automatic loss of component
function or the immediate manual removal of the
component from service to avoid damage. For
¢ npie, a failure record for steam-driven pumps

N

Component Failure Data

was considered 1o describe a narrow falure if it
stated one of the following

I The pump failed to start or run

.fJ

A gross loss of lubrication occurred
3. The govemor valve did not open,
4. Gross vibration ocourred

The narrow failures are a subset of the broad
fuilures. Risk can be quantified with the narrow
defimition of failure (usiny data describing fuil-
ures that certainly ook place) to avoid the mask-
ing effect caused by information in which less
confidence is placed, At the same time, risk
trends can be identified with the broadly defined
failures that should be investigated further to
check their vahidity, Setting these criteria was not
simple and involved some iteration with their
application,

4.4 Application of Failure
Criteria to the Data

4.4.1 Broadly Defined Fallure Data. "he 1156
records were evaluated carefully (o determine
which ones indicated that a broadly defined failure
had occurred. There were 163 broad failure
records identified in the maintenance events dis-
tributed across cotmponent types, as indicated in
Table 4-3. These 163 records were reduced to
118 failure events distributed across failure
modes, as indicated in Table 4-4. The reduction
occurred because, on occasion, several mainte-
nance records described the same failure event.
Note that evidence of only 6 of the 13 failure
modes was found in the documentation, The
followirg paragraphs describe the logic employed
in evaluating the maintenance data for broadly
defined ‘ailures, as well as the logic for classifica-
tion of the remainder of the events as non-failures,
Table B-1 in Appendix B lists the AFW records
grouped by component type, indicating failure
classif.cation by record. Table 4-5 is a short
sample of atries from Tuble B-1. In Table B-2 of
Appendix B, all the non-failure records in
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Table 4-3. Distribution of broadly defined
farlure occurrences according 10 component type.

Number of
farlure rmc:r_dg

(j(lll'lplln!.‘_l.ll_ 1y pe

Steam-driven pump (TDP) 28
Motor-dnven pump (MDP) 27
s, motor-operated valve 45
(MOV) tind?* 4ual feed header

isolation)

Hin. motor-operated valve 1§
(MOV) (cross-connect header

isolation)

3-in. check valve (CY) 18

(individual feed header)

4-in. check valve (CV) X
(pump discharge header)
6-in. che k valve (CV) 6

(pump discharge header)

6-in. check valve (CV) 16
{combined feed header)

Stop valves (vanous) 0
Piping (vanious) 0
Insiruments (vanous) 0
Total 163

Table B-1 have been removed, and only the
records fitting the broad definition of failure
remain. Table 4-6 is a sample portion of records
from Table B-2. To assist further in the evaluation
of the failures, the “Problem Description™ and
“History Summary™ sections for each of the

NUREG/CR-5378
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Table 4-4.  Distribution of broadly defined
failure occurrences secording to failure mode

Number of
e tlllwe mode  fhilures
AFW-ACT-FA-PMP 0
AFW-ACT-FA 0
AFW-AOV.LF 0
AFW.CKV-FT 0
AFW-CKV-00 12,00
AFW-MOV-PG 41
AFW-PMP-LK-STMBD 2
AFW-PMP-FR-MDFP I
Thp 24
AFW-F MPFS-MDP 16
“TDP 0
AFW-PSF-FC-XCONN 12
AFW-PSF LF 0
AFW-TNK-VF-CST 0
AFW-XVM-PG 0
Total 118, 106

a,  Twelve events were initially classified as back-
flow failures of check valves. After discussion with
personnel from the power station, these events were all
reinterpreted as non-failures. See Section 6.2 3.

163 broadly defined failures were rewritten in a
more readalde format as the “Problem/Repair
Sumimary.” Table B-3 in . ppendix B contains the
rewritten records, and a sample portion is shown
in Table 4-7. (Refer to Appendix B for the specific
records described in the following discussion,)
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ind 6-In. Check Velves (Indiy
val, Combined, and Pump Discharge
Headers AFW-CKV-FT, AFW-CKV-00, and
AFW-PMP.LK-STMBD
1-in. Check Valves, Stop Valves, Piping

ana instruments

4472 N:M.":v‘\", Defined Fallure Data




Main AFW Steam-Driven Pumps (AFW
PMP-FR-TDP and AFW-PMP-FS-TDP) Main AFW Motor-Driven Pumps (AFW
PMP-FR-MDP and AFW-PMP-FSR-MDP)




Table 4-8. Sample of mamtenance records narrowly classified as fatlures for the AFW system sieam-dnven pumps, rewritten format (excerpted

from Table B-4).
Wetum 10 service
Mark Mantenance date®/
number  Component _request number _ Problem/reparr summary _ classification®
1-FW-p-2 Pump RO1010430 The lubncating oil pressure falled fow resulting i beaning damage. replaced TROTLI FR
thrust beanng hming.
2-FW-P-2 Pump H170730 Deficiencies in the overspeed trip valve caused a pump trip. the Imkage was KOITIRFR
stra.ghtened.
2-FW-p-2 Pump 302111050 The overspeed tnp caused inappropnate pump trips, the overspeed trip was 30216 FR
* correctly adjusted.
ar 2FW.p2 Pump 303181232 Failure of the overspeed trip spning to stay engaged led @ : pump trip, the 830321 FR
spring was remstalied.
1-FW-P-2 Pump 4R7 The govemnor valve would not open, spnng was replaced but this did not help. 860907 FR
1-FW-p-2 Pump 41325 Governor was removed and overhauled because poor operation RG92T FR
(Thas event was combined with record 40487)
1-FW-p-2 Pump 40450 Additional governor work combined with record 40487 K690 FR
1-FW.p-2 Pugiin HO4RK Additonal governor work combmnerd with record 30487 860930 FR
1-FW-P-2 Pump 40491 Addmtional governor work combmed with record 40487 R6(W30 FR

