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ABSTRACT

This 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 (a) develops a way to identify and quantify age dependent
failure rates of active components, and to incorporate * hem into PRA; (b) demon-
strates these tools by applying them to a fluid-mechanical systen, using the key
elements of a NUREG-1150 PRA; and (c) presents them in a step by step
approach, to be used for evaluating risk significance of aging phenomena in sys-
tems of interest.

Statistical tests are used for detecting increasing failure rates and for testing data-
pooling assumptions and model adequacy. The component failure rates are assumed

to change over time, with several forms used to model the age dependence-
exponential, Weibull, and linear. Confidence intervals for the age-dependent failure
rates are found and used to develop inputs to a PRA model in order to determine the

plant core damage frequency. This approach was used with plant specific data,
obtained as maintenance work requests, for the auxiliary feedwater system of ant

older pressurized water reactor. It can be used for extrapolating present trends into
the near future, and for supporting risk-based aging management decisions.

RN A6389-Aging-Components and Systems IV
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EXECUTIVE SUMMARY

The present work develops and demonstrates a independent. The general tonn assumed for A(t)
probabilistic risk assessment (PRA) approach to involved a parameter that governs the rate of
assess ihe effect of aging and degradation of active aging by means of a function h and a constant
components on plant risk. The woit supports the multiplier A,., all related by
Nuclear Plant Aging Research Prograir sponsored

~

by the U.S. Nuclear Regulatory Commission A(t) = A,Ji(t;g)
(USNRC). The work consists of three tasks:

The three specific models considered in this ,

Desclop a way to identify and quantify age- report are*
,

dependent failure rates of active com-
A,,c l'' (exponential failure rate)ponents, and to incorporate them into PR A. A(t) =

,

AJt/t,,)/' (Weibull failure rate)Demonstrate this approach by applying it. A(t)* =

with plant-specific data, to a fluid-mechani-
'

cal system. using the key elements of a A(t) Adi + t) (linear failure rate).=

NUREG-ll503 PRA. I

For the Weibull model, to is an arbitrary
.

!

Present it as a pep-by-step approach so that nonnalizing time. Each assumed model was rou-*

others can use it for evaluating risk signifi- tinely checked in the data analyses with the
cance of aging phenomena in systems of following results. There was some clustering of
interest. the failure times; during an intermediate analysis,

but not after the final analysis, there was enough
The approach was applied to analyze mainte- clustering in one data set to cast strong doubt on

nance data from the auxiliary feedwater ( AFW) the Poisson assumption. The choice of an expo- !

sys'em of an older pressurized water reactor nential, Weibull, or linear form for A(t) never had
(FW R). Only the AFW system was assumed to be much effect on the fit of the model to the data.
aging. The age-dependent failure rates were then
input to the plant's NUREG-1150 PRA at various it was further r iumed that replaced compo-
assumed plant ages to show the effect of aging on nents in the data record could be considered as
core damage frequency. good as new, while repaired components could be

considered as good as old; and that the compo-
7

A number of assumptions w cre made to accom- nents in place at the start of the data period were :
!plish this work. For the data, it was assumed that installed when the plant began commercial opera-

the component maintenance records obtained for tion, approximately four years before the start of
use in this study were comolete and the " return-to- the data period. For risk modeling,it was assumed
service-date" for corrective maintenance per- that an increasing failure rate reflected aging, and -

formed on components determined to have failed so could be extrapolated into the near future; and j

was an acceptable surrogate for the date of failure. the published NUREG-1150 PRA was complete
For the data analysis and system modeling it was as modeled and could adequately model all sys-
assumed that the failures of a component follow a tems other than the AFW system, with only minor
nonhomogeneous (time-dependent) Poisson pro- modifications needed for the AFW system to
cess, with time-dependent failure rate A(t). The account for aging.
Poisson assumption implies that fai'ures are

The approach used statistical tests to detect
increasing failure rates and to test data-pooling

a. USNRC, Snere Accident Rid Assessment for assumptions and model adequacy. Point esti_ mates

Five U.S. Nuclear Pwer Plants, NUREG-ll50, and confidence intervals were found for the
Draft 2,1989. model parameters and A . These werey

xiii NUREG/CR-5378
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translated into estimates for the age-dependent future. However, the exponential model '

failure rates. In any short time period, such as one clearly behaved best for quantifying uncer-
{ year, each failure rate A, was treated as a constant tainties, and the linear model clearly behaved
! and used to dc velop inputs to a PRA model, yield. worst, being in some ways unusable.
j ing the plant core damage frequency (CDFL

| Several dif0eulties were noted in applying the
| Based on the statistical data analyses, only approach. First, data from 10 years of AFW sys-
j- selected components were modeled as aging in tem operation at two units pmvided too little in-
j the PR A. To identify these components, tw o crite- formation to precisely estimate the degree of
; ria were used. Components were modeled as aging for many failure modes, although this data'

aging if a test showed statistically significant set was comparatively large for such a plant spe-
| aging (a) at the 5% signincance level (strong evi- cifie sample of failure events. Second, classinea-
1 dence of aging) or (b) at the 40% significance tion of failure data from old records was difficult,
j level (very weak evidence of aging). Both signifi- and necessita d the use of bmad and narrow defi-r

j cance levels were used because there is no sharp nitions of failure. Third, failures tended to cluster
; dividing line between aging and non-aging. in time, Finally, the maintenance and operational.
j environment may have changed at times in the

To help account for the subjectivity in interpret- plant's history. Some of these difficuhics could be
t

ing the maintenante records, two definitions of
. addressed by discussions with people directly

failure were used. A broadly defined failure was familiar with the plant equipment, practices, and,

i one where the maintenance record might possibly history,
j have described a safety-related failure, whereas a
j narrowly defined failure v.as one where the main'

We also make the following observations
j tenance record certainly described a failure. The concerning the possible application of the; narrowly defined failures were a subset of the

methodology:
broadly defined failures. The exact criteria for
each deOnition are clearly stated in this work t

Extrapolation of observed trends to the, *
allow for repeatability of the analysis,,

distant future would require more explicit

f The final resuit of applying the above approach inep myi n f m intenance and replace-
was that two components showed some et dence ment p hetes. They are treated implicitly

of increasing failure rate. Extrapolation of these hm, as part_of the eWronment f or the

. failure rates into the near future resulted in negli- bserved past failure events, Therefore, the

!- gible changes in CDF from those calculated in the appr ch of this report should not be used f or

j NUREG-1150 PRA. distant extrapolation.
;

Periodic use of the approach at a plant isTwo conclusions ofimportance are as follows: *

; suggested to help prioritize surveillance,
! A step-by-step approach was developed and maintenance, and engineering analysis.

{ demonstrated that provides a workab!c way : efforts accordin- to risk.
j to estimate present and near term future risk
i based on the modeling assumptions. For managers who must make decisions based -|
| on three models, two definitions of failure, and .
j Three aging models were considered: the two significance levels, we, the authors of thise

exponential, Weibull, and linear failure rate report, offer the following suggecions. Use the;

models. With the data used, they produced . exponential failure model. When aging M a com-;

{_ very similar results for the data observation ponent results in a significant increase in CDF,
F period and for extrapolations into the near use a table similar to the following example.

]

i
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Table ES-1. Example decision matrix.

Broadly defined failures Narrowly defined failures

No-aging assumption Awareness. Inform operations and Strong interest. Infonn operations
rejected at significance maintenance staffs of potential and maintenance staffs of poten-
level of 0.40 problem. Reanalyze if failures persist. tial problem. Reanalyze after

short period of time.

No-aging assumption Strong interest. Investigate immediately Very strong interest. Investigate
rejected at significance to determine which maintenance immediately and detemiine what
level of 0.05 records describe actual failures of mitigating action should be taken.

concern.

1
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Aging Data Analysis and Risk
Assessment-Development and

Demonstration Study

1. INTRODUCTION

1.1 Purpose and Scope Many hardware- and material-oriented research
,

programs have been implemented in the NPAR l

The present work was planned to develop and program to gain an understanding of aging and

demonstrate a probabilistic risk assessment degradation phenomena in safety significant

(PRA) approach to assess the effect of aging and nuclear power plant equipment. This under-

degradation of active components on plant risk. standing will contribute to the identification and

This goal consisted of three tasks: resolution of aging-related technical issues, and to
recommendations on how o identify, detect, and

Develop a way to identify and quantify age- control (manage) the effects of equipment aging.*

dependent failure rates of active compo. Aging management must use appropriate tools

nents, and to incorporate them into PRA. and techniques to ensure that components and
systems are identified according to their risk sig-

,

Demonstrate this approach by applying it, nificance, and that they are maintailed at an' *

j with plan.t-specific data, to a fluid-mechani- acceptable level of reliability over the operating
; cal system. using the key elements of a life of the plant.
; NUiGG-1150 PRA (USNRC 1989).
} Oae specific task of the NPAR program, Risk

Present it as a step-by-step approach, so that Evaluation of Aging Phenomena, was chartered to: *

others can use it to evaluate the risk signifi- develop anc Jand PRA techniques to evaluate
j cance of aging phenomena in systems of the impacts of equipment aging and degradation
i interest. on overall plant risk indices, such as safety system
'

unavailability and core damage frequency (CDF).
| This study was restricted to active components- The present work was perfonned as part of this
! Parallel work on passive components is described task.

| by Phillips et al. (1990).

i 1.2.2 Motivation. Risk assessment is a key
L

1.2 Background
elciacm of the NPAR program. Aging risk assess-

'

ment is envisioned for the following purposes:
1.2.1 History. The oldest licensed commercial -

-

nuclear power station has been operating for about .

sigmfw. ant components and*' " 7 ns
. .

30 years. As a part of its responsibilities to protect
systems m which aging is a concem

.

the health and safety of the public, the United
States Nuclear Regulatory Commission (USNRC).

Provide assurance that ongoing aging man-| is concerned about the aging of major compo. *

_

nents, structures, and safety systems in nuclear agement programs maintain an acceptable
'

power plcnts. Therefore, the USNRC has initiated - level of plant safety

the Nuclear Plant Aging Remarch (NPAR) Pro-
,
'

gram (USNRC 1987) to develop technical bases Provide input to set schedules for activities*

for the systematic assessment of the effects of that control the effats of aging, such as
aging on plant safety and pubhc risk. testing, surveillance and replacement

i

|

!
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!

Examine the risk significance of plant- points to consider when facing the question "Is
.

,

j specific design features / modifications and there aging?" Finally, it gives a summary of the
select effective ways to reduce plant risk step-by-step approach developed in this work.

i . Prioritire resources for hardware-oriented Section 3 describes the pressurized water reac-
] aging research (Levy et al.1988) tei(PWR) auxiliary feedwater (AFW) system

used in demonstratmg the approach.
f Perfonn value-impact regulatory analysis,e
!

:
Section 4 describes how the data from the AFWj A close look at current state-of-the-art PR A system were interpreted for the demonstration,

j technology reveals that incorporation of time-
j dependence requires (a) development of a way to Section 5 presents a conceptual view of the sta- |

treat time-dependence in PRA inputs,(b) exami- tistical elements of the data analysis, with the
;

nation of the standard PRA approaches for technical details relegated to Appendix A.
; implicit non aging assumptions, and (c) docu-
j mentation of PRA approaches for aging. The goal Section 6, presents the application of this anal- |

: of the Risk Evaluation of Agmg Phenomena task ysis approach to the AFW data. The result is a set
( is to develop ways to incorporate the effects of of estimated age-dependent failure rates for cer-
i aging into PRA, thereby supporting the develop- tain components in the AFW system.
} ment of regulatory criteria and strategies and
j addressing the technicalissues related to plant Section 7 uses these age-dependent failure

aging. rates to modify the NUREG-ll50 PRA and then;

!
zo calculate risk as a function of time.

| 1.3 Report Organization
| Section 8 summarizes the main results of the
i Section i states the purpose and scope of this report.

report. It also gives a brief background and

f. motivation for this study. Section 9 lists the references cited.

1 Section 2 gives the overall approach taken in Finally, Appendix A contaita technical detads
I this report. It presents definitions, specific objec- of the statistical methods, and Appendix B
i lives, assumptions, and limitations. It explains contains tahles of the AFW maintenance records.
.

,

.

!

!

:

1

4

1

|
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i 2. PROJECT APPROACH

2.1 The Definition of Aging degnidation may well be different from thai occur-
ring before the maintenance because of the com-

The NPAR definitien of aging used in this work plicated intenetion of new and degraded parts, if

is " ..the cumulative degradation which occurs the mainter.aace activity resuhs in the retum of the'

with the passaga of time in a component, sy stem, cmnponent to a condition nearly equivalent to that

] or structure [that| can, if unmitigated, lead to loss before the maintenance was performed (for exam-

of function and an impairment of safety." plc, the repair / replacement of a single part) then

(USNRC 1987) It is important to consider the the component may be considered as good as old.
<

I details of this definition to understand,in context. Fina!!y, the component may be better than new if

the assumpticas made in the development and a part or parts were replaced with better than origi.
,

i application of the aging assessment approach. nal equipment, or worse than old as a result of
Iaulty parts ci impmper perfornvnce of the main-

! First, consider the meaning of " passage of tenance. The quantitative modeling of this report

time." Often this is interpreted as simply a calen, awumes that replacement makes a component as'

{ dar pmcew. However, the amount of degradation gmd as new, while repair makes it as good as old.

| that occurs within a given period of time depends Mitigating surveillance and maintenance pro-

) on the degrading conditions present. The degrad, grams are considered as part of the normal condi-

ing conditions are created by the operational tions at the plant and are not modeled explicitly,1

environment, which includes the effects at
operational procedures, policies, and mainte. Finally, consider degradation that can " lead to a

low f functi n and an impaimient of safety."The: nance. Changes in the operational patterns affect

| the degrading ensironment. In this report we important detail to understand here is that not all
'

assumed that degrading conditions remained con- degradation that results from the passage of time
; stant, so that calendar time could be used as a contributes to the failure of a safety-specific
. surrocate for time at degrading conditions, functioni For example, the leakage of water from
; a secondary system valve may well be incon-

Nest consider " cumulative degradation." In venient, but may not affect the functional safetyi

- some cases degradation occurs so slowlv under f the valve. On the other hand, the leakage of

the degrading conditions present that it cart not be primary coolant from a reactor coolant system

| observed. Practically speaking, the aging is negli- valve does represent safety-related functional
! gible. If the effects of degradation can be degradation, which needs to be quantified to
1 observed, an equation describing the amount of describe aging. For this report, maintenance

i degradation as a function of time is necessary in record cre screened and only safety-related

order to quantify and predict the aging. evena were used.

; Next, consider " mitigation." The amount of 2.2 Objectives for the Present
] degradation and the rate t.t wnich degradation Work
; accumulates can be changed (mitigated) through

the performance of maintenance activities. If a in order to meet the purposes listed in
maintenance activity results in complete renewal / Section 1.1, the objectives of the present work are3

replacement of all the degraded parts of a compo- to develop and document an understandable
nent, then that component may be considered as step-by-step approach for accomplishing the1

good as new, that is, unaged. If the maintenance following analysis:
activity results in the renewal / replacement of only
a subset of the degraded parts, the component may identify statistically significant and non-e

be considered better than old but not as good as significant inercasing frilure rates for
new; that is, the functional form of further components in the AFW system of an older

|
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Project Approach

PWit nuclear poact station using available 1. The component maintenance records
plant-specific component history informa- obtained for use in this study w ere complete
.mn < standard plant maintenance records) in the sense that all corrective repairs and
and simple trend tests. replacements were included (for the time

spanned by the records).
Quantify the failure rate for those compo-*

nents foun.1 to exhibit statistically significant 2. The; "retum-to-service-date" for corrective
nendt mamtenance performed on components

determined to have failed was an acceptable
incorporate the failure estimates and surrogate for the date of failure.e

uncertainties into nn appropriate PR A model
3. Unit-specific data for two sister units

and compute the implied age-dependent
reflected similar operating environmentsplant risk index (CDF). uncertainty, and
and maintenance and, therefore, could be

important contributors (sequences, compo~
nent faults). A NUREG-1150 PRA was used

pooled to increase the sample size. This

for this computation. assumption was always tested fonnally and
Mways appeared acceptable.

2.3 Assumptions These assumptions are also commonly made
for an ordinary PRA. The only difference is that

This section lists the assumptions used to make the failure date in Assumption 2 is not needed
inferences for this work and distinguishes these when estimating a constant failure rate.-
nonstandard assumptions from the nonnal tenets

of nuclear plant PRA. Not one of these assump- 2.3.2 Assumptions'Regarding the Analy-
tions is believed to be perfectly true. They all sls and Use of the Data. Details of the statisti-
simplify reality somewhat in order to build a math' cal methods employed are described in Section 5

ematical model of the plant and thereby allow the and Appendix A. Assumptions regarding data
risk to be quantified. With a more intimate analysis and system modeling are as follows:

knowledge of the plant history or with more 1. The failures of a component follow a non-
detailed repair records,it might be possible to homogeneous (time-dependent) Poisson
modify some of the assumptions. When refining process, with time-dependent failure rate,
the assumptions, however, one must take care not

ist). The Poisson assumption implies th:it
to build a model with so many parameters that they failures are independent. The general form
cannot be estimated well with the available data.

assumed for A(t) involves a parameter that

The assumptions are listed here to make governs the rate of aging by means of a func-.

explicit the scope of applicability of the approach.
tion h and a constant muhipiier Ag, all related
by

If in a different setting some of the assumptions
are known to be far from correct, then the

A(t) A,,h(t;g) .=

approach given in this report must be modified or
applied separately to distinct pertions of the data The three specific models considered in this
for which the assumptions are approximately report are
true.

Arch (exponential failure4t) =

2.3.1 Assumptions Regarding the Data rate)
Employed in the Study. Section 4 provides a
detailed description of the steps involved in - A(t) = - Ao(t/rf (Weibull failure rate)
developing component history data. The follow-
ing is a concise list of the assumptions that directly A(t) = A (1 + t) (linear failureg

involve the data.-
rate)

_ _ _
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Project Approach !

:

For the Weibull model, t,, is an arbitrary component at the start of the data period is irrele-
nonnalizing time, vant when the failure rate is assumed not to depend

on the component's age, i

2. The components' environments (ambient
nditions, maintenance and operation A non-constant environment may affect thee1

t

practices, and any degrading conditions) calculated failure rate. For example, if mainte-
were constant throughout the data period. nance practices are esolving and improving, the

,

As a consequence it follows that calculated failure rate will gradually decrease. If_
the environment nuctuates, but has no long term i

Inewasing failure rate reDects aging, trend, then failures may be more frequent whene
,

and therefore the increase can be the operating environment is less than optimal. +

extrapolated into the near future. Sim- flowever, no long-term upward or downward
ple extrapolation into the far future is trend will result in the calculated failere rate. '

,

unjustified because it is likely that s

badly aged components will be Assumption I was routinely checked in the data !

discovered and replaced eventually. .lkre was some clustering of the failure
.

times. During an intermediate analysis, but not

Calendar time is an acceptable sur" after final analysis. there was enough clustering in ;*

rogate for the time at degrading one data set to cast strong doubt on the Poisson i

conditions' assumption. The choice of an exponential,
Weibull, or linear form for 2(t) had little effect on

3. Peplaced components were considered as the fit of the model to the data. The good-as-new

good as new, while repaired components portion of Assumption 3 was checked through a i

were considered as good as old. test for equality of the A <alues. We did not have '

g
~

a technique for checking the good-as-old portion

4. The remponents in place at the start of the of Assumption 3, and we did not have enough i

data period were installed when the plant
nfonnation to check Assumptions 2,4, and 5. i

began commercial operation. This taeans 2.4 Limitations ithat no components were replaced during
;

the first 4.5 (approximately) years; note that
in 10 years of data records, very few It goes without saying that the approach of this $

report is not the only possible one. For example. *

components were replaced.
Bayesian approaches could be used, such as in

Bier et al. (1990). Other forms for A(t) could alsc5. The published NUREG-ll50 PRA was
be developed, besides the three used here. An

complete as modeled and could adequately ;

model all systems other than the AFW approach may be developed for allowing A(t) to ;

vary continuously in a PRA: this would avoid the isystem. Minor modifications to the AFW
stepwise approximation used here. The indistinct isystem fault trees are specifically identified

in Section 7.1.3. bord r between aging and nonaging could be han- I
died in various ways. Although these other

'

approaches might yield somewhat different
Assumptions I through 4 go beyond those of an

results, valid approaches should not yield substan-
ordinary PRA, as foF ws. Assumption 1: Nor- tially different conclusions from the same data.
mally, the failures are asnmed to follow a Poisson ,

process with a constant failure rate Assumption 2: A related issue is extrapolation. The three mod-
tThe assumption of a constant environment is els for A(t) considered here(exponential, Weibull, ;implicit in the assumption of a constant failure

and linear) could not be distinguished by how well ;
rate. Assumption 3: The concepts good-as-new

they fit the data used in this report. Ilowever, they ;and good-as-old are irrelevant .vhen the failure would yield very different resuhs at times far in the
rate is constant. Assumption 4: The age of a

future. This means that none of the models can be
'
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used for reliable distant extrapolation of this data and indeed a practical decision-maker probably
set. This is no surprise to experienced data does not wish to make a distinction between
analysts, who recognize the pitfalls of ever extremely slow aging and no aging. it is, therefore,
extrapolating a model far beyond the observed more infonnative to replace the yes-or-no ques-
data; for example see llahn and Meeker (1982). tion. "Is there aging?" by a quantitative question,

"llow much aging is there?"
There is an additional issue affecting extrapola-

tion in the present context, The analysis approach
Aging is modeled in this report, and the amount

of this report treats maintenance policies as part of
a component's operating environment, assumed to of aging is measured by a parameter . In each of

be constant. The failure data w ere generated w ithm the three models assumed in this report, =0

this environment. The maintenance pohcies would means that the failure rate is constant, that is,

very probably change, however, if failures started there is no aging. An increasing failure rate, inter-

to occur much more frequently. Therefore, for preted as acing of the component, is modeled by'

extrapolation do not simply ask "Which of the p> an a ema ng aHun mte h <R
assumed fonns of JJt) is correct?"In reality, none
of them can be extrapolated beyond the point w here The yewr-no question "Is there aging?" corre-
maintenance policies would change. Any distant sponds to a statistical test of the hypothesis = 0,

extrapolation using only the approach of this report The quantitative question "llow much aging is
must be regarded at best as a diagnostic tool, not as there?" corresponds to a statistical confidence
a realistic prediction. This report does not shcw any interval for . In general, a confidence interval
extrapolation more than three y ears l.eyond the last provides more infonnation than a hypothesis test.
year of data.

The two are related in the following simple way.
Suppose that data have been collected. For any

A valid distant extrapolation, usine existing number o, we can test the hypothesis y = fo. A
data, would require the following as s , mum:

confidence interval consists of all the valuesthorough knowledge of the put m oenance
policies and the way they affected the failures of that would be accepted by the test.

record: explicit incorporation in the unlel of the
past pohcies and hypothesued future pohcies: For example, suppose that (1E-5,6E-5)is a
and interpretation of the failure data so that what 90% confidence .mterval for .This says that we

was observed under the past maintenance policies are 95% confident that > 1E-5 and 95% con-
can be extrapolated to occurrences when the fident that g < 6E-5, and therefore 90% confi-
future policies are in place. This would be a dent that the interval contains , The value
formidable task. = 1E-5 is rejected in favor of alarger atthe

5% significance level. (A significance !cvel is ~1
2.5 Practicalinference:Is minus a confidence level, so 5% signincance and

There Aging? 95% confidence are equivalent.)The value # = 0
is also rejected at a significance level less than 5%

2.5.1 General Approach. Sometimes we because 0 is less than IE-5. In fact, cvery value
would like to decide whether aging is present or f g that is less than iE-5 would be rejected at a -
not. When the question is phrased in this way, data significance level less than 5% Therefore, the
analysts often cannot give a conclusive answer. confidence interval shows not only whether a par-
This apparent indecisiveness follows not from ticular hypothesized # is rejected, but also all the
some perversity of statistical methodology, but . values that are rejected at a given significance
from the poor phrasing of the question. There is no levelc
clear dividing line between aging and non-aging.
Without enormous amounts of data, extremely Figure 2-1 shows five hypothetical 90% con-
slow aging cannot be distinguished from no aging, fidence intervals from imaginary data sets. The
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Figure 21, llypothetical 909 confidence intervals for B .

solid vertical line marks = 0, indicating no enough to be negligible, while in case D the aging
aging. The dashed vertical line at = 0.5E - 5 is clearly not negligible.

marks a level that has been judged to be practi-
cally negligible. (This number is an illustration Interval E lies entirely to the left of zero.

only, not a claim that any particular value of is erefore, h,s intenal represents the only data

negligible m. reality.) The wide confid nce inter- set for which we are 95% confident that there is.

.

.

vals presumably come from data sets with few " "E*E'
obsersed failures, while the short intervals come

in this example the five confidence intervals
from data sets with many observed failures * provide much more information than five

yes-or-no answers to the question,"Is there statis-

The confidence intervals for A and B both tically significant evidence of aging?" As a result,
include the value 0. Therefore, in both cases a test in this report confidence intervals are generally
would not reject the hypothesis # = 0 at the 5% preferred over tests as a way of reporting con-
lesel, and the analyst could report that there is no clusi ns, Tests are used only as a preliminary
statistically signibcant evidence of aging. The '''reening device. A test result should be thought

as shorthand for part of the informationconfidence intervals reveal much more, however. c

Interval A lies to the left of 0.5E-5, so we are e ntained in a confidence interval.

95% confident that any aging is negligible. Inter-
val B, on the other hand, is quite wide. Failure t 2.5.2 Specific Application. The data for this

find aging really mdicates failure to reach any report differ from the preceding hypothetical4

firm conclusion at all because ofinsufficient data. example in two ways. First, no negligible value
g ;

data come from only 10 years at one system in
The intervals C and D both lie to the right of one plant, they do not yield the extremely sliort

zero.Therefore, both cases show stati tically sig- intervals exemplified by A and C. The interval B
nificant evidence of aging at the 5% level. In is most typical of the intervals produced from the
case C, however, the aging is positive, but small small numbers of failures actually observed.

2-5 NUREG/CR-5378
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Suppose that interval B corresponded to data of'omponents that actually have a constant
from real components. Ilow should those compo- u,.. ore rate. There is a 40% chance that they will
nents .x treated in a risk quantification? Should appear to be aging at the 40% significance level
they be treated as aging or not? In this study, two because of the random nature of he failures. If
options were followed, this occurs, they will be modeled as having an

increasing failure rate. On the other hand, there is
Unless the data show statistically significante

,

no chance that they will be modeled as having a
aging at the 5% level, do not change the decreasing failure rate because we choose not to
PRA. Therefore, the components corre- do this.
sponding to intersal B would be treated as
non-aging, with a constant failure rate taken
from the I'RA. 2.6 Step-by Step Approach for

Aging Risk Analys.is
Follow the same approach, but use the 409*

significance level instead of 5%. This is Sections 4 through 7 follow a step by-step
equivalent to treating the component as approach for aging risk analysis. These steps are
aging only if the 209 confidence interval for summarized in the following sections and shown

lies to the right of zero. A 20% intervalis in the flow diagram of Figure 2-2. The first five
much shorter than a 90% interval, so under steps of are explained and shown in more detail in

this option the components corresmnding to Section 4.1. Steps 6 and 7 are explained and
interval B might be treated as agug. shown in more detail in Secuons 5 and 6.

The first option makes minimal changes to the 2.6.1 Step 1. Develop Tlrne Histories of
PRA, only changes that are forced by statistically Components. The first step is to obtain the

,

significant evidence of aging. The second option information required to develop time histories for
makes more changes. Set D would be treated as the systems / components to be analyzed. Possible
aging under either option, while set B could be sources ofinformation include naintenance,

considered aging only under tne second. In princi- records, material histories, operating records, and
ple, the second option introduces wider uncer- plant process computer data. Comparison of data
tainty bands in the final resuits, for two reasons. from numerous sources will aid in the devel-
First, the model for plant risk involves more opment of the most reliable histories. Although
parameters, the /3s, and therefore more sources of very little auention was given to this step while
uncertainty. Second, components that appear to be developing this aging risk assessment approach, it
aging at the 40% significance level but not at the should not be construed that the development is
5% level often have large uncertainties in trivial or unimportant. On the contrary, the time

,

resulting in substantial contributions to the uncer. histories are the backbone of the analysis and may
tainty in the calculated plant risk. be extremely difficult to develop. Poorly

developed time histories can result in either the
No data sets in this report give intervals resem- false identification of aging where none is occur-

bling set E, which has a decreasing failure rate ring or the false conclusion that aging is not
that is statistically significant at the 5% level. occurring when it actually is. These two kinds of
However, some cases of decreasing failure rates errors result in over- and under-estimation of
are significant at the 40% level. 'hese are future risk, respectively. An overview for data
modeled not as decreasing, but as constant failure base development that could be applied to the
rates, just as in the PRA. Therefore, the second development of component time histories was
option biases the approach toward more aging prepared by the Yankee Atomic Electric
than is actually present, as follows. 'onsider a set Company (Ghahramani 1989).
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'
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. -
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STEP 4 Apply Failure
,

Criteria to + STEP 6B Test for AgingSection 4 Data
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' '

STEP 5 Construct Failure Test for Assumed
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Failure Plots Mode
- - m .

-
,

-

STEP 6 Perform I
~

STEP 6D Test for Common AgSections 5 and 6 Statistical Analysis 4
- -

-

- ,

STEP 7 Calculate Find MLE* forSTEP 6E
Sections 5 and 6 hr> 93, A,,)

- -
.

.

- -
- -

STEP 8 Quantify the Check Normal
Section 7 Age-Dependent Ritk STEP 6F Approximation for >

Distribution of MLE*
_

-

* MLE = maximum likelihood estimate

LF910310

Figure 2-2. An aging risk yt.antification approach.
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!
1

1

j Once the n,x time-history data are collected, of a list of those conditim considered to describe
i they should be categori/cd and stored in wme the actual occunence of a failure.-These failures

consenient computer format to allow for easier resulted either in an automatic loss of con'ponent,

! reduction and analysis. Section 4 of this report function or 'he immediate manual removal of the
details the process of data development followed component from service to avoid damage.
for this demonstration, "om raw maintenance

nauw fa res an' a subet of the bmadrecurds to fejure occurrerve timelines.e

; failures. The use of the narrow definition of failure
ws to N quandhed whh data dunNng2.6.2 Step 2. Defme Relevant Component

. . failures that certainly took place, without the4

; Failure Modes. The second step is the idenu.-
masking effect caused by m. formation in which

i fication of the failure modes associated with
less confidence is placed. At the same time, the use

! components or miems being analyicd that wd. l
4 . . of broadly defined failures identifies n. k trends

. .

s

; contnbute to an increase in plant risk. 'T.hese 6 Md N imipd Wh a M hir
< failures nules could be obtamed from a plant-

validity. The setting of these en,teria is not simple4

specific PRA. Failure modes removed f. rom con.
. and may m.voh e some iteration with their applica-:

. sideration in a PRA at an early stage should r A tie
!

ienored because of the low contributm
. tion, as described in Step 4. The broad and narrow

; ' o nsk
. .

definitions used in th.is study are given in.

; (e.g., removed from the cut sets by truncation).
Scction 4.3.

i These f allure modes may become more imponant,
potentially even controlling, as a result of the 2.6.4 Step 4. Apply the Failure Criteria to
merease m their frerney with the passage of the Time Histories. nc component time histo-

| time. The specific component boundaries used in ries are reviewed in Step 4 to identify the failures,
; the PR A for establishing failure nules should also using both the broad and narrow definitions. The

be noted. These bot.ndaries are necessary to failure criteria defined in Step 3 are updated, as !
,

correctly relate failure history to failure mode, necessary, to incorporate ktmwledge gained by
j Section 4.2 contains the definitions of the failure the in-depth review of the data. This process is
j modes used in this demonstration study. detailed in Section 4.4.
|

| 2.6.3 Step 3. Define Failure Criteria. The 2.6.5 Step 5. Construct Failure Timelines
! determination of whether a particular record from and Cumulative Failure Plots. It is useful to

the information gathered in Step 1 describes the construct graphical representations before start-

| occurrence of one of the failure modes listed in ing more formal statistical analysis to summarize
i Step 2 is often subjective. The infom1ation in the the results. These representations provide a " feel"
! records was not designed for the development of for the data and allow some simple trends to be
l failure tracking; therefore, the informa:lon is immediately identified. Ilowever, without statis-

{ irprecise as to the exact condition of the compo- tical analysis of the data, it is difficult to deter-
; nent. In order to bracket this subjectivity and to _ mine whether the apparent trends are statistically
j fadlitate a mwe repeatable development of f:'l- significant, and in no case can the trends be quan-

| ure time histories, two sets of failure criteria for tified. Examples of these graphs are provided in

|
cach failure mode are developed in this reporti Section 4.5.

The first sc: of criteria is developed for a 2.6.6 Step 6. Perform Stat!stical Analysis.
! " broad" definition of failure. The criteria consist The next step is to model the age-dependent

of a list of those conditions considered to possibly behavior of the components for which time histo-

describe a failure, but which may only describe a ries have been developed and to estimate model

problem that was fixed before it was actually parameters from the data. The failure data, using

necessary to remove the component from service. both the broad and narrow definitions of failure,
j should be placed in an appropriate format and
'

The second set of criteria is hveloped for a then analyzed statistically. The approach is

| " narrow" definition of faHurs W riteria consist explained more fully in Section 5 and carried out
i
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for this demonstration in Section 6. 't he steps to in this report, the Q-Q plots show some indi- [
petform the statistical analysis are explained cation that the recorded failures tend to cluster in ;
briefly in the following sec'ionr.. time. Clustering casts doubt on the assumed :

independence of the failures. For most of the data |
Step 6A. Test for Common for att Com. sets, the clustering was not extreme. For one data j

ponents. Recall that governs whether the fail- set, however, the clustering was severe enough j

ure rate is increasing or not. The assumption that that the Kolmogorov Smirnov test rejected or j
nearly rejected any of the models assumed. In the

the ve'ues for like components are equa, should
intennediate analysis, the components were mod- i

be checked by evaluating the sigmficance leve.
eled as aging. and this data set turned out to be the ;

for equality of . This test is accompamed by a dominant contributor to the risk caused by aging. ;
plot of confidence intervals for , with each inter. Therefore, follow-up inquiries at the plant were !
val based on a single component. Although the made regarding this data set, resulting in a rein-

'

auumption of a common was never rejected terpretation of all those events as non-failures.
with the data of this report, the data should rou. This reinterpreted data set was used for the final
linely be screened in this way for outliers or other arialysis. See Section 6.23. i

evidence of dissimilarity among the components.i

A decision to delete an outlier should be based on Step 60. Test for Common A, for All Compo- I

an engin ering evaluation, with the goal of under- nents.The assumption that the A, values for like ;

standing the physical process that resulted in the components are equal should be tested statis-
observed anomalous behavior. tically. This is similar to the test for common }.

The assumption never was rejected with the data .

Step 6B. Test For Aging. Test for the presence of this study. [
of aging by checking the significance level of the

null hypothesii ( = 0) for all sets of components Step 6E. Find the MLE for (g,A,). llaving |,

| with homogeneous B. As mentioned in Sec. examined the data and having concluded that the

lion 2.4, two analyses are performed in this components may be assumed to have a failure rate !

nport, one with a critical value of 0.05 and one determ;ned by B and A., the maximum likcPmod
[

with a critical value of OAO. If the significance estimates (MLEs) of these two parameters should
level is less than the critical value, then the null be fotind. E

!hypothesis is rejected and the components are
considered to be aging. Otherwise, the compo. Step 6F. Check Normal Approximation for ;

nents are considered to have a constant failure Distribution of MLE. The MLEs for the two
rate. /11 of the remainin; steps below are carried parameters yield he MLE for the failure ra'e A(t)

i

out only if the components are considered to be at any time t. The MLE is a point estimate only.
t

aging. To also get a confidence hand for A(t),it is very ;

useful to say that the MLE for ( , log A,) has an ;

l Ster 6C, Test Assumed Form of Aging appioximately nonnal bivariste distribution. This |
Model. A graphical check consists of a Quantile- yields a distribution for A(t) that is approximately
Quantile (Q-Q) plot. If a plot shows no marked lognonnal and merges neatly with standard FRA .

divergence of the plotted points from the calculations. The check for the adequacy of the .

45-depee line, then the model appears adequ ,m normal approximation is graphical. For the data ;

if the overall trend in the data shows a marked of this demonstration study, approximate normal- '

idivergence, such as a large "S aape, then the ity appeared true when the exponential or Weibull
assumed aging model appears inadequate to failure m;ict was used. Approximate nonnality i
describe the data and should not be appFed. Sup- was clearly false with the linear model; much

*

plementing the plot, the Kolmogoro. "imirnov brger data sets would have been needed before
test can be used as a fonnal test of the asswd the asymptotic normal distribution was !
model. approached. i

!
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2.6.7 Step 7. Calculate Aft). For all sats of defined to the PRA. The approaches used in
components that survive the screening of Sup 6 PRAs are somew hat plant specific. and the detads
the estimated value of A(t) ad its associated of the quantification are not presented here. For
confidence interval are calculated as a function of this study, the Integrated Reliability and Risk
time using statistical analysis techniques. This Analysis System (IRRAS) computer code was
calculation is esplained in Section 5 and carried used (Russell et al.1989).
out in Section 6 using the data of this
demonstration study. The results of this time-dependent risk assess-

ment are presented in Section 7. The plant CDF
implied by the increasing failure rates of the com-

2.6.8 Step 8. Quantity the Age Dependent ponents is computed and compared to the PRA
Risk. The final step is to calculate the risk asso-

results that were based on constant failure rates.ciated with the plant as a function of time,in
An approach is suggested in Section 7.2 for using

Step 7, the MLE for A(t) was found to have an
such results in risk based management of aging

approsimately lognormal distribution. For PRA components.
calculations, let this distribution define the
Ilayesian distribution of A(t). This is not the usual The demonstration calculation reported in
way to obtain a llayesian distribution because it Section 7 includes only the aging of the compo
does not involve a prior distribution, it is used nents in the AFW system and, therefore, does not
because it yields probability intervals that are include the interaction of the aging of these com-
numerically the same as the confidence intervals, ponents with the aging of components in other
but wit _h a llayesian interpretation. Based on this systems. This interaction is _ described in
distribution age dependent basic-event input is Section 7.1.5.