Z
§
»
ot
~3
%x

a.  Note that date format 1s vear, month, and day.
b FR - failure to run.
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Table 4-9. Distribution of narrowly defined Table 4-10.  Distribution of narrowly defined
fuilure occurrences according 1o component 1y pe. Cadure accurrences according 1o failure mode,
Number of Number of |
___Component type failure records .. Fwlure mode  failures |
e A O | |
Steam-driven pump (TDP) 9 AFW-ACT-FA-PMP 0 f
‘W-ACT-F !
Motor-driven pump (MDP) 4 e ; :
AFW-AOV-LF 0 “
3an. motor-operated valve a2 !
(MOV) (individual feed AFW.CKV-FT 0 '
header isolation) |
AFW-CKV-00 0
6-in. motor-operated valve 7 ‘ !
(MOV) (cross-connect AFW-MOV-PG I8
header isolati
- AFW-PMP-LK -STMBD 2 E
3an. check valve (CV) 4
! ¥ N (
(individual feed header) et !
-Thp bl i
4-in. check valve (CV) 7
(pump discharge header) AFW.-PMP-FS -MDpP 4
6-in. check valve (CV) 6 -TOP 0
(pump discharge header)
AFW-PSE-FC-XCONN 6
6-in. check valve (CV) 13
(combined feed header) AFW-PSF-LF 0
v AFW.TNK-VF.CST 0
Stop valves (vanious) 0
AFW-XVM-PG 0
Piping (various) 0
Total 35
Instruments (various) 0 ;
Total 72 l. The valve failed clossad
2. The valve failed to open
lubrication deficiency, one vibration event, four 3. The valve was stuck (no specified direction)
slow pump starts, three motor wetting events, and
five heater failures, 4. The supply breaker tripped.
3<In. MOV (Individual F2ed Header Of the 45 broadly defined failures, only
Isolation, AFW-MOV-PG). A failure record 22 were determined to fit the narrow failure cate-
was considered to describe a narrow failure if it gory. Four of these 22 were determined to reflect
stated one of the following: previous failure events, and thus 18 unique
NUREG/CR-5378 4-14
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fuilures were seen. Records representing appar-
ently minor deficiencies not considered 1o be fuil-
ures were eight control deficiencies, nine
mechanical deficiencies, and six failure-to-close
events,

6-In. MOV (Cross-Connect Header
Isolation, AFW-PSF-FC-XCONN). A fuilure
record was sidered to describe a narrow
falure i b statud one of the following:

1. The valve fwled open

2. The valve falled to close

3. The valve was stuck (no specified direction)
4. The supply breaker tripped,

Of the 15 broadly defined failures, only seven
were determined to fit the narrow failure cate-
gory, One of these seven was determined to
reflect a previous failure event, and thus six
umque failures were seen. Records representing
apparently minor deficiencies not considered to
be failures were one control deficiency, three
mechanical deficiencies, and four failure-to-close
events.

3-, 4., and 6-In. Check Valves (AFW-
CKV-00 and AFVW-PMP-LK-STMBD). A
failure record was considered to describe a
narrow failure if it stated one of the following:

e For the backflow mode (applicable only to
the pump discharge check valves): gross
seal leakage occurred

®  For the steam binding mode: seat leakage
oceurred.

Of the 4% broadly defined failures, none were
determined to fit the narrow category of backflow
failure, and 30 were determined to fit the narrow
failure category for steam binding failure,
Records representing apparently minor
deficiencies no t considered failures were 18 valve
inspections/overhauls where the record did not
state that the valve had been leaking.

TR e

e e e A e

Component Failure Data

A falure tmeline was constructed 1o search tor
those combinations of valves leading 10 steam
binding, as was done for the broadly defined fail-
ures (Figure 4-2). Failure could have occurred on
one occasion cach for a steam-driven pump and 4
motor driven purmp (MDP-B). both in Unit 2.
Thus. only two narrowly defined occurrences of
steam binding were observed.

In summary, hased on maintenance records and
the logical application of the important failure
modes modeled in the FRA, 11X broadly defined
and 35 narrowly defined failures were deter-
mined to have occurred in the AFW system in the
10-year period. These failures were statistically
analyzed to determine if the rate of failure was
increasing with ime.

Finally, note that the “return-io-service-date”
was used as a surrogate for the actual date & fail-
ure occurred because actual daies were not avail-
able for this penad of operation. In general, the
return-to-service-date was within one month of
the actual failure date.

4.5 Failure Timelines and
Cumulative Failure Curves

The umelines and cumulative tatlure curves
corresponding to the descriptions 1n the previous
sections appear as Figures 4-3 through 4-19. A
time plot is simply a graphical tabulation of the
failure times. A cumulative failure curve is a plot
of the comulative numbers of failures as a func-
tion of timie. This plot will be an approximately
straight line for a constant failure rate process
(see Section 5.3.2). A general observation for the
behavior of the data can be “erived from the time-
lines and cumulative fatlure plots. If the failures
are largely concentrated in later years and the
cumulative failure curve is therefore concave
upward, then there is a general indication of
increasing failure rate, sug esting aging of the
components. If the failures are largely concen-
trated in the earher years and the cumulative fail-
ure curve is therefore concave downward, then
there is a general indication of decreasing failure
rite.
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Figure 4-3. Failure to run timeline for steam- and motor-driven pumps.
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Figure 4-4. Cumulative failure plot for steam-driven pumps, broadly defined failures to run.
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Figure 4-5. Cumulative failure plot for steam-driven pumps, narrowly defined failures to run.
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Cumulative failure plot for motor-driven pumps, broadly defined failures to run.
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Figure 4-7. Failure to start imeline for ieam- and motor-driven pumps.
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NUREG/CE-5378 418

2oz

B e o e e e e e e L

g



T S T N CEmm—=

Component Failure Data
1978 1978 1980 1081 1882 1987 19?4 18856 1986 1987
A S £ S AIELL. L L, o IS e e e
|
:'
2 |
B g |- .
o J |
L£ ] {
E ; |
g ‘ - \
& 2 l . :
5 \ !
3 1
L:; 1 = . '—:
| |
G ‘,iiA ededatota b i a o ST U I S YT WA BT 7 WU OO ST RN WO IR WU SORT AT T W
10 20 30 40 50 60 70 80 an

Hours 10 failure from August 24, 1977 (thousands)

5252 Sn-0000-13

Figure 4-9. Cumulative faitsre plot for motor-driven pumps, narrowly defined failures to start.
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Figure 4-13. Failure to stay closed timeline for 6-in. MOVs (cross-connect valves).
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Figure 4-17. Cumulative failure plot for pump discharge check valves, broadly defined backflow leak-
age failures. Following discussion with personnel from the power station, these events were all reinterpreted
as non-failures. See Section 6.2.3,
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Figure 4-18.  Steam binding failure timeline for the steam- and motor-driven pumps.
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Figure 4-19. Cumulative failure plot for the steam- and motor-driven pumps, broadly and narrowly

defined steam binding failures.

One overal! observation about this graphical
display of the data is that the plots are basically
uninformative in the cases with few fatlure occur-
rences. In addition, it is difficult to test any com-
ponent data pooling assumptions with this
graphical display. The statistical methods dis-
cussed in Section § are specifically designed to
analyze such sparse data and to test the
homogeneity of the (aggregated) sample of
component failures.

Many of the cumulative plots, such as
Figure 4-4, show little departure from a straight
line, indicating that the failure rate appears to be
roughly constant. This 1s consistent with the cor-
responding timelines, such as shown in the top
portion of Figure 4-3, where the failure times
appear to be uniformly scattered over time. Other
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cumulative plots, (Figures 4-6, 4.8 and 4-17)
show clustering of the failures. In these cases, the
timelines can help clarify the kind of clustering
that occurred. For example, Figure 4-7 shows that
the failres tended either to occur in pairs or to be
repaired in pairs. Figure 4-16 shows that three
valves were repaired for leakage almost sunulta-
neously, while a differen' valve had recurrent
repairs. The clustering in Figures 4-16 and 4-17
was strong enough to motivate questioning of the
personnel at the power station, which led 1o a
reinterpretation of the data, as described in Sec-
tion 6.2.3. There are no obvious cases of increas-
ing failure rate, although Figures 4-6 and 4-15
may show decreasing failure rates. Sections §
and 6 present analysis approaches that are more

nsitive and less subjective than simple inspec-
tion of these figures.
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5. STATISTICAL METHODS FOR ANALYZING
TIME-DEPENDENT FAILURES

The usual assumption in PRAs is that each
component has a constant failure rate A, This
leads to familiar formulas such as | = ¢ % for
the probahility of failure by time ¢, and AA1 for
the approximate probability of failure within a
shon time A7 The data are said 10 be generated
by a homogeneous Poisson process because the
number of failures occurring in any time 7 is a
Poisson random variable with parameter A,
One feature of this process is that the component
does not age. That 15, the probability of failure in
a short interval of length A, assuming that the
component 1s operable immediately before the
start of the time interval, remains the same
Adt, whether the component is new or old. In an
investigation of aging, therefore, more compli-
cated models must be introduced, and the familiar
formulas must be modified.

The development of such models and asso-
ciated techniques of data analysis form the sub-
ject of this section, For this developmeni, we step
away from the PWR context of the previous sec-
tions, and consider the statistical methods them-
selves. These methods are the basis for the
analysis in Sections 6 and 7. The topics are out-
lined here without proofs or many details. Details
about the theory, including the necessary proofs,
are given in Appendix A. Details about the
numerical methods for implementing the theory
are given by Atwood (1990). The most recent pre-
sentation of the statistical methods is Atwood
(1992), They are illustrated here by both real and
hypothetical examples. Unless indicated other-
wise, all the figures are based on the data for plug-
ging of 3-in. motor-operated valves (MQVs),
failure mode AFW-MOV-PG with the broad defi-
nition of failure, and on the exponential failure
rate model defined below,

5.1 Aging Models

The approaches used for inference about aging
assume that the failures of a component follow a
time-dependent Poisson process. That is,

¢  The occurrence of a failure in any time
interval is independent of the presence or
absence of failures in other non-overlapping
time intervals.

¢ The probability of a failure in a short period
(t. 1+ Ar) asymptotically approaches A(1)11
asdr - 0.

¢ The probability of more than one failure in a
short period (1, 1 + A1) becomes negligible
compared to the probability of one failure as
A= 0.

Therefore, the failure process has failure rate
Alr) . If A(r) is an increasing function of ¢, failures
tend 1o become more frequent as time goes on. A
statistical approach can be used (o decide whether
A(1) is increasing.

When applying this model to investigate aging,
f represents the age of a component. It is assumed
that the form of A(7) is the same for all similar
components, depending only on the ages of the
components, not on the portion of the plant’s his-
tory when the components were in service. This
in turn rests on an assumption that we make
explicit: The environments of the components
(ambient conditions, maintenance and operation
practices, and any degrading conditions) are con-
stant throughout the life of the plant.

The general form assumed for 4 is
A = Ak f).

The three specific models considered in this
report are

AN = Ae™ (exponential failure rate)
Ay = A t/t,Y  (Weibull failure rate)
A = A1 4 B0 (linear failure rate)

In each model, 4, 1s a normalizing constant,
with units 1/time, and h(r; B) is 4 dimensionless
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Figure 5-1. Approach for statistical analysis of one data set.
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Component comparisons for §, based on hypothetical data,
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exponential or linear fatlure rate model 18
assumed, the test siatistic (5-1) becomes

- = Py 3 3 ‘
Xy ~ 0/ Cn, r, 2 N2 (52)

where ¢, 1s the ith non-replacement failure of the
Jth component, ¥, is the midpoint of the observa-
tion penod for the component, and the range #, is
the length of the observation penod. If the statis-
tic (5-2) 18 positive and far from zero, there is evi-
dence of an increasing failure rate. This test was
first proposcd by Laplace (Bartholomew 1955).

When the Weibull failure rate model is
assumed, statistic (5-1) takes a different form. In
the case when every component is observed start-
ing from its installation time, the fest statistic
becomes

X (1 + logur,/r))/Enp'?

In the general case, the test statistic can be built
from formulas given in Appendix A,

Aithough each test statistic has been motivated
and derived based on a particular model, its
asymptotic null distribution, normal(0,1), holds
under the asswaption that f = 0, thac is. that A(f)
is constant. Therefore, either test is a valid test of
the hypothesis of constant fuilure rate, even if the
mathematical formula governing non-constant 4
18 not of the assumed form. The tests differ only in
their power to detect various alternatives to the
constant failure rate modcl.