't
)
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3. PWR AUXILIARY FEEDWATER SYSTEM REVIEW

3.1 Design Function 3.2 Flowpath

The auxiliary feedwater (AFW) system sup- The system is shown schematically in
plies feedwater to the steam generators following

Figure 3-1. and normal system status is summa. I

the interruption of the main feedwater supply. If
rized in Table 3 1. De normal source of water for |

the reactor trips and the main feedwater pumps
the system is the 110,000-gallon condensate stor-

cease to operate for any reason, feedwater must
age tank (CST). Each of the three pumps takes its

be provided to remove heat from the reactor cool-
suction from the CST through a dedicated line. If

ant system using the steam generators. The AFW
the normal water source is depleted, then one of

system must operate during both nonnal transient
three backup sources may be lined up te supply

conditions te.g., unit startup and shutdown) and
water to any or all of the AFW pumps. The lineup

abnormal transient conditions (e.g., loss of main
is perfonned by manipulating manually operated

feedwater, loss of offsite power, and station
valves. The three altemate water sources are the

blackout).
300,000-gallon CST the emergency makeup
'# "" "" "# 'I "'

The AFW system design is both redundant
(there are two trains in parallel) and separate (the
two trains are supplied by different support sys- Three pumps move the water from the various

;

tems) tn ensure its capabilky to remove heat from sources to the steam generators. One AFW
the core. As a result ofits design, the AFW system system train consists of Iwo electric motor-driven
can function even in the presence of a single active pumps con 0gured in parallel, each with a capac-
component failure during the initial demand for ity of 350 gpm. The other train consists of a single ,

the system or a single passive component failure steam turbine-driven pump, with a capacity of
during long-term operation. 700 gpm. Flow from each pump discharges
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| Figure 31. Schematic diagram of the PWR auxiliary feedwater system.

!
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AITV System Review

Table 31. PWR AITV system component status and suppon sptem dependency summary.

Response to
Suppon system support system

Component Nonnal status dependency failure

Pumps

h1DP-A Standby ac Bus lil Failure to start
de Bus 1 A or nm

hiDP-B Standby ac Bus IJ Failure to start
de lius 1B or run

TDP Standby hiain Steam Failure to start
or run

Motor Operated %Ives

h10V-A, -C -l! Normally open ac flus ill Fails as is

hiOV-II, -D. -F Nonnally open ac Ilus 1J Fails as is '

h10V-G Normally closed ac Ilus 111 Fails as is

h10V 11 Normally closed ac Bus IJ Fails as is '

h10V-1 Nonnally closed ac Bus 211 Fails as is

h10VJ Nonnally closed ac Ilus 2J Fails as is
*

l

Air Gperated Ulves
i

| AO%A Nonnally closed Instrument Air Fails open
!

de Bus IA Fails open

AOV-A Nonnally closed Instrument Air Fails open
de Bus 1 A Fails open

through a unique discharge isolation check valve isolation valve and a normally shut motor-
(CWA, B, or C) and then joins flow from the operated valve (hiOV) (hiOV-G and -11). Flow in
other pumps in the two combined flow headers each of the combined headers passes through an
(PS-4 and 5). Normally open manual isolation - outboard containment isolation check valve
valves can be used to isolate any pump from (C%D or -B), through the containment wall, andeither of the combined How headers,

then through an inboard isolation check valve

A cross connect tap on each combined flow (C%F or -G), A cross-connect tap on each com-

header allows flow from one or both of the headers bined flow header downstream of the containment

to be sent to the other un:t. The taps are located out, isolation check valves allows flow frcm the other
side of containment, upstream of the containtnent t: nit's AFW system to be supplied to one or both

.

isolation check valves. Bach of the supply lines to of the combined flow headers, Backflow to the.
the opposite unit contains a normally open manual other unit via the supply line is prevented by two
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AFW System Review

t heck vah es and a nonnally closed MOV (MOV-1 motor-drhen pump. Iluwes 1 A and til supply the
and -J). control pow er for the air system, w hich in turn sup-

plies the conuol air for the air-operated vah es that
Flow from each of the combined flow headers control the steam supply to the turbine driven

branches into sis individual headers (PS-6 to 11) AFW pump. Failure of de power or air to the
downstream of the supply cross-connect from the turbine-driven pump control system will cause the
other unit. Fach of the sis individual headers con- air operated valves to fail open, resulting in the
tains a normally open MOV (MOV. A to F) and a start of the turbine-driven AITV pump. DC control
stop vahe. 'lhese sis individual headers are then,

power is also used to control and position the
combined in twos, one from each of the combined motor-operated valves m the sis branch lines and

f
g

flow headers, to make three new flow headers
in the crowconnect hnes. The vdves fail as is on

(PS-13, 14, and 15). One cach of the three new low of power. Fina ly, the automatic actuation of
c

Cow headers is used to feed one of the three steam the AFW systen' is dependent on the actuation a
generators via the normal feedwater piping. signals discuwed in detail in the nest section,
llacL0ow from the normal feedwater system is
presented by a check valve (CV-II. -1, and J) in 3.4 Automatic Actuation and
each of the three AIAV hea lers. The AITV Dow
taps into the feedwater line with no valves System Response
between the tap and the steam generator.

The supply circuit breakers for the motor-

3.3 Support Systems driven Al~W pumps will receive a signal to close
and the pumps wiii start automatically upon

Numerous systems support the successful oper- receiving any one of the following signah:
ation of the AFW system. Table 3-1 contains a
summary of support system dependencies and 1. Safety injection actuation signal
responses to failure. Suction water is normally
supplied from the condensate system, but may also 2. Trip of the main feedwater pumps
be supplied from an emergency makeup system or
from the fire main. Electrical motive power is 3. Low level in any steam generator
supplied to the motor-driven AITV pumps from
the ac emergency power buwes. Ilus 111 supplies 4. Loss of offsite power.
the 3A pump, and lius lJ r.ipplies the 311 pump.
Mothe power in the fonn of steam is supplied i
the turbine-driven AITV pump from each of the The air-operated steam supply valves for the

three steam generators. The supply lines (PS-15, turbine-driven AIAV pump will receive a signal to

-16. arid 17) tap off the main steam lines between open and the pump will start automatically upon
the steam generators and the main steam isolation receiving any one of the following signals:

valves (see schematic in Figure 3-I).The three tap
lines combine into a single header and then split L Low leu l in any two steam generaton
into tw o lines (PS- 18 and - 19), each of which con-

tains an air-operated vah e ( AOV- A and -B) that is 2. Undervoltage on any reactor coolant system
normally closed, but will open to start steam flow main pump bus.
to the turbine-driven pump. Emergency de power
can be supplied to control all the pumps. Bus I A in addition to starting the pumps, the above
supplies control power for the 3 A pump, and signals will also cause an open signal to be sent
Bus 1B supplies control power for the 3fl pump. to all six of the normally open MOVs in the six
Failure of de control power will fail the associated individual headers.
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4. COMPONENT FAILURE DATA
-'

The proceu used in developing the plant- llistory A very brief summary of what
; specilie AFW sptem component failure data is Summary repairs were performed on the

,

illustrated in Figute 4-l. The individual steps component. !
; entesented in the figure are described in tFe
i lowing sections. Return to The day that the component was

} Service declared fully operational.
""'"

| 4.1 Component History
4 Maintenance An identification number

The first step was to obtain historical infonna. Record sequentially assigned to each
tion pertaining to the components of interest. Number rnaintenance work order.'

Numerous sources were asailable, including,

i maintenance records. operating logs, and monthly The preceding structure represents the
summaries. The combination ofinfonnation from expected minimum, or rudimentary, data

,

j all of the sources would obviously result in the structure present in any given nuclear power
IP ADI-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 To facilitate development of failure data for

I case for this study, and only documentation subequent statistical analysis, these additional

obtained from the maintenance work order system categories were added to the data.
'

of an older, dial-unit PWR nuclear power station
onenent A conu, stent component typew as used to develop component historie!.

.rype definition.b
,

a

4

i The maintenance records for the station were Classification A code reflecting the final classi-
; grouped by major system, with the AFW system fication of the record as either
| records mixed with the main feedwater (FW) and describing a failure or describing
; the emergency feedwater WFW) system records. some other maintenance action.
; Plant piping and instrument diagrams were used in

conjunc ion with the maintenance records to dis. Replace A flag indicating complete
tinguish components among these three systems. component replacement events.

. A total cf 1156 AFW ever ts were thus identified
! for further analysis. Nitmber of The running total number of

Replacements replacements for the particular,

The data were rueived encoded ,n the component location (mark
e i

number),
following data structure:

! Notes on specific alterations or changes in the
'

Mark Number Alpha-numeric identification for data (e.g., correction of misspellings or starvlard-'

the component. In fact, this iration of formats for consistency) were main-
; number refers to a component tained in a change field, unique to each record,
i kication in the plant system. After the standardization, the AFW component

Component Type name of the component.
~ b. As an example, three separate, mdependent; .

maintenance activities on a single 3-in. check vaheProblem A very brief and typically cryptic referred to the s alve as a " valve,"a " check valve "and
4

Description explanation of why work was an "nolation valve" in the compotent field of the
performed on the component. maintenance work order documentation.

4-1 NUREG/CR-5378
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Component Failure Data

MODEL ACTUAL

- A. Used maintenance records for the feedwater
Obtain Component system of an older dual unit PWR. Records

History covered 10 years of plant operation.

D. Identified AFW subset.' '

-

Define Relevant Used representative PRAs to identify all failure
Component modes that could result in loss of safety significant

Failure Modes
.

component functions.

i

|

Developed two sets of cntena:

_ , 1. Broad - A list of conditions that could possibly
descobe a failure, but may have descnbed a

Define Failure problem that was fixed before the component
Cntena had to be removed from service.

-

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

A. Reviewed all AFW system records to identify
those describing conditions satisfying the' '

Apply Failure broad criteria.
Cntena to Data

B. Reviewed all failures classified as broad to
identify those describing conditions satisfying
the narrow criteria.

-

5 A. P!ottad timeline of each component's failures,"

Construct Failure groujing similar components to shot Gross
Timelines and trencs. 1

Cumulative Failure <
Curves B. Plotted cumulative failure curves by failure

mode.' '

.__

LF910312

Figure 4-1. Process used to develop component f ailure # a. tk#it

[
.

>
'.
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Component Failure Data

event records were sorted and then segregated 4.2 Definition of Relevant
into 12 major component groups, as shown in CCmnonent Failure Modes
Table 4 1.

A list of 15 component failure modes (basic
events) w as developed from a survey of the AFW

Table 41. Distribution of raw maintenance models contained in three representative PR As.
events for the AFW system according to Table 4-2 lists these AFW component failure
component type. nntes. The companent numbers can be rnatched

to the component locations on the AFW system
schematic shown in Figure .L1.11ecause the data

Number were incomplete, we made no attempt to quantify
Component type of events the two failure modes involving unavailability

resulting from testing or maintenance. The
Steam-driven pump (TDP) 190 remaining 13 modes w cre considered in the failure

evaluations described in Sections 4.3 and 4.4.
Motor driven pump (MDP) 262

The system boundaries used to establish the

3-in. motor-operated valve (MOV) 334 failure nmdes in Table 4-2 are basically evident by

(indisidual feed header isolation) inspection of the modes. The following specific
ground rules were used to develop the component

boundaries in the NUREG-ll50 PRA (USNRC6-in. motor-operated valve (MOV) 54

(cross-connect header isolation) 1989) and to develop the failure criteria in the
following section:

1-in. check valve (CV) 11 Assume pump and valve breakers and*
(pump recirculation)

control circuits are pan of the component

3 in check valve (CV) 44 Model ac and de power to the breaker ande

(individual feed header) control circuits as a separate suppoit system
,

| and, thus, not an AIM feilure mode.
4-in. check valve (CV) 11

(pump discharge header) 4.3 Definition of Failure Criteria
6-in, check valve (CV) 9 Fauure modes for the cmnponents of the AN

l (pump discharge header) "Y*I"m were demiNd in the previous section.
The.mterpretation of the maintenance records to
determine w hich ones indicated the presence of a6- m.. check valve (CV) 28

(combmed feed header)
failure was subjective. Because the information in
the records was not designed for the development
of failure tracking, the information was impreciseStop valves (various) 61
concerning the exact condition of the component.
In order to bracket this subjectivity and to facili-

Piping (various) 111 tate a more repeatable analysis, or comparison
with similar analyses,it was necessary to develop

Instruments (various) 21 a set of criteria to define when a failure mode was
satisfied. To cover the spectrum of events that

Total 1156 might reasonably be comidered failures, two sets
of criteria were developed for each failure nmde.

4-3 NUREG/CR-5378
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Component Failure Data

'the first set of criteria was des cloped for what

is called a " broad" detinition of f ailure. 'I he s ute-was considered to describe a n. mow f ailure it it
ria consht of conditions that could powibly base stated one af the following:

descnbed a tailure, but w hit h ma) has e desctrbed I.
a problem that w as fhed before the component The pump f ailed to start or run,

had to be remosed from senice. I or example, a 2.
ladure record for steam-drisen pumps was con- A grow low of lubric ation occurred,

sideied to desctdv a bmad fadure if it stated one3.
of the following: The governor s ah e did not open.

4.
Conditions existed that led to the repair of Grow vibration occurred.1.

the lubricating oil cooling sptem.
The narrow failures are a subset of the bmad

Conditions ew ted that led to a bearing failures. Risk can be quantified with the narrow2.

repair or replacement. definition of failure (using data describing fail-
utes that certainly took place) to avoid the mask-

Conditions existed that led to the repair of ing effect c,used by information in which less3.

the trip /gm ernor s ah e. confidence is placed. At the same time, risk
trends can be identified with the bmadly defined

Conditions of high vibration existed. failures that should be investigated further to4.

check their vahdity. Setting these criteria was not
5.

Conditions esisted that led to the repair of simple and insolved some iteration with their
the pump for some unspecified reason. application.

6
Conditions existed that led to a control 4.4 Application of Failure
system repait.

Criteria t0 the Data
7. Pump failed to start or run.

4.4.1 Broadly Defined Failure Data. The 1156

Records that were not considered as failures byrecords were evaluated carefully to determinc
the bmad definition included those resulting fromw hich ones indicated that a broadly defined failure

preventive maintenance programs (including had occurred. There were 163 broad failute
planned overhauh), design changes, functionallyrecords identified in the maintenance events dis-
unimportant boundary leaks, gauge replacements,tributed across component types, as indicated in
and minor deficiency repairs. Aho removed were Table 4 3. These 163 records were reduced to
failures that resulted directly from improperly i18 failure events distributed across failure
perfonned maintenance, such as a failure of the modes, as indicated in Table 4-4. The reduction
turbine-drhen feed pump from overpressuriza- occurred because, on occasion, several mainte-

tion caused by an improper vahr lineup during anance records described the same failure event,
Note that evidence of only 6 of the 13 failuresurveillance test.

modes was found in the documentation. The
The second set of criteria was developed for a following paragraphs describe the logic employed

"nanow" definition of failure. The criteria consistin evaluating the nuentenance data for broadly
of those conditions considered to describe thedefined failures, as well as the logic for classifica-

actual occurrence of a failure. These failureslion of the remainder of the events as non-failures.
resulted either in an automatic low of component Table ibl in Appendis H lists the AFW records
function or the immediate manual removal of thegrouped by component type, indicating failure
componem from service to avoid damage. For classification by record. Table 4-5 is a shott
example, a failure record for steam-driven pumpssample of entries from Table B l. In Table 11-2 of

Appendis B, all the non-failure records in

4-5
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Cotuponent Failure Data

Table 4 3. Distiibution of broadly jerined Table 4 4. Distribution of broadly defined
f.ulure uurtences acconting to failure nude.

failure occunences according to component ty pc.

Number of
Number of

f ailure records Failure mode tailures
Component *)g

AITV. ACT FA-PMP 3
. , ,JStearn-dtn en pump (l DP)

.

-

0AITV- ACT FA

Motor-driven pump (MDP) 27
O

AFW- AOV 1.E

45 ,
. g3 in. motor-operated vahe

(MOV)(indnidual feed header
isolation) AITV CKV-OO

12,0'

41
15 AITV MOV-PG6-in. motor-operated valve

(MOV)(crowconnect header AITV-PMP-lLSTMilD 2

iso ation)

3 in. theck vahe (CV) 18
-TDP 24

(indisidual leed header >

AITV PMP FS-MDP 16

4-in, cht:L s ah e (CV) 8

(pump discuarge header) 4DP O

6 AITV PSF FC-XCONN 12
6-in. check vah e (CV)
(pump discharge header) AFW-PSF-1.F

0

6-in. check s ah e (CV) 16 g,-Tm'F4'ST 0

(combmed feed header) 0AITV-XVM-PG ~~

0Stop valves (s arious) Total 118,1068

0Piping (varioud
i

Twelve events were initially claulfied as back-n.
3 pyg,7,,Hures of check valves. After discunior, withinstruments (various)

,

personnel from he power station, these ever ts were all
,

163 remicrpreted as non-failures. Sec Sectior 6.23.
Total

163 broadly defined failures were rewritten in aTable B-1 have been removed, and only the
more readable format as the " Problem / Repair

records fitting the broad definition of failure
Summary." Table 11-3 in Appendix 11 umtains theremain. Table 4-6 is a sample portion of records
rewritMn recotds, and a sample portion is shown

from Table H 2. To assist further in the evaluation in Table 4-7. (Refer to Appendix B for the specific i

of the failures, the " Problem Description" and
records described in the follow ing discussion.)

"llistory Sumrnary" sections for each of the

4-6
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4. COMPONENT FAILURE DATA

The process used in developing the plant- llistory A very brief summary of what
specific AITV $3 stem component failure data is Summary repairs were performed on the
illustrated in Figme 41. The indhidual steps component.
represented in the figure are described in the
f ollov,ing sections. Retum to The day that the component was

Service declared fully operational.
" * ' '4.1 Component History
Maintenance An identification number

the first step was to obtain historical infonna. Record sequentially assigned to each
tion pertaining to the components of interest. Number maintenance work order.
Numerous sources were available, including
maintenance records operating logs,and monthly The preceding structure represents the
summaries. The combination of infonnation frem expected minimum, or rudimentary, data
all of the sources would obviously result in the structure present in any given nuclear power
most comprehensive and reliable history. Often, plant.

however,in the interest of time and money.only a
select few sources would be used. Such w. the To facMate development of failure data for

case for this study, and only docurnematloc W# #d" N'**"O d
oblamed from the maintenance work order system categories were added to the data.

of an older, dual-unit PWR nuclear power station
was used to develop component histories. "" P""# "' ^ '".". 'I""I # " * P""# " ' 'I E"

Type defimuon)

The maintenance records for the staGon were Classification A code reDecting the final classi-
grouped by major system, with the AISV system fication of the record as either
records mised with the main feedwater (ITV) and describing a failure or describing
the emergency feedwater (EITV) system records, some other maintenance action.
Plant piping and instrument diagrams were ased in
conjunction with the maintenance records to dis, Replace A flag indicating complete
tinguish components among these three systems, component replacement events.i

A total of 1156 AITV events were thus identified
for further analysis. Number of The running total number of

Replacements replacementa for the particular

The data were received encoded in the component location (mark.

following data structure: number).

Notes on specific aherations or changes in the
Mark Nwnber Alpha-numeric identification for data (e.g., correction of misspellings or standard-

the component. In fact, this iration of formats for consistency) were main-
number refers to a component tained in a change field, unique to each record,
h> cation in the plant system. After the standardization, the AITV component

Component Type name of the component.
b. As an cuunple, three separate, independent

.

maintenance activities on a siagle 3 in. check valveProblem A very bnef and typically cryptic referred to the vah e as u " valve "a " check valve,"and*

Description explanation of why work was an "isol:nion valve" in the component field of the
performed on the component. mainte nance v.ork order documentation.

4-1 NUREG/CR-5378 ,
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Conipor.ent Fai'ute Data

MODEL ACTUAL

- - A. Used maintenance records for the feedwater
Obtain Component system of an older dual unit PWR. Records

History covered to years of plant operation.

' ~ D. Identified AFW subset.

Define Relevant Usrid representative PRAs to identify all failure
Component modes that could result in loss of safety significant

Failure Modes component functions.

!
|

Developed two sets of criteria:

.
_ 1. Broad - A list of conditions that could possibly

!
;

describe a failure, but may have described a |
Define Failure problem that was fixed before the component

Critena had to be removed from service.

: 2. Narrow- Alist of conditions that could describe
the actual occurrence of a failure (a subset of;

- the brocd category).

k
i

A. Reviewed all AFW system records to identify
~ ' those describing conditions satisfying the

Apply Failure broad criteria.
Cnteria to Data,

B. Reviewed all f ailures classified as broad to*

' ~

identify those describing conditions satisfying'

the narrow criteria
,

.

!

' ' A. Plotted timeline of each component's failures,
Construct Failure grouping similar components to show gross

Timelines and trends.
Cumulative Failure

Curves
" "

B. Plotted cumulative failure curves by failure
mode.

1

LF910312

Figure 41. Process used to develop component Iailure data.

:
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Component Failure Data j

i

event records were sorted and then segregated 4.2 Definition of Relevant '

into 12 major component groups, as show n in Component Failure Modes
Table 4 1.

A list of 15 component failure modes (basic
events) was developed from a suncy of the AFW

Table 41. Distribution of raw maintenance models contained in three representative PRAs.
events for the AFW system according to Table 4 2 lists these AFW component failure
component type. modes. The component numbers can be matched
._, to the component locations on the AFW system

schematic shown in Figure 31. llecause the data
Number were incompi,.te, we made no attempt to quantify

Component type of events the two failure modes involving unavailability
resulting from testing or maintenance, The

Steam-driven pump (TDP) 190 remaining 13 modes were considered in the failure
| evaluations described in Sections 4.3 and 4.4.

Motor driveri pump (MDP) 262
The system boundaries used to establish the

3 in. motor-operated valve (MOV) 354 failure modes in Table 4-2 are basically evident by

(individual f-ed header isolation) inspection of the modes. The following specific
ground rules were used to develop the component
boundaries in the NUREG-il50 PR A (USNRC6-in. motor-operated valve (MOV) 54
I ) and to develop the failure enteria in the

,

(cross connect header isolation)
followm.g section:

1-in, check valve (CV) 1I Assume pump and valve breakers and.
(pump recirculation)

control circuits are part of the component

3 in. check valve (CV) 44 Model ac and de power to the breaker and.

(individual feed header) control circuits as a separate support system
and, thus, not an AFW failure mode.

4 in. check valve (CV) 1I

(pump discharge header) 4.3 Definition of Failure Criteria

6-in, check valve (CV) 9 Failure modes for the components of the AFW

(pump discharge header) system were described in the previous section.,

The interpretation of the maintenance reconic in
determine which ones indicated the presence of a6.m. check valve (CV) 28

(combmed feed header)
failure was subjective. Because the information in

the records was not designed for the development
of failure tracking, the information was imprecise ,.Stop valves (various) 61
conceming the exact condition of the component.
In order to bracket this subjectivity and to facili-

Piping (various) liI tate a r . . r.peatable analysis, or comparison
with sin its.t malyses,it was necessary to clevelop

Instruments (various) 21 a set of criteria to define when a failure mode was
satisfied. To cover the spectrum of events that

Total 1156 might reasonably be considered failures, two sets
>- of criteria were developed for each failure mode.

4-3 NUREG/CR-5378
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Component Failure Data

||
E

!

l
>

Table 4 2. AFW system component failure modes, descriptions, and relevant component numbers,
corresponding to Figure 3-1,

[

,

r

iFailure mode Description
.

ARV-ACT FA Ph1P * No actuation signal to pump. *hfDP-A, -B

lAFW-ACT-FA * No actuation signal to steam supply valve. *AOV-A, -B '

ARV AOV LF * Loss of Dow through steam supply valve. *AOV A,-B i

h
ARV-CKV-IT * Check valve fails to open. *3 in. CV-II. -I, -J; 4 in. CV-B,-C; 6 in. CV A,

fD, -E, -F, G; hiain Steam,3 in., CV-K, L, -ht. !

i

AFW-CKV-OO * BackDow through pump discharge check valve. *CV-A, B,-C f
L

AFW-MOV-PG * Motor-operated valve plugged. *MOV A,-B,-C, D, E,-F I.
>

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

i
CV-D and -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]. 'I
.

iARV-PMP-FR * Pump fails to run. *TDP, MDP-A, .B
j

AFW FMP-FS * Pump fails to start. *TDP, MDP-A, -B
'I
i

AFW-PMP TM * Pump unavailable due to testing or maintenance. -I
*TDP MDP A, B

fi

AFW PSF-FC XCONN * Flow diversion to opposite unit through motor operated valves. (*MOV-0, -11, -1, J
i
!

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.

ARV * TM * Component unavailable due to testing or maintenance. 'Any AFW {
.

component in testing or maintenance w hen it is required to be in service. !
,

~

!
-

. Refers to the components listed at the end of the associated description. For example, the two failure modes corre- i
*

sponding to the first entry of the table are AFW-ACT FA PMP MDP-A for motor driven pump A and AFW-ACT-FA-
|PMP MDP-B for pump B.

--_

|

f

1
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Component Failure Data
-

j The first set of criteria w,:s developed f or w hat was considered to describe a nanow failure if it
is called a " broad" defmition of failure. The crite- stated one of the following:
ria consist of conditions that could possibly hase
described a failure, but w hich may have described 1. The pump failed to start or run.

'

] a problem that was fised before the component
had to be removed from service. For esample, a 2. A gross loss of lubrication occurred.i

! failure record for steam-driven pumps was con-
sidered to describe a broad f ailure if it stated one 3. The governor valve did not open.
of the following: '

'
4. Gross vibration occurred.

1. Conditions existed that led to the repair of
the lubricating oil cooling system. The narrow failures are a subset of the broad

; f ailures. Risk can be quantified with the narrow
Conditions existed that led to a bearing definition of failure (using data describing fail-

! repair or replacement. ures that certainly took place) to avoid the mask-
ing effect caused by information in which less I

3. Conditions existed that led to the repair of confidence is placed. At the same time, risk
'

! the trip / governor valve. trends can be identified with the broadly defined
failures that should be investigated further to

{ 4. Conditions of high vibration existed. check their validity. Setting these criteria was not
simple and involved some iteration with their

; 5. Conditions existed that led to the repair of application.
the pump for some unspecified reason.

:
. 4.4 Application of Failure. 6. Onditions existed that led to a control

system repair. Criteria to the Data

7. Pump failed to start or run. 4.4.1 Broadly Defined Fallure Data. The 1156
4

records were evaluated carefully to determine
'

Records that were not considered as failures by which ones indicated that a broadly defined failure
the broad definition included those resulting from had occurred. There were 163 broad failure;

i preventive maintenance programs (including records identified in the maintenance events dis-
planned overhauls), design changes, functionally tributed across component types, as indicated in

; unimportant boundary leaks, gauge replacements, Table 4-3. These 163 records were reduced to'

and minor deficiency repairs. Also removed were 118 failure events distributed across failure
} failures that resulted directly from improperly modes, as indicated in Table 4-4. The reduction
'

performed maintenance, such as a failure of the occurred because, on occasion, several mainte-
turbine-driven feed pump from overpressuriza- nance records described the same failure event,

i

tion caused by an improper valve lineup during a Note that evidence of only 6 of the 13 failure
surveillance test,

modes was found in the documentation. The
followirg paragraphs describe the logic employed

The second set of criteria was developed for a in evaluating the maintenance data for broadly
" narrow" definition of failure. The criteria consist de fined failures, as well as the logic for classifica-
of those conditions considered to describe the tionof theremainderof theeventsasnon failures.
actual occurrence of a failure. These failures Table Ibt in Appendix 11 lists the AFW records
resulted either in an automatic loss of component grouped by component type, indicating failure
function or the immediate manual removal of the classif cation by record. Table 4-5 is a short
component from service to avoid damage. For sample of entries from Table Ibl. In Table Ib2 of
e; ' nple, a failure record for steam-driven pumps Appendix B, all the non failure records in

!
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Component Failure Dac.

Table 4 3. Distribution of broadly defined Table 4 4. Distribution of broadly defined
failure occurrences according to component type, failure occurrences cccording to failure mmle.

Number of Number of
Component type failurt records Failure mode failures

AFW ACT FA PMP O
Steam-dris en pump (TDP) .38

ARWACT FA 0
Motor-driven pump (h1DP) 27

ARWAOV-l.F 0

3 m. motor-operated valve 45
AR%CK%Fr 0

(MOV)(ind!' Aual feed header
isolation) AR%CK%OO 12.08

6-in. motor operated valve 15 AR%MO%PG 41

(MOV) (cross-connect header
AITV-PMP-LK STMilD 2isolation)

AFW PMP-FR-MDP 11- !
3-in. check valve (CV) 18

(individual feed header) -TDP 24

4 in. check valve (CV) 8_ AR%FN1P-FS-MDP 16

(pump discharge header) -TDP 0

6-in. che :k valve (CV) 6 AR% PSF FC-XCONN 12

(pump discharge header)
ARV-PSP LF 0

6-in check valve (CV) 16
AR%TNK.VF-CST 0

(combmed feed header)

AIn%XVM PG 0-
Stop valves (various) 0

Total 118,106a

Piping (various) O

a. Twelve events were initially classified as back-
0Instruments (various)

,,_, - flow failures of check valves. After discussion with
personnel from the power station, these events were all

Total 163 reinterpreted as non-failures. See section 6.2.3

Table B-1 have been removed, and only the 163 broadly defined failures were rewritten in a
records fitting the broad definition of failure -more readable format as the " Problem / Repair
remain. Table 4-6 is a sample portion of records - Summary." Table B 3 in 8 ppendix B contains the

from Table B-2. To assist funher in the evaluation rewritten records, and a sample portion is shown
of the failures, the " Problem Descript. ion" and in Table 4 7. (Refer to Appendix B for the specific

" History Summary" sections for each of the records described in the following discussion.);

,

;
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Tcble 4-7. Samnic of maintenance rccords broadly ckssified as failures for the AI'W system steam 4frnen pumps. rewritten format <cscerpied
from Tal le Ib3).

Retum to vm e
Mark Maintenance dat e>/

bnumber Component request number Problem / repair summary classifica: ion

l-TDP Pump 50101(M30 The tubncating oil pcessure failcd low resulting in bearing damage, replacet Thati1 IR
thrust bearing lining.

1-TDP Pump S0303(M20 The pump discharge pressure was high. adjusted the govemw to reduce the 780303 FR
pump speed and thus -Jischarge pressure.

1-TDP Pump 40103tM50 The govemor s alve was not controlling pump speed. govemor was repaired it- 79 OM IR
some manner.

1 -TDP Turb 810(M0500 Various non-specified repairs were made to the pump, the pump w as retumed 7W420 IR
to service.

I-TDP Pump 912172125 He out!wtrd pump bearing was thnewir g enough oil titat it was necessary to 791223 iR |
|n new the thrust bearing.

l-TDP Pump i24070S An oil seal packing leak uas large emiogh that it was r.ccemrv to renew the 800210 iR
thrust bearing shoe.u

c l-TDP Instr a131129 A broken case switch aswciated with the discharge prc<sure trip was found and h!KM2a ig

replaced.
2-TDP Pump I1170730 Deficiencies in the overspeed trip valve caused a pump trip the linkage vas S01.1 i S IR

straightened.,

) 2 ~i DP Pump 205081945 The govemor was controlhng pump speed high at 4060 rpm. it was reset to S20513 IR
'

control at 3880 rpm.
1-TDP Pump 208132145 An oil leak was large enough that it was necessary to rep! ace some bearings. S20N24 iR

i 2-TDP Govemor 212061305 The feedback arm of the govemor was em working correctly, a setwrew was 321207 iR
installed. ,

2-TDP Pump 302111050 The overspeed trip caused inappropri; t: pump trips, the overspeed trip was 8M)216 FR g
co rectly adjusted. j

Z E
C SN -

m 7Q a. Note tnat date format is year, momh. and day. =
0 5
.$ b. FR - failure to run.

5U 5*

.
.

.. . . .



Component Failure Data

Main AFW Steant Driven Putnps (AFW- 5. Conditions esisted that led to an elecincal
PMP FR TDP and AFW PMP FS TDP). A control system repair.,

f ailure record was considered to describe a broad
failure it it stated one of the following: 6, Pump failed to start or ruo;

1. Conditions existed that led to the repair of Of the 262 records,27 were detennined to fit

the lubricating oil cooling system. the broad failure category. The iterm eliminated
f rom failuie consideration were 46 soid records,

2. Conditions esisted that led to a bearing 44 packing leaks,52 presen!ise maintenance
repair or replacement. items, 28 gauge replacements /cahbrations,

$5 minor deficiencies, ses en design changes, and
A Conditions esisted that led to the repair of three failurcs caused by improperly performed

7 ;he trip /gowmor vahe. maintenance,

Condia. ions of high vibration esisted. 3 in. MOV (Individual Feed Header+
'

isolation, AFW MOV PG). A failure record
t 1 Cond.tions existed that leo to the sepair of was comidered to descrdy a twoad faihue if it

the pump for some unspecified reason. stated one of the following:

6. Conditiens C isted that led to a control 1. Conditiom existed that kd to an electrical
system repair, control system repair. (All torque switch

problems were considered failures, but
7. Ptnop (6ied to 4 in or run. adjustment af limit switches was generally

not considered a lailure.)
Of the 100 rmords,2h were determined to fit

2. Mechanical bindmg/ obstruction w as noted.the broad f ailure category. t our of these 28 were!

i>tennined to reflect previous failure events, and 3. Vahe was replaced.
thus 24 unique failures n ere seen. The items c:im-

inated from faLure comideration were 47 void 4. Supply breaker tripped.,

records,17 packine leaks,25 preventive mainte-
i'cl to opt'n or stay opt'n.a '

n,.nce items 23 pauge replacements / calibrations,<

30 minor deficiencies,10 design changes, seven Of the 354 records,45 were detennined to fit
nonfunctional failures, and three failures caused the broad failure category. Four of these were
by improperly perfonned mamtenance. detennined to reflect previous failure events, and

thus 41 unique failures were seen. The items
Main ArW Motor Driven Pumps (AFW- eliminated f rom failure consideration wcre

PMP FR MDP and AFW PMP FS MDP) A 66 void records,37 pressure boundary leaks,
failure record wawonsidered to describe a broad 112 preventive maintenance items.21 seat leaks,
failure ifit steted <me of the following: 14 limit switch malfunctions,37 design changes,

20 minor deficiencies, and two failures caused by
1. Conditn ns esisted that led to the repair of improper mainteoance.

the lubricating oil cooling system.

6 in. MOV (Cross Connect Header1 Conditions esisted that led to a bearing Isolation, AFW PSF FC XCONN). A failure
repair or replacement, record was con idered to describe a broad failure

3. The motor heaters failed.

1. Conditions existed that led to an electrical
4. Conditiom existed that led to the repair of control system repair. (All torque switch

the pump for,ome umpecified reason. problems were considered failures, but
w

NUREG/CR-5378 4-10
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Component Failute Data

adjustment of limit switches was generally f ailuie esents, and thus 12 unique failures were
not considered a failure.) seen. The remaining 44 records were eliminated:

19 soid records, nine preventive maintenance
2. Mechanical binding / obstruction was noted. items, and M boundary leaks.

3. Vah e w as replaced,

As noted in Table 4-2, for steam binding to
4 Supply breaker tripped. occur, one of the three 3 in. (CV-II,1, and -J)

check valves had to leak simultaneously with
5. Valve f ailed to close or stay closed.

eiWet of d e mo 6 in. combined header check
va es (CV-D and -F or CV II and -G) and oneOf the 54 records,15 were detennined to fit the

boad failure category. The items climinated from pump discharge check valve (CV A,11, or -C). A

failure consideration were 19 void records, one failure timeline contammg all 48 broadly defined

(mundary leak,14 preventive mainternnee items, chec va e fauures was conumeted to searcyor
one hmit switch malfunction, and four minor combinations that ould lead to failure (hg-

ute 4-2). Failure could have occurred on onedenciencin.
occasion each for a steam-driven pump and a

3,4, and 6 In. Check Valves (Indiv- ruoto9 driven pump (MDP-ID, both in Unit 2,

Idual, Combined, and Pump Discharge Thus, only two luoadly defined occurrences of

Headers AFW CKV FT, AFW CKV OO,and sie ni binding were observed.

AFW PMP LK STMBD). A failure record was
considered to describe a broad failure if it stated f*In, Check Valves, Stop Valves, P/ ping,
one o the following: and Instruments, None of the 2N records in' r

these four categories were determined to be broad

For the rai!c 'o+ pen mode: failures forthe following reasonu none of the stop*

valves became plugged; none of the instrument
The valve failed to open. failures caused failure of any associated equip-

ment; and neither 1 in. check valves nor pipe fail-
For the backflow mode (applicable only to ures were modeled in the PR A. The records*

pump discharge check valves): included minor valve deficiencies, piping support a

deficiencies, gauge calibrations / replacements,
l. Conditions existed that led to the and preventive maintemmce items.

repair of the valve i. eat or disc.
4.4.2 Narrowly Defined Failure Data. A small

2. Seat leakage occorred. fraction of the maintenance narrative records
(50 contained sufficient information la fit the

For the steam binding mode: category of a narrowly defined failure. These*

were detennined by careful reevaluation of the
1. Conditions existed that led to the M3 broad failure records, as shown in Table 11-3

repair of the valve seat or disc. of Appendix II. The 72 narrowly defined failure
records are shown in Table 11-4 of Appendix II. A

2. Seat leakage occurred. sample portion of Table L1-4 is shown in
Table 4 8. The distribution of tne 72 failure

Of the 92 records, none indicated a failure to records across component types is shown in
open, but 14 were detennined to fit the broad def. Table 4-9. The 72 failure records were reduced
inition of backflow and 48 were determined to to 35 failure events distributed across failure
indicare leakage that mig,br lead to steam binding. mode, as shown in Table 4-10. The reduction
The 14 backflow records were a subset of the occurred because, on occasion, several mainte-
records that contributed to steam binding. Two of nance records described the same failure event,
these 14 were determined to reflect previous The following paragraphs present the logic used

4-11 NURIIG/CR-5378
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Component Failure Data
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Figure 4 2. Failure timelines to detennine the occurrener times of steam binding of the AFW system
pumps.

to detennine which of the broadly defined failure considered to be failures were eight bearing /
records could be classified as failures by the lubrication deficiencies, nine control valve defi.
narrow definition, ciencies, one nonspecified pump repair, and one

vibration event.
Main AFW Steam-Driven Pumps (AFW-

PMP-FR TDP and AFW FMP FS TDP). A Main AFW Motor Driven Pumps (AFW-
failure record was considered to describe a PMP FR MDP and AFW PMP FSR MDP),
narrow failure ifit stated one of the following: A failure record was considered to describe a

narrow failure if it stated onc of the following:
1. The pump failed to start or run

1 The pump failed to start or run
2. A gross loss of lubrication occurred

2. The supply breaker tripped
3. The governor valve did not open

3. A gross loss of lubrication occurred
4. Gross vibration occurred.

4. Gross vibration occurred.
Of the 28 broadly defined failures, only nine

were determined to fit the narrow failure cate. Of the 27 broadly defined failures, only four
gory. Four of these nine were determined to were determined to fit the narrow failure cate-
reflect previous failure events, and thus gory. Records representing apparently minor
five urnque failures were seen. Records deficiencies not considered to be failures were
represenung apparer.:ly minor deficiencies not nine lube oil cooler deficiencies, one bearing /

NUREG/CR-5378 4 12
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1

Table 4-8. Sample of maintenance records narrowly classified as failures for the ARV system steam-driven pumps, rewritten format (excerpted
from Table B-4L

Wetum to sersice
Mark Maintenance date'/

number Component request number Problem / repair summary classificationb

1-RV-P-2 Pump 801010430 The lubricating oil pressure failed low resulting in bearing damage, replaced 780!11FR
thrust bearing lining.