As mentioned in Section 2.5.1, a confidence
interval provides information that a test result
does not. Therefore, in addition to perfomming the
test described here, it is helptul to find a confi-
dence mterval for g using statistic (5-1). This
gives a range of plausible values of £ and shows
whether the uncertainty on g s small or large.

5.3.2 Investigating the Assumed Model

Form

@-Q Plot. A Q-Q plot 1see Snee and Pleifer
1983) is a visual check of the correctness of an
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assumed distributional form that can be used
i any contexts. in this context, let ¢ .. . £ 1,
be the ord~ed observed ages at non-replacement
fatlures. Taey represent sample guantiles corre-
sponding to probabilities p; €. . . € p,,, with p, set
to /in+ 1), For example, the median of the i cor:
responds 0 p; = 0.50. Let F denote the assumed
cumulative distribution function, using estimated
values for any unknown parameters. This F is the
conditional distribution of the non-replacement
failure times, conditional on the failure counts
and the replacement times. The expression for an
estimate of F is given in Section 6.3 of Appen-
dix A. The Q-Q plot is a plot of F/ip,) versus 1,
for i from | w #, The name “quantile-quantile”
stems from the fact that F-/(p,) is the model-based
estimate of the p,-quantile, and ¢ is a nonparamet-
ric estimate of the same quentile. The plot is use-
ful as a check of the assumed form of F, because
if the data really anise from F, the points of the
Q-Q plot fall approximately on a straight line.
Pronounced curvature or other departures from
straightness should arouse suspicions about the
correciness of the assumed form F. Figures 5-4
and 5-5 illustrate two Q-Q plots, with Figure 5-4
showing good fit o the assumed model and Fig-
ure 5-5 giving reason to question the maodel.

It is interesting to noie that the cumulative fail-
ure plots given in Section 4.5 are equivalent to
Q-Q plots. In those plots, the observed failure
umes are expressed as calendar hours from the
beginning of the observation pe 10d, not as age of
the componcats from their installation, but this is
only a trivial difference. The number of compo-
nents under observation at any time is constant
because any component that is removed from ser
vice 15 immediately replaced by another, There-
fore, if all the components have the same constant
failure rate, then the failures are generated by a
homogeneous Poisson process and the random
failure times are uniformly distributed. The
exoected failure times, F/(p;), are therefore
i), 2rfins ), . .., nrfin+1), where r 1s the
length of the observation period in hours. The
plots of Section 4 have their points plotted on the
vertical axis at 1, 2, . .., n, which differ from the
expected failure times only by a constant factor,
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ritn+1). Therefore, except for a relabeling of the
vertical axis, the plots are Q-Q plots for invest-
gaung whether the components all have the same
constant failure rate. The reason why the diagonal
line was drawn from {0,0) 1o (r.a+1) is that if the
vertical axis were relabeled as is usual on a Q-Q
plot, the diagonal line would go from (0,0) 1o (r,r).

Testing for the Form of i(t). The
Kolmogoroy-Smirnov test, or some other similar
nonparametnic goodness-of-fit test, can be used to
test whether data come from an assumed distribu-
tion. The data are the non-replacement failure
times. The assumed distribution is F, used before
for Q-Q plats and given in Section 6.3 of Appen-
dix A, This test tends not to reject often enough;
in statistical terminology, the Type 1 error 1s
smaller than the nominal value. There are two
reasons for this; ope is that the estimated J is used
(o calculate £ the other is that when the compo-
nents are observed over different time periods,
the data resembile a stratified sample rather than a
true random sample. The fact that the test does
not reject often enough is discussed in more detail
in Section 6.3 of Appendix A.

This test can also be used 1o test whether ali the
components have the same constant fatlure rate,
paralleling the use of cumulative failure plots as
Q-Q plots. The hypothesis to be tested is that
A = 0 and that all components have the same
value of 4,. The corresponding distribution F is
uniform, so no parameters need to be estimated.
Therefore, the Kolmogoroy-Smirnov test is a
nonparametric exact test of the hypothesis that all
the components have the same constant failure
rate.

5.3.3 Inference for ., Given j Suppose at
thi- point that the preceding analyses have led us
1o accept that the components have a common f,
that 8 appears to be non-zero, and that the
assumed form of A(7) is consistent with the data.
It is now time to consider 4.

Estimation and Confidence Intervals for 4 ,.
The average failure rate during a component’s
observation period can be estimated as the
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observed number of failures divided by the obser-
vation time. If A is known or assumed, 2 calcula-
tion back to time zero (or 1o time 1, for the
Weibull model) can be used to estimate 4, This
is the conceptual basis for inference about A,
given A The formulas are given in Appendix A.

Component Comparisons for 4. This diag-

nostic check 1s a parallel of the comparison
method for 8. The value of f now is treated as

known and equal to 5. We mvestigate whether 4,
is the same for the ith component and for all the
components except the jth, The mathematical
methods are given in Section 6.2 of Appendix A.
They are not based on normal approximations.
Rather, they use the exact distributions of the tail-
ure counts (for time-censored data) and of the tinal
failure times (for failu- -censored data).

The theory in Appendix A assumes that all
components have the same censoring type, either
tume censoring or failure censoring. In a typical
data set, however, most of the components are
time cersored, but a few are replaced upon some
failure and are therefore treated as failure cen-
sored. To analyze such data, when component ; is
compared to all the components except the sth, all
components are treated as if they were censored
the way component ; was. For example, if compo-
nent ; was replaced at the time of its third failure,
then all the components, not merely component /.
are treated as if they were failure censored for this
comparison. The reason is that the dominant
uncertainty typically comes from the individual
component with its few failures rathes than from
the many other compon-=_.its v ith their many
failures.

These individual tests can be combined wsing
the Bonferroni inequality, just as when testing for
equality of the Bs. A useful picture is a plot of
confidence intervals for 4,, each interval based
on data from a single component, as shown in
Figure 5-6. As was pointed out when we consid-
ered comparing components for f, engineering
Judgment must be used in deciding how to treat
any outliers.
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Figure 5-7. 90% confidence region for (4, 4,,), based on conditional likelihood.

this, both parameters are estimated simulta-
neously using maximum likelthood, based on the
ful! (not conditional) likelihood. The formulas for
the MLEs are given in Appendix A. Confidence
regions are based on the joint asymptotic normal-
ity of the MLEs.

It turns out that the normal approximation is
usually better when the model is parameterized in
terms of log 4, rather than A,. This was discov-
ered empirically, but has heuristic justifications:
for failure-censored data, the log transformation
replaces the scale parameter A4, by a location
parameter; also, the log transformation helps
symmetrize the confidence intervals for 4, for
both types of censoring. The MLE of ( 8.logA,) is
asymptotically bivanate normal, and formulas for
the asymptotic variunce-covariance matrix are
given in Appendix A.

Approximate Confidence Region for Both
Parameters. Based on asymptotic normality, the
confidence region for (fB.logd,) is an ellipse.
Equivaiently, the confidence region for ( f,4,) is
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elliptical when 4, is plotted on a logarithmic
scale.

Te investigate whether the sample size is large
enough for the normal approximation to be ade-
quate, we can compare the two confidence
regions for (8.4,), one calculated as in Sec-
tion 5.3.4 and the other being the confidence
ellipse just described. If the two regions have sub-
stantial overlap, the normal approximation
appears adequate If the two regions are quite dif-
ferent, the normal approximation should not be
used. Figure 5-8 shows the ellipse overlaid on the
region of Figure 5-7, assuming the exponential
failure rate. Figure 5-9 shows the overlaid regions
based on the same data and a Weibull faiiure vate.

For the Weibull model, the normalizing time ¢,
was chosen in the middle of the obseived faure
times. In the example shown, it happens that the
lower end of the 95% confidence limit for the
Weibuil S equals the theoretical lower limit of -1
This value is unattainable, but it is the lower con-
fidence limit, and it forces 4, to equal zero.
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The process used for analyzing the component
tatlure data is illustrated in Figure 6-1, which is
essentially the same as Figure 5-1 and expands a
portion of Figure 2-2. The indivicual steps to
perform the analysis are described in the follow-
mng sections

6.1 Preparation of the I Hut

The raw failure-time data sets developed as
described in Section 4 were the source of data for
this analysis. A FORTRAN computer program,
PHAZE (Atwoos . 990), was writlen 1o carry out
the approach presented in Section 5. A data file
was & coded representation of the failure occur-
rence tmeline that contained the data for each of
the individual components as a series of records.
In each record, the component name was stated
first. then the beginning and ending dates of
obsc.vation, followed by the specific tailure
dates. If a component was replaced at the end of
ts observation period, then the last date of failure
was given the trailing designator, R. Tables 6-1
and 6-2 present the formatted input failure data
tor the broadly and narrowly defined failures,
respectively. These data sets correspond exactly
to the timehnes of Section 4,

6.2 Statistical Screening
Analysis

6.2.1 Common / Test for All Components.
A single component of a nuclear safety system
will rarely incur enough failures, even over its
mstalled hife, 10 analyze singly. Therefore, com-
ponent failure his'aries must be combined, or
pooled, together. Paoling of component failure
data by type for use in quantification of PRAs has
become a casual, and sometimes untested, stan-
dard practice. Good practice for data analysis,
however, requires that data from the individual
components be examined and compared before
being pooled,

The pooling of component failure data is deter-
mined to be acceptable or not depending on the

6-1

6. TIME-DEPENDENT FAILURE DATA ANALYSI:

significance level for the test of the equality of g
(see Section S.3.1). If the significance level weie
less than (.05 (meaning that there is less than a
§% chance that such disparate component data
could arise if # is the same for all components),
then the pooling assumption would be rejected
and the sigmificance levels and confidence inter-
val plots associated with the component com-
parisons would be visually checked for indication
of an outlier. Engineering judgement would ve
used 1o help decide whether to treat the outlier(s)
separaiely.

In this analysis of AFW sysiem components,
the value of the significance level ranged from
0.15 10 1.Lu ror all but one set of components dis-
cussed separately below. The values are shown
in Tables 6-3 and 6-4. Therefore, the assumption
of equal ty of 4 was accepted, and all components
passed this step in the screening process. Use of
the confidence interval piots for identification of
outliers was not necessary because all signifi-
cance levels were greater than 0.05. However, to
help the reader visualize the process, a typical
corfidence interval plot for g is shown in
Figure 5-2. The plot is shown for the 3-in, MOVs,
the broad failure definition, and the failure mode
AFW-MOV-PG. The overall significance level is
0.%3, indicating that equality of £ is a good
assumption.

One data set, AFW-MOV-FC for narrowly
defined failures, showed a significance level of
0.05 based on the linear model. However the
extreme component in this case had ﬁ, = e, which
was based on one observed failure. Therefore, we
did not feel that there was enough information to
justify any decision. Because the exponential
maodel had allowed the components to be pooled,

the components were also pooled with the linear
model

One disturbing feature shown in Tables 6-3 and
6-4 is the frequent inability of the linear model
and the occasional inability of the Weibull model
to provide an answer to the test for equality. This
is & result of the mathematics associated with the
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Time-Dependent Failure Data Analysis

MODEL

ACTUAL

Reformatted th2 failure data (Section 4) to be consistent
Prepare the Input with the input requirements for the statistical analysis
code.

A

Perform Statistical
Screening Analysis

Using the statistical analysis code PHAZE:

B. Tested for the presence of aging.

C. Checked the adequacy of the assumed form

Checked the adequacy of the assumption that
the 7 values for like components were

equal

of the aging mode! (exponential, Weibull,
linear) to predict the observed data.

Checked the adequacy of the assumption that
the i, values for like components exhibiting

aging were equal.
Found the MLEs of g and /..
Checked the adequacy of the bivariate normal

approximation for the construction of confidence
intervals.