2-RV-P-2 Pump 11170730 Deficiencies in the overspeed trip valve caused a pump trip. the linkage was 80111M FR
strug.htened.

i 2-RV-P-2 Pump 302111050 The overspeed trip caused inappropriate pump trips, the overspeed trip was 830216 FR
correctly adjusted.

"
2-RV-P-2 Pump 303181232 Failure of the overspeed trip spring to stay engaged led to a pump trip, the 830321 FR,

spring was reinstalled.

1-RV-P-2 Pump 40487 The governor valve would not open, spring was replaced but this did not help. 860907 FR

l-FW-P-2 Pump 41325 Govemor was removed and overhauled because poor operation. 860927 FR
(Ihis event was combined with record 40187)

1-RV-P-2 Pump 40450 Additional govemor work combined with record 40187.. 860930 FR

l-B V-P-2 Pump 40488 Additional govemor work combined with record 44187. 860930 FR h
B

1-RV-P-2 Pump 40191 Additional govemor work combined with record 40487. 860930 FR ]y
C 3
N Em -O d'

a. Note that date format is year, month, and day. =h
N -~

! b. FR - failure to run. 1'
. , ,

.d- $= =

1
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Component Failure Data !

!

!.Table 4 9, Distribution of narrowly defined Table 410. Distribution of narrowly defined i

failure occunences according to component i> pe.
{adure occurrences accordmg to failure mode. I

!
t

Number of Number of |
Component type failure records Fadure mode failures !

Steam-dnven pump (TDP) 9 AfEANAfMP 0
,

Motor-driven pump (MDP) 4

AlWAO%LF 0
3-in. motor-operated valve 22
(MOV) (individual feed AIT%CK%IT 0
header isolation) !

AlWCKV-OO O :

6-in motor-operated valve 7

(MOV)(cross connect AFW-MO%PG 18 [
c

header isolation)
'' W 2

3 in. check valve (CV) 4
Al%PMP-FR MDP O

(individual feed header)

-TDP 5 -

4-in. check valve (CV) 7 *

(pump discharge header) AINPMP FS MDP 4 I

|
6-in. check valve (CV) 6 -TDP O
(pump discharge header)

i
AFW PSF-FC XCONN 6 -

6-in. check valvc (CV) 13

(combmed feed header) MWPSF-LF 0
t

AIWTNK VF-CST 0
'

Stop valves (various) 0

AIS%XVM PG 0
Piping (various) 0 - (

!

Total 35
Instruments (various) . O

.-. j
Total 72 1. The valve failed closed

'

2. The valve failed to open ,

| lubrication deficiency, one vibration event, four
3. The valve was stuck (no specified direction) fslow pump starts, three motor wetting events, and

five heater failures. 4. The supply breaker tr;pped. -

i

3 In. MOV (Individual feed Header of the 45 broadly defined failures, only
,

Isolation, AFW MOV PG). A failure record 22 were detennined to fit the narrow failure cate- ;

was considered to describe a narrow failure if it gory. Four of these 22 were detennined to reflect !
stated one of the following: previous failure events, and thus 18 unique

NUREG/CR-5378 4-14
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Component Failure Data

failures were seen. Records representing appar- A failure timeline was constructed to scarch for
ently minor dc0ciencies not considered to be fail- those combinations of valves leading to steam
ures were eight control deficiencies, nine binding, as w as done for the bmadly defined fail-
mechanical denciencies, and six failure to-close ures (Figure 4-2L Failure could has e occurred on

,

'

events. one occasion each for a steam drisen pump and a
motor driven pump (MDp-B), both in Unit 2.

6 In. MOV (Cross Connect Header 'Ihus, only two narrowly defined occurrences of
Isolation, AFW PSF FC XCONN). A failure steam binding were otwe: red.
record was .sidered to describe a narrow
fa:bne it it stated one of the following: In summary, based on maintenance records and

the logical application of the important failure
1. The valve f ailed open modes modeled in the PRA,118 broadly defined

and 35 narrowly defined failures were deter-
2. The valve failed to close mined to have occurred in the AFW system in the

! 10-year period. These failuies were statistically
3. The valve was stuck (no specified direction) analyzed to determine if the rate of failure was

4. The supply breaker tripped.

Finally, note that the " return-io-service-date"
Of the 15 broadly defined failures, only seven was used as a surrogate for the actual date a fail-

were determined to fit the narrow failure cate- ute occuned because actual dates were not avail-
gory. One of these seven was determined to able for this period of operation. In general, the
reflect a previous failure event, and thus six return-to-service-date was within one month of
unique failures were seen. Records representing the actual failure date,
apparently minor denciencies not considered to
be failures were one control deficiency, three 4.5 Failure Timelines and
mechanical deficiencies, and four failure-to-close

Cumulative Failure Curvescycnis,

3,4, and 6 In Check Valves ( AFW. The timelines and cumulative failure curves

CKV OO and AFW PMP LK STMBD). A corresponding to the descriptions in the previous

failure record was considered to describe a sections appear as Figures 4-3 through 4-19, A

narrow failure ifit stated one of the following: time plot is simply a graphical tabulation of the
failure times. A cumulative failure curve is a plot

For the backnow mode (applicable only to of the cumulative numbers of failures as a fune-*

the pump discharge check valves): gross tion of time. This plot will be an approximately
seat leakage occurred, straight line for a constant failure rate process,

(see Section 5.3.2). A general observation for tbc
For the steam binding mode: seat leakage behavior of the data can be derived from the time-e

| occurred, lines and cumulative failure plots. If the failures
are largely concentrated in later years and the

Of the 48 broadly defined failures, none were cumulative failure curve is therefore concave
determined to 6t the narrow category of backflow upward, then there is a general indication of
failure, and 30 were detennined to fit the narrow increasing failure ratei sukesting aging of the
failure category for steam binding failure. components, if the failures are largely concen-
Records representing apparently minor trated in the earlier years and the cumulative fail-
deficiencies nel censidered failures were 18 valve ure curve is therefore concave downward, then
inspections / overhauls where the record did not there is a general indication of decreasing failure
state that the valve had been leaking. rate.

|
|

4-15 NUREG/CR-5378
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Component l'ailure Data
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0 10 20 30 40 50 60 70 80 90
Houts to f ailure from August 24,1977 (thousands)

O Broadly ocfmeu f adures to fun
e Narrowly defmed 16durcs to run $252 SM 0690 01

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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Component Failure Data
>
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! Figure 4 5, Cumulative failure plot for steam-driven pumps, nanowly defined failures to run.
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Figure 4-6. Cumulative failure plot for motor-driven pumps, broadly def med failures to run,
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| Component Failure Data
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Figure 4 7. Failure to start timeline for Aeam. and motor. driven pumps.
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Figure 4 8. Cumulative failure plot for motor-driven pumps, broadly Umed failures to start.
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Component Failure Data -
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Figure 4 9. Cumulative faibre plot for motor-driven pumps, narrowly defined failures to start.
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cigure 4-10. Plugging failure timeline for 3-in. MOVs (feed header isolation valves {.
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Camponent Failure Data
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Figure 4-11. Cumulative failure plot for 3-in. MOVs (feed header isolation valves), broadly defined
plugging failures.
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Figure 4-12. Cumulative failure plot for 3-in. MOVs (feed header isolation valves), narrowly defined
plugging failures.
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Component Failure Data
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Figure 4-13. Failure to stay closed timeline for 6-in, MOVs (cross connect valves).
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Figure 4-14. Cumulative failure plot for 6 in. MOVs (cross-connect valves), broadly defined failures toj stay closed.
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Figure 4-15. Cumulative failure plot for 6-in. MOVs (cross-connect valves), narrowly defined failures -
to stay closed.
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Figure 4-16. Backflow failure timeline for pump discharge check valves. Following discussion with per-
sonnel from the power station, these events were all reinterpreted as non-failures. See Section 6.23.
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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. !
1
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- Figure 4-18. Steam binding failure timeline for the steam- and motor-driven pumps.
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..| Figure 419, Cumulative failure plot for the steam- and motor-driven pumps, broadly and narrowly
; defined steam binding failures,

i
j One overall observation about this graphical cumulative plots, (Figures 4-6,4-8, and 4-17)

display of the data is that the plots are basically show clustering of the failures, in these cases, the;.

t uninformative in the cases with few failure occur- timelines can help clarify the kind of clustering
i rences, in addition, it is difficult to test any com- that occurred. For example, Figure 4-7 shows that
' ponent data pooling assumptions with this the fail,res tended either to occur in pairs or to be
.

graphical display. The statistical methods dis- repaired in pairs. Figure 4-16 shows that three
! cussed in Section 5 are specifically designed to valves were repaired for leakage almost simulta-

analyze such sparse data and to test the neously, while a differen' valve had recurrent;
; . homogeneity of the (aggregated) sample of repairs. The clustering in Figures 4-16 and 4-17
i component failures. was strong enough to motivate questioning of the
| personnel at the power station, which led to a
i Many of the cumulative-plots, such as reinterpretation of the data, as described in Sec-
; Figure 4-4, show little departure from a straight tion 6.2.3. There are no obvious cases of increas-
| line, indicating that the failure rate appears to be ing failure rate, although Figures 4-6 and 4;15--
; roughly constant. This is consistent with the cor- may show decreasing failure rates. Sections 5
; responding timelines, such as shown in the top and 6 present analysis approaches that are more
; portion of Figure 4-3, where the failure times . nsitive and less subjective than simple inspec-
! appear to be uniformly scattered over time. Other tion of these figures.

2
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!

!

|

i

!

:
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I 5. STATISTICAL METHODS FOR ANALYZING
i TIME-DEPENDENT FAILURESi
;

j The usual assumption in PRAs is that each The occurrence of a failure in any time*
*

component has a constant failure rate A. This interval is independent of the presence or
! leads to familiar fonnulas such as 1 - e4 for absence of failures in other non. overlapping
h the probability of failure by time t, and AJr for_ time intervals.
5 the approximate probability of failure within a
j short tinie Jr .The data are said to be generated The probability of a failure in a short period*

i by a homogeneous Poisson process because the (t. t + Jt) asymptotically approaches 2(t)dt
j number of failures occurring in any time i is a "Sd ' * E
: Poisson random variable with parameter A(t).

The probability of more than one failure in a.

| One feature of this process is that the component
j does not age. That is, the probability of failure in short period (t, i + Jt) becomes negligible

; a short interval of length Jt, assuming that the compared to the probability of one failure as
J r-+ 0.j component is operable immediately before the

start of the time interval, remains the same
Therefore, the failure process has failure rate,

i Adt, whether the component is new or old, in an - A(t) . If A(t) is an increasing function of t, failures
! investigation of aging, therefore, more compli- tend to become more frequent as time goes on. A

-

cated models must be introduced, and the familiar:
statistical approach can be used to decide whether

formulas must be modified. A(t)is nereasing.
!

The development of such models and asso. When applying this model to investigate aging,,

| ciated techniques of data analysis fonn the sub. t represents the age of a component. It is assumed
i ject of this section. For this development, we step that the form of A(t) is the same for all similar
! away from the PWR context of the previous sec. components, depending only on the ages of the
; tions, and consider the statistical methods them. components, not on the portion of the plant's his-
! selves. These methods are the basis for the tory when the components were in service. This
j analysis in Sections 6 and 7. The topics are out- in turn rests on an assumption that we make
j- lined here without proofs or many details. Details explicit: The environments of the components
} about the theory, including the necessary proofs, (ambient conditions, maintenance and operation -
| are given in Appendix A. Details about the practices, and any degrading conditions) are con-
! numerical methods for implementing the theory stant throughout the life of the plant,
i are given by Atwood (1990). The most recent pre-

| sentation of the statistical methods is Atwood The general fonn assumed for A is
j (1992). They are illustrated here by both real and

|- hypothetical examples. Unless indicated other- M') * AoM' 8
wise, all the figures are based on the data for plug'

!: ging of 3-m. raotor-operated valves (MOVs), The three specific models considered in this,

j" failure mode AFW-MOV PG with the broad defi-
report are

j nition of failure, and on the exponential failure
- , yp ' - (exponential failure rate)747) ti

rate model defined below.

5.1 Aging Models A(t) = 2,(t/if (Weibull failure rate)

A(t) . = -2,(1 + t) ' (linear failure rate)
,

i The approaches used for inference about aging
| -_ assume that the failures of a component follow a in each model, Ao is a normalizing constant,
j -- time-dependent Poisson process. That is, with units 1/ time, and h(t; )is a dimensionless
1-
,

!
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function of time Iand a parameter . The value of mentioned, the linear failure rate model is the
g determines the shape of the failure rate fune least tractable of the three models. This may be

tion. The failure rate is increasing if > 0, it is surprising, but follows from the fact that both the
mathematical formulas and the calculated num- "

constant if = 0; and it is decreasing if < 0.
bers ,m applications are best behaved when
log A(d is linear in . This log.linearity is present

I.or the exponential and linear failure rate mod-
for the exponential and Weibull failure rate mod.els A,,Is the value of the failure rate at time t = 0.
els, but not for the linear failure rate model. See

in these two models, has units 1/ time, so that Appendix A for more detail on all three models.
the product i is dimensionless. For the Weibull *

model, to is some normalizing time, and is Some other references for the use of the models
dimensionless. The choice of ty is arbitrary, but a are as follows. Cox and Lewis (1966) give a
value somewhere in the range of observed values detailed treatment of the exponential failure rate
of t is convenient. Then An is the value of the fail- model when there is just one component. The
ute rate at time to Weibull model has been explored by Crow (1974,

1982 and works cited there) and Donelson (1975)
The analysis considers each of the three and is reviewed by Engelhardt (1988). The Crow

models. There are no theoretical reasons for pos. and Donelson papers derive explicit formulas for
tulating one over the others. The data used in this the MLEs when a'l the components are observed

study, however, give much less satisfactory from their time of installation. These formulas are
results when the linear model is used than when also mentioned in Appendix A, but are not useful
the exponential or Weibull model is used. With for the data of this report because very few of the
the linear failure rate model, it is not uncommon cornponents are observed from their time of
for the MLE for to be infinite, for the uncer, installation. Most papers on the Weibull model

-1 in the exponent, a slightly different para-tainties to be very large, or for the normal use

approximation to be unusable, in the best. meterization from the one given in this section.
behaved examples, the three models give similar The parameterization with in the exponent is
estimated failure rates in the region of the used here because it allows the same interpretc.-
observed failures. Therefore, all three models tion of in all three models, with = 0 corre-
were tried initially, but full results are reported sponding to a constant failure rate. The linear
only for the exponential and Weibull models. The model has been less widely used in the literature,
results using these twa models are similar and although it is considered by Salvia (1980) and
would diverge only if an analyst tried to extrapo- Vesely (1987).
late far beyond the time period of the
observations. It was assumed that each component's failure

rate is of the same form (exponential, Weibull, or
Each of the three models has its own special linear), and that the value of is the same for all

characteristics. Under the exponential model with the components. It was not assumed initially that
> 0, the failure rate doubles every log (2)/ the components have the same value of. Ao,

hours. Under the linear model the failure rate although examination of the data for this report
doubles from its initial value in 1/ hours, always led to the conclusion that the values of A,
doubles again in the next 2/ hours, and so forth. may be treated as all the same.

Under the Weibull model, the failure rate at time

0 either is zero (if # > 0) or is undefined (if 5.2 Assumptions Regarding
s 0). Therefore, it is not meaningfut to speak of Failure Data

the failure rate doubling from its initial value,
flowever, the failure rate doubles between times

Failure data for a component can arise in the
3/2 whenever (1/1 ) = 2 I'. As has been following ways:tiandI 2 1
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Statistical Methods

A random number of failure occurrences in Distinct components are assumed to fail inde-e

a fixed observation period (time-censored pendently of each other.
data)

5.3 Inference Methods
A fixed number of failure occurmnces in a*

random observation period (failure. The approach shown in Figure 5-1 is outlined

censored date) here. (Figure 5-1 expands a portion of Fig-
ure 2-2.) First, investigate the assumption that all

More comphcated ways. the components have the same value of g if the*
~

data show no strong evidence against this
assumption, accept that portion of the model.

Time-censored data arise if the component is
Then test whether = 0, that is, w hether the fail-

watched or plant records are examined for a fixed
ure rate is constant. If the data show evidencetime period. During that time a random number

inicMly significant at the selected level) of a
of fa!!ures occur. At each failure, the component

hiimamoh @ hn$o
is repaired t made as good as it was just before the

g ; g g;; g
failure) and returned to serv ce.

and stop the analys.is of this set of components.

Failure-censored data arise if the component is When the failure rate appears to be non-
repaired until a predetermined number of failures constant, investigate the assumption that it is of

y

have occurred. At that time the component is the assumed form (exponential, Weibull, or<

remosed from service and replaced by a new linear). If the data seem consistent with the
component. Both of these types of failure data assumed form, investigate the assumption that all
result in tractable formulas for statistical the components have the same value of Ao. If the
inference. data show no strong evidence against this

assumption, accept that all the components have a
In reality, the decision to repair or replace a common An as well as a common J. Find the

component is based on a number of consider- MLEs of and A, and obtain the corresponding
ations, such as the availability and cost of replace- MLE of A(t) at any t. Now im esngate whether the
ment components, the severity of the particular joint MLE of the two parameters (g, log Ao) may
failure mode (including the difficulty, cost, and be treated as having a normal distribution. If so,
potential safety hazards of repair), any recent his- the approximate nonnality of the MLE yield; an
tory of failures, and other similar factors. These

approximate confidence interval for A(t),
considerations are difficult to express in a simple
mathematical model. Therefore, the data analysis The first four steps in Figure 5- 1 ins olve statis-
considered here assumes that the data for a com- tical testing, that is, looking for evidence against
ponent are generated in one of two simple ways: the default assumptions As in all testing situa-
if the final failure time is less than the observation tions, when the data set is small the tests have low
time, the data for the component are considered power. That is, when there are few failures, there
time-censored; whereas, if the final failure time

will be no strorg evidence of differences in
equals the observation time because the compo'

between the components, and no strong evidence
nent was replaced, then the data for the comp of aging, or oflack of fit to the model, or of differ-
nen: are considered failure-censored.

ences in ),,. Thus, small data sets typically give
no reason to discard the usual PRA model of a

It is never required that components be constant failure rate that is the same for all similar
observed starting from the moment of instal- components.
lation, only that each component be observed
starting at some known time, which may or may Statistical inference it generally based on the
not coincide with the component's installation. likelihood function, which depends on the data

5-3 NUREG/CR-5378
-- _-



Statistical Methods

.

V'

NO
Test for Common > Consider Splitting Data

. m

YES
- -

NO
Test for Aging (B > 0) > Stop,

m

YES

NOTest for Assumed Form
of Aging Model - Try New Model

m

OK
-

Test for Common A,, > Consider Splitting Data
. _

YES
, - ,

Find MLE for(# Ao)

.

- -

Check Normal NO
Approximation for > Use Conservative
Distribution of MLE Bound or New Model

OK
- -

Get MLE and
Confidence Band

for A(t)
' -

LF910311

Figure 5-1. Approach for statistical analysis of one data set.
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!
I

and on the parameter (s). Inference for is of pri- (d/d)L( ) = 0,
mary interest in a study of aging, because it is
that determines whether the failure rate is increas- and can be found by numerical iteration.
ing. It is shown in Appendix A that the condh
tional likelihood can be used to perfonn inference Let g be the true value governing the failure

1for / . without assuming that the components nec- rate. Then (d/d )L( ) has expectation 0 and
essarily have a common value of A , and without variance denoted by /(y), calculated by formu-y

estimating either the single A, or all the Ays. The las given in Appendix A. The distribution of
conditional likelihood is defined as the probabil- (d/d8)L( ) is asymptotically normal by the Cen-
ity density of the non replacement failure times, tral Limit Theorem. Therefore, an approximate
given the failure counts for time-censored com- ,

confidence interval for is the set of all suchoponents and given the fir.al failt.re times f or g
failurocensored comnonents. As shown in
Appendix A, if the couponents are not assumed (#d V.( g)WoH /2 Hi
necessaril; to have the same value of Ag, and if
the components are all time-censored, there are
strong theore,ical grounds for using the condi- lies in the interval (-c, c), where c is the appropri-

tional likelihood. In other cases, some inlorma- ate numbei from a normal table; for example,

tion about is lost by using the conditional e = 1.645 yields an approximate 90% confidence
interval.likelibeod.

Therefore, the first exploratory analysis used to When the linear failure rate model is used with

verify assumptions of the model is based on the a sn all data set, it is not uncommon for the MLE,

conditional likelihood, in this way the first four or at ! ast for one end of the confidence interval,

steps in Figure 5-1 are carried out without assum. to be infinite. This is one reason for preferring the

ing that there is a common Ao. Later, when both exponential or Weibull model,

parameters must be estimated simultaneously to
produce an estimate of the failure rate A(t) at var- Component Companuns for . Consider
ious times I, the full likelihood is used. the possibility that the different components have

difierent values of . Let denote the actualj
All the computations were carried out by the value of corresponding to the jth component, it

computer code PHAZE, documented by Atwood is estimated by using only the data from one
(1990). The portions of the approach just outlined comnonent.
are described in more detail in the next sections.

~

A visual comparison of the components can be
5.3.1 Inference for made by plotting confidence intervals for the var-,

ious j alues, each interval based only on datav
Estimation and Confidence Intervals for .

from a single component. Two examples are
Appendix A gives formulas lor the conditional

shown in Figures 5-2 and 5-3, If the intervals -
likelihood of the non replacement failure times,

largely overlap, as they do in Figure 5-2, then the
conditional on the failure counts or the final .
replacement failure times, whichever is random, a are e n stent wMe ammpdon WaW j

This conditional likelihood depends only on v luu are an egal
,

- not on the (possibly different) values of Ao for the

components. Therefore, can be estimated while if ne r more confidence intervals are clearly
. . shifted away from the others, as for components 8

A, or the /.ys are ignored. Based on L( ), the log-
and 9 in Figure 5-3, then those few components

arithm of the conditional likelihood, the MLE /} are evidently aging at a different rate from the
is the value satisfying others.

55 NUREG/CR-5378
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These anomalous components are called "out- is used, as described in Section 6.1 of Appen-
liers " At the end of this section we mention that dix A.
engineering judgmeat must play a decisive role in
the subsequent treatment of outliers. Of course,- When inaung multiple emnparisom, as here

when a comparison is made for each component,
j an be calculated ifno confidence interval for c

nwenaq to mogn n that wnw vabes d
the component has no observed failures or if the ypear emnu- t Nean M randmn wanet
only observed failure resuhed in replacement of .

One way to account for tHs fact is with the
the component. This is why some of. he compo-

. .

t
nferr m. .mequality, discussed .m many texts

.

nents have no associated interval in Figures 5 2
In the prewnt context, for any

""d U ^".t says thatand 5-3. number e i

A more quantitative comparison can be per- P (at least one of A significance levels is s r) 5 Ar.
fomied by considering

The inequality is close to equality when Ar is

j'_j'' small. Therefore, the overall significance level
for testing equality of the s is the number of

j

#*"E "#""**"" "# " " " * " * E"Here [> is the MLE of j, based on the data from icance level calculated for a component. A small
,

only the jth component. The quantity , is the value of the attained overall significance level

overall MLE of , assuming that the components (say 0.05 or smaller) shows that there is strong
evidence against the hypothesis that all the com-have a common B and using all the data c.tcept

the data from component j Because the estima, p nents have the same value of . The overall
attained significance level is shown in each of" . .

tors ,and _, are based on different data, they Figures 5-2 and 5-3,
are statistically independent, and therefore the
variance of their difference is the sum of their The decision of what to do with an outlier

vanances. If in fact all he values of j are equal, should rest on engineering understanding of the
p ssible causes of the anomalous behavior, not -

then the random variable Zj, defmed as
merely on statistical calculations. The statistical. . . .

Z, = ( , - ,) / s.d. ( , - _ ,) , quantities may stimulate an engineer to discover a
previously unrecognized difference between the

will have mean 0 and variance 1. Here s.d.( ) outlying component' and the others, justifying a
denotes the standard deviation of the quantity in split of the data. In other cases, careful engineer-
parentheses. A large observed absolute value of ing consideration of the components may lead to

j s different from the - confidence that the c_omponents have no impor-Z, gives evidence that i

average for the components other than the jth, tant differences, that the anomalous data just

The significance level for the component is the resulted from randomness; in such cases, the data

probability that Z, would be as far from zero as would not be split.

actually observed, if in fact all the components
Testing Whether f = 0. Suppose that, based

have the same . Figures 5-2 and 5-3 illustrate -
on the analys. desen. bed above, we are w.lling tois i. .

this: if j s far from compared to the length assume that the components have a common .i y,

of the confidence interval for pj, the significance To test the hypothesis = 0, the test statistic (5-1) -

level, shown at the right edge of the figure,is can be used with ' o = 0,anw the hypothesis
small. If the t'wo MLEs are close,the significance rejected if the test statistic is in an extreme tail of
level is large. The significance is based on the the normal distributiort This is equivalent to
normal approximation. When component j has rejecting the hypothesis if 0 is not within the
only one non-replacement failure, the normal confidence interval. The form of the test statistic
approximation is clearly poor and a better method - depends on the assumed model. When the

5-7 NUREG/CR 5378
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exponential or linear failure rate model is assumed distributional form that can be used
assumed, the test statistic (5-1) becomes in many contexts. In this context,let If 5 . . . $ t,,

be the ord-ed observed ages at non-replacement

2jg2)i/2 (5-2) failures, hey rcpresent sample quantiles corre-[H(tg - 4)]/(En tjj ,

sponding to probabilities pf 5. . . s p,,, with p, set

where I,j s the ith non-replacement failure of the to i/(n+1). For example, the median of the t,s cor-i
. . responds to p, = 0.50. Let F denote the assumed .

jth component, s_j is the imdpoint of the observa' cumulative distribution function, using estimated
tion period for the component, and the range ej is values for any unknown parameters. This F is the
the length of the obsers ation period. If the statis- conditianal distribution of the non-replacement
tic (5-2) is positive and far from zero, there is evi- failure times, conditional on the failure counts
dence of an increasing failure rate. This test was

and the replacement times.The expression for an
first propos;d by Laplace (Hartholomew 1955). estimate of f is given in Section 6.3 of Appen-

dix A. The Q-Q plot is a plot of F-l(p,) versus t,,
When the Weibull failure rate model is for i from I tu n. The name " quantile quantile"

assumed, statistic (5-1) takes a different form. In
stems from the fact that F-l(p,)is the model-based

the case when every wmponent is observed start-
estimate of the p,-quantile, and t, is a nonparamet-

ing irom its installation time, the test statistic
ric estimate of the same quentile. The plot is use-

becmnes fut as a check of the assumed form of F, because
if the data really arise from F, the points of the

H [1 + logti /r )]/(Inj)l/2 Q-Q plot fall approximately on a straight line.g j

Pronounced curvature or other departures from
in the general case, the test statistic can be built straightness should arouse suspicions about the
from formulas given in Appendix A. correctness of the assumed form F. Figures 54

and 5-5 illustrate two Q.Q plots, with Figure 5-4
Although each test statistic has been motivated showing good fit to the assumed model and Fig-

and derived based on a particular model,its ure 5-5 giving reason to question the medel,
asymptotic null distribution, normal (0,1), holds
under the assuinption that = 0, that is, that A(t)
is constant. Therefore, either test is a valid test of it is interesting to note that the cumulative fail-
the hypothesis of constant failure rate, even if the ure plots given in Section 4.5 are equivalent to
mathematical formula goveming non-constant A Q-Q plots in those plots, the observed failure
is not of the assumed fonn, The tests differ only in times are expressed as calendar hours from the
their power to detect.various alternatives to the beginning of the obseivation pe iod, not as age of
constant failure rate model. the componcats from their installation, but this is

only a trivial difference. The number of compo-
As mentioned in Section 2.5.1, a confidence nents under observation at any time is constant

.
interval provides information that a test result because any component that is removed from ser-

| does not. Therefore, in addition to pedorming the vice is immediately replaced by another. There-
!' test described here, it is helpful to fmd a confi' fore, if all the components have the same constant

dence interval for using statistic (5-l). This failure rate, then the failures are generated by a,

| gives a range of plausible values of and shows - homogeneous Poisson process and the random
i whether the uncertainty on is small or large. failure times are uniformly distributed. The
! - expected failure times, F /(pi), are therefore

5.3.2 Investigating the Assumed Model r/(n+ 1), 2r/(n+ 1), , . , nr/(ii+1), where r is the
,

; Forrn. length of the observation period in hours. The
| plots of Section 4 have their points plotted on the
; O-0 Plot. A Q-Q plot (see Snee and Pfeifer vertical axis at 1,2, . . , n, which differ from the

~

1983) is a visual check of the correctness of an expected failure times only by a constant factor,4

i
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!

I r/(n+ 1). Therefore, except for a relabeling of the observed number of failures divided by the obser-

| vertical axis. the plots are Q-Q plots for insesti- vation time, if is known or assumed, a calcula-
; gating whether the components all have the same tion back to time zero (or to time to for the
! constant failure rate. The reason why the diagonal Weibull model) can be used to estimate Ay. This

{ line was drawn from (0,0) to (r.n+1) is that if the is the conceptual basis for inference about A,,
; vertical axis were relabeled as is usual on a Q-Q given . The formulas are given in Appendix A.
j plot, the diagonal line would go from (0,0) to (rr).

| Component Comparisons for A,. This diag-
; Testing for the Form of A(t) . The

nostic check is a parallel of the comparisonKolmogorov-Smirnov test, or some other s,imilar
.j method for . The value of now is treated asnonparametric goodness-of-fit test, can be used to, ,

j test whether data come from an assumed distribu- known and equal to . We investigate whether A,

j. tion. The data are the non-replacement failure is the same for thejth component ar d for all the
; times. The assumed distribution is F, used before components except thejth. The mathematical
i for Q-Q plots and giv:n in Section 6.3 of Appen- methods are given in Section 6.2 of Appendix A.
i dix A. This test tends not to reject often enough; They are not based on normal approximations.
I in statistical termmology, the Type I error is Rathe.r, they use the exact distributions of the fail-
i smaller than the nominal value. There are two ure counts (for time-censored data) and of the Gnal

reasons for this: one is that the estimated is used failure times (for failuo-censored data).;

!- to calculate F: the o'her is that when the compo.
! nents are observed over different time periods, The theory in Appendix A assumes that all
j the data resemble a stratified sample rather than a compo_nents have the same censoring type, either
j true random sample. The fact that the test does time censoring or failure censoring. In a typical
i not reject often enough is discussed in more detail data set, however. most of the components are

! in Section 6.3 of Appendix A. time cer.sored, but a few are replaced upon some
i failure and are therefore treated as failure cen-
j This test can also be used to test whether all the sored. To analyze such data, when componentj is
|- comp <ments have the same constant failure rate, compared to all the components except thejth, all

| paralleling the use of cumulative failure plots as components are treated as if they were censored
j Q-Q plots. The hypothesis to be tested is that the way componentj was. For example,if compo-

= 0 and that all components have the same nentj was replaced at the time of its third failure,
j value of 2, The corresponding distribution F is then all the components, not merely componentj,
I uniform, so no parameters need to be estimatedf are treated as if they were failure censored for this

| Therefore, the Kolmogoros-Smirnov test is a comparison. The reason is that the dominant
j nonparametric exact test of the hypothesis that all uncertainty typically comes from the individual
j the components have the same constant failure component with its few failures rather than fiom
j rate, the many other compon .its v ith their many
. failures.
1

: 5.3.3 Inference for A,, Given . Suppose at
_

j this point that the preceding analyses have led us These individual tests can be combined using

{ to accept that the components have a common the Bonferroniinequality,just as when testing for ~,

| that appears to be non-zero, and that the c4uality of the s. A useful picture is a plot.of
i assumed form of A(t) is consistent with the data. confidence intervals for Ay, each interval based

! It is now time to consider An. on data from a single component, as shown in
2 Figure 5-6. As was pointed out when we consid-

Estimation and Confidence Intervals for A,. ered comparing components for f, engineering;

j The average failure rate during a component's _-judgment must be used in deciding how to treat
observation period can be estimated as the any outliers.

*

,
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1 MOV A : :
- 0.18

1 MOV-B : 0.18
1-MOV C 0 :

- 0.18
q1 -M OV-D := ;

- 0.094 (.

1 -M OV-E -: ;
- 1.00.

1 MOV-F >-: : 0.12
1 MOV F(R)

'

: + - 0.63 e
5 2-M OV- A : : 0.44 E.

8 2 MOV B -> -

- 0.78 0
E 2-MOV-C -=: -

0.97 {
o 2 MOV C(R) :: - 1.00 3U -

2 MOV-D - >- : ; - 0.26 *
2 MOV-E 0: ~

'

' "

+ MLE(J)2 MOV-E(R) : " - 0.26
MLE( J)n

2-MOV-F t : 0
,

'

e MLE 0.26

95% Conf. Int.
-

-

OVERALL F-+-H - 1.00
, ,

0.0E0 5.0E 5 1.0E-4 1.5 E 4
lo (1/h)

g Figure 5-6. Component comparisons for Ao.

5.3.4 Joint Interence for Both vative confidence interval for A(t) = Agh(t; Jean
Parameters and Ior the Failure

be constructed as follows. Find the maximum andRate.
minimum values that A(t) attains as A, and /f
range over the two-dimensional confidence

Confidence Reg /on for Both Parameters. region. These valu.'s are confidence bounds for
Suppose that a confidence interval for p has been A(t), with the same confidence coefficient that the

found. Then for each value of in the confidence confidence region has. The interval is conserva-

interval, a confidence interval for Ao can be tive (possibly wider than necessary), because the

found. This leads to a confidence region for shape of the joint confidence region was not
(p. A,,), such as the one shown in F.igure 5-7. If the designed to produce the shortest possible

one-dimensional confidence mtervals each have
.

confidence coefficient (1 - a), then the tw '
dimensional region has approximate coefficient 5.3.5 Joint Asymptotic Normality. Until '

(1 - 2a). For example,95% confidence intervals now, inference has been largely exploratory, not
estimating any quantities until the relevantfor and A,, yield an approximate 90% confi-
assumptions had been terted. Therefore wasdence region for ( . A,,). Figure 5-7 is based on
estimated using the conditionallikelihood to

the exponential failure rate model with Ao plotted
on a logarithmic scale. The mathematical details ci;,ninate the assumption of a common Ao, and

when i was eventually estimated,it was for each
are given in Appendix A, as are some other plots

n

based on the exponential, Weibull. and linear poss ble assumed .

failure rate models.
The viewpoint now changes. The model

assumptions have been investigated and
Conservative Confidence Interval for the accepted. The goal is now to estimate the time-

Failure Rate. For any time r of interest, a conser- dependent failure rate A(t) at various times t. Fctr

5-11 NUREG/CR-5378
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j 2.0E-5 -

j 1.5E 5 - \
.

!
4 1.0E 5
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1 a
i
| 0.0E0 -

,

|

-5.0E-6 -

1
2

' '
-1.0 E-5

5 6 7 8 9 2 3 4 5 6 7 8
10-5

10 (1/h)
'

Figure 5-7, 90% confidence region for (#,lo), based on conditional likelihood.

this, both parameters are estimated simulta- elliptical when Ao is plotted on a logarithmic
neously using masimum likelihood, based on the scale,

,

ful! (not conditional) likelihood. The formulas for
the MLEs are given in Appendix A. Confidence To investigate whether the sample size is large
regions are based on the joint asymptotic nonnal- enough for the nonnal approximation to be ade-4

ity of the MLEs. quate, we can compare the two confidence
regions for ( , Ao), one calculated as in Sec-

It turns out that the normal approximation is tion 5.3.4 and the other being the confidence
usually better when the model is parameterized in ellipse just described. If the two regions have sub-

! tenns of logio rather than Ao. This was discov- stantial overlap, the normal approximation
ered empirically, but has heuristic justifications: appears adequate If the two regions are quite dif-
for failure-censored data, the log transfonnation ferent, the normal approximation should not be,

replaces the scale parameter Ao by a location used. Figure 5-8 shows the ellipse overlaid on the
parameter; also, the log transformation helps region of Figure 5-7, assuming the exponential
symmetrize the confidence intervals for Ao for - failure rate. Figure 5-9 shows the overlaid regions<

1 both types of censoring. The MLE of( , log Ao)is based on the same data and a Weibull failure rate,

asymptotically bivariate normal, and formulas for
the asymptotic variance-covariance matrix are For the Weibull model, the normalizing time to
given in Appendix A. was chosen in the middle of the obsened failure

times. In the example shown,it happens that the
Approximate Confidence Region for Both lower end of the 95% confidence limit for the

Parameters. Based on asymptotic normality, the Weibull equals the theoretical lower limit of-1.
confiderice region for ( , log Ay) is an ellipse. This value is unattainable, but it is the lower con-

Equivalently, the confidence region for ( , Ao) is fidence limit, and it forces A to equal zero.o

:

NUREG/CR-5378 5-12
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Figure 5-8.
90% confidence ellipse for ( , A,), based on joint asymptotic normdity, overlaid on the

region of Figure 54.
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Figure 5-9,
90% confidence regions for (#, A,,), based on Weibull failure rate model with toat the middle

of observation periods.
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Therefore Ay cannot be plotted on a logarithmie j jigg (,) _ gog7(,) jog ,m
scale, in Figure 5-9, both parameters are plotted
on a linear scale, distorting the ellipse slightly.