Calculate
Aft)

Using the statistical analysis code:

Calculated the value of i) and its assoc:ated
confidence interval as a function of time.
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Firure 6-1. Process used to develop time-dependent failure rates.
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Time-Dependent Faiture Data Analysis

Table 6-1. Formatted data used for the analysis of broadly defined failures

Start and end Number
In service dates® of of
Mark number date? observations failures Date"~ ﬂanlum

Failure Mode AFW-PMP-FR

1-TDP 721201 770824 871001 13 TROT11 780303 790204 790420 791723
ROO210 800429 820824 840111 85021«
£50509 B6(820 860907

2-TDP 730501 770824 871001 11 ROIT18 820513 821207 830216 830314
830321 830429 830927 831013 840330
RSOK19

Failure Mode AFW-PMP-FS

1-MDP-A2 721201 770824 871001 5 810522 830611 820320 820330 86082
1-MDP-B 7212001 770824 871001 3 810522 860826 870522

2-MDP-A 730501 770824 871001 4 790209 790910 831006 831012
2-MDP-B 730501 770824 871001 R 790207 790910 800725 850712

Failure Mode AFW-PMP-FR

I-MDP-A 721201 770824 871001 5 791223 810101 810114 810201 821014
|-MDP-B 721201 770824 871001 2 810114 820309
2-MDP-A 730501 770824 871001 3 790324 870331
2-MDP-B 730501 770824 871001 2 810616 870807

Failure Mode AFW-MOV-PG

1-MOV-A 721201 770824 871001 1 810618

I-MOV-B 721201 T - 24 B71001 1 780706

I-MOV-C 721201 770824 871001 1 830423

1-MOV-D 721201 770824 871001 7 830411 830520 840620 850814 860128
860131 861123

I-MOV-E 721201 770824 800219 1 800219 RP

I-MOV-F 721201 770824 820814 4 780605 810325 811001 820814 R®

I-MOV-F(R) 820815  B20815 871001 2 821018 850213

2-MOV-A 730501 770824 871001 2 781015 851029

-MOV-B 730501 770824 871001 4 BON826 801104 B21218 850620

2-MOV-C 730501 770824 830426 2 811207 830426 R®

2-MOV-C(R) 830427  B30427 871001 1 870225
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Time-Dependent Failure Data Analysis

Table 6-1. (continued).

Start and end Number

In service dates® of of

Mark number  date? observations  failures Date® of failure .

2-MOV-D 730501 770824 871001 6 T8O407 BOOS13 BOO602 821218 850620
B60718

2-MOV-E 730501 770824 871001 3 B10611 K30313 870219

2-MOV-E(R) 800323 800323 R7100)

2-MOV-F 730501 770824 871001 6 800S0C 821218 30424 830819 840412
850620

Fatlure Mode AFW-PSF-FC-XCONN

-MOV-G 721201 770824 871001 3 B10423 K11212 850823

I-MOV-H 721201 770824 871001 2 860211 860807

2-MOV-i 730501 770824 800807 1 8OO807 RY j

2-MOV-I(R) RO0807  ROOROR 871001 | 830423 |

2-MOV-J 730501 770824 871001 5 TR1006 781204 8OOR14 K10120 830423

Failure Mode AFW-CKV-00"

1-CV-A 721201 770824 871001 3 R30520 870214 870528

1-CV-B 721201 770824 871001 1 830525

1-CV-C 721201 770824 871001 ' 830504

2-CV-A 730501 770824 871001 2 830117 831129

2.CV-B 730501 770824 871001 0

2-CV-C 730501 770824 871001 5 830926 831119 R40128 840313 841218

Fatiure Mode AFW-PMP-LK-STMBD

1-TDP 721201 770824 871001 0

1-MDP-A 721201 770824 871061 0

I-MDP-B 721201 770824 871001 0

2-TDpP 730501 770824 871001 i 831120

2-MDP-A 730501 770824 871001 0

2-MDP-B 730501 770824 871001 1 31118

a.  Note th * date format is , _ar, month, and day.
b. R indicates that the component was replaced at the date of the final failure,
¢ Following discussion with personnel from the power station, the CV events were reinterpreted as non-failures,

and the data file was no longer used. See Section 6.2.3.
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Time-Dependent Failure Data Analysis

Table 6-2. Formatied data usec. for the analvsis of narrowly defined failures.

Start and end Number
In service dates® of of
Mark number  date® observations failures Date? of failure

Failure Mode AFW-PMP-FR

1-TDP 721201 770824 871001 2 780111 860907

2-TDP 730501 770824 871001 3 BO1118 830216 830321
Failure Mode AFW-PMP-FS

R R RO TR RS

f 1-MDP-A 721201 770824 871001 2 820330 830611
I-MDP-B 721201 770824 871001 0
2-MDP-A 730501 770824 871001 l 831012
2-MDP-B 730501 770824 R71001 | 800725

Failure Mode AFW-PMP-FR

1-MDP-A 721201 770824 871001 0
I-MDP-B 721201 770824 871001 0
2-MDP-A 730501 770824 871001 0
2-MDFP-B 730501 770824 871001 0

Failure Mode AFW-MOV-PG

1-MOV-A 721201 77084871001 0

1-MOV-B 721201 770824 871001 1 780706

1-MOV-C 721201 770824 871001 0

I-MOV-D 721201 770824 871061 4 830520 840620 8508 14 860128
1-MOV-E 721201 770824 800219 1 800219 R®

1-MOV-F 721200 770824 820814 2 811001 820814 RY
I-MOV-F(R) 820815 820815871001 I 850213

2-MOV-A 730501 770824 871001 2 721015 831029

2-MOV-B 730501 770824 871001 1 RO1104

2-MOV-C 730501 770824 830426 I 830426 RP

2-MOV-C(R) R30427  R30427 871001 0
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Table 6-3. Results of statistical analysis of the broadly defined faiures.

Sigmiicance Sapuficance
Tevel fon lesting ievzl for testing
equatity of §* p=9
Faslure mode

AFW-PMP-FR TDP 029 01s ¥ 058 #4247 055
AFW.-PMP-FS-MDP 052 2:s .72 052 n&E a5
AFW-PMF-FR-MDP 097 a9 LR e 063 0™
AFW MOV-PG 0x3 46 093 oS a3 01s
AFW-MOV.FC 025 ase  ose a6s 056 0as
AFW-PMPLK STMBD 0% 078 —~F a2 833 68X
AFW-CKV-O07 106 106 £ an2 Gz om
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NA
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NA
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Table 6-4. Results of statistical analysis of the namrowly defined fatlures.