A8"+ ~~ 0)'Similar plots for the linear model are shown in -I

Figures 5-10 and 5-11. With the linear model,
time may be measured from an arbitrary origin, (exponential failure rate),

and the two figures show the confidence regions . .

when time is measured from the component's log A(t) - log A(I) = log Ao - loglo
installation and when time is measured from a
point in the middle of the observation periods, + d - g) log (t/t,)
respectively.

. (Weibull failure rate), and
in Figure 5-8. the omb p ofik two egions is

quite good The confidence ellipse is somewhat j gjgg gf) _ ggg7(f) 3 god _ jog ,
smaller, which is to be expected because li uses' ' ,

all the infonnation in the full likelihood. In Fig-
ure 5-9 tin overlep is alsa good, except when . + ([ - )t/(1 + 1).

is

near the unattainable value ef-1. In Figure 5-11
(i near failure rate).the overlap is not bad, while m Figure 5-10 the

overlap is at best fair. A proolem in Figurcs 5-10
The first two equations are exact. The approxi-

and 541 is that the ellipse is truncated et the theo-
mation for the linear tailure rate model is ade-

retical limits of . The conclusions from these
observations for this example are these: the nor, quate if([- )t/(1.+ 1) is not too large. For this

mal approximation appears very good with the case,let S denote the estimated standard deviation

exponential failure rate model, adequate with the of . As a rule of thumb, the approximation may
Weibull model, and inadequate (because of the

be judged adequate if } 2St/(! + [t)} is less thantruncation) with the linear model.
0.1, and fa. .f the qu,ntity is less than 0.5. The

.

ir i

Similar figures for different data sets are shown possible need to keep t small may seem to restrict. .

m Figures 614 through 6-21 and m Appendix A. se approach to times near the cemponents' in-
stallations. In fact, this is not the case because the

time origin may be assigned arbitrarily. This is
Confidence Band for the Failure Rate. allowed in the algebraic formulas, as discussed in

Recall that the failure rate is assumed to be of the
I "" Appendix A.The meaning of and A, depend on

which point is defined as i = 0.

A(t) = Agh(t: )
Therefore, for any model and for a sufficiently

so that a Taylor expansion yields large sample, the MLE log (t) is approximately
normal Let D denote the derivative

logl(t) - log 2(t) loglo - log Ao (3/a#) log [h(t;#)] ' ,

+ h - #)(0/d#) log [h(t; )) The approximate mean of log (t)is log A(t),.'
and the approximate variance equals

For the three specific models considered in this
, , , ,

report we have var (log A,) + D var ( ) + 2Dcov( , log Ag)2

-
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Figure 5-10. 90% confidence regions for ( , A,,), based on linear failure rate model with time measured
from the component's installation.
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Figure 5-11. 90% confidence regions for (g, A ), based on linear failure rate model with time measuredo

from the middle of observation periods,
s
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Statistical Methods

This yields an approximate confidence inte val models look similar, except that the_Weibull fail-
for A(t) for any t. Figure 5 12 shows examples of ute rate approaches 0 at time 0, Moreover, the
the resulting bands for A(t), based on all three exponential band fonns an envelope for the linear
failure rate models. band as the graph is extrapolated to the right.

These observations support the decision to report
The band for the linear model (corresponding _ only confidence limits based on the exponential

to Figure 5-1I)is plotted in Figure 5-12 for com- and Weibull models.
parative purposes, even though the joint nonnal
approximation is poor. If the confidence band

. %, hen the asymptot.ic normal apptoximation
.

were seriously advocated, it would be plotted
seems unsuitable, an alternative is to use the con-. . .

only for values ofi satisfying-

servative band for the failure rate (Section 5.3.4).
For the three models and the MOV data, the con-

i| 2St/(1 + f t)l < 0.5. fidence bands based on asymptotic normality and
on conservative calculations c saown in Figures

where S is the estimated standaid deviation of / ; 5-13 through 5-15. In this example, the conserva-$
tive bands are much wider than the bands basedoutside th.is range, the first-order Tay. lor approxi-
on normality. The ,'eibull lower bound is not-s

.
. . .

mation is inadequate. This restriction corresponds ..

to requiring t > 3.3E4 hour. If the upper and shown because it is zero. With other data sets, the

bands ' ased on conservat.ive bounds and onlower bounds for the linear model are ignored
where t < 3.3E4 hour, the bands for the three appr ximate n rmality > er less.
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Figure 5-12, MLE and 90% confidence band Figure 5-13. _MLEs and 90% confidence
for A(t), based on joint asymptotic nonnality for bands for A(t), based on conservative calculations -
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6. TIME-DEPENDENT FAILURE DATA ANALYSIS

The process used for analyzing the component significance level for the test of the equality of
failure data is illustrated in Figure 6-1, which is (see Section 53.1). If the significance level weie
essentially the same as Figure 5-1 and expands a less than 0.05 (meaning that there is less than a
portion of Figme 2-2. The individual steps to 5% chance that such disparate component data
perform the analysis are described in the follow- could arise if g is the same for all components),
ing sections. then the pooling assumption would be rejected

and the significance levels and confidence inter-
6.1 Preparation of the if gut val plots associated with the component com-

parisons would be visually checked for indication
f an utlier. Engineering judgement would t>eThe raw failure-time data sets developed as

described in Section 4 were the source of data for used to help decide whether to treat the outlier (s)

this anal) sis. A FORTRAN computer program, ^"P"I"!CI'Y

Pil AZE ( Atwoon .990), was written to carry out
.

the approach presented in Section 5. A data file In this analysts of AFW system components,
was a coded representation of the failure occur- the value of the sigmficance level ranged from4

^

rence timeline that contained the data for each of 0.15 to liv ior all but one set of components dis-
! the individual components as a series of records. cuswd separatdy below. The values an shown

In each record, the component name was stated in Tables 6-3 and 6 4. Therefore, the assumption
'

first. then the beginning and ending dates of ofequ I:ty of was accepted, and all components,

obsu vation, followed by the specific tailure passed this step in the screening process. Use of

dates. If a component was replaced at the end of the confidence interval plots for identification of4

its observation period, then the last date of failure outliers was not necessary because all signifi-
'

was gisen the trailing designator, R. Tables 6-1 cance levels were greater than 0.05. However, to

and 6-2 present the formatted input failure data help the reader visualize the process, a typical
for the broadly and narrowly defined failures, confidence interval plot for p is shown in,

; respectively. These data sets correspond exactly Figure 5-2. The plot is shown for the 3-in. MOVs,

to the timelines of Section 4. the broad failure definition, and the failure mode
AFW-MOV-PG. The overall significance level is'

6.2 StallStical Screening 33, indicatin8 that equality of is a good
assumption.Analysis,

One data set, AFW-MOV-FC for narrowly
6.2.1 Common Test for All Components. defined failures, showed a significance level of.

'

A single component of a nuclear safety system 0.05 based on the linear model, llowever the
will rarely incur enough failures, even over its extreme component in this case had p,= =, which
installed life, to anal.yze singly. Therefore, com- was based on one observed failure. Therefore, we
ponent failure hisMries must be combined, or did not feel that there was enough information to
pooled, together. Paoling of component failure justify any decision. Because the exponential
data by type for use in quantification of PR As has

model had allowed the components to be pooled,
become a casual, and sometimes untested, stan- the components were also pooled with the linear
dard practice. Good practice for data analysis, model
however, requires that data from the individual
components be examined and compared before One disturbing feature shown in Tables 6-3 and

: being pooled.

|
6-4 is the frequent inability of the linear model
and the occasionalinability of the Weibull model

The pooling of component failure data is deter- to provide an answer to the test for equality. This
mined to be acceptable or not deper. Jing on the is a result of the mathematics associated with the .

\
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Time Dependent Failure Data Analysis
i

1

MODEL ACTUAL

- ,

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

code.
_

;

Using the statistical analysis code PHAZE:i

'

A. Checked the adequacy of the assumption that I
the g values for like components were
equal.

B. Tested for the presence of aging.
- -

Perform Statistical C. Checked the adequacy of the assumed form
Screening Analysis of the aging model (exponential, Weibull,

. .

linear) to predict the observed data.

D. Checked the adequacy of the assumption that
the A,, values for like components exhibiting
aging were equal.

.

E. Found the MLEs of p and A,,.

F. Checked the adequacy of the bivariate normal
approximation for the construction of confidence
intervals.

;

- ,

Calculate Using the statistical analysis code:
Calculated the value of A(o and its assoc:atedA"'

.
confidence interval as a function of time.

LF910313

Ficure 6-1. Process used to develop time-dependent f ailure rates.

.
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Time-Dependent Failure Data Analysis

.,

'

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

Start and end Number
in service dates or ora

]
Mark number datea observations failures Date* if failure

Failure Afode AFW PhfP FR

I l-TDP 721201 770824 871001 13 780111 780303 790204 790420 791723
800210 800429 820R24 840111850214

1, 860509 860820 860907

|l 2-TDP 730501 770824 871001 11 801118 820513 821207 830216 830314
| 83032183N29 830927 831013 840330
i 850819

Failure Afode AFW PhiP-FS

l-MDP-A2 721201 770824 871001 5 810522 830611 820320 820330 86082*

1 MDP-B 721201 770824 871001 3 810522 860826 870522.

j 2-MDP-A 730501 770824 871001 4 790209 790910 831006 831012
'

2-MDP-B 730501 770824 871001 4 790207 790910 800725 850712

I Failure Afode AFW PhiP-FR
j

1-MDP-A 721201 770824 871001 5 791223 810101 810114 810201 821014

1-MDP-B 721201 770824 871001 2 810114 820309

2-MDP-A 730501 770824 871001 2 790324 870331
-

| 2-MDP B 730501 770824 871001 2 810616 870807
1

: Failure Afode AFW Af0V-PG
i

; l-MOV-A 721201 770824 871001 1- 810618

I l-MOV-B 721201 7 % '24 871001 1 780706

l-MOV-C 721201 770824 871001 1 830423

j 1-MOV-D 721201 770824 871001 7 83N11830520 840620 850814 860128
; 860131 861123

l-MOV-E 721201 770824 800219 1 800219 Rb;

i 1-MOV-F 721201 770824 820814 4 780605 810325 811001820814 Rb

1-MOV-F(R) 820815- 820815 871001 2 821018 850213.

2-MOV-A 730501 770824 871001 2 781015 851029;

'
-MOV-B 730501 770824 871001 4 800826 801104 821218 850620

'
2-MOV-C 730501 770824 830426 2 811207 830426 Rb

2-MOV-C(R) 83N27 830427 871001 1 870225

6-3 NUREG/CR-5378
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4

1 Time-Dependent Failure Data Analysis
1
:

1-

| Table 61. (continued).
'

Start and end Number<

: In service dates or ora

| Mark number date* observations failures Date of failure8

I
: 2-MOV-D 730501 770824 871001 6 78N07 800513 800602 821218 850620

| 860715

4 2-MOV-E 730501 770824 871001 3 810611 830313 870219

i 2-MOV-E(R) 800323 800323 871001 0
1

; 2-MOV-F 730501 770824 871001 6 800509 821218 830424 830819 84N12
2 850620
1

| Failure Afode AFW-PSF-FC-XCONN
1

1_ l-MOV-G 721201 770824 871001 3 8IN23 811212 850823
a

! l-MOV-H 721201 770824 871001 2 860211 860807

2-MOV-1 730501 770824 800807 I 800807 Rb

i 2-MOV-1(R) 800807- 800808 871001 1 830423 I

2-MOV-J 730501 770824 871001 5 781006 781204 800814 810120 83N23

Failure Afode AFW-CKYOO'

j. 1 -CV- A 721201 770824 871001 3- 830520 870214 870528

| l -CV-B 721201 770824 871001 1 830525
I l-CV-C 721201 770824 871001 ' 830504

2-CV-A 730501 770824 871001 2 830117 831129-

s

j 2-CV-B 730501- 770824 871001 0
~

2-CV-C 730501 770824 871001 5 830926 831119 840128 840313 841218,

| Failure Afode AFW-PhfP-LK-SThfBD
'

.

|
l-TDP 721201 770824 871001 0

' l-MDP-A 721201 770824 871001 0

1-MDP-B 721201 770824 871001 0

1 2-TDP 730501 770824 871001 1 831120

2-MDP-A 730501 770824 871001 0.,

} 2-M DP-B 730501 770824 871001 1 831118

i
Note th-* date format is 3.ar, month, and day,a.

b. R indicates that the component was replaced at the date of the final failure.

c. Following discussion with personnel from the power station, the CV events were reinterpreted as non-failures,
2 and the data file was no longer used. See Section 6.2.3.

4
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Time-Dependent Failure Data Analysis -

- Table 6-2. 120miatted data used for the analysis of narrowly defined failures.

i

| Start and end Number
i in service datesd of of -
| Mark number date" - observations failures Date of failure8

Failure Afode AFW-PhfP-FR
_

l-TDP 721201 770824 871001 2 780111860907

| 2 TDP 730501 770824 871001 3 801118 830216 830321
:
'

Failure Afode AFW-PhiP-FS

1 MDP-A 721201 770824 871001 2 ' 820330 830611

:
1-MDP B 721201 770824 871001 0

2-M DP-A 730501 770824 871001 1 831012

2-MDP-B 730501 770824 871001 1 800725

Failure Afode AFW PAfP-FR

l-MDP- A 721201 770824 871001 0

1-M DP-B 721201 770824 871001 0

2-MDP-A 730501 770824 871001 0

2 MDP-B 730501 770824 871001 0

Failure Afode AFW-A10V-PG

l-MOV-A 721201 7708L 871001 0'

l-MOV-B 721201 770824 871001 1 '780706

1-MOV-C 721201 770824 871001 0

1-MOV-D 721201 770824 871001 4 830520 840620 850814 860128

1 MOV-E- -721201 770824 800219 1 800219 Rb

l-MOV-F 721201 770824 820814- 2 811001820814 Rb

l-MOV-F(R) 820815 820815 871001 1 850213

2-MOV-A 730501 770824 871001 2 7/1015 851029-
,

|

2-MOV-B 730501 770824 871001 1 801104

2-MOV-C 730501 770824 83(M26 _1 830426 Rb -

2-MOV-C(R) 830427 830427 871001 0-

6-5' NUREG/CR-5378
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Table 6 2. (continued;,

Start and end Number
In service dates * of of

Mark number date8 observations failures Date of failures

2 h10V-D 730501 770824 871001 2 800602 860715

2 hiO V-li 730501 770824 871001 1 870219

2-h10V E(R) 8M023 8(K023 871001 0

2 h10 V-l: 730501 770824 871001 1 800509

Failure Afode AlW-PSF FC-XCONN

1 hiDV-G 121201 770824 871001 1 811212

1-h10V il 721201 770524 87100) 1 860211

2 h10 V-1 730501 770824 800807 1 800807 Rb

2 h10V-1(R) 800807 800808 871001 0

2-hiOV.) 730501 770824 S71001 3 781006 781204 810120

Failme blode AFW l'h!P LK STh/DD

l-TDi> 721201 770824 871001 0

1-MDP- A 721201 770824 871001 0

1-hiDP B 721201 770824 871001 0

2-TDP 730501 770824 871001 1 831120

2-hiDP-A 730501 770824 871001 0

2-h1DP-il 730501 770824 871001 1 831118

Note that date fonnat is y ear, month, and day,a.

b,
R indicates that the component w as replaced at the date of the finai d'. re.

.

4
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Table 6-3. Results of statistical analysis of the broadiv defined failures. '

I!. ,

E

i Sigmncance Sigmr.cance S,piificance Sigmfiew t
level for testing lesel for testing lesel Io- trumg Ictel for tes:mg Condumwi at [
equahty of # * g= @ alequacy of rnmiel equality of if aintidence lesels [

b

Failure nnie Expmential Weibu!I Linear Espmential Wbull Linear Espmential Weibull Linear Espwentist % Nil Lenear 0.05 O st
,

1

AIWi%1P-fR-TDP 0.29 0 15 r 0.55 0.47 0.55 N/A N/A Not agmg Nw agmg

- AIWPMP-FS-MDP O 52 U.*5 0.72 0.52 0.44 0.52 N/A N/A %g armg .% -emg !

f

! AIV-I%1P-FR-MDP 0.97 0.97 0.A4 0.70 0 63 0.70 N/A N/A Nit apng %w armg

i' AIEMOV-PG ' O.83 0.46 0.93 0 I5 0 32 0.15 0 Mi 03) 0 85 1.s n1 1.s w1 1Jul Notarmy Aper ~ 5

- h2'
AIT-MOV-FC 0.25 0.56 OM 0.65 0.56 0 65 N/A N/A Nw agmg Nw agmg ,

e

., [ AIWPMP-LK-STMBD . 0.83 0.78 5 0.25 rL23 0.24 >0.20 >0.20 >020 tm Ut1 tm Nw agmg Agwr

i AI'W-CKV4M 1.00 1.00 * 0.02 0.02 0 02 016 0 04 0.04 0.18 U. !K 0 18 Agmg Agmg i
i

I

3 f
A value t4 0.0$ cr less indicates stmng evidence that the ctwnpments do mw have the same agtr>g rate. 8, w the a mutual failwe rate. A, E' !

* a.

i, n.
b. A 'salue of 0.05 m less irubcates veracg evidence that the ctmptwnts fadures were not garnerated bv a cimuarn fadure rate mss. A value do tw lev, andmam meak statthal e-ame d agmg h f
but is inveegated as aging in order to te comervative for the sake of safety. y {

o
3

| c. G=1d nos te cak m8ated forifus caw _ g }

E L
d. Ftdhmmg discusuon with persienet fmm the poser staram. thew events were an vernic ;weted as awfadures, and the data file wasim* b=ger med See ht== 6.23. m I

r: >
'
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Z
C d

. pc =
l r:: M

C .:,

Ys
-o Table 6-4. Results of statistical anal.ysis of the narrowlv defined failun s.< -
y - M

, * =
I d Significance Sigm6cance Sigmficance Sigmfnance S

"

} M !csel for testing level kw testmg kwl for testing leses 4 se amg Cone.lusste at ~.
equality of pb y= F adequaq of maki cytultry of 1.h omfnknee tocis [

,

'

c
Failure mode * Expmential Weibull. Lmear Espmential Werbuti Linear Expinential Weibul! trnear Expmentul Werbu!I Linear 0.05 0 *) E

.

'i

C f
Aiv-PMP-FR.TDP 0.98 0.69 d 0.59 039 0.59 N/A N/A Nx agmg Not agmg E !

r.a &

> i

) AFW-FMP-FS-MDP . 1.00 1.00 034 035 0 45 0.55 N/A N/A Not aging Not agmg (4

'xAlv-MOV-PG 0 84 0 85 e72 024 025 024 >020 >010 >020 0 94 0.05 0.95 Not agmg Agt,g *

!Alv-MOV-FC ' O 13 d 0.05 0.85 0.!'3 035 N/A N/A Not aging Na agmg '

'
!& AFW-FMP-LK-STAtFID 038 OfTH d 025 0 23 028 W3 W3 W20 tm W W M a h Agmgdc '

!

i'
There were rm narnalv &fmed failures for cusses AFWGVM and ATW.P%1P FR stDP The narmsty .nl twoodly &fmed failur- for me AFWMfP-l.LSTstBD were aknta.ats.

h
* b. A valoe of 0.05 or less indcates smmg eviderKe that the com;tmems do not have the sarrie aging tm. g.or the sarne inmd fahre raer,1,

A value of 0.05 <w less indraars strtmg evklerre that the crepmerits fadures um ** gewrated by a cumstane fa$ lure rate ;;mes. A value of 0 4thw bs sukares weak uxwtv at esmieme 4 arms
,

Ic.
but is mvewigsted as aging in order w he caeatne 'or the sake of safetv

+

d. Ct=ki nor be calculated for this case. I

i

i
k
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;
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i
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|

|
j models in mathematical terms, they are not well- defined failure sets exhibited significance leveh
: behased. While this is inconvenient, it does not less than o.05. The broadly defined failure set was
; pres ent the use of the models for other sets of the pump discharge header chec k valve backDow

data, and uith the support of the exponential failure ( AFW-CKV OO). After the check valve
j model, does not necessarily prevent the further maintenance records were reinterpreted, as
i apphcation of the Weibull and linear models. For described below, no data sets showed aging at a
| example, even though the linear model was inca- significance les el less than 0.05. Tw o additional

pable of prosiding a result for the case of the nar- sets exhibited aging at the 0.40 level of signifi-
rowly defined, pump steam-binding failure, both cance for teth the broadly and narrowly defined
the esponential and Weibull models indicated f ailures. These two vets w ere the 3-in. MOV plug.
acceptance of the equality of the #s. Therefore, ging failure ( AFW-MOV-PG) and pump steam
the hnear model continued to be applied to this binding failure (AFW FMP-LK STMilD).
case as though the set of components had shown
equahty using this model. 6.2.3 Adequacy Check of the Assumed .

Form of the Aging Model. Initially the five
6.2.2 Aging Test. After the test for common #, component f ailure data sets that showed indica-
the nest task was to test for statistically signifi- tion of aging at either the 0.05 or 0.40 signifi-
cant aging. 'I he significance level of the null cance level were tested to see if any of the three

' h.s pothesis, p = 0, was checked for all sets of assumed model forms provided an adequate
components passing the first screening test. description of the data. As in the previous screen-
Recall that the null hypothesis assumed a homo- ing, 0.05 was used to test the assumption
geneous Poisson process, implying constant fail. (Section 5.3.2). The hypothesired model form
ute rate. The test for significance must identify would be accepted if the failure times predicted
any statistically significant evidence to the con- by the model were close to the actual failure
trary. Therefore, evidence of an increasing rate of times, For all the data sets except one, the level of
failure, assumed in this report to be agmg, can be significance ranged from 0.20 to 0.85, as shown
modeled by a positive #. in Tables 6-3 and 6-4. For backflow of the check

valves, the significance level was from 0.04 to
The approach for analyzing data for the pres. 0.09, depending on the assumed model,

ence of aging used two significance lesels,0.05
and 0.40 (Section 2,5). Traditional statistics The Q-Q plots (Section 5.3.2) for the five data
would use only the 0.05 value for testing statisti- sets for each of the three models (shown in Fig.

! cal sigt.ificance of aging. Ilowever, for a safety ures 6-2 to 6-13) are consistent with the signifi-
'

analysis it can be argued that the relaxation of this cance levels shown in Tables 6-3 and 6-4. The
convention is conservative and, therefore, justi- plots indicate that some clustering of data,

j fied. The result is that components are identified occurred, but except for backflow of the check
'

in which there is less confidence that the aging vahes, the plots show no gross deviations from
trend is present. Frequently, these components the 45-degree line that represents perfect agree-
have a large uncertainty, indicating the need for ment between actual and predicted failure times.
more data to make any confident statement on the
failure trends. The result ofincluding components

For backflow of the check valves (failure mode
to the 0.40 significance level is that more aging, AFW-CKV-OO), based on the broad definition of
and thus more risk, is predicted than may actually ' failures, clustering of the failure dates made the
be present. This is generally conservative and, fit to any of the models marginal at best. The clus-
therefore, acceptable. tering of failure times is shown in the timeline

(Figure 4-16),in the cumulative failure plot (Fig-
The significance level values for B = 0 ranged - ure 4-17), and in the corresponding Q-Q plots

from 0.85 to o.02, as shown in Tables 6 3 and 6-4. (Figures 6-2 through 6-4) Several possible
One broadly defined failure set and no narrowly causes of this clustering were conjectured, but the

6-9 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 nuxlel, based on failures before the data were reinterpreted.
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Figure 6 3. Q-Q plot for pump discharge check valves, broadly defined back leakage failures, Weibull
model, based on failures before the data were reinterpreted.
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Time Dependent Failure Data Analysis
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Figure 6-4, Q-Q plot for pump discharge check valves, broadly defined back leakage failures, linear
model, based on failures before the data were reinterpreted.
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exponential model
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; Figure 611. Q-Q plot for either broadly or narrowly defined pump steam binding failures, exponential
model.
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true causes could not be established from the ute under the broad definition if it was considered
available maintenance reconh. to pouibly describe a f ailure, although it might

only describe a problem that was fned before the
Because the lack of fit was at the borderline component had to be removed f om service),

between acceptance and rejection (at the 0.05 sig- Based on this additional know ledge, all the leak-
nificance lesel), the data were analyzed based on age events were reclassified as non-failures for
the assumed aging models This decision was the failure mode AFW CKV-OO. The events
influenced by two consideratione w cre retained, however, for the steam binding

failure mode ( AFW-PMP LK-STMBD) because
Modeling the failure rate as increasing is minimal leakage is needed for that failure mode.*

conservative.
Therefore, the reinterpretation of the raw data

Failures that cluster are not specifically a eliminated AFW CKV.OO as a failure modee

problem for aging models. They are a prob- affected by aging and left the calculations for
lem for any data analysis that is typically AFW-FMP-LK STMBD unchanged. Af ter the
done for a PRA, in particular, the usual reinterpretation, there was no problem with lack
analysis assumes that the failures are inde- of fit to any of the aging models.
pendent with a constant failure rate; cluster-
ing violates the independence assumption. 6.2.4 Common A,, Test for All Components
Thus, the lack of fit is present whether the Exhibiting Aging. Next, the five component
check valves are treated as aging or not, failure data sets that were determined to show

time dependent trends were analyzed to test the
if this failure mode had had little effect on the adequacy of the assumption that the data should

risk, the issue would have been dropped. How- be pooled based on equality of Ao(Section 5.3.3).
ever, as discussed in Section 7, backflow of check As for the equality test for p if the significance
valves turned out to be the dominant contributor level had been less than 0.05, then the signifi-
to risk. Therefore, when review comments on a ance beh and confidence interval plots asso-
draft were received from personnel at the power ciated with the component comparisons would
station, we inquired specifically about the leakag have been visually checked for indication of an
failures. outlier, and engineering judgement would have

. been used to help decide w hether to split the data.
The inquiry revealed three nearly simultaneous Tlw myim of plig was found acceptable

repairs of the pump discharge check valves at for all five data sets at significance levels ranging
Unit 1 in May 1983 (see hgure 4-16 and from 0.18 to 1.00, as shown in Tables 6-3 and 6-4.
Table 6-It These repairs were made as a The confidence interval plot for Ag for the 3-in,
response to notification that leakage of check MOV plugging failure is shown m h,. pure 5-6.

.

valves might be a generic, industry-wide prob-
.

.

lem, indeed, some leakage was found, but the 6.2.5 MLE for (/%). The MLEs for p and A,
time of the onset of the leakage in each valve is

wm found for the fm component failure data
unknown. The recurrent repairs of valve 2-CV-C

sets that passed the screening to this pomt (Sec-
were unsuccessful attempts to stop leakage that

tion 5.3,5). The results are shown by data set and
came from a different source, a failed orifice on a

assumed modelin Table 6-5.
recirculation line, not through the check valve at
all. 6.2.6 Check of the Normal Approximation

for Distribution of MLE. The MLE is a point
The most important discovery, however, was

that none of the leakage events was severe enough estimate only. To get a confidence band [or A(t),it

to cause failure mode AFW-CKV-OO, backflow was assumed that the MLE (p, logan) had a

through the pump discharge check valve. (Recall bivariate normal distribution (Section 5.3 5). This

that a maintenance record was classified as a fail- assumption resulted in an approximately

NUREG/CR-5378 6-16
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Time Dependent Failure Data Analysis

toenonnal distribution for lon which could then showing a time-dependent behaviot dee
be used for PH A input. To c heck the adequacy of tion 5.3.5L The point estiniate of Aus was calcu-
the bivariate normal assumption, a graphical lated for all three models to allow comparison,
comparison was made of the consenatisely esti- but the conhdence itaervals were calculated for
mated confidence region and the confidence only the esponential and Weibull models because
region based on the asymptotic normality of the failure of the asymptotic normality
assumptien. The comparisons are show n iii auumption for the linear model. The results of

~

Figures 5 8 through 5-11 for 3-in. MOVs (AFW, the calculations are shown in Tables 6-6 to 6 8.
MO%PG) with broadly defined failures and in
Figures 6-14 to 6-21 for the other data sets. No The > car 1987 in these tables represents the
figure is shown for the linear model when 5 was value of A at the "present" time, the time at which
at the end of the allowed range;in those cases the data collection ceased. The years 1988,1989,
asympmtic normalitv did not hold. For all the fail- and 1990 represent the " future"and sbow the pre-'

ure sets, the assumption of approximate nonnality dicted value ' A based on the demonstrated
ippeared good enosph when the exponential o'r trend. No vals.es of A were calculated further in
Weibull moJel was used. Approximate normality the future becas the unknown, but sigmheant,
was clearly false with the linear model; mucIi effects of human interaction (mitigation) can
larger data sets would hase been needed before drastically change the rate of aging.
the asymptotic norm..I distribution was
approa ..ed. 6.4 Case Study Problem

For pump steam binding under the Weibull Sp0ClflCallOMS
model (Figure 6 21), the confidence ellipse was

truncated at the minimum allowed value of The results of all raw failure data collection,
= -1. This indicated that the normal approxi- development, and analysis were used in the calcu-

mation was not very good The difficulty does not "'I"" "I N *' CPC" dent plant nsk. Numerous
af fect the upper bound for future A(0, however. '"** *cre analyzed m. this wotk. Each case was
and therefore was ig mred. a conibination of the definition of failure (broad

.

or narrow), the sigmficance level at which the
, ,

6.3 Calculation of ),(o as a nmaging auumpd n wauejected wo r nos),

Function of Time and the model employed (exponential, Weibull,
or linear), nemember that only point estimates
were possible for the linear model because the

With the creening completed, the value of Au)
confidence interval on the MLE could not be cal-

and its associatco confidence interval were calcu. culated. The failure sets analyzed as a result of the
lated as a function of time for the five data sets

different combinations are shown in Table 6-9.

NUREG/CR-5378 6-18
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Figure 6-14. 90M confidence regions for (p. A,,) for pump discharge check valves, broadly defined back
leakage failures, cyx>riential model, based on failures before the data were reinterpreted.
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Figure 615. 90% confidence regions for (#, A,,) for pump discharge check valves, broadly defined back
leakage failures, Weibull model, based on failures before the data were reinterpreted.
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Time-Dependent 1:ailure Data Analysis
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Figure 616. 909 confidence regions for (B.A,,) for 3-in. MOW (header isolation valves); narrowly
defined plugging failures. exponential rnmiel.
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Figuro 617, 909i confidence regions for (#, Ao) for 3 in. MOVs (header isolation valves), narrowly
defined plugging failures. Weibull model.
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Time-Dependent Failure Data Analysis
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Figure 618. 909 confidence regions for (B.A,,) ror 3-in. MOVs (header isolation valves), narrowly
defined plugging failures, linear model, time m ssured from component's installation.
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Figure 6-19, 90% confidence regions for ( . A,,) for 3 in. MOVs (header isolation valvesi, narrowly
defined plugging failures, linear model, time measured from middle of obseivation periods.
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Time Dependent l'ailure Data Analysis
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Figuro 6 20. 9mi confidence regions for (p. An) for pump steam binding, broadly or narrowly defined
failures, exponential model.
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Figure 6-21. 90't confidence regions for (#, Ag) for pump steam binding, broadly or narrowly defined
failures, Weibull model.
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i
t

Table 6-6. MLEs of Art and associated confidence inte:Tals by failure maic definition for the exponential model. ;

!

hr) and confidence interval

Failure nmde 1987 1988 19S9 199)

HnuJly Defined Failures :

ARV-MOV-PG 5.81 E -05 6.20E - 05 6.62E- 05 7.07E - 05 f3.50E-05 o 9.64E-05 3.50E-05 to 1.10E-N 3.50E- 05 to 1.26E-N 3.4SE - 05 to 1.44E - m

ARV-PMP-LK-STM BD 6.70E -06 7.53E - 06 8.47E - 06 9.52E - 06 i
.

l 7.66E-07 to 5.86E-05 6.03E-07 to 9.42E-05 4.67E - 07 to 1.53E - N 3.59E-07 to 2.53E -N ['
!

: ARV-CKV-OO3 5.77E-05 7.08E - 05 849E-05 I .07E - N
2.52E-05 to 1.32E-N 2.65E-05 to 1.89E-M 2.77E-05 te 2.72E-N 2.89E-05 to 3.94E -N

,

.

Narrowly DefincJ Failures
1

i ARV-MOV-PG 2.61 E -05 2.83E- 05 3.06E -05 3.32E- 05 -a
1.20E-05 to 5.67E-05 1.18E-05 to 6.80E-05 1.15E-05 to 8.18E-05 1.12E-05 to 9.86E-05 5 :

?
ARV-PMP-LK-STMBD 6.70E-06 7.53E -06 8.47E- 06 9.52E- 06 k !

7.66E-07 to 5.86E-05 6.03E - 07 to 9.42E -05 4.67E-(17 to 1.53E-04 3.59E-07 to 2.53E-04 )
R b

=._"
-

:
Foitowing discussion with personnel from the power station. the events with bacUlow of check valves m ere all reintegreted as non-failures, and the failure rme 2 !

' a.

Z ARV-CKV-OO w as no longer regarded as affected by aging. (Sce Section 6.2.3.) Therefore, 24n m as taken to be the constant value give.: in the NUREG-11 $0 IRA. f fC,

N g ,

'm C i

.

,x >
0 ,

: b
'= :_.
1

#
,

k

!
,

_. ,
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.O Table 6-7. MLEs or 1(o and associated confidence intervals by failun ode definition for the Weibull model. Y
O 4

?'?
3 he and cotidence interval {

~

M
Failure mode 1987 1988 1989 17X) 2

C
'

Broadly Defined Failures
%
"

AFW-MOV-PG 4.76E- 05 4.86E- 05 4.95E-05 5.GtE-05
3.21E-05 to 7.07E-05 3.20E-05 to 739E-05 3.18E-05 to 7.71E-05 3.17E-05 to 8.03E-05 $

Uh'
AFW-PMP-LK-STMBD 737E-06 - .S.17E-06

,

8.99E-06 9.85E- 06 5-
1.12E-06 to 4.83E-05 9.99E-07 to 6.67E-05 8.87E-07 to 9.12E-05 7.87E-07 to 1.23E -nt

AFW-CKV-OO' ' 5.6SE-05 6.62E-05 7.(>tE - 05 8.75E-05
2.70E-05 to 1.20E-04 2.84E-05 to .1.54E-G4 2.97E-05 to 1.%E-at 3.09E-05 to 2 47E -04

Narrowly Defined Failures

AFW-MOV-PG 234F -05 2.44F - 05 2.53E-05 2.62E - 05

1.25E- 05 to 4.40E-05 L24E-05 to 4.79E-05 1.23E-05 to 5.19E-05 1.22E-05 to 5.60E-05

. AFW-PMP-LK-STMBD 737E-06 8.17E-06 8.99E-06 9.85E-06
1.12E-06 to 4.83E-05 9.99E-07 to 6.67E-05 8.87E-07 to 9.12E-05 7.87E-07 to 1.23E-04

Following discussion with perumnel from the power station.the events with backflow of check v alves aere all remterpreted as rum-failures,and the failure nvxica.
AFW-CKV-OO was no longer regarded as affected by aging (Section 6.23).~Iherefore. Lo was taken to be the corntant value gis en m the NUREG-1150 PRA.

,

. . . . , . . . . . . . . . . . . .
.

- - - - --
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! Table 6-8. MLEs of Am by failure mode definition for the linear model.
,
1'
,

2(r)<

: Failure mode 1987 1988 1989 1990 1

!

k Bnudly DefinedFailures

AFW-MOV-PG 5.58E- 05 5.84E-05 6.10E-05 636E-05 f

AFW-PMP-LK-STMBD 7.65E- 06 836E-06 . 9.08E - 06 9.79E -06
1 i

fAFW-CKV-OO* 4.59E-05 5.02E-05 5.45E-05 5.87E- 05

; P
y Nannwly Defined Failures,

'

AFW-MOV-PG 2.51 E- 05 2.65E-05 2.79E-05 2.93E- 05 i
!

i

AFW-PMP-LK-STMBD 7.65E- 06 836E-06 9.08E-06 9.79E-06 d e, =
E. '.

,

C |'

Following discussion with personnel from the power station, the events with tuckflow of check valm were all reinterpreted as non-failures, and the failure rnode 2 [a.

l AFW-CKV-OO was no longer regarded as affected by aging (Section 6.23). Therefore. ain was taken to te the constant value given in the NUREG-1150 PRA. h !
g ;; .-
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Titne-Depentlent 1%ilure Data Analysis

Table 6 9. Failure sets analyzed as a fun tion of failure d(finition and significance level.*

Ilroadly defined failures Narrowly defined failures

No-aging assumption 1. 3 in. MOV plugg.ng failure 1. 3 in. MOV plugging failure
rejected at significance 2. Pump failt.re due to steam 2. Pump failure due to steam
level of 0.40 binding binding _

3, Pump dacharge check s alve

failure to closeb

No-aging assumption 1. Pump discharge - None
rejected at significance check valve f2ilure
level of 0.05 to closch

All combinations of failure definitions and confidence intervals were analyted using each of the three modelsa.

(esponential Weibull, and linear),

b. l'ollowing discunion with personnel from the power plant, this failure mode was no longer regarded as af fccted by
aging. See Section 6.2.3.

_-

3

- NUREG/CR-5378 - 6-26

-



7. QUANTIFICATION OF TIME DEPENDENT RISK

7,1 Time-Dependent Risk combines it with the data to yield a posteriot

Analysis for AFW System disuihuhon. Em a uunple apphcahon, see Bier
et al. (1990). By contrast, the approach of this
report does not use a prior distribution at all. One

The fmal step in the risk quanurication was the impodant reason is the dif ficulty in obtaining
calculation of CDF using a PRA model. The usual well-justified prior distobutions for agmg rates.
inputs to a PRA include the time aseraged f ailure For example, the widely cited TIRG Al.EX report
rates for various failure modes. In order to calcu- (1,evy et al 1988, p. 219) presents aging rates,
late the time dependent CDF anociated with the but states "it is the relative pwtioning of the com-
aging of the AFW system, the time-dependent ponents, not the absolute numerical values .
failure rates developed in previous chapters were (that arel important." The Bayesian distributions -

.

substituted for the thne aseraged values. of the present report are based on the data alone
because confidence intervals depend on the data

7.1.1 Use of Maximum Likelihood Results to alone. The results aic as if i e prior distributions
Define Bayesian Distributions. The work of corresponded to comp |cte ignorance. This is a
Section 6 resulted in point estimates and confi- conservative approach, which has been advo-
dence intervals for A(n,the failure rate of a type of cated, for example, by Vaurio (1990).
componut at a specified time t. The MLE A(n
has a distribution that k approximately lognonnal 7.1.2 Resulting Time Dependent Component
(Section 5.3.5). Plots were examined (Figures 5-8 Failure Rate inputs. The PRA model was solved
through 5-11 and 6-14 through 6-21) to ensure using the IRRAS computer code (Russell et al.
that this lognormal approximation was acceptable 1989). For lognonnal inputs, IRRAS requires a
with our data. Use of the lognormal distribution mean failure rate and an error factor as failure
then yielded the approximate 90% confidence mode inputs. This mean is somewhat larger than
bands deseloped in Section 5 (Figure 5-12) and the median; the median is numerically equal to
Section 6 (Tables 6-6 and 6-7). the MLE calculated by PilAZE.

The usual PRA techniques require a different Table 7-1 is a summary of these means and
input to the computer code, a Bayesian distribu- error factors by aging model, by failure defini-
tion for A(n. The conversion from a confidence tion, and by failure mode. The values were calcu-
interva' to a Bayesian distribution was accom- lated for the time when data collection ceased in
plished as follows. There is a Bayesian distribu- 1987 and for the three years following. As men-
tion that results in intervals that are numerically tioned in Section 2.4, we do not recommend
the same as the confidence intervals, but now extending the aging intes further into the future
with a Bayesian interpretation. That is, the 90% because human interactions are unpredictable,
confidence interval equals a 90% interval given unless possible mitigating actions are exphcitly
by the Bayesian density, the 95% confidence modeled.
interval equals a 95% Bayesian interval, and so
forth. This perfect agreement occurs if the Baye- For comparison, the time-dependent failure
sian distribution is identical to the lognonnal dis- rates were also calculated for 1973 and 1974, as
tribution for the MLE. Therefore, the required summarized in Table 7-1. The year 1973 is the
Bayesian distribution for Af t) for an aging compo- initial operation date and can be used to calculate
nent was set equal to the distribution of l(r) caleu- the initial CDF. The values are shown for one year
lated by Pil AZE, later,1974, to allow a useful comparison for the

Weibull failure rate, because this rate is zero at;

The usual textbook d.velopment of a Bayesian time zero for any positive value of /3. Also shown
[3 distribution assumes a prior distribution and in Table 7-1 are the time-averaged failure rates
4

7-1 NUREG/CR 5378
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Quantification of Time Dependent Risk

talen f rom the NUREG-1150 PR A (USNRC plugging failure and (b) pump iailure from steam
19x9L binding, as given in Tables 6 9 and 7-1. The fail-

me males, though not the tailure rates, were the
7.1.3 PRA Adjustment to Allow Time.

same under both the broad and nanow definitionsriependent Risk Quantification. The PRA, as ,

of failure, The aging was statistically signincant :maded into IRRAS, was venned by regenerating at the 0.40 level, but not at the 0.05 lesel. '

the cutsch f rom the fault trees and event trees
,

using the same truncation values as used in the
The calculated risks for the various cases areoriginal NUREG 1150 analysis. The cutsets

shown in Table 7-2. The risk is expressed as totalgenerated by IRRAS matched those of
CDF. The associated uncertainties were cul-NUREG-IISO.
culated by IRRAS with standard simulation

Changes were made to the PRA, in addition to techniques using Latin il>percube sampling. :

the input, in order to account appropriately for Remember that since the linear model was unable

those components that were aging. The most to produce a distribution, an uncertainty or a

fundamental change was to include component mean for this model could not be produced.

failure modes that were exhibiting aging and had
been tmneated from the time-averaged analysis. Fi ure 7 1 is a graphical plot of the values fiom

This change was accomplished by completely Table 7 2 corresponding to the broad definition of

reanalyzing the PRA usm, g an extremely large fdure. The figure shows the mean and 90% inter-

value for the failure rate of the f ailure modes val for the CDF, assuming the exponential or
showing aymp: pump steam binding,3 m. MOV Weibull model. For the linear model, the figurei

plugging, and purnp discharge check valve back' hws only the point estimate of the CDF, based

now. The top cutsets were then regenerated. 'lhe on MLEs, because uncertainty intervals were not

resulting cutsets meluded the originals and d uMed for the linear model. The calculated
approumately 1,000 addjtional cutsets. Note, the CDP is shown for three years: the initial year of
additional 1,000 cutsets had been trtmcated frorn commercial operation,1973; the following year,

the original PR A because they made a negligible 1974; and the year when data collection ceased,

contribution. They were included m the age. ,9g7, .lhe predicted CDP is shown for the three
g

dependent PRA because it \vas not known if the,v
,933,g ,99q g g gg

w ould make a contribunon. Ihis was not a change CDF taken from the NUREG ll50 PRA, a time1

m the conceptual fault tree, only a change of d vh
detail in the computation.

- The striking feature of Figure 71 is that the
These cutsets were used to calculate risk as a " aging" CDF is virtually constant, negligibly dif-

function of time by using the failure rates shown ferent from the steady-state values of the
in Table 7-1. For example, in order to calculate NUREG 1150 PRA. The increases in the two
the predicted risk associated with the exponential component failure rates have almost m effect on
acmg model in the year 1990 for the narrow den. the overall CDF. Although not shown, a figure -' '

nition of failure at lhe 0.40 level of aging signin. based on the narrow deOnition of failures would .
cance, the inputs for 3-in. MOV plugging would- be very similar to Figure 7-1,
be 7.76E-05 and 2.03, the inputs for pump steam
binding would be set to 6.93E 05 and 26.52, and This report is primarily a demonstration of an
the inputs for all other failure modes would be set approach, not a presentation of plant-specific.
to the - time-averaged values from- the results. Therefore, it is worth dwelling on some of
NUREG 1150 PRA,

the intennediate steps that led to Figure 7-1. Ini-
tially, pump discharge check valve failure to-

7.1.4 Results. After the data were reinterpreted, close was considered to exhibit statistically ;as deuribed in Section 6.2.3, the two failure
significant aging, as shown in Tables 6-9 and 7-1; !

modes af fected by aging were (a) 3-in. MOV
when the broad definition of failure was used.

7-3 NUREG/CR-5378
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Quantification of Time Dependent Risk |
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Figure ' i. Calculated mean CDF and 90% interval after the data were reevaluated. Note that the
Weibull r ilure rate is undefined at time zero (1973) and that for the linear model the MLEs are plotteda

because means could not be calculated.

Although the checks for fit of the model cast 'lhe point estimate of CDF pnxtuced by the*

strong doubt on the assumption of independent linear model is similar to the mean
failures, the failure rate for this failure mode was calculated using the other two nuxlels,
tentatively modeled as increeing, pending
receipt of further infermation about the events The initial CDFs calculated from the time,e

recorded in the data base. This led to the data in dependent failure rates are consistent with
Table 7 3 and Figure 7 2,in which the CDF is the CDF from the PRA.
predicted to increase by a factor of about 2 in
17 years of plant operation. 'lhis increase results 7.1.5 Simultaneous Aging. Caution must be
entirely from backflow of pump discharge check used in applying the approach to be sure the inter-
valves, which has a calculated failure rate of action of the aging of cornponents is considered.
about 1 per year at the end of the time period. If the increase in CDF is calculated separately for

| Such a failure rate is contrary to ex perience. the aging of each component, the sum of the
change in CDF will underestimate the change

, Although h_gure 7-2 was eventually discarded with all components aging simultaneously. This.

m favor of hgure 7-1, the following observations occurs because the aging interaction will not be

apply to both figures. included. The concept can be demonstrated by a
simple example of a two-compor.ent cutset with-
both components aging. Ifp, andp2 are the initial-

The mean and 900i irterval of the total CDF failure probabilities and Api and Jp: are the
*

is essentially the same regardless of w hether
increases in f ailure probabilities from aging, then

the exponential or the Weibull model is_ the increase in failure probability of the cutsetused,
from aging calculated as the sum of the increase

7 .' NUREG/CR-5378,
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;

t

'

in failure probabilities with the components aging aging interactions will be important. Therefore, !

;

separately is to accurately calculate the increase in CDF when !
'

(Pi(P2+AP2) pip 21 th. aging interactions are important, the increase
in failure probabilities for all aging components [

4 ((pi + dpi)p3 pip 3) should be included simultaneously in the PRA.
|

= pi P2 + P?IP1 (7 1) An objective of the research fo .his project f
d .

llowever, the change in failure probability cal. was to demonstrate the approach by calculating i

culated with the components aging simelta' the increase in CDF from the agine of compo- !
nents in a single system. Therefore! the demon- hneously is
stration in this section calculates the CDF if only .

Pi P2 + JP2)} pip 2] the AFW system ages. For the demonstrationl(Pi + J X

case, only a few components were shown to be
! J d J= pi p: + py pi + Jpi py (7 2) aging. Increases in failure probabilities of these ;

,

.
| .

components were input simultaneously and their
Obviously, the calculatkm with the compo- mutual interactions were included | Ilowever, the !

nents aging separately does not include the inter-
terms for the interaction of aging with the gging

action term Ap,Jps. Of course, for cutsets with of components in other systems were not *

i more components there will be more interaction included, and therefore, the effects of the interac-
', terms that are not included, if the increases in -

tion were not evaluated for the demonstration
,

-

failure probabilities from aging are small, the study.
[aging interactions will oc products of small num. '

bers and will not be significant. liowever,if the The above reasoning may also be applied to
.

t
increases in failure probabilities from aging are systems rather than components. Of the '

comparable to those of the retained cutsets, the sequences leading to core draage and involving
.

t
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Quantification of Time-Dependent Risk

the AFW system.the vast majority imolte simul- ing section has not accounted explicitly for miti-
taneous unavailabihty of the AFW system and gating or corrective n ions. Therefore, as
other safety systems. Simultaneous unavailability discussed in Section 2 4. the netnodology pres-
of two sy stems corresponds to a " system-level ented here is only uv ''' t,4 m icting risk for a
cutset," in ecmrast to the usual component-level few years in the futur; uaintenar ce and replace-
cutset. Equations (7-1) and (7-2) can be applieu ment are treated impliciuj m rm. of the environ-
to the system-les el cutsets by Ic ang p denote the ment for observed past failures and, therefore,
probability that a system in unavailable, and let. also for extrapolations to the future. Schemes
ting Ap be the change in this probability that may be developed for future applications, such as
results from aging. Although we argued above the use of periodic replacement intervals to reset
that everything should be treated as aging simul- the time-dependent failure rate to the time-zero
taneously, thin report considered aging in only value (see Vesely et al.1990) and/or the use of
one system, the AITV system. Ilowever, the cal. component replacement when the failure rate
culated effect of AFW aging was very small; in reaches a predetermined maximum allowed level.
Equation (7-1), pg,AmJ .4ru is very small, soP 1

J arw must be small. Therefore, either Jpo,3er, 7.2.2 Periodic RisioBa- Management.P

is small, in w hich case the interaction term is very Another option is to apply the yproach on a yearly
small, or Jpo,3 cry is moderate or targe, in which basis. niis results in current risk knowledge with
case the interaction term is much less than the a small expenditure of effort. If such an analysis
noninteraction term puwJpg,hers, in either case, shows that the present or near-future calculated
the calculated aging of the AFW system would CDF is substantiallv creater than the time-aver-
i. ave littk effect on CDF, es en if all the systems in aged CDF from the v ne components or sys-
the plant were treated as apng simultaneousl; tems causing the b should be identified.

These omponents r systems could then be con-
In summary, an aging analysis normally sidereo for increased surveillance, maintenance,

requires simultaneous consideration of aging of and/or engineering analysis.
all components in all systems. In this particular
case, when only aging in the AFW system was This approach was applied to the AFW date of
considered, the effect on CDF was extremely this study for the years 1979 through 1987. For
small. This shows that, even if aging of other sys- each year, only the data available at that time
tems were considered simuhaneously, the interac- were analyzed. For example, the 1982 analysis
tion terms would be small and aging of the AFW used the data from 1978 through 1982. These
system would have a very small effect. If the analyses, based on the narrow definition of fail-
effect of agin<; of the one system had not i.een so ure, showed possible aging problems in three of
small, it would have been necessary to consider the years. None of these problems persisted year

4

simultaneous aging of the other systems as well. after year. This observation indicates that either

(a) the trends identified were not actualy present,7.2 Potential Applications but were false alarms, or (b) the maintenance pro-
grams in place for the AFW system successfully

7.2,1 Extrapolation to Distant Future. The risk detected and mitigated the significant aging that
quantification apga.ch presented in the preced- was occurring.

.

,
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8. CONCLUSIONS

The objectives of this study were as follows: 12 failures, necessitating a follow-up
investigation. The other assumptions that

Devehip a way to identify and quantify age- were checked appeared acceptable in this
.

dependent fai'ure rates of active compo- demonstration.
nents and to intornorate them into PRA.

We note the following difficulties in applying
Demonstrate this approach by applying the approach. These observations are i.a surpris-

.

it, with plant-specific data, to a fluid- ing to people experienced in risk assessment.
mechanical system using the key elements
of a NUREG-l!50 PRA. * Aging cannot be detected without high-

quality data covering a substantial time
Present ". as a step-by-step approach. so that period. Ten years of data from the AFWe

others can use it for evaluating the signifi- system at two units provided minimal
cance of risk from aging phenomena in sys- information, so that for many failure modes
tems of interest. the degree of aging could not be estimated

| with precision.
I These objectises have been met. Several con-

clusions of importarwe are as follows. The data of this report are likely to represent.

a large plant-specific sarr ,le of failure
A step-by-step approach has been devel- events for the period of time examined..

oped ao Jemonstrated, which provides a Other standby safety systems have been
workah- ,vay to estimate present and near- found to exrJbit very few failures in a simi-
term future ris: iased on the modeling lar period of time (for example, Bier et al.
assumptions. 1990).

Aging in the AFW system at the analyzed.
Classification of failure data from olde

plant has a negligible effect on plant CDF records is difficult. In this report, the prob-
when aging of only the AFW system is lem was addressed by using broad and nar-
assumed; however, with this assumption the row definitions of failure. Judgment was
interaction with aged components in other also necessary in combining maintenance
systems is not evaluated.

records that referred to the same event. In
one case, inquiry at the power station

Three aging models were considered: the.

resulted in a major reinterpretation of the
ei r aential, Weibull, and linear failure rate

maintenance records and a substantial
models. With the data used, they produced change in the calculated CDF.

. very similar results at times during the data

| observation period and for extrapolations a Failures tend to cluster in time. Ir. one casee

few years into the future. Ilowever, the' this cast strong doubt on the assumptic.n of
exponential model clearly behaved best for independent failures. In this demonstration,
quantifying uncertainties, and the linear the difficulty was resolved by better inter-
model clearly behaved worst, being in some pretation of the raw maintenance reports. In
ways unusable.

other cases,it might be necessary to develop
a model that does not assume independence.

The availability of statistical diagnostic*

tools encourages the analyst to check the The maintenance and operational environ-.

validity of the modeling assumptions. In ment may have changed at times in the
this demonstration, th,;se routine checks plant's history, resulting in permanent
identified clustering in one data set with impact on trends. For example, it is possible

l

| 8-1 NUREG/CR-5378
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Conclusions
d

-f

{ that certain evtly failure mechanisms have Extrapolation of observed trends to the dis-.

been eliminated, Any such changes could tant future would require more esplicit
not be determined from the maintenance incorporation of maintenance and replace-

; records alone; they may, however, influence ment policies. They are treated implicitly'
the estimated trend in the failure rate. The 'here, as part of the environment for the

j desire for data covering a substantial time obsen ed past failure events. Therefore, the
! period, mentioned above, conflicts with the approach of this report should not he used
i fact that operational practices change over for distant extrapolation.

time.;-
Periodic use of the approach at a plant is; *

; ,To help interpret the maintenance records cor- suggested as a means of supporting risk-,

based prioritization of surveillance, main-
: rectly,it is useful to have input from people
i directly famihar with the plant equipment, prac- tenance, and engineering analysis efforts.

! tices, and history. This partially removes some of
For rnanagers who must make decisions based

; the above difficulties, although others are on three models, ...o definitions of failure, and
; mherent in any effen to detect and quantily agmg. two significance levels, we, the authors of this
j report, offer the following suggestions. Use the
j We also make the following observations con- exponential failure model. When aging of acom-

,

; cerning the possible application of the ponent results in a significant increase in CDF, j
ruethodology. use a table similar to the following example,

"

.

<

j Table 81. Example decision matrix.
4 _

i

- Broadly defined failures Nanowly defined failures
)

i No-aging assumption Awareness. Strong interest,
rejected at significance Inform operations and Inform operations and.

1 level of 0A0 maintenance staffs of maintenance staffs of
| potential problem. potential problem.
; Reanalyze if failures Reanalyze after short

persist. period of time.
t

| No-aging assumption Strong interest. Very strong inte est.'
rejected at significance Investigate immediately to Investigate immediately

j level of 0.05 determine which and determine what
i maintenance records mitigating action should be
i

describe actual failures of taken.
I concern.

I
;

!
.

J

i

4

-

4
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)' This is a tutorial report, applying known formulas and tools in a -way suitable for risk.
!~ A parametric form is avumed for the hazard function of a set of identical components.assessment.
1

The param(ters are estimated, based on sequences of failure times when the components are restored to:
i service (made as good as old) immediately after each failure. In certain circumstances, the failure

counts are ancillary for the parameter that determines the shape of the hazard function; this suggests
e

;
natural tools for diagnostic checks involving the individual parameters. General formulas are given for -

,
.

i maximum likelihood estimators and approximate confidence regions for the parameters, yielding a conG.
1

{ dence hand for the hazard function. The results are applied to models where the hazard function is of

j linear, exponential, or Weibull form, and an example analysis of real data is presented.
3

i.
KEY WOltDS: Time-dependent failure rate, Non-homogeneous Poisson process, Poisson intensity,

j- Exponential distribution, Exponential failure rate, Linear failure rate, Weibull distribution.
I
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SUMMAltY

This tutorial report presentr a parametric framework for performing statistical inference on a

hazard function, based on repairable data such as might be obtained from field experience rather than

laboratory tests. This framework encompasses many possible forms for the hazard function, three of

which are considered in some detail. The theory is neatest and the asymptotic approximations most

successful when the hazard function has the form of a density in the exponential family. The results

presented include formulas for maximum likelihood estimates (MLEs), tests and confidence regions,

end asymptotic distributions. The confidence regions for the parameters are then translated into a

confidence band for the hazard function.~ l'or the three examples considered in detail, a table gives all

the building b'.ocks needed to program the formulas on a computer; this table includes asymptotic

approximations when they are necessary to maintairi nutnerical accuracy, Diagnostic checks on the
model assumptions are sketched.

The report gives an example analysis of real data, in this example, the methods are unable to

discriminate among an exponential hazard function, a linear hazard function, and a Weibull hazard
function,

The MbE for the two parameters appears to have approximately a bivariate normal distribu-

tion under the exponential or Weibull hazard model, but not under the linear hazard model.If the
analysis using approximate normality is carried out in any case, the results appear similar for all three
models.

If mme model is preferred for theoretical or other reasons, the framework of this report
indicates a way to use it.

'A-5
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ESTIMATING HAZARD FUNCTIONS
FOR REPAIRABLE COMPONENTS

h

1. INTRODUCTION
,

This report is concerned with the failure behavior of components. 1:, is a tutorial report,-

applying previously known results in a wr.y suitable for risk assesament. The model is defined in terms

of the random variable T, the (first) failure time of a component. In many published articles, it is

assumed that many components are tested until their first failure. The iesulting failure times are used

as data, and the properties of the distribution of T are then inferred. By contrast, this report deals

with field data, not test data: it is assumed that each failed component is immediately restored to

operability (made as good as old) and again placed in service. The data then consist of a sequence of
failure times for each component.

A question of interest is whether the hazard function (or failure rate) is increasing, that is,

whether the tailures tend to occur more frequently as time goes on. This and related questions are

investigated by postulating a parametric form for the distribution of T, and then performing the usual

statistical inference about the parameters of the model, with special emphasis on the parameter (s) that

determine whether the hazard function is increasing. The final goals of the ' inference are a point

estimate and a confidence interval for the hazard function at any time t.
. -_ _

The general methods are applied in detail to three assumed parametric forms for the hazard

function. A table gives all the formulas needed to implement the methods on a computer for these
three models.

The outline of the report is as follows. Section 2 presents the assumptions and notation, and
.

introduces three examples. Sections 3, 4, and -5 develop the likelihood formulas and equations for

- maximum likelihood estimators and tests / confidence intevals.
-

Each of these three sections also

discusses the application of the general results to the three examples. ~ People who can appreciate theory

without considering examples may skip the application portions. --Section 6 outlines diagnostic checks,

A-9
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j and Section 7 presents an analysis of data from motor. operated valses. Proofs are in Section 8.

i
:

2, MODEL FOllMUI ATION'

i
r

!' 2.1 Basic Assumptione and Definitior.n
,

!
;-
1

: Assume that the failures of a component follow a time-dependent (or non-homogeneous)
!

|
Poisson process. _. See, for example, Karr (1986) for a simple description, or Cox and Irham (1980) for a

fuller introductcry treatmeat. Alternatively, one can parallel the development from fundamental

assumptions as given by Meyer (1970, Section 8.3) for the homogeneous case. The most important
;

! properties are the following: there is a nonnegative function A(t)- defined for i 2 0, with the
t
' probabi!ity of a failare in a short period (t, i + 61) asymptotically approaching A(t)at as 'ai-+ 0; the

! failure counts in non-overlapping time intervals are independent; and the number of failures occurring
;

i between 0 and iis a Poisson random variable with parameter A(t), where
i

.

A(t) = ' A(u) du .
0

<

Implicit in the independence property is the assumption that the component is restored to

service immediately after any failure, with negligible repair time. In operational data,- it is note

! uncommon to f'nd that a component has failed several times in quick mecession for the same reason,
;

j Presumably, the first repairs did not treat the true cause of the failure. This situation violates the
!

independence property-the fact that a fai'ure has occurred recently increases the chance that another --

j failure will occur soon, because the problei.T may not have been really fixed. It may be difficult to

k force such data into the Poisson-process modec counting the failures ardistinct ignores their apparent

dependence, while counting them as a single fa, lure may make the time to true repair far from negli.
3

I gible,

b
j~ The function A is called the hazard function, the failure rate, or the intensity function of the -

-Poisson process, and A is th'e cumulative hazard function. . Assume now that A is continuous in t. It is

j- related to the cumulative distribution ' function (c.d.f.) F of the time to first failure, and to the-

corresponding density function f by

I A(t) = ]{t)/[1 - T(t)). ,

4

and4-

.1 - T(t) = exp{- A(t)} ..

i-

i
*

4

i- -A-10
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Any one of the three functions F, f, and A uniquely determines the others. Note that because f(f) -.1 -

- as f -+ co, it follows that

lim A(f) = oo (1).

mm

if A(f) is constant, as has been assumed for simplicity in many studies, the time to first failure

has an exponential distribution. Often the concern is whether A(f) is increasing in f. It is therefore r

convenient to write A m the form

A(f) = A h(f;#). (2)
_ c

IIere,Ao > 0 is a constant multiplier and h(f;#) determines the shape of A(f).

Ihause data generally come from more than one component, the following additional asaump-

tions are made. The failures of one component are assumed to be independent of those of another

) component. All the components are assumed to have the same function A with the same value of #;

that is, a proportional hazards model is assumed. Depending on the context, it mai or may not be

assumed that the different components have the same value of Ao, Some simple regularity conditions

on A, needed for asymptotic results, are discussed at the beginning of the section on confidence intervals

and tests.
y

Sometimes there are gaps in the failure data. For example, the plant may have been shut

down for an extended period, during which no component failures were possible, or the failure data

may not have been collected for some period. This can be accommodated in the above framework by

treating each component as two components, one observed before the gap and one after the gap, having.

the same installation date and, at the analyst's discretion, the same or possibly different values of Ao.

2.2 One Notation for Two Types of Data -

Types of Data

Failure data for a component can arise in a number of ways. Two simple ones to analyze are:

. A random number of failures in a fixed observation period (fime. censored data)e

A fixed number of fallares in a random observation period (faihare-censored data)..

The terms Mime-censored" and " failure-censored * follow the analogous usage for tests that are termina.

ted before all the items have failed (e.g. Nelson, i982, Sec. 7.1). Time-censored data arise if there is a

A-11
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fixed time perial when the component is watched or plant records are examined, l>uring that time,

the component is restored to service after each failure. Failure-censored data might arise if the

component is repaired until a predetermined number of failures has occurred, at which time the comfo-

nent is removed from service and replaced by a new component. Iloth of these types of data result in

tractable fo:mulas for statistical inference. -

In reality, the decision to repair or replace a component is base <l on a number of considera-

tions, such as the availability of replacement components, the severity of the particular failure mode

(including the difnculty and cost of repair), and any recent history of failures. These considerations are

difficult to express in a simple mathematical model. Therefore, only the two types listed are analyzed

here. In practke, one might simplify reality by treating failures that resulted in component replace- A

ment at if they were failure-censored.

,

Unified Notation

Let s and s3 denote the beginning and end of the component't observation period; so does not 'o

e

necessarily coincide with the component's installation. Let n be the number of observed failures not

counting any failure that results in replacement of the component. Let m he the total number of

observed failures, including any failure that remits in replacement. Let i , ..., im denote the orderedi
g

failure times. The two special ca es then are

Time-censored data: The observation period is from so to a fixed time st. The random.

number of failures is n, and therefore m is random and equal to n.

Failure-censored data: The number of failures is fixed at m, and n is therefore Gxed at.

m - 1. The observation period starts at s and ends at a random time s with st = im-o o

In general there are C components, indexed by j, and the quantities defined above are all indexed by j:

s j, sy, n , mj, e 3 igj. In the formulas to be given, it is often convenient to define the midpoint io j
j

= (sj + su)/2, and to define the range rj = (su - s j). This notation, sometimes with then
o

subscript j suppressed, will be used without further comment.

Normally,- time 0 is defined to be the installation time of the component. It ..,ay, however, be

useful to center the data by measuring all times from some value in the middle of the observed time

period (s). This can lead to negative failure times, allowed in the above formulation.

A-12
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1
4

j 2.3 Examples
j

{
d The methods of this report are applicable to a rather arbitrary hazard function, such as the

| ones discussed by Cox and Oakes (1984, Chapter 2). Three such examples of hazard functions are

considered in this report. In each example, B is one. dimensional, the hazard function is increasing if 6 |

| > 0, is constant if # = 0, and is decreasing if # < 0. The units of Ao are 1/ time. The units of #

| depend on the example, but make h(f;#) dimensionless in every case.
i
4

i
: In some of the work presented below, the hazard function is treated as proportional to a -

f density function. Therefore, models can be expected to be most tractable when the hazard function is

of a standard form, such as a member of the exponential family. This is illustrated by the three

1 examples of this report, with the linear hazard model consistently producing problems that the

[ exponential and Weibull hazard models do not have. The differences result from the fact that lo3 (t)A

! is linear in for the exponential and Weibull models, but not for the linear hazard model.

; Various formulas and expressions are developed throughout this report. The forms that these
:

! expressions take in the example models are all collected in Table 1, given at the end of the report.- To

program the formulas for a computer, sornetimes asymptotic approximations must be used to maintain
4 '

i numerical accuracy. These a;.proximations are also given in Table 1. All the formulas of Table I were
i

j- either derived or confirmed by usimr the symbolic computer program Mathematica (Wolfram,1988).

|
.

. Exponential llazard Function
i
;

!

The hazard function is defined by -

( A(f) = Aoexp(# f). -

| with # measured in units of 'l/ time. This example is considered in detail by Cox and ~ Lewis. (ID66,
i
j_ Section 3.3), if # is negative, then A does not integrate to oo and Equation (1) i= not satictied; _

therefore, A is not a hazard function. This quirk is interesting, but is not important in practice. lt is

|- certainly possible for A(t) to have exponential form with negative # for iin the time period when data

j are observed, and to have some other form for other f, so that A integrates to oo. In this case, A is a-

| hazard function, and it is decreeing exponentially in the observed time period.

.

-

s.

k
i

i
<
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Table 1. Formulas for examples considered

Model

Exntenion Exoonent:al Linear' Weibull0

Constraints None for i in finite interval -1/ max (sij)<#<-1/ min (s j) #>-1o

ogj > 0 sj<00

h(i) (Eq. (2)') exp(#1) 1 + #f (f/f )0o

Cond. suff. stat EET (.... T;j, ...) EElog T,j .4j
for#

[logh(f)]' f fAl+#f) log (t/f )o

[lc t 9}" 0 -[fAl+#i)]2 0

f[logh(f)}"A(f)d 0 -{ log [(1+#s3)/(1+#s )} . 0o

2 3-#r + # r3}/#

e[Eq.(3)') exp(#s )[exp(#r)-1}/# r(1+#1) fGOJ/(#+1)-o o

AsymptoticI
r. A dr, exp(#s )r #+1, to o

ua 1 Dl s'o

3 1/2 D2a

2 1/6 D3a

h'/ exp(#s )[#(s 8- s ) ri t [Cl ,e_ gpj(g43))t o 3 o o

d 2- (e '-1))/# j (g,g)

r, A pr, exp(#s )r - B + 1, t -o o

61 D2 ,eao

s /2 + r/3 ' 2 D3a3 o

8 /6 + r/8 3ma2 0

t'/ dexp(#s ) [e '(1 - #s )2 0 t (C2 -- 2C1/(#+1)o 3 o

- (1 - #s )2 +2CD/(#+1)2)j[g4g)6,eo

d 3+ e ' - 1) / #

. A-14 -
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|

Table 1. (covitinued)

IAsymptotic
r, A Br, exp(#s )r #+1, te o

2 68 sr + r 73 3p3 0ao so + e

2o /2 + 2s r/3 + r'/4 GDIa3 s o

20 /6 + s r/4 + r /10 12D5a2 8 o

[logt]' o - 1/$ 7/(1+#i) - C1/Ch'' - 1/(#+1) .j
s

)
f

+r/|1 -exp(-Br))

2, A # r, 1 (#+1), 1/2 -

ao i logso + logs 1
>

ai r/12 D1 /6 ''2

a2 0 0

a3 -- r/720 -D1*/360
|

[ log r}" r' u/(1 + a's), -[s/(1+gi))2 c/,e/CV - (C1/CD)*
a = #r + 1/(,6+1)2
u = (e* + c~' - 2 - a )f,42

= (1/12][I + a*/30 + a /1680]
4

-f[ log 4(l)]"h(t)/r See individual terms {-#r + (1+#I)x = See individual terms

+ [logr}" log [(1+#s3)/(1+#s )]}o

3
f / {rB (1+#1)')Asymptotic

.|
r, A See [logr)" #, [r/(1+#i)]8 (#+1), Dl'/12 ]#

| ao 1/12. 1 j
i
' !

ai -7/6 0
1

8 2 2a s -(201 + r )/8C - -D1 /20 -

-(Ta/3 + r 7/20) I2as

a4 (56034 + 168r 323
i

.+ 3r )/1344 |
;

!

| --

;-
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1

:

} Table 1. (continued)
1:

| f(0)/[l(0)) '' EE(t,j-i ) EE(igj-i) See textj [En rj'/12]''' j/(Enjrj / - j /12]'' '
'

8
j

1-
,

. a. If the data are centered at im,g = Erj j/Er , then i , s j, and s j must be replaced by t,j-t ,g,
i

j gj o i
j oj - t,gg, and sij - tmig, respectively, and Evj end its derivatives are replaced by 0.

ms

|
6. For the Weibull failure rate model, any terms involving s should be omitted if s = 0. In th% case,3

j o othe asymptotic expressions are not needed.
<
$

Equation numbers refer to defining equations in text.1 c.
4

; d. The integral is for i from s to si.o
4

!
e. The notation Ck is defined as (si/f )#*'[ log (s3/t )]" - (s /t )#+'[ log (s /to)]*, for k = 0,1,2. The .o o o oj notation Dk is defined as {[ log (si/f )) -[ log (s /t ))p}/k!, for A = 1,2,3,4,5.o o o<-

! ' The asymptotic approximation of the expression in ~ the line Immediately-above is of the formj'
A Eoir* The next lines give the variable r and the values of A, o , at, .... The expression may be

| computed as A(a
o

o + a r) if c r is numerically indgnificant compared to a . For example, under thei ai o
c.xponentian failure rate model, the asymptotic approximation for e is

| c = exp(#s )r[1 + (1/2)sr + (1/6)(#r)' + ...).o

Therefore, v may be computed as exp(#s )r(1 + #r/2) if3

j 1 + (Br)'/6 =' 1
o

g to the limits of the machine accuracy.
1-

On a inabine where a number has approximately 16 significut digits (IBM PC double precision),
. g.

for 5-digit accuracy in all casas, including cases when i is virtually zero, the expansion for the linear
hazard model should be evaluated out to the # term. If this term is negligible compared to a , the4

i series through the # term should be used to evaluate the expression.
8 o

4.
!

!

!
4

'

J

$

:

).

v

t
i
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The constant Ao is interpreted as the value of A(t) at time f = 0. This time 0 is customarily

taken to be the component's installation time, but any other time is allowed in principle. Measuring i -

from a time other than the installation may make i negative, which is allowed. If each component has
a different A

oj, the haurd function of each component changes by the same relative amcunt in any

specified time, but' the hazard functions of the components are not equal. For (xample, the hazard

function doubles every (log 2)/B time units, regardless of Aoj and regardless of what time is assigned
the salue 0.

1.incar llazard Function

The hazard function is defined by

A(f) = Ao + af = Ao(1 + #f),

with S measured in units of 1/ time. This distribution is mentioned by Johnson and Kotz (1970b).
Salvia (1980) uses the model with test data, in which many components are tested until their Erst
failures.

Vesely (1987) uses the model with field data for which failures from aging (corresponding to

the increasing portion of the hazard function) can be distinguished from failures from other causes-

(corresponding to the constant portion of the hazard function). The cases considered by Salvia and

Vesely both turn out to be much simpler r.nalytically than the caec , onsidered in this report.
.

\
'

As with the exponential hazard model, it is possible that A has the specified form for the time--

period for which data are observed, and some other form for other f. Therefore, it is possible for # to
i

be negative.
110 wever, B must not be such that A(t) is negative in the observed time period. In fact,-

not even A(t) = 0 is allowed,' because logA(f) is often used in the methods below. The details are

complicated by the fact that it is sometimes convenient to center the data, leading to observed times

expressed as negative values. Let s j and s3j be the beginning and ending observation times foro

component j, following the unifind notation dermed above. - To keep A(f) positive for all observed times, .
# must satisfy # > il/s fij or all positive sij, and #.< -1/s f for all negative s j.o o

The constant Ao _is the -value of the hazard function- at' time f = 0.This time is- the
component's installation' time, or ti e central time, depending on how time is measured.' Note that the

-

. relafice change in the hazard function approaches 0'as.f -+ co. For example when # > 0, the hazard

function doubles from the value at i = 0 in 1/# time units, doubles again in the next 2/# time units,

A-17
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i

i
;

j and so forth.
|
1

i
'
; Weibull llazard Function
3

1
e

i
The hazard function is defined by

A(t) = A (f/fo)#o ,

, where to > 0 is a normalizing time, it is common (Johnson and Kotr,1970a, Cox and Oakes,1984) to
1

i write the exponent as c - 1. The # notation is consistent with the other two examples because # = 0

corresponds to a constant failure rate. Both i and to have units of time, and # is dimensionless. The
j constant Ao is measured in units of 1/ time, and is the value of the failure rate at time f = fo.
|: Changing to does not change the value of #, but does change the value of An. For A(f) to be integrable
!- at 0. # must satisfy the constraint # > -1. Negative times are not allowed. If # > 0, A(0) equals 0;

if # < 0, A(0) is undefined.
''

i

|
,

i
;

The hazard function doubles between times tiand f if logi2 - logli = (log 2)/#. I?ccause3

j A(0) is either zero or undefined, the hazard function cannot double from the iriis%I value.
t

|
1-
1- 3. LIKELillOOD
J
i

; 3.1 Summary of Likelihood Formulas
s'
a

:
1

j in this section, the expressions for the likelihood are presented. All derivations and proofs are
given in Section 8.;

.

:
,

e

Let Cdenote the number of components. Define
i-
*
t

t (u;#) dui R(f;#) = 4
! 0

~

and
,

tj(#) = ll(sij;#) - #(8of: )
(3)

.

|- Depending on whether the data are time- or failure-censored, rj is fixed or-is the realization of a
random variable. _The parameter B will sometimes not be shown.,

,a

i

!
;
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The logarithm of the likelibcvxt based on all the data is shown in Section 8 to le

Lfun(d. Aoti > Acc) = E logh(i ;#) + mj ogAoj - Aojej(#)l
(4)g .j= _i = i

.

This follows.the unified notation established earlier, with the interpretation of mj and sij depending on

the way the data for the jth component were generated. The values of Aoj may be distinct, or assumed.

to all W equal to a common Ao. In the latter case, ljon depends only on # and Ao, and can be
written as

'
, ~ mj ~

Ljun(#i o) = { Elogh(tA y;#) + mj ogAo - Aa j(B) (4')l r .

sai_i=i

Now consider the conditional distribution of the ordered failure times, conditional on the values

of nj or imj, whichever is random. The ronditional log-likelihood is shown in Section 8 to be

c "1
L...a(#) E Elogh(fotB) - n loge (#) + log (n !) (5)

=
j j jf=1 _s=1

e "I
= Elog{(n,1)ll[h(ty;#)/v (#)]} . (5')j

>=i- i=t

From now on, the subscripts full and cond will be omitted, with the meaning being clear from the

number of parameters given as arguments of L. It is crucial to note that the conditional log-likelihood

(5) depends on B, but not on Ao or the Aoj's.