RLES U/ DHUNN

Sigmficance Sigraficance
level for testing leved for testeng
.. . L A 1.
| Farture mode”

AFW PMPFR TDP oo 060 4 ase 0se
AFW.PMP-FS MDP 1o 100 8% ess nas
I AFW-MOV-PG D84 685 €72 02 025
| AFW MOV FC 013 4 pes  oss as<
AFWPMPLIK STMBC 088 an 4 o2 0

89

4 Could n be caloulsted for this case

© A value of 0.05 or less indicstes strong evidence that the components fathires were ot
uum-“hmuumwuﬁam.

059

f0ss

n2a

08%

028

oot for testng
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6 20

>0 26

Segmfuance
leves vor sesting

_ equality of A"

NA

N/A

020 >026

NA

026 020

fise
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NiA

N/A
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maodels. In mathematical terms, they are not well-
behaved. While this is inconvement, it does not
prevent ibe use of the models for other sets of
duta. and with the support of the exponential
model, does not necessarily prevent the further
apphication of the Weibull and linear models. For
example, even though the lincar model was inca-
pabile of providing a result for the case of the nar-
rowly defined, pump steam-binding failure, both
the exponential and Weibull models indicated
aceeptance of the equality of the fs. Theretore,
the hinear model continued to be apphied to this
case as though the set of components had shown
equality using this model.

6.2.2 Aging Test. Afier the test for common g,
the next task was 1o test for statistically signifi-
cant aging. The significance level of the null
hypothesis, g = 0, was ¢checked for all sets of
components passing the first sereening test,
Recall that the null hypothesis assumed a homo-
gencous Poisson process, implying constant fail-
are rate. The test tor significance must identify
any staustcally significant evidence 1o the con-
trary. Therclore, evidence of an increasing rate of
talure, assumed in this report to be aging, can be
modeled by a positive g .

The approach for analyzing data for the pres-
ence of aging used twe significance levels, 0.08
and 0.40 (Section 2.5). Traditional statistics
would use only the 0.05 value for testing statisti-
cal sigrificance of aging. However, for a safety
analysis 1t can be argued that the relaxation of this
convention 15 conservative and, therefore, just-
fied. The result is that components are identified
in which thete is less confidence that the aging
trend is present. Frequently, these components
have a large uncertainty, indicating the need for
more data to make any confident statement on the
futlure trends. The result of including components
to the 0.40 significance level is that more aging,
and thus more risk, is predicted than may actually
be present. This is generally conservative and,
therefore, acceptable.

The significance level values for f = 0 ranged
from 0.85 10 0.02, as shown in Tables € 3 and 6-4.
One broadly defined failure set and no narrowly

69
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defined furlure sets exhibited significance levels
less than 008 The broadly defined failure set was
the pump discharge header check valve backflow
fatlure (AFW-CKV-00). After the check valve
maintenance records were reinterpreted, as
descnibed below, no data sets showed aging at a
significance level less than 0.05. Two additional
sets exhibited aging at the 0.40 level of signifi-
cance for both the broadly and narrowly defined
failures. These two sets were the 3-in. MOV plug-
cing failure (AFW-MOV-PG) and pump steam
binding futlure (AFW-PMP-LK-STMBD).

6.2.3 Adequacy Check of the Assumed
Form of the Aging Model. Initlly the five
component tulure data sets that showed indica-
ton of aging al either the 0,05 or 0.40 signifi-
cance level were tested to see if any of the three
assumed model forms provided an adequate
description of the data. As in the previous screen-
ing, 0.05 was used to test the assumption
(Section 5.3.2). The hypothesized madel form
would be accepted if the failure times predicted
by the model were close to the actual failure
times. For all the data sets except one, the level of
significance ranged from 0.20 10 0.85, as shown
in Tables 6-3 and 6-4. For backflow of the check
valves, the significance level was from 0.04 10
0.00, depending on the assumed model,

The Q- plots (Section 5.3.2) for the five data
sets for cach of the three models (shown in Fig-
ures 6-2 10 6-13) are consistent with the signifi-
cance levels shown in Tables 6-3 and 6-4. The
plots indicate that some clustering of data
occurred, but except for backflow of the clieck
valves, the plots show no gross deviations from
the 45-degrze line that represents perfeci agree-
ment between actual and predicted failure times.

For backflow of the check valves (failure mode
AFW-CKV-00), based on the broad definition of
failures, clustering of the failure dates made the
fit 1o any of the models marginal ai best. The clus-
tering of failure times is shown in the imeline
(Figure 4-16), in the cumulative failure plot (Fig-
ure 4-17), and in the corresponding Q-Q plots
\Figures 6-2 through 6-4). Several possible
causes of this clustering were conjectured, but the

NUREG/CR-5378
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Time - Dependent Failure Data Analysis
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Figure 6-2. (Q-Q plot for pump discharge check valves, broadly defined back leakage failures, exponen-
tial model, based on failures before the data were reinterpreted.
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Figure 6-3. Q-Q plot for pump discharge check valves, droadly defined back leakage failures, Weibull
model, based on failures before the data were reinterpreted.
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Figure 6-4. (Q-Q plot for pump discharge check valves, broadly defined back leakage failures, linear
madel, based on failures before the data were reinterpreted.
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Figure 6-5. Q-Q plot for 3-in. MOV (header isolation valves), broadiy defined plugging failures,
exponential model
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Figure 6-10. Q-Q plot for 3-in. MOVs (header isolation valves), narrowly defined plugging failures,
linear model.
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Figure 6-11. Q-Q plot for either broadly or narrowly defined pump steam binding failures, exponential
model,
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Figure 6-12. (-Q plot for either broadly or narrowly defined pump steam binding failures, Weibull
maodel
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Figure 6-13. Q-Q plot for either broadly or narrowly defined pump steam binding failures, linear model.
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Time-Dependent Failure Data Analysis

true causes could not be established from the
available mammtenance records

Because the lack of fit was at the borderline
hetween acceptance and rejection (at the (.08 sig-
nificance level), the data were analyzed based on
the assumed aging models, This decision was
influenced by two considerstions:

¢ Modeling the failure rale as increasing is
conservative

¢  Failures that cluster are not specifically a
problem for aging models. They are a prob-
lem for any data analysis that is typically
done for a PRA. In particular, the usual
analysis assumes that the failures are inde-
pendent with a constant failure rate; cluster-
ing violates the independence assumption.
Thus, the lack of fit is present whether the
check valves are treated as aging or not

If this failure mode had had little effect on the
risk, the i1ssue would have been dropped. How-
ever, as discussed in Section 7, backflow of check
valves tumed out 1o be the dominant contributor
to risk. Therefore, when review comments on a
draft were received from personnel at the power
station, we inquired specifically about the leakage
failures.