For component j, consider the term inside curly. brackets in Expression (5'), and suppress the

index j, The expression is the conditional joint density.of the ordered failure times (T , ..., Tn).
_

i

Therefore, conditional on N = n or Tm = tm, the n unordered failure times T, are independent and

identically distributed (i.i.d.), each with density h(i)/v on the interval (s , 4 ], and density 0 outsideo 3

this interval. Therefore, inference for # ce be performed in standard ways, based on observations that -

are conditionally independent, and conditionally identically distributed for'cach component.- This can

be done whether or not the components have a common value of Ao.

Two other facts are needed to carry out inference for all the parameters. For time-censored

- data, N is Poisson ( Aoj ej). For failure-censored data, it is shown in Section 8 that 2Aoj V has aj -

j
2

r (2mj) distribution. The values of Aoj may or may not be assumed to equal some comm m value.

A-19
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L
; 3.2 Ancillarity
!

!

Suppose that there is a multidimensional paramenter (#, 9), and a sufficient statistic (X, l').!

'

Y in said to tw ancillary for # if the marginal distribution of Y does not depend on B. X is called
j condiftonally sufficient for # if the conditional distribution of X given y does not depend on J. When
j these conditions hold, inference for # should be based on the conditiona' likelihood of X given y. When

j maximum likelihood estimation is used, the same value for ) is found whether the full likelihood or the
.

conditional likelihomt is used, but the app opriate variance of h is the conditional variance. See:

'

lialbGeisch (1982) or Cox and liinkley (1974, Sections 2.2viii and 4.811) for more ir> formation.

.

!
: Return now to the setting of component failures, and consider time-censored data from C
,

components, when either (1) the components are not assumed to have a common value of A , or (2) the
<

jo

f components have a common Ao and all the v/s have a common value. - In the examples of this eport, '

4

case (2) can occur only if all the components are observed over the same period so to 4 . For case (1),
3

. it is shown in Section 8 that (Np .., Nc) la ancillary for #, and that the failure times T,j orm aft

i conditionally sufficient statistic for #. (A lower dimensional conditionally sufficient statistic for # can
.

be determined in some examples by examining the form of EElogA(T,j).) For case (2), the
} eomponents may be poolco into a single super-component, and N = EN he ancillary for #. In these

j

cases, therefore, basing inference for # on Equation (5)is not only possible but best. In all other cases,

basing inference for # on Equation (5) involves some loss of information.
i
:

! 3.3 Examples,

4
'

,

The building blocks for the almve formulas are all given in Table 1,-at the end of this report.

A few points are worth noting here: The exponential hazard model is worked out in'some detail by
:

Cox and Lewis (19f>6, Section 3.3). With this model, EElogh(T,j;#) equals #EET,j, and it follmvs

that that EST,fis conditionally sufficient for 0. For the linear hazard function, EElogA(T,j;#) equals .L

EElog(1 + #T,j), and there is no one-dimensional statistic that is conditionally sufficient for B. This

is one of several problems with the linear hazard model, which will be mentioned in this report as they,

are encountered. For the Weibull hazard function, we have logh(T,#) =' Blog(T/fo). Therefore, -
.

j EElogT,j s conditionally sufficient for #.i

.

+

c
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1

i
2

4. M AXIMUM LIKELillOOD ESTIM ATION
<
!

4,1 Maximum Likelihom! Estimation liased on the Conditional Likelihood
i
j-

If (Np ..., Nc) is ancillary for s, then inference for # should be based on the conditional log-
! likelihood given by Equation (5). Even in other cases, one could use this conditional log-likelihood at
t the cost of some loss s formation. The maximum conditional likelihood equation is formed by

setting the derivative of Expression (5) with respect to B equal to 0, resulting in:

i
c "i

i=t{ [logb(tgj $))' - [ loge,(B))'f = 0 . (6)
! L'(d) = { {
] >=4
1

k

j IIere, the prime denotes the derivative with resput to If f has dimension k, there are k such.

} equations, each involving the partial derivative with respect to one component of 8. The maximum

likelihood estimate (MLE) [3 typically is found by numerical iteration to r ,1ve Equation (6). If any

algebraic cancellation can be performed on the terms inside the curly brack ts in Equation (6), then the;

i
order of evaluation should be as suggested by the bracketing, for nume al accuracy, if no algebraic

i
cancellation can be performed, the evaluation may take advantage of the fact that E,[logej]' =

j n,[ loge ]'.j

i

-

Suppose that un common value of Ao is assumed. The MLF. f Anj, corresponding to the jih

component, is loj = m /vj(N). This is shown directly from Ecpiation (4) by maximizing L(N, Aoi, ...,; j

f Acc) with respect to A Suppose instead that a common value of Ao is assumed for all Cnj.
i
; components. Then it is shown similarly that A

. .

o = Em /Er,( ),j

l

*

4.2 Maximum Likelihood Eetimation Ibed on the Full Likelihood
!

Inference proceeds first by estimating Ao, if a single common /alue is assumed, or by
estimating the various A

Substitute the MLEW) into the expression for the full log-likelihood,oj.

differentiate the resulting expression with respect to #, and find the MLE 3.,

:

When no common A is assumed, the equation'for N iso,

e *f.

(b[ h)b(Ns k ' **** .Oc) = [ [ [loghgj;$))' - [ loge (#))' f =. 0 . (J)
0l

jj=L i=1 ;

|'
i

!
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This is identical to Equation (6), except that m appears in place of n. Therefo:e, use of either the

conditional or the full likelihood yields the same MLE # from time-censored data; this agrees with the

conclusion of the ancillarity argument given earlier. For failure-censored data, Equation (7) differs

from Equation (6) by inclusion of the final failure times im and use of m := n + 1.

When a common Ao is assumed, the maximum likelihood equation for # is

c e "j
E L '(#, A ) = E E (logh(fgj;#)}' - (Ernj) {Eej'(#)]/[Erj(#)] = 0 . (8)

.

j o
jul Jul d=1

This differs from Equation (6) in two ways: j is used instead of nj, which makes a difference onlym

with failure-censored data; and the portion involving ej reverses the order of summation and
multiplication and division.

4.3 Examples

All the expressions used in Equations (6) through (8) are presented in Table 1, for the three

examples. A few points of interest are mentioned here. Typical features of all the models are discussed

using the first example as an illustration.

Exponential llazard Function

. Consider first estimation based on the conditional likelihood. The maximum conditional likeli-

hood equation for # is, from Equation (6) and the expressions given in Table 1,.

c c c
i E m(lij - 8oj) + E n /# - E n rj/[1 - exp(-pr )] = 0 . (9)j j j

|
= i=2 ;=i =i

This agrees with the special case C = 1 and s = 0 worked out by Cox and Lewis (1966). It must be -; o
5- solved numerically for #. When # is near 0, the-last two terms in Equation _ (9). are very large,-
.

although the differ _ence is bounded. Therefore an asymptotic approximation should be used. From
*

t

expressions given in Table 1, a first order approximation is
i

i

! f i=1{(i oj) -- (r /2)(1 + Brj/6) f = 0 .gj - s j
i j=1
l

!

i-
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When # is small, this asymptotic approximation must be used to prevent complete loss of numerical

significance; of cs - se, when = 0 the limiting value must be used. Note that h equals 0 when

EEt,j = Enj j,i

that is, when the sum of the (non-replacement) failure times equals the corresponding sum of the inid-

points of the observation periods. This is intuitively consistent with the fact that when # equals 0, the

is uniform on (s , s ). The MLE for Ao or for the Aoj s can be obtained
'

conditional distribution of T,j o i

in a direct way from the results given above.

Inference based on the full likelihood is similar, using Equation (7) or (8) and expressions given

in Table 1.

Linear llazard Function
|
l

i
It is straightforward to substitute the expr< . ions for A(t) and tj into the general c<iuations

given above, l'or example, consider the conditional log-likelihood based on a single componett. Its

derivative is

M(#) = Ei,/(1 + Ai,) - n 3/(! + #3) .

It follows that the MLE ), based on the conditional log-likelihood, equals zero if EEt,j = En i , justjj

as with the exponential hazard model. The following two points, however, deserve special notice:

The MLE h may be infinite. To see this, consider the expression for f(#) just given. If f, >,

i for all i, then f(S) is positive for all J. There is no finite solution to the maximum likelihood

equation. Thus, in cases when the evidence for an increasing failure rate is strongest, the rate of

increase may not be estimable by maximum likelihood.
!
i

|
With time-censored data and a common A assumed, there is some advantage to etntering the|

o

data. In this case m 's n , and the full log-likelihood is a
j j

L(#, A ) = En logAo + EElog(1 + #f,j) - AoErj --Ao#Erj jo j -

i .

The last sum can be made to vanish by centering the data, that is, by measuring all times from

t,,,,a = E rj j / E. ji

The log-likelihood then becomes

L(B, Ao) = En logAo + EElog[1 + #(tgj - t ,a)} - A Erjj m o .

In this formulation, Ao equals the value of A(t) at t = t ga. If any value is assumed for #,- EN ism j

1
1

A-23,
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l'oisnon( A E ,), indelendent of J. Similarly, if any value is acumed for A , f($, A ) is a function ofo o p

Ao plus a function of d and the f,j's; therefore, inference for # in independent of Ao. This ability to

perform indegendent inference far d and Ap la a consenlent property, which inny be sufGelent in the

eyes of some analysis to justify tentering the data.

Suppow that when the data are uncentered, there is no finite MLE h. Centering the data is

not c cure all. When the data are centered, # is restricted to a finite range, an discussed in the

introduction to the line- harard modelin Section 2. In this caw, the MLE h is at an end point of the

possible range;it is finite, but cannot be tr aed an symptotically normal.

Weibull .Iluard Function

>

In this cue, (logh(f ))' = log (f,j/fa). The remain og terms needed for Equations (6), (7), andy

(8) deirnd on whether s j is rero or nonrero, and are all givn in Table 1.o

Thea i a noteworthy simpli0 cation in Equations (6) and (7) when s j = 0 for all j, that is,o

when eiety component is observed from its time of installation. In this cue, (loge)' equals log (s /fo)

- 1/($ + 1' <.nd I'quation (6) has the explicit nolution

N = -Enj/LLiog(f /sy)-!. (10)q

The nolution of Equation (7) replaces nj by mj. These are ti e only cues considered in this report for

which the MLE h can be found without numericaliteration.

In this cue, the vnfue h satisfying Equation (6) equals 0 not when EEfg equals Enj j, as ini

the other examples, but when

-EElog(f /sy) = Enj .g

T!.is initially surprising fact has the follow'.ng intuitive basis. For notational simplicity, consider a

single component, suppress the index j, let f3 = 1, and condition the observations on the value of n or

si. To derive the conditional distributioe of -log (T,/si), begin with

P(~ log (T,/si) > r ) = P[ T, < siex9(-r)) .

Following the divuelon Iwlow r<pintion (5), T, has (onditional density A(f)/r;. therefore, this '

probability equals

{[s exp(-r))#+'/(d + 1)) / {si#*3 (# + 1)) = exp(-r() + 1)) ./i

Therefore, the conditional distribution of -log (T /si) la exponential with mean p = 1/(# .+.1).4
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Equation (10) can be rawritten as |

-EElog(f /sg) / Enj = 1/(N + 1) = /sg ,

that in, the MhD is based on equating the mean of -log (T /sg) to the sample rnean. In particular,g

the rav N = 0 coreenionds to ja = 1, that is, -EElog(fg/sy) / Enj = 1.
'

When the values of s,j are tot all tero, the expresalons are more complicated, but the inaxi-c

mum likelihmxl equation is still equivalent to wtting the mean of EElogTg equal to its sample mean.

5. CONFIDENCE ItEGIONS AND llYPOTilESIS TESTS

The standard regularity conditions, such as given by Cox and flinkley (1974, Section 9.1) are

assurned. The assumptions involving the parameter space, identifiability of the distributions, and

existence of ivativen are all r.atisfied in the examples considered in this report. There is also an

assumption involving the behavior of the third derivative of the log. likelihood as n goes to infinity.

For field data, such an assumption is typically difficult to afErm or deny. I'ractitioners must always

treat asymptotic approximailons with care.

5.1 Inference llami on the Cond;tional 1,ikelihmxt

The procedure described here might be used when # is the primary parameter of interest, or

when (N , ..., Nc) is ancillary for B. The presentation here assumes that # is one-dimensional. Thei

generalizations to multidimensional # are straightforward. We remark in passing that when log 4(f) in

linear in one-dimensional 8, as is the case for the exponential and Weibull models, then the one-sided

tests given below are uniformly rnoat powerful,I

inference for #
,

The derivative with respect to B of the conditional log likelihood, L'(#), is given by Equation

(6). The information is

/(4) = - All"(B)] = E( [L'(B))' }
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[logh(f4j;#))" - b.inj [logrj(s))"h..i=-r
3.i ,

= E n {-f [logh(t;#)]"h(f;#) dt/e,(#) + [ loge (#))"} . (11)jj j

If 3 is 1-dimensional,1(#) in the Axk matrix defined by taking all the mixed partial derivatives of L.

Let # to the true value. Under the asumed regularity conditions, the expectation of L'(#) is 0 and

the variance (or (ovariance matrix for 1-dimensional #) of L'(#) is /(B).

As a corollary to the bindeberg-Feller Central Limit Theorem, feller (1968, Section X.5) gives

a sufficient condition for asymptotic normality of //(/f). Itewrite Equation (fD as I/(#) = EEX,. If-

there is a constant A such that |X l < A for all k, and if (11)-+ cc. then
i

_ b'(#o) / [1(Jo)]''' (12)
)

|
converges in distribution to norme.l(0,1). The assumptions must be verified for each example.

I- _ Typically, the ansumptions are natisfied if all the values of s j and s are bounded by mme constant,o y

I and if some fixed fraction of the r/a is bounded away from O. For the exponential harard anodel, it is

enough for the e/s to be bounded by some constant and for a fixed fraction to be bounded away from
, '

|
0. For the linear hazard model, it is necessary in addition for 1 + #s j and 1 + #sg o be miformly

~

to

'

bounded away from 0. Qualitatively, the approximation is best if the s /s are approximately equalo

and if the 4 /s ce approximately equal. The approximation aim is better if #_ end 4 are such that
| 3

[logh(T ;d))' does net have a highly skewed distribution. If it is very important to know whether thej g

normal approximation is adequate in some application, a simulation study should be performed.

1

1
1 An approximate confidence interval for # is the t.et of all #o such that the statistic (12) lies in
i

i the interval (-c, c), where c is the appropriate number frorn a normal table; for example, c = 1.96
l
}

yields an approximate %% confidence interval. Actually, this defines a confidence ersion for #. Tc.

|
show that the region is an interval rather than some more complicated set, one must show that

4

! Expression (12) is a monotone function of Bo. Monotonicity is difficult to show analytically. It can be

| checked numerically by a computer program in any exarnple. In experience so far with real data, (12)

| has always been monotone for the exponential hazard model, but has not alwaya been monotone with

! the linear hazard model when the confidence interval was unbounded, or for the Weibull hazani model

near 8 = _ - 1.

!
;

To test the hypothesis # = '.'o for home particular value go, the test statistic (12) can be umi,
|

!
!
i
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and the hypothesis rejected if the test 6tatistic la in at: extreme tail of the normal distribution. In

partieuirst, the hypothesis # u O is often of interest; the test statistic (12) may then have an especially

simple form, as discussed below for the exatnples.

Inference for Ao

once a value of # is amuraed, it is easy to find a confidence interval for Ao or confidence

intervals for the various Aoj s. The methal is shown here when the components are anurned to have a
'

single common Ao.

For time-censored data, define N = EN and e = Eej with e evaluated at tlw ;umed valuej

of J. thenose N is Poisson ( A Ec ), a two sided 100(1 - o)% conf.dence inters : int Ao is given byo j

Johnson and Kots (1969, Section 6.2) as

Act = dan,./2/(20
a , = d (a + iu - a/2/(2') *og 2 (I3)

If instead the data are failure-censored, define en = Emj and e = Ec with e evaluated at thej

auumed value of J. liccause 2A P has a f(2m) distribution, a two-sided 100(1-n)% confidenceo

interval for Ao is given by

Act = U2m.o/2/(2c)

Act! = Y2ma - a/2/(2') - (14)
Note that formulas (13) and (14) agree except for the degrees of freedom.

4

A two-dimensional conGdence region, with confidence coefficient approximately 100(1 - o)%,

enn be' formed as follows. Form 14 100(1 - a/2)% confidence region for B. At each 74 o in the
conndence inter *.n!, evaluate e and form the resulting 100(1 - n/2)% confidence Interval for Ao. The

approximatian results from the use of a large-sample approximattor ' r the confidence interval for #,

and from the way the two individual conGdence coefficients are con %f to yield a joint conGdence
coefficient.

~ If B is treated as known and equal to [1, Equations (13) or (14) give an approximate confidence

interval for A . It is too short, however, because it doca not account for the randomness of theo
-

estimator if, if this interval for Ao depends strongly on the asumed value of #, a: more exact,

i
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confidence intersal is obtained by taking the largest and sinallest values * Ao in the two dirnemional
region for (#, Ao).

A cont.ersative confidence interval for the hazard function A(f) is given by the largnt and

smallest values of A(t) attained in the two dirnensional confidence region for (#, Ao).

re.2 Inference llaacd on the l'ull Likelihood

When all the model parameters are of interest, an analyst either could follow the procedure

pres.cnted above, or could perform inference beed on the full mmlel aa follows. The discunnion assumes

that all the romponents have a common Ao. l'ortnulaa for Ao will be beed on joint Lyra;%c

normality. There are heuristic arguments for why paraincterization in terrns of p e logAo linproven

the normal approximattom for failure-cenwred data, this transformation Lplaces the scale parameter

Ao by a h> cation parameter; also, the log transformation of I'quations (13) and (14) yields enore nearly
symmetrical Inters als.

The log likelihon) 1(#, A ) is given by Equattor. (4'). The sample information matrix for (#,o

p) a (d. logAo) la
~

_

(O'/0#')L(#, Ao) (O'/0B0p)L(#, Ao)
Sl(#, log A ) ==o -

(O'/08 DP)L(d. Ao) (O'/S ')l(#,A )P o
~

_

~

- { E,[logh(tq))") + Ao j" Aa/e r
E= j

(15)Aa|
.

r
~

rnj
_

in some situations, evaluation of the above terms at (), lo) la made easier by using the identities
Emj/la := Eej and EE[logh(t ))' := loEc/, with the accond identity following from Equation (8)y

evaluated at (h. lo).

The infortnation matrix is then defined by

I(#, logAo) = MSl(#, logAc)) .

The expectation is based on the randomness of Tg and of either V or M Depending on the form ofj p
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6, the annipt inay choose to estitonte the infarination rnatrix by /(3, logi ) or by S16f, logi ); eco o

Cox and Ilinlicy (1971, p. 302). In practice, expecially when l', is random, it is inuch more
convenient to use S1 to estimate 1(#, logA ).o

Asymptotic inference is based on the fact that (11, h>gl ) is eyinptotically normal with meano

(3, log A ) and covariance inntrix T'(d. logAo). This allows for approxiinate confidence intervals foro

#, for A , and for functions of the two pararneters, such as A(l). To do the let, writeo

logl(I) w logio+Ligh(l;ll).

Take the f%t-order Taylor expansion oflogh(l;lf) around if = B. This yields the anyinptotic distribu

tion of logh t;3), and its asymptotic covariance with logi . Then logl(f) is anyinptotically notmal, _t
o

with inean equal to the sum of the sneans, and variance equal to the surn of the variances plus twice

the rosariance. This may be um! for imuch that the Taylor approxlination is adequate.

- 5.3 l'xamples

The building blockr '.
forrr-N are all given in Table 1. Asyrnptotic approximations are

also given, to be used when fi * o r+ 4 a.. unential or linear barard function, and when # is
near - I with a Weibull hua.|' bdo Wiq. aswa are now considered.

1:xionential liarard Function

f

To tes,t # = 0, based on the conditional log likelihood, the asymptotic formulas in Table I
show that the test statistic (12) equals

E fEsl.j - nj j [U nj //12]V' ,j i rj

(16)

llere i goes from 1 to nj. When there is just one component (j = 1), the statistic becornes
IE,f,/n - 4/[r/(12n)'''],

which has a simple intuitive interpretation If the failure rate is constant (# = 0), the conditiontd
distribution of the failure times for the component is uniform between so and sp The test statistic is

the average oin,erved time minus the mid; mint of the obwrvation period, all divided by the r,tandard de-

viation of an average of uniformly distributed variables. This test was first proposed by Laplace in
1773, according to Dartholemew (1955).
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In tids case, logA(f) = logAo 4 #f. Therefore, the wy nptotic distribution of logi(f) follows
tiently froin the wy nptotic distribution of (N, log 1 ).9

IAncar linrard l' unction

,

Itecall that tirne censored data can l* centered. This enlefines the tucaning of Ao and #, the

function A(f) becoines 1 + #(f - f,,,u), and Er/ equals 0. The sainple infor: nation anatrix (15) then
lerornes a diagonal matrix, and N and i are wyruptotically uncorrelated.n

The test of d n 0, be.ed on the conditional log likelibcol, can be built from the elements in

Table 1. The statistic is given by 1:xpreulon (10). That it, the natural large-sarnple test of constant
.

failure rate is the same, whether an exponential or linear hazard model is postulated.

The asymptotic dietribution of A(!) is obtained by inaking the approximation - --

log 4(f;h) * log (14 #f) + (N-#)f/(1 + #f) .

The approxituattori may be used when the second term la sinali cornpared to 1 l'or practical use, the

approximation is gwl enough if twice the standard deviation of Nf/(l'+ #f) is leu than 0.1, and fair
if this standard deviation is leu than 0.5.

Weibull linrard l' unction

The neceuary expreuions are given in Table 1. In this model, the test statistic (12) differs

from 1:xpresion (16). When all the values of s j equal 0, the test statistic simplifies too

{EEllog(f /8y) + 1)) / (Enj)o ,

(17)
with i going from 1 to n . Itecall from the discuelon of inaximum likelihood estimation below Ik un-j

i'

tion (10) that the conditional distribution of -log (T /sy) is exponential with mean and variance
,

y

equal to 1/(# + 1), and that the MLC of 1/(# + 1) la the sample mean of the terms -log (f /sy).g
Therefore, the negative of the test stati tie (17) can be written as the Mhl0 of 1/(# + 1) e,tandardized-
by the mean and variance when # = 0.

.

The estimated hazard function natisfies 1(f) = logl +:Niog(t/r ), so the asyrnptotic nonuhlo o

distribution follows directly from the corresponding result for (N, logio),
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6. DI AGNOSTIC Clll;CKS

'Ihe methods presented above have auumed a cornmon value of # for all components, perhaps
,

a common value of Ao, and a hatard function of the form AoA(t;#). Computations are often beed on

the asumption that asymptotic normality ylelds an adequate approximation. Diagnostic checks--both
i

tests and plots-should be used to investigate the validity of these assumptions.
,

6.1 Common B !

To see if r. particular cornionent, the hh say, han # significantly diffstent from the other

comionents, calculate the Mit bamt on the Ath component only and on all cornlmnents (smoled)

except the kh. At this point there is no remon for confidence that the components have a cormnon Aot

therefore, use the MIS based on the condblonal likelibcxxt, which in Independent of the value(s) of Ac.
The difference /fa - if.4 has variance equal to the sum of the variances, and mean reto if all

comionents have the same #. Therefore it yields'a test, using eyinptotic normality, of the hyp3 thesis

that the Ath component has the same # as do the others. The C tests can be combined using the

Bonfetioni inequality to form an overall test of the hypothesis that the components have a common #.

If any component he no nonreplacement failures, B cannot be estimated for that component, and

fewer than C test statistics and confidence intervals can be calculated.

A single component may not have enough failures to justify eymptotic methods. In the-

extreme cue when the hh component has only one non-replacement failure, a practical expedient is to

treat # 3 as known, and test whether B = #.3 based on the single observed failure time for the Ath3

component. This test is ba.wd on the fact that the single failure han conditionst density 4(t)/c , with #
|a

set to # 3

<

In addition to the test for common B, a useful visual diagnostic is a plot of C confidence

intervals for the parameter, placed side by side, with each interval heed on the data from a single
comix>nent. "

:

6.2 Common Ao

+

Suppose that the usumption of a ec nmon # is accepted, and consider how to test whether the-

cornponents have a common A . ' Treat # as known and equal to /f; this introduces an approximation
;

o
. !!

!

.

.
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into the tests for A , but it does not a priori treat any comjonent differently from any other. Conshk ro

now the Lth romponent, pool all the components except the Ath, and test whether Aoi equals A , 3a_

Apume for the moment the null hypothesis that the components have a common Ao.

With time-censored data, the conditional distribution of N , conditional on the ancillary statis.a

tic En , is binomial (En,, pa), with pi = r (#)/Ec,(#) This yields a test of the hypothesis that Aj

oi

is the same as Ao for the other corntonents. These testa may be combined with the lionferroni

inequality. Alternatively, if the failure counts are not too small, a t' test inay be used, bar.ed on the

fact that (No ... Nc) is multinomial (En , pp ..., pc).. j

With failure-cenwred data, the distribution of 2Ao P (#) in x*(2rn ), and the sum of thei a

observation perimis for all com;onente except the Ath is likewise proportional to a x random variable,8

Therefore the ratio of V to the sum of such terms over all componente except the Ath is proportionali

to an T random variable. This yields a test of the hypothesis that A oi s the sarne as Af for the otheri

components. The tests may be combined with the lionferroni irn luality. .

As when comparing the components for 3, a side-by-side plot of confidence intervals for Aoj
provides useful visual diagnostic information.

6.3 Form of h(i)

To test whether 4 is of the awumed form, use the fact that for the ith component, conditional

on the observed failure count nj or on the rmal observation time sy, the T 's are independent and forg

each component are identica!!y distributn!, with density proportional to 4, as discussed below Equation

(t/). Therefore, under the assumed model, the conditional probability that a random failure T occurs
:

by. time iin

P[T $ i) = EP[T $ t i failure is in component ) P[ failure is in component ;)> 1

= EP[T $ i | failure is in component ;) (nj/Eng) .J

with

' P[T $ t i failure is in component ;) = [#(f) - #(soj)]/cj - if s ; 5.t 5 so g
=0 . if i < s ;o

=1 if f > sy .
Tests for a hypothesized distribution may now be used, such as the Kolmogorov Smirnov test or the
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s

Anderson-11arling test.

1(outine uw of one of these tests gives a 'lype i error smaller than the cominal value; the test

tends not to reject often enough. There are two reasons for this. One is the familiar reawn that the

estimated value of B inust be used to evaluate # and r. The se ond tramon arises if the coinponents

are obsersed over different tbne periods. The distribution used is conditional on the failure counts or

final failure times, so the T 's are not truly a randorn sampic. As an extreme example, suplo.c thatg

coinponent I was ohnerved for only the first year of its life and that it had n3 failures, that comionent

2 was obsened for only the second year of its life and that it had na failures, and so forth. The

conditional distribution then says that of Enj ailures in the first C years, on the average n, will occurf

in year i. The T 's are a stratified sample from this distribution, and are therefore forced to fit theg

distributir rather well. They fit well regardhas of the form of A. because the stratification does not
intohe the hyimthesired A.

To avoid this difficulty, it b good to try to use components that are observed over the same

time period; if a few components have a different observation window from all the others, try partition-

ing the data and perforndng the test on the two sets separately, in the atteme case given by the

above example, the following method could be used l'ind N using all the data, and treat it as known.

Then for each of the C romponents perform a separate Kolmogorov-Smirnov test of Alo: # = h. This

yielda pi, ..., pc, the attained significance levels or ;svalues. it is well-known that under llo, a isvalue

is uniforrnly distributed on (0,1), so that ~2Elog(p ) has a A'(2C) distribution. Thus lio would lxj

rejected at level a if -?Elog(p ) > x 9,(2C).8
j

Two pictures may accornpany- the test. One is the plot of the above model based c.d.f.
overlayed with the empirical c.d.f.. The other is a Q-Q plot, as described, for example, by Snee and

I'feifer (1983). It plots the n observed failure times versus the inverse of the model-based c.d.f.
evaluated at 1/(n + 1), ... , n/(n + 1).

6A Adequacy of Asymptotic Normal Approximation

An MLE can be inspected to see if it is near the rnid point of a twmsided confidence interval; if

not, the normal approxirnation may not be adequate. Also, a two-dimensional confidence region for

(6, logAo) can be constructed from an interval for # and conditional intervals for Ao given B, as
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discuwed i< low thuntion (11). This can then be compared to the conndence ellipse based on the

asymptotic joint normality of (h, log (), If the two regions we sery different, approximate joint
normality should be questioned.

<

4

7.1:XAMP12 DATA ANAINSIS

A nuclear gewer plant for a cornmercial utility has 12 motor-operated valver in the auxiliary

feedwater systems at the two units of the plant. Maintenance records covering about 10 years were

examined, and the fallute times for the valves were tabulated. The data are sununarized in Table 2,

and ara given in more detail by Wolford et al. (1990). Three valves w-re replaced upon failure, and

one was replaced for administrative reasons, leading to 16 valves rehown in Table 2. 't he three valves

that were replaced upon failure were regarded as failure censored. The other 13 valves were regarded a

time-censortd. A Fortran prograrn PilAZi;(for Paramettle ll AZard Fstimation) was written and usal

on a twcrsonal cornputer to analyre the data,- following the methnds of this report; the program is
documented by Atwood (1990).

The valves were first compared to see if they have clearly different' values of #. Figure 1 shows
a side-by side ph>t of the confidence intervals hased on the individual components,it tdso shows the
signiGrance levels based on a comparison of N3 to h_3

The diarnond in each con 0dence interval
shows 3, while the square shows N.3, Note that there is no estimate or interval for cornponents with
no non replacernent failures. The metall significance level, based on the 11onferroni combination of the
individual significance levels

, is 1.0, confirming the pictorial impression that there is no real difference

in # for the various components. _The exponential hazard function was assumed for these calculations 4

The results were similar when the linear or Weibull hazard function was assurned. The only striking
difference was that niany of the MLI:s and all of the upper confidence limits were infinite _ with the

linear heard function. A sirnilar comparison of the components for Ao hxl to a conclusion that the

components do not have greatly different values >f A . Therefore, the components were assumed too

have a common valu- of # and of A ,
o

- Tests of # = 0 were performed based on the test statistic (12), and the hypothesis was rejected
.

in favor of # > 0. The test based on EEf , when 1:xpressl<in (12) takes the (cirm of 1:xpression (10),q

rejected at onemided level 0.021. The test based on EElogig, when 1:xpression (12)is evaluated under
the Weibull model, rejected at one4ided level 0.025.
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Table 2. Surninary of example data
-=

Nonrept. Otoerved hican Failure Iteplaced Initial
Conir nnent h h h (Nortned) en LtiLZ fn [lh.L)
AIOV-1 A 1 8.8584 E+04 0.318 4.1448 E+ 01
hlOV-Ill 1 8.858404 04 0.086 4.144804 04
MOVlC 2 8.8584E4 04 0.752 4.14480401
hlOV-ID 7 8.8584E+01 0.743 4.1418 E+ 04
MOVlE O 2. iS40 E+ 01 Y 4.1448E+01
MOV lE(It) 3 6.6744 E401 0.198 0.0000
MOV-l f 3 4.360SE401 0.568 Y 4.1418E+01
MOVtr(il) 1 4.49760+04 0.487 0.0000
M OV-2A 4 8.8584E404 0.619 3.7824E+01
M OV-211 5 8.8584 C+04 0.567 3.7824E4 04
M OV-2C 1 4.9728E404 0.756 Y 3.7824E+04
MOV-2C(II) 1 3.8856E404 0.866 0.0000E-01
AIOV-2D 6 8.8584E+04 0.464 3.7824 E+ 04
MOV-2E O 2.2008E+04 3.7824 E+04
MOV 2E(II) 2 6.5976E+04 0.698 0.0000
MOV-2P 7 8.8584 E+ 04 0.593 3.7824E404

MOV 1 A - 0: - 0.48
MOV1B 0 : 0.09+ MLE(k)

- 0.44MOV-10 * a MLE( k)MOV1D * * MLE
- 0.14

MOV1E ^

- 95% Conf. int. }MOV 1 E(R)
~ + 0.64

MOV1F : - 0.91
c MOV 1F(R) - O - 0.82 8
E MOV 2A - + - 0.87 E
8. MOV 2B - +
E MOV2C

- 0.80 $

$ MOV 2C(R)

- : 0 - 0.61 E
: 0 -

0.33 $MOV 2D * - 0.21
MOV 2E -

-

MOV 2E(R) - : - 0.54
MOV 2F + - 0.97-

~

OVERALL e - 1.00
. .

-5.0E-4 2.5 E 4 ' 0 2.5E 4 5.0E-4 7.5E 4
(1/h)

Figure 1. Cornponent Cornpari. sons for B. Exponential liarard Model
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To test the form of the rnodel, the h'olmogorov.Smirnov test was perforrned, as described in

Section G.3. The test saw nothing wrong with any of the three models; the three signiGcance levela

were all greater than 0.8. To account for the partial stratiGcation a data, the components were

partitioned into two groups, the twelve that were in place at the start of observation, and the four that

were installed du;ing the observation period. The overall MLE, based on the conditional likelihood for

all the components, was used to estirnste d. This value was treated as known in the two data sets,

and the Kolmogorov-Smirnov test was used to test the fit of each data set to each of the three models.-

The threc signiGeance levels corresponding to the larger data set were calculated using asymptotic

formulas and were all greater than 0.79; the significance levels corresponding to the smaller data set

(seven failures) were not calculated exactly but were all substantially greater than 0.20. Even allowing

for the fact that the hypothesired rnodel had an estimated parameter, it seems that the data give no

reason to question any of the three models.

Figure 2 shows the Q-Q plot of the full data set, based on the exponential hazard mmlel. Q-Q~

plots based on the other models hiok similar. The only evident departure from the assumed model is ;

shown by several strings of nearly vertical dots, Indicating repairs that cluster in time. The effect of

this clustering is ignored below,

i
,

for each model, an approximate two dimensional 90% confidence region was found for (#,

logA ), as discussed below Equation (14). Similarly, a 90% conGdence ellipse was found based on theo

asymptotic normality of ([f, loglo). These two regions are superimposed in Figure 3 for the exponen-

tlal hazard function, and in Figures 4 and 5 for the linear and Weibull hazard functions. The circle

and the ellipse show the MLE anJ the confidence region based on the full likelihood and asymptotic

normality, wh' e the square and the non-elliptical region show the MLE and confidence region bud onJ
,

the conditional likelihood. For the linear model the data were centered, and for the Weibull model the

normalizing to was set to i ,4 For the exponential and Weibull models, the. regions overlap fairlyn

well, suggesting the the asymptotic distribution is an adequate approximation. For the linear hazard

function, the conGdence regions must be truncated at 'the maximum allowed value for #. Therefore the

normal approxirnation is not adequate. 13y the way, when the linear hazard model was used with

uneentered data, the confidence regions were as shown in Figure 6. :The non-elliptical region is thin

and strongly curved, and it hardly overlaps the truncated ellipv at all; therefore, centering seems to

|. improve the normal approximation, even though the approximation still is inadequate.
,
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Figure 2. Q-Q Plot for Exponential llazard Model
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3.0E 5

2.5E 5

2.0E 5

2
5 1.5E 5
C e

1.0E 5 - *

5.0E 6 -

$
t0

. . , ,

3 4 8 8 7 8 9 1.5 2 15 3 4 5 6
105

lo (1/h)

l'igure 3. 909( Confidence Regions for (#, Ao), Based on Exponential llazard Mcxici

1.50E 5 -

1.25E 5 -

.
1.00E 5 -

5
f., 7.50E 6
n

5.00E 6 -

2.50E 6 -

0 ' ' -
i

2 2.5 3 3.5 4 43 8 6 7 8 9

104
Ac (1/h)

I'igure 4. 90% Confidence Regions for (d, Ao), Based on Linear liarard Model, Centered Data
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Figure f. 90% Confidence itegions for (#, Ao), llased on Welliull liarard Mmlel Uncentered Data
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Figure G. 90% Confidence Itegions for (#, Ao), Based on Linear llazard Model, Uncentered Data
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rinally, the hazard function was cetimated with a confidence interval bami on the asymptotic

joint normal approximation. In spite of the poorness of the joint normal approximation for the linear

hasard model, the snethod was used for all three motels, for comparative purposes. Figure 7 shows the

AllE and 90% confidence interval for A(t), at various values of f, for the three mmhis. If the

confidence band for the linear harard rnodel were serioLJy advocated, it would be plotted only for
values of i satisfying

2 ed f/(Idf) < 0.f),

where sd is the estimated standard deviation of ih outside this range, the first-order Taylor apyroxima.

tion of logh(t;B) is it. adequate. This restriction correegmeds to requiring i > 1.6E4 h. If the upper

and lower bounds for the linear model are ignored where f < l.604 h, the bands for the three models

look similar, except that the Weibull hazard function ap;irowhen 0 at time 0. Most of the components

were ois.crved between ages 4.1E4 h and 13.0E4 h. It is not surprising that the confidence intervals are

narrowest [in the scale of logA(f)) in the middle of this period of the observed data, if the inodel were

extrapolated far beyond the data, the uncertainties would become very large. '

8. DEIUVATIONS AND PitOOPS

The likelihood formulas deseloped here have long been knownt for exarnple, see Equations (2 I)

and (3.1) of Iloswell (1906), or liain et al. (1985). The derivations are sketched here for completeness.

Consider a single comitment. The fundamental idea to be umi repeatedly here is that the trans- '

formation

s(f) = A(t) - A(s )o

. converts the non. homogeneous Poluon process to a homogeneous one with unit rate. That is, the '

count of events occurring at transformed times w(f) with s(a) 5 =(f) $ a(6) is Poisson with parameter

s(6) - =(a), and counts for disjoint intervals are independent. For such a homogencon, proccu, it is

well known that the time between successive events is exponential with parameter 1.0. 1.ikelihood

formulas may be derised using the relation betwe+n the density of f, denoted by f, and the density of
s(f), denoted by g:

Af) = f[h(f)] |Su(f)/Olj = cxp[- u(f)]A(f)

L f(f li 3) = p[u(f,)]u(f, i))A(t,) = exp[u(f,.3) - a(f,))A(f,) .ig

Ilere, )(f,|fg.3) is the conditional density of a failure at thne fp conditional on the component's being

operable (restored to service) at time i -t*f

.

A-40

_ _ - - - _ - = . . -- - - - - - - - , - , - a= -,



._

104 P',.
,

.

[ f.\ .. / ....," =

:\- .a /"w

W'(

0 y-

r ,/ /:...-
a .: ' ~

.c . 7-'

Y/y-O * -

.'= '

E 2 &t[/:s
u.

E 1.s /f
1

'

Q -ta
.

ki /m
I 10s Expon.: <

i Linear| %

-f.

Weibull! / """"'

s | /
!,

5
-.

* i:
'

4 - - -

-

F-ti
L:

3 * I: ,

4 6.0E4 8.0E41.0E51.2E51.4E5.

E"'" 7 MLE and 90% Confidence Band for A(f), Based on Three Modet,.

s

A-41 -

- . I



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8.1 Derivation for Tim * Censored Data

The Likelihood

Consider a single cornponent and supprese 'bc sularlpt j and the argurnent J. Suppose that a
rando.a m.inber of failures is observed in a fixed tline interval [s , s3), and that the ordered failureo

times are 1, .... in. In the formulas below, define to = s and w, = =(f,). Note that a(s ) = 0 and3
o o

*(s ) = Ac . The likelihood is the joint density of the observed failure tirnes, snultiplied by the proba-i e

bPity of no failuren after f.; that is,

o * - l\A8II(-1) '2P!A(Ia) - A(s )]thu(O' A ) 4 i
1

.

., . . , .

[] A(f,) []exp(=, , - e,) explan-t(si))=

.a .) _.

-
,,

_ _ . -

=-A" [}A(f,) exp(- Ao ) ,o e
1 (10.)

Taking logs and summing over the components yle!ds Equation (4), as clairned,

l'or a single component, consider now the conditional distribution of the failure times given n.
Because N is Poisson (A v), the probability of n failures lan

exp(- Ao ) ( A e)" / n1.e
n

(19)
Therefore the conditional likelihood, the likelihood corresponding to the conditional distribution of i ,

t
.... f given n,is the quotient of Expression (18) divided by Expression (19):

n -

t,,,,(4)= [] A(f,) (c)-" n! .
.i. .

Taking logs and summing over components yields Equation (5), as clairned.~

Ancillarity

Consider again a single component. The failure count N is ancillary for 4. To see this, define
p = A e.

Iteparameterire so that the parameters defining the anodel'are p and B.c
Then N in

Poisson (p), so the distribution of Ninvolves only p, not B. Given N = n, the unordered failure times -

T, are 1.1.d., each with density A(f)/v on the interval [s , sj) This conditional density depends on #o
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i

only, not on p. The+. fore, N is ancillary for # and (Tp .... Tn) is conditionally sufficient for #.

Suppose now that there are C components, C > 1, and that the components are not assumed

to base a cominon value of A . Then (No .... Nc) forms a C-dirnensional ancillary statistic for d.o

This is emily shown by a generalization of the atore arguinent for a single component, parameterizing !
i

the model in terrns of 4 and (pn ..., pe), with j = Aoj j. |t

Sitnilarly, suppose that there are C components with a common value of A , and that ejheo

the same value e for all the cornponents, regardless of #. (Itemark: In the three examples of this

report, this can occur only if the cornponents all have a common value of s and 4. To see this, set ejo 3

e,andc/=r/. Evaluate these quantities at # = 0 using the fortnulas of Table 1. _It followsu

that soj = soa and s3j = sat this is immediate for the exponential and linear hazard function, and

can be shown with a little effort for the Weibull hazard function.) Now r.et p = A r and note that Np

= EN is Poinon(Cp). Consider the conditional log. likelihood analogous to Expression (f>), only nowj

conditional on n rather than on (ry, .... n ). It is equal to -c

e "I

loa ((al)C" 11.I.l W#6)/d) .,i i

This is the log of the conditional density of the orderal failure times, with each time assigned at

random to one of the Cromponents. Therefore, the T,j's are conditionally 1.1.d., each with conditional

density h(f)/c for so $ i $ a3 The components may therefore be pooled as a single super-component,
and # = EN is ancillary for d.j

Finally, suppose that there are C components, C > 1, that the rj's are not all equal, and tnat

the components are assumed to have a common value of A . There does not seem to be a reparameteri-o

zation such that the distribution of (Nn ..., N ) is independer" -f J. Therefore (No ., Nc) does notc

appear to be ancillary. To show conclusively that (No ..., Nc) is not ancillary, wc note that Equations
(6) and (8) yield different values of /f.

_

,

8.2 Derivation for Failure-Censoral Data

Now suppose that a single mmponent is observed starting at titue s , and that m failures areo

observed, with m fixal. The full likelibcod is the joint density of the faihire tirnes:

|
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;

l ,,n($, A ) f(f,j t,.i)=j o

i

f A(t,) exp(uo - sm)
'

=

_i .;

. , ,

= A* ],)h(t,).
'

exp(- A t)}. (20)o n
1 .

Taking logs and summing yields Pquation (4).

To condaiu. on the value im, the distribution of Tm must first be derived.

TilEOREM. The tii..e to the mth failure Tm has density

/m(tm) = w"'-8 c *A(im) / (m.1)! (21)
-

where w = A(tm) - A(s ), and tm 2 so o.
; _ ColtOLLAltY Define Ao P by A(Tm) - A(s ). Then 2Ao V has a x'(2m) distribution.o

PilOOP OF TIICOltEM. Ilere, w = a(Im), the mth transfortned failure time. Because the trans.

formed failure times correspond to a Polmion process _with tinit rate, it is well known that the mth

transformed time has a gamma distribution. The asserted result follows. O

'
,

The conditional distribution of (T , ... Tm) given Tm = tm is (20) divided by (21). Take
'

i

logs and sum over the components to show that 4,,,,,(B) is exactly equal to Expreuion (5).

'
.

1

I

h

|

h

:!

t

i
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i

Table B.t.a. (continued)
.

MODE / MECHANISM (if applicable)
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY SUHARY RTSVDT CLASSIFICATIO**

1-TDP PUMP 24333 INVESTIGATE / REPAIR PUMP VOID - NOT REQUIRED AS PER ATTACHED MEMO. 851213 VOID
1-TOP

1-TDP PUMP 28462 REPLACE N2 BOTTLE REPL ACED MITRDGEN BOTTLE. 851223 MD
2-TDP PUMP 28719 REPLACE N'.!ROGEN BOTTLE CHANGED OUT MITR0 GEN BOTTLE IAW PROCEDURE. 860102 PMS
2-TDP PUMP 28865 ADJUST PACKING GLANDS TIGHTENED OUTBOARD GLAND ONE FLAT LEAK STOPPED 860106 DC

100% TIGHTENED INBOARD END 3 FLATS LEAK DECREASED t

TO 20 DROPS PER MIN. '

1-TDP PUMP 29554 CHANGE OUT BOTTLE REMOVED EMPTY BOTTLE, INSTALLED NEW BOTTLE 860120 MD
(2100 PSI), CHECKED FITTINGS FOR LEAKS. TESTED
SATISFACTORY.

2-TDP PUMP 28417 INVEST / ADJUST GOVERNOR RPM VOID NO PROBLEM DURING PT. 860121 VOID
1-TDP PUMP 29443 CHANGE OUT BOTTLE void - WORK PERFORMED ON EMERGENCY WO 029544 860122 VOID
2-TDP PUMP 28172 -I-INSPECT FOR BLOCKAGE REMOVED OIL COOLER FROM SYSTEM TESTED FOR 860224 PMS '

BLOCKAGE. NO BLOCKAGE FOUND. REINSTALLED IN SYSTEM
2-TDP PUMP 31029 REPLACE NITROGEN BOTTLE REPLACE NITROGEN BOTTLE 860224 PMS1-TDP PLHP 32273 VOID TO WO 031510 VOID - COMPLETED ON WO 031510. 860318 VOID
1-TDP PUMP 26976 P-REPLACE GLAND STUDS / NUTS PACKING LEAK / NORMAL WEAR 860509 BL

UNCLOGGED DRAIN LINES, REPLACED PACKING GLAND

.f STUDS, REPACKED INBOARD SIDE OF PUMP, 4 RINGS OF
* PACKING USED. SHAFT SLEEVE IS WORN.

1-TDP PUMP 27017 P-REPAIR CIL LEAK,5 BAD BEARINGS /INSUFF. CIL FLOV 8S0509 FR
REPLACED BEARINGS, THRUST BEARINGS, AND REPACKED L
PUMP.

1-TDP PUMP 27016 ADJUST / REPACK GOV VALVE INSPECTED GOVERNOR. STEM IS R ED BY LEAK 860512 BL
OFF-CHANNELS. NO ADJUSTMENT AVAILABLE. VALVE TO BE
DVERHA*JLED ON VR 352517. -

,

1-TDP PUMP 37655 PERFORM CTS 87-85 VOID - NOT REQUIRED. 860627 VOID1-TDP PUMP 33554 CALIBRATE / REPLACE GAUGE REPLACED GAUGE. 860706 GAUGE i1-TDP PLHP 38556 CHECK INSTRUMENTS OUT OF CAL / TIME & USE. 860715 GAUGE '

GAUGES WERE EACH: OIL PRESSURE I OIL TEMP, 1
PUMP SUCTION, 1 PUMP DISCHARGE, AND 1 STEAM
PRESSURE.

2-TDP PUMP 21964 INVEST / REPAIR HI DISCH PRESS. VOID VORK NOT REQUIRED 860715 VOID1-TDP PUMP 38507 OVERHAUL Aux FEED PUMP BROKEN PART INTERNAL /0VM :> 2*''ATION E60718 NAF !

DISASSEMBLED PUMP, REDLAL ' e aERS. DIFUSERS.
AND BEARINSS. TESTED PUMP Ahi,dxN SATISFACTORY.

*
PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR CAtlBRATIONDC - DESIGN CHANGE. FR- FAILURE TD RUN FS - FAILURE TO START NFF - NON-FUNCTIONAL FAILURE MAF - NOT AN AGING FAILURE (MAINTENANCE ERRO4) |
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Table B.I.a. (continued)

MODE /MICHANISM(if applicable)
MARK NO. COMPONENT M. R. f PROBLEM DESC HISTORY SLtMARY RTSVDT CLASSIFICATION *

2-TDP PUMP 45013 IMPLEMENT BWR 86-452 VOID TO 44339 870205 VOID
2-TDP PUMP 48794 -P- REPR/REPL CONNECTING ROD UNIT 2-FW-T-2 CVERHAULED DURING 1986 REFUELING 870225 PMS

OUTAGE. OVERSPEED TEST WAS PERFORMED DEC 1986
SATISFACTC JLY. INSPECTED LINKAGE WITH

1-TDP PUMP 44576 REFURBISH ROTATING ASSEMBI Y VOID - WORK ORDER CREATED TO OBTAIN PARTS ONLY. 870207 VOID
1-TDP PUMP 49060 P-REPLACE END BELL GASKET VO!D - kGT LEAKING AS PER OPS RUN. 870207 VDID
1-TDP PUMP 40557 VALVE REPLACEMENT VOID - TD 049601 870220 V010
1-TDP PUMP 49601 REPLACE OIL COOLER FLANGE LEAK / WEAR 8/0302 BL

GASKET- MANUFt.CTURED NEW GASKET AND INSTALLED ON COOLER.

1-TDP PUMD 44074 REPLACE SIGHT GLASS BROKEN SIGHT GLASS / ACCIDENT 870304 MD
REMOVED CLD SIGHT GLASS THAT WAS BF0(EN. DRAINED
OIL OUT OF SUMP AND CLEANED.,0C. CLOSED OUT.
REPLACED $1GHT GLASS.

1-TDP PUMP 51012 INSTALL COUPLING GUARD NO FAILURE. INSTALLED COUPLING GUARD. CHECKED 870316 MD
TO BE SURE COUPLING WILL NOT RUB VMEN ROTATING.

1-TDP PUMP 52935 REPAIR LEAK MACHINERY HAS'BEEN FRESHLY PAINETED. k0 LEAK. 870526 BL
PAINTERS VERE STILL PAINTING ON MACHINERY. PAINT
HAS SEALED PREVIOUS LEAK.

1-TDP PUMP S4171 TIGHTEN /REDOPE FITTING OIL LEAKAGE / LOOSE CAP 870615 *D
FOUND UNION VAS NOT LEAKING. THE CAP DN A 3/4-

U CHECK VALVE LEADIhG TO THE SUCTION $IDE OF THE
LUBE OUL PUMP WAS LEAKING. TIGHTENED.

1-TDP PUMP 48005 1-TDP. EVR 86-5S3 INSTALLED VENT LINE AND WALVE IN THE EMERGENCY 870716 DC
VATER SUPPLY LINE CONNECTING THE FIRE PROTECTION

. MAIN TO THE SUCTION LINES OF THE AUX FV PUMPS.

1-TDP PUMP 48003 1-TCP ADD DRAIN LINES INSTALLED DRAINS 04 UNIT 1 TURBINE DRIVER AUX 870716 DC
FV PUMP FOR STEAM EXHAUST. STEAM RING AND IURBINE
CASING.

1-TDP PUMP 48004 1-TDP EWR 86-554 INSTALLED VENTS AND VALVE IN THE EMERGENCY WATER 10716 DC
SUPPLY LINE CONNECTING THE EMERGENCY mar,E-UP TANK

T0-THE SUCTION L*NES OF THE AUX FV PMPS.
2-TDP PUMP 44333 2-TDP EVR 86-443 INSTALLED A VENT ON THE FIRE PROTECTION SYSTEM 870716 DC

SUPPLY HEADER 6- VCMU-108-151

2-109 PUMP S6858 CAL / REPLACE GAUGE CHEC C GAGE. GAGES WAS IN CAL AND HAD A STICKER 870918 GA*JGE
ND FURTHER VORK REQUIRED.

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY GA%E - GAUGE REPLACEMENT OR CAtlBRATIG

DC - DESIGN CHANGE FR- POTENTIAL FAllVRE TO RUN 'FS - FAILURE TJ START NFF - NON-FUNCTIONAL FAILURE

)
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Table B.1.b. MAINTENANCL WORDS FOR "dE AUXILIANY FEE 0 WATER SYSTEM MOTOR DRIVEN FEED PUMPS

MODE / MECHANISM (if applicable)

MARK NO. COMPONEhi M. R. # PROBLEM DESC HISTORY SL* NARY RTSVDT CLASSIFICATION *

2-MDP-A PMP MTR 803091354 CHANGE OIL CHANGE 0 OIL AND CHECKED 6 EARINGS 780330 P"5

2-MDP-8- PUMP 20170210 HEADBOLTS 1 2 AND 1 6 LEAK INSTALLED SEALANT MATERIAL 780330 BL

2-MDP-A PUMP 804030936 LUSE DIL RES LEVEL INDICATOR BROKE INSTALLED DIPSTICK ARRANGEMENT 780404 MD

2-MDP-B PHP MIR 803091355 CHANGE DIL CHANGED OIL AND REPLACED BEARING 780406 PMS

2-MDP-8 PUMP 804061450 COUPLING GUARD MISSING REINSTALLED GUARD 780407 MD

2-MDP-A PHP MTR 901261800 REMOVE HEAT LAMPS REMOVED HEAT LAMPS 790129 DC

2-MDP-B PLHP 902050137 PUMP START NOT SATISFACTORY llME DELAY TESTED SATISFACTORY 790207 FS

2-MDP-A PUMP 902050130 PUMP START NOT SATISFACTORY TIME DELAY TESTED SATISFACTORY 790209 FS

2-MDP-A PUMP 902131327 OIL COOLER END BELL CRACKED REPAIRED COOLER 790324 FR

2-MDP-A PUMP 901091437 REPACK INBOARD AND OUTBOARD GLANDS REPACKED GLANDS 790324 BL

2-MDP-8 PUMP 809080610 HEAD BOLT LEAKS-NOS. 8. 12. 15. 16, 19 PERFORMED PREVENTATIVE MAINTENANCE 790430 BL

2-MDP-B PUMP 901091438 REPACK INBOARD AND OUTBOARD GLANDS VOID 790502 VOID

2-MDP-B PUMP 805080342 CASING BOLTS 2, 3. 5 E SIDE 2 V SIDE VOID 790511 VOID

7-MDP-A INSTR 903061116 CHECK CN 6-1-79 RES-ET AND TESTED AGASTAT 790619 PMS

2-MDP-B INSTR 903061115.. CHECK ON 6-1-79 RESET AND TESTED AGASTATS 790521 PMS

1-MDP-A -PUMP 907030545 REPACK PUMP REPACKED PUuP 790709 BL

1-MDP-B PUMP 907030546 REPACK PUMP REPACKED PUMP 790710 BL

1-MDP-8 ' PUMP 906030500 SEALS THROW VATER ADJUSTED PACKING 790720 BL

2-MDP-A PHP MTR 902111545 MOTOR HEATER NOT VORKING INSTALLED NEV HEATERS - TESTED SAT 790910 FS

tD 2-MDP-B HX -901031400 REPAIR HEATERS INSTAttlD NEW HEATERS - TESTED SAT 790910 FS

~L 1-MDP-B PUMP- 10162020 REBUILD SPARE ROTATING ELEMENT VOID 791002 VOID
.

I-MDP-A PUMP 910030700 OIL SUMP LEVEL INDICATOR IS BROKE ADJUSTED FLOAT VALVE 791003 MD"

1-MDP-A PUMP 910212130 REPLACE PACKING REPACKED INBOARD PACKING BOX 791021 BL

2-MJP-A PUMP 910230640: REPACK PUMP REPAIRED PUMP 791031 BL

2-MDP-B .PMP MTR 911042204 NO LEAK OFF THRUST BEARING & PACKING ADJUSTED 791106 MD

1-MDP-8 . INSTR "912071559 INSTALL NEV GAUGE INSTALLED NEV GAUGE 191211 GAUGE

1-MDP-A HX ,912211400 TUBE LEAK COMPLETED REPAIRS 791223 FR

2-MDP-A INSTR 1040745 REPLACE OIL PRESS GAUGES CHECKED CAL AND REPLACED GAUGES 800105 GAUGE-

2-MDD-B INSTR 1040745 : REPLACE OIL PRESS GAUGES CHECKED CAL AND REPLACED GAUGES 800106 GAUGE

2-MDP-A PLMP 911050725 00TF'1RD PUMP PACKING BURNED UP 1 PACKED 800128 MD

2-MDP-B PuhP 1160213 REPLAwF START SWITCH . TESTED SAT 800128 MD

1-MDP-B' PUMP 1301305 OIL PRESSURE GA'JGE MUGE CHECKED SAT 800131 GAUGE

2-MDP-A INSTR 2020715 SWITCH STICKS SWITCH OPERATIONAL 800211 MD

1-MDP-A PUMP 3011545 NO-LCAD AMPS PI CtRVE SAT 830318 PMS

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR RECALIBRATIC16

DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START
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Table B.1.b. (continued)
P

MODE / MECHANISM (if applicable) ,

'
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

1-MDP-A PUMP 8271030 REPA!R GAUGE DISASSEMBLED GAUGE 810323 GAUGE

1-MDP-A ' PU'iP 102091231 PERFORM MMP-FW-004 PREVENTIVE MAINTENANCE $ERVICE AND C 810328 PMS

1-MDP-B PUMP. 104011900- PACKING GLAND SPRAYING WATER ADJUSTED PACKING 810403 BL :
'

1-MDP-A PUMP 104070800 PACKING LEAKS BOTH ENDS ADJUSTED PACKING 810410 BL
2-MDP-A VALVE 6160900 INSTALL CAP REMOVED CHICAGO FITTING AND INSTALLED B10418 BL
I-MDP-B INSTR 105030601 CHECK CALIBRATION REPLACED GAUGE 810515 GAUGE

1-MDP-A GAUGE 105120750 CALIBRATE GAUGE OR REPLACE REPLACED GAUGE 810515 GAUGE
*

1-MDP-B INSTR 105030600 CHECK CALIBRATION REPLACED GAUGE 810515 GATA
1-MDP-A ' GAUGE 105120751 CALIBRATE GAUGE CR REPLACE REPLACED GAUGE 810515 GATE
1-MDP-A INSTR 105220735 PUMP STARTED IN 62 RESET AGASTATS 810522 FS
1-MDP-8 INSTR 105220737 PUMP STARTED IN 66 RESET AGASTATS 810522 FS
2-MDP-A INSTR 106020610 PRESSURE INDICATOR NEEDS REPLACING INSTALLED NEW GAUGE 810602 GAUGE

1-MDP-A PMP MTR 12112330 ALIGN AND COUPLE MOTOR TO PUMP VOID - WORK COMPLETED PRIOR TO REC 810611 VOID
2-MDP-B PUMP 4180731 NO DIL PRESSURE PACKED STUDS CHECKED OIL PRESSURE 810616 FR
1-MDP-A PUMP 107090729 RETUBE BYPASS LINES COMPLETE 810925 PMS
1-MDP-B ' PUMP 107090729 RETUBE BYPASS LINE COMPLETE 810925 PMS
2-MDP-B INSTR 110010720 CALIBRATE GAUGE CALIBRATED GAUGE 811006 GAUGE !

1-MDP-A PUMP 812291330 OIL LEAK FRCM.1NBOARD PUMP BEARING VOID .811028 VOID
2-MDP-A PUMP 111121500 BREAK COUPLING FOR ELECT COMPLETED 811114 PMS ,

7 2-MDP-B PUMP 111121502- UNCOUPLE COUPLING COMPLETED 811114 PMS

g' 2-MDP-A MOTOR 111121503 RECONDITION MOTOR VOID 811116 VOID
2-MDP-B MOTOR 111121504 RECONDITION MOTOR VOID 811116 VOID 1

2-MDP-A MOTOR 112092200 MOTOR LEAKING OIL FIXED OIL LEAK, SATISFACTORY B11210 MD
2-MDP-A PUMP 112081530 COUPLE PUMP TO MOTOR REC 00 PLED PUMP 811211 PMS.
2-MDP-B PUMP 112081827 COUPLE 2-MDP-B COUPLED 811211 PMS
2-MDP-A PUMP 112211101 ALIGN PUMP AND MOTOR ALIGNED COUPLING 811229 FMS
2-MCP-B PUMP 112150596 100TBOARD SHAFT SEAL ON PUMP LEAKS REPLACED. UNCOUPLED 811229 BL
I-MDP-8 PUMP 112212300. REPACK'3B AFP COMPLETED 83104 BL i

'2-MDP-A PUMP 110091534 ~ PERFORM MMP-P-FV-004 VOID B20105 VOID
2-MDP-B PUMP 110091537 PERFORM MMP-P-FW-004 VOID 820105 VOID'

2-MDP-A PUMP 7110906 PERFORM PMS VOID B20106 VOID
2-MDP-A PUMP 111020615 INSTALL HEAT TRACING INSTALLED HEAT TRACE. SATISFACTORY 820112 DC |

2-MDP-B - PUMP 111020615 INSTALL HEAT TMACING INSTALLED HEAT TRACE SATISFACTORY 820112 DC
2-MDP-A TC 112291236 REPLACE T/C ON 2-MDP-A REPLACED THERM 3 READING, SATISFACTORY 820221 EtJA

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VO!DED MD - MINOR DEFICIENCY GALGE - GAUGE REPLACEMENT OR RECALIBRATION t

DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START !

!
!
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Table B.1,b. (continued)

MODE /MECMANISM(if applicable)
MARK NO. COMPONENT M. R; # PROBLEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

2-MDP-A MOTOR 203050957 BRIDGE MEGGER & RUN PI CURVE BRIDGED & MEGGERED MOTOR 820305 PMS
2-MDP-B MOTOR 203050956 BRIDGE MEGGER & RUN FI CURVE BRIDGED & MEGGERED MOTOR 820305 PMS
1-MDP-B PUMP 111110340 BEARING VIBRATION PUMP REPLACED INBOARD BEARING 820309 FR
2-MOP-B PUMP 202090532 NO GUARD ON COUPLING INSTALLED COUPLING GUARD 820311 MD
2-MDP-B PLMP 202090531 CASING LEAK TIGHTENED BOLTING 820311 BL
1-MDP-A MOTOR 203200519 MOTOR WAS SPRAYED WITH STEAM PERFORMED PI CURVE 820320 FS
1-MDP-8 MOTOR 203110845 UNCOUPLE PUMP VIBRATION RODS INDICATE MOTOR /DKP, SAT 820322 PMS
1-MDP-B PUMP 203130335 EXCESSIVE VIBRATION PUMP VOID - HOLDING PREVIOUS MR 820323 VOID -
1-MDP-B PUMP 203092235 -INBOARD BEARING HAS HIGH VIBRATION VOID 820324 VOID
1-MDP-A . PLHP 203261300 DETERMINE FAILURE OF PLMP BREAKER CLOSED SATISFACTORY 820330 FS
1-MDP-B PUMP 204110408 HIGH VIBRATION POINT 15.18 03 SERVED IRD VIBRATION 820517 PMS~
2-MDP-B INSTR 206200426 OIL LEVEL GAUGE HAS BEEN REMOVED NO REPAIR NEEDED 820628 VOID
2-MOP-A MOTOR 206022605 FV-SV-E/A1 PERFORMED PMS B20703 PMS
1-FDP-A MOTOR 206022599 FW-SV-E/A1 PERFORMED PMS 820704 PMS
2-MDP-A PUMP 208020025 COVER MISSING - REPLACE REPLACED COVER 820825 MD
2-MDP-A PUMP 209011502 COUPLING GUARD MISSING, REPLACE FOUND COUPLINS GUARD 820913. MD
1-MDP-B PUMP 209110240 BEARING ON PUMP IS LEAKING TIGHTENED UP BOLTS AND 820920 MD
2-MDP-8 PHP MTR 210101905 BRIDGE MEGGAR PI CURVE MOTOR PI CURVE SATISFACTORY 821010 P"5
1-MDP-A GAUGE. 210141054 REPLACE OIL PRESSURE GAUGES REPLACED GAUGE WITH 821014 GAUGEg

- 1-MDP-A PUMP 210050528 FV LEAK UPSTREAM OF LUBE OIL COOLER REPAIRED LEAK CN 3/4 PIPE B21014 FR
5 1-MDP-B GAUGE 210141056 REPLACE OIL PRESSURE GAUGES REPLACED GAUGE VITH 821014 GUAGE

1-MDP-A INSTR 211102352 CAllBRATE BEARING CIL PRESSURE INSTALLED NEW GAUGES 821112 GAUGE

2-MDP-A INSTR 211102348 CALIBRATE BEARING OIL PRESSURE INSTALLED NEW GAUGES 821112 GAUGE

1-MDP-B PUMP 212071150 REPACK PUMP ADDED PACKING' 821207 BL
1-MDP-B PLHP 212071930 PUMP NEEDS TO BE REPACKED VOID - WORK DONE ON 1212071150 821208 vaID
2-MDP-B VALVE 212070836 PACKING LEAK- INSTALLED 7 RINGS OF PACKING B21212 BL
2-MDP-B VALVE 21T370835 PACKING LEAK ADJUSTED VALVE PACKING GLAND 821212 BL
2-MDP-A GAUGE 212141458 INSTALL GAUGE REPLACED MISSING. 821216 GAUGE

1-MDP-A PUMP .302102307 INBCARD PACKING NEEDS ADJUSTED ADJUSTED PACKING 830216 BL
I-MDP-A VALVE 3021C1430 VALVE EXTREMELY HARD TO CYCLE VOID OPERATOR LUBRICATED THE VLV 830217 VOID
1-MDP-B VALVE 302141431 VALVE EXTREMELY HARD TO CYCLE WOID OPERATOR LUSRICATED THE VLV 830217 VOID
1-MDP-B PUMP 304110429 INBOARD GLAND HAS EXCESSIVE LEAKAGE ADJUSTED PACKING 830420 BL
1 MDP-A -PLHP 304011411 TEN YEAR HYDR 0 INSPECTION COMPLETE 830428- PMS-

1-PDP-B - PUMP 304011433 TEN YEAR HYDRO INSPECTION COMPLETE 830428 PMS

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK . VOID - VOIDED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR RECALIBRATION

DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAli.URE TO START

~ ~ ~ ~
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Table S.I .b. (continued)

MODE / MECHANISM (if applicable)
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY SUM"ARY RTSVOT CLASSIFICATIO C '

1-MDP-B GAUGE- 304271100 DISCH PRESS GAUGE NEEDS TO BE CALI REPLACED GAUGE 830428 GAUGE
1-MDP-A VALVE 305011737 VALVE COUPLING REPLACED VARIOUS LEAKING FITTINGS 830511 BL -
1-MDP-A- BOLT 302112151 IST BOLT INBOARD ON TDP LEAKS REPLACCD GASKIT AND 830525 BL
2-MDP-A MOTOR 305060227 INSTALL W!RE MESH SCREENS ON MOTOR INSTALLED SCREENS 630531 MD
2-MDP-B MOTOR 305060230 INSTALL VIRE MESH SCREWS INSTALLED SCRrENS 830531 MD
1-MDP-A BREAKER 306072125 RELAY DROP DN A PMSE INST MOTOR BRIDGED + MEGGERED -830611 FS
1-MDP-B PUMP 306110230 LUBE O!L LEAK ON OIL COOLER TIGHTENED LUBE OIL '830621 "D
2-MDP-A PUMP 304020343 REPLACE PLASTIC PLUGS ON MOTOR NO PLUGS NEEDED 630710 VOID
2-MDP-B PUMP 304020342 REPLACE PLASTIC PLUGS ON MTR NO PLUGS NEEDED 830710 VOID
2-MDP-A VALVE 307080532 PACKING LEAK ADJUSTED cACKING GLAND 830724 BL
2-MDP-B MOTOR . 306021043 DISCONNECT AND RECONNECT DISC + !NSPECT BEARINGS 830730 PMS
2-MDP-A . PUMP 308091500 DAMPEN THE PULSATIONS TO GAUGE INSTALLED V! BRAT 10N CAMPENERS 830811 DC'
2-MDP-A PUMP 306080928 UNCOUPLE PUMP ALIGNED AND COUPLED PUMP 830815 PMS
2-MDP-B BREAKER 306241524 INSP ELEC INTERLOCKS INSPECTED INTE2 LOCKS 830815 PMS
2-MDP-A MOTOR - 306021042 DISCONNECT + RECONNECT DISASSEMBLE . INSPECT REASSEMBLE 830822 PMS
2-MDP-B PUMP 306080929 UNC00PLE PUMP RECOUPLED PUMP 830906 PMS
2-MDP-A MOTO '309211500 REPAIR OR REPLACE MOTOR HEATER REPLACED HEATER 831006 FS
2-MDP-A RELAY 310060105 REPLACE 2-MDP-A RELAY REPLACED RELAY C0ll FAILED- 831012 FS

tp 1-MDP-A GAUGE 310201508 LOCAL LEVEL GAUGE DOESN'T WORK CLEANED UP LEVEL GAUGE 831027 MD
l'1, 1-MDP-B GAUGE 310201507' LUBE DIL RESERVOIR DOESN'T VORK CLEANED UP LEVEL GAUGE 831027 MD

-J 2-MDP-8 GAUGE 310201557 FIX OR REPLACE LUBE OIL GAUGE' CLEANED UP LEVEL GAUGE 831027 MD l
1-MDP-B PUMP 310221305 INBOARD SEAL LEAKS 1-MDP-B ADJUSTED PACKING 831029 BL l
2-MDP-A PUMP -310300751 INSTALL COUPLING COVER VOID - TO BE COMPLETED D4 0310280742 831101 VOID |

2-MDP-A GUARD 310280742 REINSTALL COUPLING GUARD INSTALLED COUPLING GUARD 831102 MD |

2-MDP-B VALVE 311071146 PACKING LEAK- ADJUSTED PACKING GLAND B31111 BL
2-MDP-B PUMP. 309041254 INBRD + OUTBRD PMP SEALS LEAK VO!D 831202 VO!D
2-MDP-B GAUGE ,311292204 CALIBRATE DISCHARGE PRESSURE GAUGE CHECKED CALIBRATION OF GAUGE 831205 GAUGE
1-MDP-A BOLT 312040340 CASING BOLT IS CRACKED DETOROUED 831209 MD
1-MDP-A VALVE '401040828 CLEAN AND GREASE VALVE STEM CLEANED & LUBRICATED 840109 PMS
1-MDP-8 VALVE 401040832 CLEAN AND GREASE VALVE STEM CLEANED & LUBRICATED 840109 PMS
2-MDP-A VALVE 401040815 CLEAN AND GREASE VALVE STEM CLEANED & LUBRICATED 840109 PMS
2-MDP-B VALVE 401030818 CLEAN AFD GREASE VALVE STEM CLEANED & LUBRICATED 840109 PMS
1-MDP-A MOTOR 304041600 DISCONNECT MOTOR VOID-COMPLETED ON MR 1307012547 B40118 YOID
1-MDP-A PUMP 403030100 ADJUST PACKING ADJUSTED PACKING GLAND 840303 BL -

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY. GAUGE - GAUGE REPLACEMENT 04 RECALIBRATION
DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START

l

.. . .. .
.

. .
.

. .. . . .

. .. .. .



_

Table B.I.b. (continued)

MODE / MECHANISM (if applicable)
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY StPMARY RTSVOT CLASS!FICATIOC

2-MDP-B HOTOR 308310600 PLACE SIGHTGLASS ON OUTBRD MTR VOID COMP 09 MR2311161040 840403 VOID2-MDP-B PUMP 404011513 REPACK PACKING GLAND REPACKED PUMP 840403 BL1-MDP-A VALVE 404141200 BODY TO BONNET LEAK INSTALLED NEW SEAL RING 840417 BLI-MDP-8 PUMP 405081516 INSPECT-INSULATION AT. MOTOR ADDED INSULATION TO MOTOR LEADS FOR 640514 PMS1-MDP-A PUMP 405081515 INSPECT INSULATION AT MOTOR INSPECTED LEADS TAPED FOR 840517 PMS2-MDP-A PUMP 405081536 . INSPECT INSULATION AT MOTOR INSPECTED MOTOR LEADS TAPED FOR 840517 PNS2-MDP-B PUMF 405081535 INSPECT INSULATION AT MOTOR INSPECTED AND TAPED MOTOR LEADS 840517 FMS1-MDP-B PUMP 407161400 COUPLE BOLTS / NUTS CROSS THREADED REPAIRED COUPLING GUARD AND B40727 MD2-MDP-9 PUMP. 311161040 REPLACE OUTBOARD BEARING SIGHT GLASS CHECK FOR LEVEL GAUGE 840809 M32-MDP-A PLHP 408010723 REPLACE BREA(ER SPRING / COTTER PIN VOID - COMPLETED ON WO 003088 840811-WOID2-MDP-B VALVE 312070509 BROKEN STEM VOID - TO BE COMPLETED ON WO 001471 840817 VOID1-MDP-A PLHP 5707 UNCOUPLE AND RECOUPLE VOID - WORK NOT TO BE PERFORMED THIS OUTAGE. 841113 ' VOIDl-MDP-B PUMP 5706 UNCOUPLE /RECOUPLE VOID - VORK NOT TO BE PERFORMED TMIS OUTAGE. 841113 VOID .1-MDP-A , PUMP 10303 INBOARD PACKING LEAK 1-MDP-A ADJUSTED INBOARD PACKING GLAND 1 FLAT ON GLAND 841207 BL |
NUTS.

1-MOP-A PUMP 10304 ADJUST CUTBOARD PACKING LEAK ADJUSTED OUTBOARD PACKING GALND 1 FLAT ON GLAND 841207 BL j
NUTS,

I-MDP-A PUMP 10300 RESERVOIR INDICATOR CAP NEED CAP IN ORDER TO FIX. CAPS ALL IN PLACE ON AUX 850118 MD
MISSING FEED PUMPS.t2 2-MDP-B PUMP 11952 ADJt,ST PACKING LEAK W/PMP RUNN ADJUSTED PACKING 850107 BL1 2-MDP-B PUMP 02703 REPACK PUMP" . VOID--NO PROBLEM EXISTS. 850301 VOID2-MDP-A PLHP 03088 PIN AND SPRING 2S-14 VOID TO BE COMPLETED ON WO 12924 850306 V0101-MDP-A PUMP 13467 REPAIR / REPLACE DIL SIGHT GLASS REPLACE SIGHTGLASS TUBE 1/2-X2 LONG SIGHT GLASS 850312 MD

USED FROM PIECE IN SPARE PARTS CAGE IN MACHINE
SHOP.

2-MDP-A PUMP 20053 INVEST / REPAIR PUMP 2-MDP-A WORK PERFORMED BY AUTOMATION AND CONTROL. 850517- NAF
FOUND TRIP FUSES 25A5/25A6 PULLED CAUSING
2-MDP-A NOT TO AUTO START VHEN REQUIRED.

2-MDP-B PUMP 20076 2-MDP-B NO AUTO START WORK PERFORMED Bf AUTOMATION CONTROL /FOUND TRIP 850620 NAF
FUSES FOR 2585/2506 PULLED CAUSING 2-MDP-B NOT

TO AUTO START WHEN REQUIRED 5/10/85.
2-MDP-B PUMP 15531 2-MDP-B CHECK HEATERS REMOVED BAD HEATER FROM MOTOR -NO STOCK ITEM- 850712 FS

HEATER ORDERED 3/25/85. REPLACED DEFECTIVE
HEATEP, TEST SAT.