The inquiry revealed three nearly simultaneous
repairs of the pump discharge check valves at
Unit 1 in May 1983 (see Figure 4-16 and
Table 6-11. These repairs were made as a
response 1o notification that leakage of check
valves might be a generic, industry-wide prob-
lem. Indeed, some leakage was found, but the
time of the onset of the leakage in each valve 1§
unknown. The recurrent repairs of valve 2-CV.C
were unsuccessful attempts to stop leakage that
came from a different source, a failed orifice on a
recirculation ling, not through the check valve at
all,

The most important discovery, however, was
that none of the leakage events was severe enough
1o cause failure mode AFW-CKV-00, backflow
through the pump discharge check valve. (Recali
that a maintenance record was classified as a fail-

e L e

6-16

ure under the broad defimtion if it was considered
1o possibly describe a failure, although it might
only describe @ problem that was fixed hefore the
component had 10 be removed from service).
Based on this additional knowledge, all the leak-
age events were reclussified as non-failures for
the failure mode AFW-CKV-00. The events
were retained, however, for the steam binding
failure mode (AFW-PMP-LK -STMED) because
minimal leakage i1s needed for that faliure mode.

Therefore, the reimerpretation of the raw data
eliminated AFW-CKV-00 as a failure mode
affected by aging and left the calculations for
AFW-PMP-LK-STMBD unchang-d. After the
reinterpretation, there was no problem with lack
of fit to any of the aging models,

6.2.4 Common ., Test for All Components
Exhibiting Aging Next the five component
failure data sets that were determined to show
time-dependent trends were analyzed to test the
adequacy of the assumption that the data should
he pooled based on equality of 4, (Section §.3.3),
As for the equality test for f,if the significance
level had been less than 0.05, then the signifi-
cance levels and confidence interval plots asso-
ciated with the component comparisons would
have been visually checked for indication of an
outlier, and engineering judgement would have
been used 1o help decide whether 10 split the data,
The assumption of pooling was found acceptable
for all five data sets at significance levels ranging
from 0.18 to 1.00, as shown in Tables 6-3 and 6-4.
The confidence imterval plot for 4, for the 3-in,
MOV plugging failure is shown in Figure S-6.

6.2.5 MLE for (4,4, The MLEs for #and 4,
were found for the five component failure data
sets that passed the screening to this point (Sec-
tion 5.3.5). The results are shown by data set and
assumed model in Table 65,

6.2.6 Check of the Normal Approximation
for Distribution of MLE. The MLE 1 a point
estimate only. To get a confidence band for 4(n. it
was assumed that the MLE (flogi.) had a
bivariate normal distribution (Section 5.3 5). This
assumption resulted in an approximately

S —
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Figure 6-16. Y0% confidence regions for (4,4,) for 3-in. MOVs (header isolation valves). narrowly
defined plugging fallures, exponential model.
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Figure 6-17. 90% confidence regions for (4.4,) for 3-in. MOVs (header isolation valves), narrowly
defined plugging failures, Weibull model.
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Table 6-6. MLEs of /() and associated confidence mie:vals by fathure mode definution for the exponential model

Atnr and confidence interval

Fatlure mode 987 1988 1989
Broadiv Defincd Fadures
AFW-MOV-PG SBIE-G5 6.20E - 05 6.62E - 05
350E-05 0 964E-05 SSOE-05 10 110E-(M  3IS0F 05 10 1 26F -04
AFW-PMP-LK-STMBD 6.70E — 06 7S53E - 06 FATE - 06
TO66E 07 1o S86E—-05 603E—07 t0 942E-05 467E-07 o 1 53E -1
AFW.CKV-00? STIE-05 7O08E -95 869 - 05
252E-05 t0 132E-04 26SE-05 10 189E-04 277E-05 w 2.72E-04
Narrowly Defined Favlures
AFW-MOV-PG 2H6IE-05 2R3E-05 306E 05

AFW-PMP-LK STMBD

1.20E —05 0 S6TE - 05

6.70E - 06
7.66E —07 w0 586F - 05

Li8E - 05 to 6.80E—05

153E-06
6.03E - 07 w 942E-05

1LISE—05 o 8.I8E 05

R4TE - 06
467E-07 w 153E-04

THTE —-08
348E - 05 0 | 44F — 4

9.52E - 06
359E 07 w 253E -4

1OTE — (4
2R9E 05 to 394F 04

32E-05
LIZE-05 wo 986E - 05

9.52E-0»
IS9E 07 w 253 -0

2 Following discussion with personnel from the power station, the events with backflow of check valves were all remnterpreted as non-fastures. and the failure mcde
AFW-CKV-00 was no longer regarded as affected by aging (See Section 6.2.3 ) Therefore, 4 was taken to be the constant value givea in the NUREG- 1150 PRA
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Table 6-8. MLEs of it by faslure mode defintion for the linear model.

Aty
Failure mode 1987 emR 1989 1990

Broadly Defined Farlures
AFW-MOV-PG 5 S8E 05 S84E - 05 6.10E — 05 6.36E — 05 :
AFW-PMP-LK-STMBD 7.65E — 06 836 — 06 9.0RE — 06 9.79E — 06 |
AFW-CK V-00° 4,59 05 SO2E - 05 S4SE-05 S 87E 05

Narrowly Defined F ailures
AFW-MOV-PG 251E-05 265E 05 279 - 05 2 93E - 05
AFW-PMP-LK-STMBD 7.65E — 06 £.36F — 06 9.08E — 06 9.79E — 06

a. Following discussion with personne! from<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>