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VO!DED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR RECALIBRATION'

DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START NAF - NOT AN AGING FAILURE (MAINTENANCE ERROR)
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Table 8.1.b. (continued)

! MODE / MECHANISM (if applicable) i"

MARK NO. COMPONENT M. R, # PROBLEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

2-MDP-A PUMP 01077 10 YR I I HYORO TEST AF PUMP VOID-WORK NOT REQUIRED 850726 VOID
1-MDP-A PUMP 13371 REPAIR INBOARD /0UTBOARD RAN PUMP. NEEDED REPACKING. REMOVED PACKING INBD/ 850731 EL

LE AKAGF OUTBD ENDS. CLEAN / INSPECT GLAND STUDS NUTS WASHERS
SHAFT SLEEVE CONDITION AS PER PROCEDURL. REPACKED
WITH NEW PACKING WITH

1-MDP-A PUMP 6020 1-MDP-A LHANGE BEARINGS VOID - NOT REQUIRED. 850802 VOID !
1-MDP-8 PUMP 5019 l-MDP-B VOID - NOT REQUIRED. 850802 VOID

DISCONNECT, INSPECT. RECONNECT
I-MDP-B ' PUMP 23I28 UNCLOG DRAIN LINE 1-MDP-B DISCONNECTED LINE AND BLEW OUT WITH AIR HOSE. 851015 MD
1-MDP-8 PUMP 23I27 ADJUST PACKING /REdGVE EDCTR ON ADJUSTED OUT BDARD END. REMOVED PIPING. CAPED 851106 BL

PUMP CSG 2 CPEN HOLES WITH 1/2 PIP CAPS 3/4 VRO -

SUBMITTED TC REPACK.
2-MDP-B PUMP 27620 REPAIR EXCESS INBOARD VIBRATIONS OPS RAN PUMD WITH DISCHARGE CLOSE AND RECEIVED 851210 NAF

HIGH VIBRATIONS ON INBOARD BEARING. SHIFT i

SUPERVISOR WANTED TO PULL COU' LING GUARD AND
INSPECT COUPLING.

2-MDP-8 PUMP 28864 ADJUST PACKING GLANDS - THE PACKING HAS A FREE FLOW LEAK-orF. AM 850211 BL !
ADJUSTMENT TO A DRIP VILL CAUSE THE STUFFING
BOX TO OVERHEAT LEFT AS 15.- '

73 1-MDP-B PUMP 26260 REPACK PUMP LEAK MECHANISM / WORN PACKING 860409 BL !

REMOVED DLD PACKING INSTALLED NEV 1/2 - GARLOCK
--
"''

PACKING. ADJUSTED WITH PIMP RUNNING SAT.
2-MDP-A PUMP 28853 ADJUST PACKING GLANDS V01D COMPLETED ON WO 26971. 860423 VOID
2-MDP-A PUMP 26971 REPLACE PKG BLND BOLTS CLEANr0 OUT CATCH BASIN, DIS (ONNECTED LINES. 860502 MD !

CLEANED DIRT FRDM THEM AND RECONNECTED.
DRAIN CLD3GED/ DIRT

2-MDP-A PUMP 34892 '2-MDP-A ADD DIL OIL ADDED S/6/86 0UTBOARD BEARING AMER. IND 58 OIL 850510 MD
2-MDP-B PUMP 34891 2-MDP-B ADD OIL OIL ADDED IN OUTBOARD BEARING 5/6/8S AMERICAN 850510 MD

IND $8 OIL.
1-MDP-B PUMP 26973 P-REPACK PUMP REPACKED PUMP AGIAN AFTER PREVIOUS PACKING HAD 860611 BL

'

EEEN SMOKED . PASSED PT.
1-MDP-A PUMP 37002 1-MDP-A EWR 86-174 REMOVED TATE AND FOUND CABLE A WAS BRAKING. WE 86052D PMS

REPLACED THE LUG AND RAYCHEM Att THREE OF THE !

LEADS WITH NM CK-72. I

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD a MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR RECALIBRATION
DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START NAF - NOT AN AGING FAILURE (MAINTENANCE ERRDR)

i
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Table B.1.b. (contbued)

i

MODE / MECHANISM (if applicable)MARK NO. COMPONENT M. R. # PROBLEM DESC
HISTORY SUMMARY

RTSVDT CLASSIFICATICM*
1-MDP-B PbHP 37003 1-MDP-B EVR 86-174

REMOVED ALL TAPE AND CLEANED THE CABLE VITH A-2860620 MD
CABLE PREPARATION KIT THEN REPLACED THE TAPE VITH
RAYCHEh SPLICE KIT NM CK-IL,1-MDP-A PUMP 26972 P-REPLACE GLAND BOLTS / REPACK BAD THREADS / NORMAL VEAR

,

860708 MD
00 NOT NEED TD REPLACE AND SAVE STUDS AND NUTS FOR
ENGINEERING AS PER TEL CONVERSATION. UNCLOGGED
DRAIN.

'

1-MDP-A PUMP 36782 IMPLEMENT EVR BS-544
REMOVE LINE FAILtRE/ UNNEEDED 860710 PMS
REMOVE PIPE SUPPORT AS PER EVR FLUSH AND SUBMIT
SERVICE REQUEST TO REPAINT.1-MDP-B PUMP 34951 ~1-MDP-B REPAIR CONDUIT COMDUIT BROKEN / ABUSE - SAT ON 86C710 M.D

1-MDP-8 PUMF 36783' PERF0PM EVR 85-544
REPAIRED C00UIT CHECKED RESISTANCE C's RTD, OK.
HEMOVE LINE FAILURE / UNNEEDED 860710 MD
REMOVE PIPE SUPPORT AND GRIND FLUSH AS PER EVR.
SUBMIT SERVICE TO PAINT SURFACES.1-MDP-B PUMP 38217 REPACK PUMP
LEAKING PKG FAILURE /8URNED PACKING B60711 BL
REMOVED 6 RINGS OLD PACKING REPLACED VITH 6 RINGS
1/2 - GARLOCK. TEST.RUN PMP PT SAT.1-MDP-A PUMP 35286 UNPLUG THE PUMP BASE7 1-MDP-A PUMP '398S4 1-MDP-A MOTOR VET CLEANED DRAIN LINES ON PUMP WITH A ROD 860804 MDy PERFORM P1 CURVE ON MOTOR VINDINGS, TESTED .860326 FS
SATISFACTORY.1-MDP-8 PUMP 398S3 1-MDP-8 MOTOR VET
PERFORMED PI CURVE ON MOTOR VINDING.1-MDP-A PUMP 35287 ADJUST / REPACK PUMP 860826 FS
VOID - COMPLETED ON VO 026972. 860828 VOID

2-MDP-A PUMP 38610 REFURBISH ROTATING ASSY.1-MDP-8 PUMP 42940 REPA!R REARING / LEAKOFF LINE . ROTOR ASSY HAS BEEN REFURBISHED AND IS LOCATED851001 PMS
REMOVED OLD PACKING - 8 RINGS - AND INSTALLEDB61011 BL
GARLOCK 98 - 7 RINGS . INSTALLED GLAND NUTS FINGER
TIGHT - SLIGHILY SNUGGED . TSTS RAN PUMP. ADJUSTED
PACKING GLAND SAT. LEAK OFF2-MDP-A PUMP 45005 2-MDP-A RAYCHEM CABLE LEADS
VOID RAYCHEM NOT NEEDED, ENG. HAS ACCEPTED B61110 VOIDTAPE-UP.

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK 'OTD - VOIDED MD - MINGR DEFICIENCYV
DC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START GAUGE - GAUGE REPLACEMENT OR RECALIBRATION

. _ _ _ .
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Table B.I.b. (continued)

MODE / MECHANISM (if applicable)
MARK NO. COMPONENT M, R. # PR08LEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

1-MDP-A PUHF 45435 CALIBRATE / REPLACE GAUGE VEAR/ 861216 GAUGE
REPLACE 0 GAUGE WITH NEW 0-60# GAUGE.1-MCP-8 PUMP 46436 CALIBRATE / REPLACE GAUGE WEAR / VIBRATION 861216 GAUGE
REPLACED GAUGE WITH NEV 0-60s GAUGE.1-MDP-A PUMP 45559 CLEAN DRAIN LINE- LINE PLUGGED / FOREIGN MATTER IN LINE B61218 MD
CLEANED DRAIN LINE SY INSERTING WIRE INTO LINE.
LINE FLOVED FREELY WATCHED IT FOR 10 MINUTES,

1-MDP-B PUMP 35597 P-UNCt0G DRN/REPK/REPL STUDS UNCLOG DRAIN PIPE. REPACKED PUMP. REPLACED GLAND 870108 BL
STUDS RAN POMP ADJUSTED PACKING.

1-MDP-B PUMP 47744 REMOVE / INSTALL OLD-DOWN BOLTS REMOVED MOTOR HOLD DOWN BOLTS ONE AT A TIME. 870116 MD
CLEAN:D FEL-PRO REINSTALLED MOTOR HOLD DOWN BOLTS.
TOROUED TO 110 FT.LBS. WORKED WITH

1-MDP-B PUMP 4951D 1-MOP-B INSPECT BEARINGS VORN/ BEARINGS 870212 PMS
REMOVED OUTBOARD BEARING FOR INSPECTION /FDUND

READING OUT OF TOLERANCE BY APPROX .01. AMER IND
#68 REASSEMBLED MOTOR. TOOK1{DP-B PUMP 48408 UNCOUPLE /RECOUPLE PUMP ALIGNED PUMP TIR .0025 RECOUPLED. 870212 PMS2-MDP-8 PUMP - 4343I REMOVE AND REPLACE COUPLING PART VO!D ORDERED PARTS ARRIVED IN TIME NOT TO HAVE 870214 . VOID
TO USE UNIT 2 PARTS.f 2-MDP-A PUMP 50038 OVERHAUL PLHP

!d VIBRATION / EXCESS VIBRATION AND VEAR. 810303 PMS
FOUND THE PUMP UNCOUPLED AND THE BEARING HOUSING
COVER AND HOUSING TDP'S REMOVED.
REMOVED THE STUFFING BOX EXTENSIONS.2-MDP-A PUMP 49133 UNC00PLE PMP MOTOR
PUMP WAS OVERHAULED AND MOTOR ALIGNED AND 870304 PMS
REC 00 PLED ON WO 52038 3/3/87, UNCOUPLED 2/2/872-MDP-A PUMP 49122 ENG EVAL HIGH VIPES PT-15.IA VOID TO 52038. 8703D9 VOID2-MDP-B PUMP 50003 CHANGC OIL IN CENTRAL LUBE SYSTEM CHANGED OIL IN CENTRAL LUBE SYSTEMS ON 2-MDP-B 870309 FMS i

MOTOR DRIVEN AUX FEED PUMP. FLUSHED SYSTEM VITH !

CLEAN OIL AND REFILLED TO DIL LEVE?2-MDP-A PUMP 50816 ADJUST PACKING LEAKING / ADJUSTMENT B70314 BL '

ADJUSTED PACKING. OUTBOARD PACKING NEEDS TO BE
REPACKED.

2-MDP-B PUMP 50637 REPLACE LUBE DIL COOLER-
VOID RECENT OIL ANALYSIS REVEALS APPARENT COOLER B70317 KID
LEAKAGE

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR RECALIBRATIONDC - DESIGN CHANGE FR- FAILURE TO RUN FS - FAILURE TO START
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Table B.I.b. (continued)

MODE / MECHANISM (1f applicable)
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORf SumARY RTSVDT CLAS$1FICATION'

2-MDP-B PUMP 49544 ENGINEERING EVALUATION VOID PUMP TESTED SAT ON 3-11-87, 4-8-87, AND 870529 VOID
5-8-87.

1-MDP-A PUMP 54236 1-MDP-A CLEANED SIGHT GLASS NO ACTUAL FAILURE INVOLVED. CLEANED PAINT OFF OF 870625 MD
$!GHT GLASS FOR SLING RING AND THE ONE FOR Oil
LEVEL ON THE INBOARD END OF M0IOR.

1-MDP-A PUMP $4772 1-MDP-A ADD O!L TO MOTOR ADDED INDUSTRIAL 68 OIL TO INBOARD AND OUTBOARD 870714 MD
BEARINGS TO PROPER LEVELS. NO LEAKS.

2-MDP-B PUMP 54745 2-MDP-B ADD OIL TO MOTOR ADDED OIL TO INBOARD AND OUTBOARD MOTDR BEARINGS. 870114 MD
DID NOT SEE ANY OIL LEAKS OUTSIDE OF MOTOR.
INDUSTRIAL 68 OIL.

1-MDP-A PUMP 54736 INVESTIGATE / REPAIR WORN OUT/0LD AGE 870724 GAUGE
REPLACED GAGE WITH NEW GAGE FROM ATTACHED MATERIAL
REQUISISTION. NEW GAGE WAS TESTED OK.

2-MDP-A PLHP 54737 CAL / REPLACE GAUGE WORN OUT/0LD AGE. 870725 GAUGE
REPLACED GAGE VITH NEW GAGE FROM ATTACHED COPY
OF MATERIAL RE')UISITION NEW GAGE WAS TESTED OK.

2-MDP-B PUMP 52414 -P- REPLACE Lo COOLER LEAKING OIL / 870PM FR
INSTALL NEW COOLER. AS FOUND- COOLER LEAKING.
WORK PERFORMED-INSTALLED NEW OIL CDOLER. AS
LEFT-TEST SAT.

b 2-MDP-8 PUMP 54267 CHANGE DIL FLUSH LINES AS 2EQD AS FOUND- CIL CLEAN. NO F0 DEIGN OBJECTS IN 870907 FMS
DIL RESERVOIR, NO BEARING MATERIAL PRESENT IN

RESERVOIR OR FILTER. VORK BONE- DRAINED CIL FROM
2-MDP-8 PUMP 52248 2-MDP-B REPLACE SIGHT GLASS VOID TO 053124 870811 VDID
2-MDP-A PUMP 55679 2-MOP-A ADD OIL ADDED AMER INDUSTRIAL #58. ADDED ABOUT 5 OZ AND 870819 MD

LEVEL CAME UP A LITTLE ABOVE THE HALF WAY MARK.
1-MDP-A PUMP 48997 ADJJST PACKING GLAhDS NO ADJUSTMENT REQUIRED. PROPER LEAK OFF, 870903 BL
2-MDP-B PUMP 53124 2-MDP-B INSTALL $!GHIGLASS REMOVED PLUG AND INSTALLED BULL *S EYE SIGHT GLASS 870916 M0

9/11/87
1-MDP-B PUMP 56685 P-REPLACE MOTOR BEARING OIL CHECKED SIGHT GLASS DIL LEVEL. FOUND O!L LEVEL TO 870929 MD

BE A LITTLE LOW ADDED OIL TO 1-MDP-A INBOARD

MOTOR BEARING. ADDED AMERICAN INDUSTRIAL

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY GAUGE - GAUGE REPLACEMENT OR CALIPRATION
DC - DEU GN CHANGE FR- FAILURE TO RUN FS - IYNCIPIENT FAILURE TO START

i

a
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Table B.I.c. MAINTENANCE RECORDS FOR THE Aux 1LIARY FEEDWATER SYSTEM 3-INCH MOTOR CPERATED VALVES

l

MODE / MECHANISM (lf appilcable)
MARK NO. COMPONENT M. R. # ' PRO 8LEM DESC HISTORY SUMMARY RTSVOT CLASSIFICATIOC

2-MOV-A MOV 803201901 PACKING LEAK REPACKED VALVE 780330 BL
2-MOV-D MOV 804061950 WON'T STAY CLOSED ADJUSTED SWITCH 780407 PG
1-MOV-B MOV 805011126 CLEAN AND INSPECT DISCONNECTED / RECONNECTED AND TESTED 780527 PMS

i1-MOV-C MOV 805011125 CLEAN AND INSPECT DISCONNECTED / RECONNECTED AND TESTED 780527 PMS
-1-MOV-E MOV 805011123 CLEAN AND INSPECT DISCONNECT / RECONNECTED AND TESTED 780527 PMS
1-MOV-D MOV 805011124 CLEAN AND INSPECT CLEAAED. INSFECTED AND TESTED 780602 PMS
1-MOV-F MOV 805011122 CLEAN AND INSPECT CLEANED, INSPECTED AND TESTED 780602 PMS
1-MOV-B MOV 10185580- LEAKS BY SEAT CUT DISC - LAPPED SEAT 780604 SL
1-MOV-C MOV 806010833 INSPECT SEAT FOR CRACKS INSPECTED SEAT 780604 PMS

: 1-MOV-C MOV 10185570 LEAKS BY SEAT CUT DISC - LAPPED SEAT 780604 SL
1-MOV-D MOV 10185560- LEAKS BY SEAT INSPECTED AND REASSEMBLED VALVE 780604 PMS
1-MOV-E MOV 806010831 ' INSPECT SEAT FOR CRACKS INSPECTED SL7.T 780504 PMS ;

1-MOV-E MOV 10185550 LEAKS BY SEAT CUT DISC - LAPPED SEAT 780604 SL
'

1-MOV-F MOV 10185540 LEAKS BY SEAT INSPECTED VALVE AND REASSEMBLED 780504 PPS
1-MOV-F MOV 806022200 TORQUE SVITCH BAD REPLACED 10 ROVE SWITCH 780605 PG
1-MOV-C MOV 806131540 DISCONNECT / RECONNECT FOR MECHANICS VOID - 780516 VOID
1-MOV-E MOV 806131542 DISCONNECT / RECONNECT FOR MECHAdICS DISCONNECTED / RECONNECTED - SET LIMITS 780616 PMS
1-MOV-F MOV 806131543 DISCONNECT / RECONNECT FOR MECHANICS VOID 780616 VOID
1-MOV-A MOV 805011127 CLEAN AND INSPECT CLEANED AND INSPECTED 780627 PMSy 1-MOV-A MOV 806131538 DISCONNECT /RECONhECT FOR MECHANICS RECONNECTED AND TESTED SATISFACTORY 780627 PMS [y 1-MOV-A .MOV 10185590 LEAKS BY SEAT REPLACED SEAT 780629 SL

';

1-MOV-B MOV E06010832 INSPECT SEAT FOR CRACKS CHECK VALVE FOR SEATING 780629 PMS
1-MOV-D MOV 806041005 REFAIR OR REPLACE CRACKED SEATS REPLACED SEAT RING 780629 SL
1-MOV-F MOV 806041006 REPAIR OR REPLACE CRACKED SEAT REPLACED SEAT RING 780629 SL ,

1-MOV-B MOV 806302330 BREAKER WILL NOT RESET AND VALVE REPAIRED - TESTED SATISFACTCIY 780706 PG ~r
1-MOV-D MOV 806131541 DISCONNECT / RECONNECT "0R MECHANICS DISCONNECTED / RECONNECTED - TEST SAT 780710 P"5
1-MOV-B MOV 306131539 DISCONNECT / RECONNECT FOR MECHANICS VOID 780814 VOID
1-MOV-F , MOV 809162130 VALVE LEAKS THRU-CHECK LIMITS CHECKED LIMITS - SA1!$ FACTORY 780918 PMS
2-MOV-A MOV 810110135 DID NOT AUTO OPEN CHECKED OUT CONTROL CIRCUIT - OK 781015 PG

] 1-MOV-C VALVE 812140713 1-MOV-C HAS PACKING LEAK INSTALLED NEW PACKING 781222 BL
'

1-MOV-E VALVE .812141007 PACKING LEAKS INSTALLED NEW PACKING 781222 BL
1-MOV-F VALVE 812141008 PACK]NG LEAKS INSTALLED NEW PACKING 781222 BL
1-MOV-E MOV 906071201 REPLACE JAMMED BOLT ON FLANGE REPAIRED BOLT 790611 MD
1-MOV-F 'A0V .906071200 PACKING LEAK TIGHTENED PACKING GLAND 790611 BL

i

|
* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK YOID - VOIDED MD - MINOR DEFICIENCY SL - SEAT Ltw(AGE

DC - DESIGN CHANGE PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SWITCH
,

!

. . - -
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Table B.I.c. (continued)

MODE /"ECHAN15M(if applicable)
MARK NO. COMPONENT H. R. # PROBLEN DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

1eMOV-A MOV 907031530 REPLACE HANDWHEEL REPLACED HANDWHEEL 790808 MD
1-MOV-D MOV 909171517 PACKING LEAK ADJUSTED PACKING 790919 BL
I-MOV-A MOV' 10142910 PERFORM PROCEDURE EMP-P-MOV-45 VOID 791023 VOID
2-MOV-D MOV 901251409 MOV PMS COMPLETED AS PER EMP-P-MOV-45 791106 PMS
2-MOV-D MOV 911081020 SEVERE PACKING LEAK REPACKED WALVE 191110 BL
2-MOV-D MOV 911081355 LIMIT SWITCH AEEDS ADJUSTMENT VDID 791217 VOID
1-MOV-E MOV 1061910 MOTOR M005tNG SHATTERED REPLACED WITH LIMTOROUE FROM MOV 251 800107 PG
1-MOV-A MOV 1041823 VALVE LEAKS BY A TOROUE SWITCH 800119 SWITCH
1-MOV-B MOV 1041830 VALVE LEAlt$ BY ADJUSTED TOROUE SWITCH 800119 ~ SWITCM
1-M04-C MOV 1041842 VALVE LEAKS BY ADJUSTED TOROUE SWITCH 600119 SWITCH
1-MOV-D MOV 1041845 VALVE LEAKS BY ADJUSTED TOROUE LIMITS 800119 SWITCM
1-MOV-E MOV 1041825 LEAKS BY SEAT CHECK LIMITS ADJUSTED TORQUE LIMITS 800119 SWITCH
1-McV-F MOV 1041826 LEAK BY SEAT CHECK LIM]TS ADJUSTED TOROUE LIMITS 800119 SWITCH
2-MOV-F MOV 1210100 DISCONNECT + RECONNECT FOR NECH VOID 800124 VOID
2-MOV-F MOV '1181431 REMOVE STEM NUT FOR MEASUREMENT COMPLETED 800124 PMS
1-MOV-E- MOV '1061825 DISCChNECT AND RECDNNECT POWER MOV REPLACED ON UNIT 1 800219 PG
2-MOV-A MOV 3050930 REPACK 2-MOV-A REPACKED %ALVE 800307 BL
2-MOV-B MOV 3050931 REPACK 2-MOV-B REPACKED VALVE 800307 B'.
2-MOV-C MOV 3050932 REPACK 2-MOV-C REPACKED VALVE' 800307 BL
2-MOV-D MOV 3050933 REPACK 2-MOV-D REPACKED VALVE B00307 BL j

u 2-MOV-E MOV 3050934 REPACK 2-MOV-E REPACKED VALVE 800307 BL .

2-MOV-F MOV 3050935 REPACK 2-MOV-F REPACKED WALVE 800307 BL
2-MOV-E MOV 1062046 REMOVE MOV FOR USE ON t' NIT 1 COMPLETED 8D0323 PG
2-MOV-E MOV 901251410 MOV PMS PERFORMED PMS ON MOV 800325 PMS
2-MOV-E' MOV 1062045.. DISCONNECT MOV FOR MECHANICS RECONNECTED AND TESTED MOV 800325 PMS
2-MOV-B MOV 901251407 MOV PMS TESTED SATISFACTORY 800410 PMS
2-MOV-C MOV 901251408 MOV PMS TESTED SATISFACTORY 800410 PMS
2-MOV-A MOV 901251406 MOV PMS- COMPLETED 800411 PMS
2-MOV-A MOV 4090913. MOV LEAKS BY REPACKED VALVE 800509 SL
2-MOV-B MOV 4090914 MOV LEAKS BY REPACKED VALVE 800509 BL
2-MOV-C MOV 4090915 MCV LEAKS BY REPACKED VALVE 800509 BL
2-MOV-E MOV 4090917 MOV LEAKS BY REPACKID VALVE 800509 BL
2-MOV-F VALVE 4291230 DISASSEMBLE LIMITORQUE FOR 1NSPECTION UNSTUCK 800509 PG
2-MOV-F MOV 4090918 MOV LEAKS BY REPACKED VALVE. 800509 BL

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED M3 - MINOR DEFICIENCY SL - SEAT tEARAGE
DC - DESIGN CHANGE PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SVITCH
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Table B.I.c. (continued)

MODE /MECMt.NISM(if applicable)
MARK NO. COMPONENT M. R. # PROBLEM DESC MISTORY SUMMARY RTSVDT CLASSIFICATION *

2-MOV-A MOV 312120912 VRONG PLUG IN BOTT0M OF MOV CORRECT PLUG INSTALLED 840107 ND
2-MOV-C MOV 312120910 VRONG PLUG IN BOTTOM OF MOV CORRECT PLUG INSTALLED 840107 MD
2-MUV-E MOV 312120911 VRONG PLUG IN BOTTOM OF MOV CORRECT PLUG INSTALLED 840: MD

1-MOV-B MOV 401271144 LIFT LEAD AS REQUESTED BY OPS VOID 840330 YOID
1-MOV-C MOV 410271145 LIFT LEAD AS REQUESTED BY OPERATORS VOID 840130 VOID
1-MOV-D Mov 402251534 LIMIT SWITCH DOES NOT MAKEUP CYCLED VALVE 640309 SWITCM
2-MOV-8 VALVE 403140646 DISCONNECT AND RECONNECT VALVE ADJUSTED LIMITS RECONNECTED LOAD 840326 PMS
2-MOV-D VALVE 403131424 ELECTRICAL DISCONNECT / RECONNECT VALVE RECONNECTED LOAD CHECK BRIDGE & MEGGER 840330 PMS
2-MOV- F VALVE 403140648 DISCONNECT AND RECONNECT VALVE RECONNECTED LOAD, CMCCKED BRIDGE & MEG 840330 PMS
1-Mov-C VALVE 403290922 OPEN, INSPECT. REPA!R VOID - VERIFIED NO LEAK BY 840404 VOID
1-MOV-E VALVE 403290924 OPEN, INSPECT. AND REPAIR VOID - VERIFIED NO LEAK BY 840404 VOID
2-MOV-A VALVE 40314072S SUSPECT VALVE LEAKING AT SEAT DISASSEMBLED VALVE CRA.KED 840406 SL
2-MOV-A VALVE 403140645 OISCONNECT AND RECONNECT VALVE DISCONNECTED AND RECONr CTED AS 840a06 PMS
2-MOV-A MOV 403311426 BODY TO BONNET LEAK TOR 00ED BOLTS 840406 BL
2-MOV-B AGASTAT 404010900 CLEAN AGASTAT CLEANED AGASTAT AND OPD 1TED 840406 PMS
2-MOV-B VALVE 403140729 $USPECT 1ALVE LEAKING BY SEAT DISASSEMBLED VALVE CRACK D B40406 SL
2-MOV-B VALVE 403310711 OPEN, INSPECT, REPAIR , DISSAMBLED VALVE TACK VClDED PLUG '840406 MD
2-MOV-B VALVE 403310712 DISCONNECT / RECONNECT FOR MAINTENANCE DISCONNECTED AND RECONNEsTED MOTOR 840406 PMS
2-MOV-C VALVE 403131423 ELECTRICAL DISCONNECT / RECONNECT VALVE DISCONNECTED AFD RECONNEC'ED AS 840406 PWS

? 2-MOV-C ; VALVE 308061207 REPAIR VALVE DISASSEMBLED VALVE CRACKE) 840406 SL
N 2-MOV-D VALVE 403310710 OPEN, INSPECT. AND REPAIR CLEANEO FOR TACKING TACF wELS PLUG 840406 MD ;* '

-2-MOV-D VALVE 403300845 DISCONNECT AND RECONNECT VALVE DISCONNECTED /RECONNECTEC MOTOR 840406 PMS
2-MOV-D- VALVE 308061209 REPAIR VALVE DISASSEMBLED VALVE CRACKED 840406 SL
2-MOV-E AGASTAT 404011400 CLEAN AGASTAT CLEANED AGASTAT AND OPERATED SAT 840406 PMS
2-MOV-E VALVE 403140647 DISCONNECT AND RECONNECT VALVE DISCONNECTED AND RECOMECTED AND - 840406 PMS
2-MOV-E VALVE 403140730 SUSPECT VALVE LEAKING BT SEAT DISASSEMBLED YALVE C?ACKED 840406 SL
2-MOV-F VALVE 403140731 SUSPECT VALVE LEAKING SY SEAT DISASSEMBLED VALVE CRACKED 840406 SL
2-MOV-F VALVE 403300847 DISCONNECT AND RECONNECT MOV DISCONNECTED AND RECONNECTED 840406 PMS

t

| 1-MOV-E VALVE 403290930 ELECTRICAL DISCONNECT AND RECONNECT YOID - NOT TO BE WORKED 840410, VOID

! 2-MOV-F VALVE 401131605 VALVE OPENS AGASTAT STICKING 840412 PG
1-MOV-F VALVE 403290931 ELECTRICAL DISCONNECT AND RECONNECT DISCONNECTED AND RECONNECTED 84v417 PMS
1-MOV-F WALVE 404142132 REPAIR PACKING LEAK VOID - COMPLETED ON MR 1404142131 840417 VOID
1-MOV-F VALVE- 404142131 REPAIR BODY TO BONNET LEAK TORQUED BODY TO RONNET 840417 BL
1-MOV-B VALVE 403290927 ELECTRICAL DISCONNECT AND RECONNECT VOID - NO VORK NEEDS TO BE PERFORMED 840419' VOID

* PMS - PREVENTIVE MA!NTENANCE BL - BOUNDARY LEAK VO!D - VOIDED MD - MINOR DEFICIENCY SL - SEAT LEAKAGE
DC - DESIGN CHANGE PG - PLUGGIN'i FAILURE SWITCH - NON-FUNCTIONAL FA! LURE OF LIMIT SWITCH

!

l

|

.
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Table B.I.c. (continued)

MODE / MECHANISM (if applicet'le)
MARK NO. COMPONENT M R. f PROBLEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

2-MOV-C MOV 02945 REPLACE OVERLOADS W/ SIZE 10 24 INSTALL OVERLOADS. VALVE CYCLED SAT BY OPS 840918 DC
OVERLOAD HEATERS -2- 0735038

2-MOV-D MOV 0294R REPLACE OVERLOADS W/ SIZE 10 24 REPLACED DVERLOADS. VALVE CYCLED SAT BY OPS 840918 DC
,

DVERLOAD HEPTERS -2- 0735038
2-MOV-E MOV 02947 REPLACE OVERLCADS W/ SIZE ID 24 REPLACED OVtRLOADS. VALVE CYCLED SAT BY OPS 840918 DC

i.
OVERLOAD HEATERS -2- 0735038 '

2-MOV-F MOV 02948 REPLACE OVERLOADS V/ SIZE 10 24 REPLACED OVERLOADS. VALVE CYCLED SAT BY OPS 840918 DC
OVERLOAD HEATERS -2- 0735038

1-MOV-B MOV 1876 INSPECT VALVE OPENED VALVE. INSPECTED INTERNALS, CLEANED PLUG 841203 PMS
AKO SEAT, BLUED TO 100% CONTACT. REIMSTALLED BODY
TO BONNET. *

1-MOV-B MOV 4484 DISCONNECT / RECONNECT MOV FOR DISCONNECTED MOV 10/24/84 VALVE RECONNECTED 841203 PMS
MECH 10/26/84 BUT HAVE NOT CYCLED. CYCLED

.

MOV-MOV-8 .. OK.
1-MOV-D MOV E491- REPAIR LINEAR INDICATION GROUND INDICATION OUT OF B00Y OF VALVE. MINIMUM 841203 MD

WALL THICKNESS WAS NOT VIOLATED BY GRINDING. NDE .L
PART AND REPORT SATISFACTORY.

'l-MOV-D MOV 1877 INSPECT VALVE DISASSEMBLED VALVE. AND INSPECTED INTERNALS LAP 841203 PMS
SEAT AND PLUG AS WECESSARY.'? 1-MOV-D MOV 4483 DISCONNECT / RECONNECT MOV DISCONNECTED. COVER HAS 3 BOLTS MISSING 841203 PMS$ 1-MOV-D (10/24/84). RI'ONNECTED MOV-CH 11/24/84 CYCLED

,

'

MOV-MOV-D . SATISFACTORY.
1-MOV-F MOV 1878 INSPECT VALVE DISASSEMBLED BODY TO BONNET. INSPECTED INTERNALS. 841203 PM5

,

CLEANED PLUG AND SEAT. BLUED TO 100%. CONTACT *

1-MOV-F MOV 4485 DISCONNECT / RECONNECT MOV DISCONNECTED 1D/24/84. VALVE RECONNECTED 841203 PMS
1-MOV-F 10/26/84, BUT MAVE NOT CYCLED. CYCLED MOV-MOV-F '

,

OK.
;1-MOV-F MOV 10301- PACKING LEAK 1-MOV-F EVENED OUT ANU ADJUSTED PACKING GLAND. 4 FLATS ON 841207 BL

GLAND NUTS. CYCLED VALVE TO ENSURE FREE MOVEMEUT. t
1-MOV-A MOV 7118 1-MOV-A PMS CYCLE VALVE. CHECK LIGHTS INDICATION. AND AMPS. 841213 PMS !

1-MOV-B MOV 7119 1-MOV-B PMS PERFORWED PMS SATISFACTORY (11/30/84). 841213 PMS
1-MOV-D MOV 7121 1-MOV-D PMS PERFORMED PMS ON MOV-MOV-D (11/30/84). 841213 FMS
1-MOV-F MOV 7123 1-MOV-F PMS REMOVED MEGGERED MOTOR AND TOOr LOAD CHECK WHEN 841213 PPS

CYCLING VALVE. 11/30/84.
,

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK WOID - YOIDED MD - MINOR DEFICIENCY SL - SEAT LEAKAGE
DC - DESIGN CHANGE PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SWITCH

__ _ ,
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Table 8.1.c. (continued)

MODE / MECHANISM (1F applicable)

' MARK NO. COMPONENT M. R. f PROBLEM DESC HISTORY SUMMARY RTSVDT CLASSIFICATION *

1-MOV-C . MOV 7120- 1-MOV-C PMS PERFORMED PMS SATISFACTORY (11/30/64). 841214 PMS
1-MOV-E MOV 7122 1-Mov-E PMS PERFORMED PMS, SATISFACTORY 11/30/84. 841214 PMS
2-MOV-F MOV '20986 REPA!R VLV 2-MOV-F - VOID SELECTED AS REPETITIVE MAINT RMf02430 40204 VOID
1-MOV-F .MOV. 13893 1-MOV-F BREAKER TRIPPED ' BRIDGED AND MEGGERED SATISFACTORY. CYCLED SEVERAL 850213 PG
2-MOV-F MOV 31197 2-MOV-F INSTALL T DRAIN INSTALLED -T- DRAIN PLUG IN 2-MOV-F 850228 DC
2-MOV-8 MOV 11243 2-MOV-8 AGASTAT TIMER REPLACED AGASTAT TIMER, TESTED Saf. 850523 DC
2-MOV-A MOV 11246 2-MOV-A AGASTAT TIMER REPLACED AGASTAT TIMER COMMECTED L1-62 COIL LEADS 850531 DC
2-MOV-E MOV 11244 2-MOV-E AGASTAT TIMER REPLACED AGASTAT TIMER. L1-L2 COIL' LEADS ONE 850531 DC-

C F CTED. COMPLETED WD AGASTAT OK 5/31/85
2-MOV-D MOV 11245 2-MOV-D AGASTAT TIMER iMED AGASTAT. TESTED SAT. 850523 DC
2-MOV-F MOV 13826 2-MOV-F AEPLACE AGASTAT REPLACED AGASTAT 4485 CYCLED SAT 6/1/85 '850601 DC

AGASTAT 4605291

-|,2-MOV-8 MOV 18180 2-MOV-8 DISCONN/RECONM DISCONNECTED MOV AS PER EMP-C-MOV-11. RECONNECTED 850605 PMS
MOTOR AMO LIMITS ADJUSTED AS PER PROCEDURE
EMP-C-f- 11 UNABLE TO CHECK ROTATION OF MOTOR
TASS MISSING 5/23/85

2-MOV-D MOV 18179 2-MOV-D DISCONN/RECONN DISCONNECTED MOV AS PER EMP-C-MOV-11 4/8/85. 850605 DC
RECONNECTED. COMPLETED STEPS 3.1-523 REQUIRE ELEC
RUN AND LDAD CHECK. COMPLETED SAT

E 2-MOV-F MOV 19178 2-MOV-F DISCONN/RECONN DISCONNECTED MOV AS PER EMP-C-MOV-1 1 RECONNECTED 850605 PMS

M MOV CABLE MARKINGS POOR. VALVE CYCLED SAT
'

GASKET COVER 4606098

12-MOV-E MOV 20331 VALVE LEAKS THRU VOID NOT LEAKING o/12/85 850612. WOID
2-MOV-C MOV 13787 '2-MOV-8 REPLACE AGASTAT REPLACED AGASTAT TIMER CONNECTED 61-6. Coll' LEADS 850613 DC

5/25/85 COMPLETED.. MR AGASTAT 8<
12-MOV-A L MOY 20326 VALVE LEAKS THRU VOID NOT LEAKING 6/17/85 850617 VOID
2-MOV-A -MOV 20830 INSPECT AS REQUIRED INSPECT FOR MISSING ZERK FITTINGS NONE MISSING 850617. PMS
2-MOV-8 MOV 20436 2-MOV-8 SWITCH COVER INSTALLED SVITCH COVER SCREW- 850617 MD

'2-MOV-F- MOV 20327 VALVE LEAKS THRU .VOIS NOT LEAKING 850617 VOID
2-MOV-8 MOV - 20831 INSPECT INSPECT FOR MIS $1NG ZERK FITTINGS. MONE MIS $1NG W S18 PMS -
2-MOV-C MOV - 20832 INSPECTe . INSPECT FOR MISSING ZERK FITTINGS. NOME MIS $1NG tc 2618 PwS
2-MOV-D MOV : 20833 INSPECT INSPECT FOR MISSING ZERK FITTING. NONE MISSING ~850618 PMS
2-MOV-E MOV 20834 INSPECT ~ INSPECT EDR MISSING ZERK FITTING. NONE MISSING 850618 PMS
2-MOV-F^ MOV . 20835 INSPECT INSPECT FOR MIS $1NG ZERK FITTI M . NONE v41SSING 850618 PMS

* PMS - PREVENTIVE MAINTENANCE-- BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY 'SL - SEAT LEAKAGE
'

OC - DESIGN CHANGE PG PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SWITCH t

1

,._..i-- - - - - ' ^ -
' ~~ '
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Table B.I.c. (continued)

MODE / MECHANISM (if applicable)

MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY SUMMART RTSVDT CLASSIFICATION *

2-MOV-B MOV 02140 EXCESSIVE STROKE TIME DISASSEMBLE VALVE AND INSPECT PARTS 850620 PG
2-MOV-C MOV 20360 INSTALL GREASE FITTING INSTALL GREASE FITTING #2295725 850620 DC

2-MOV-D ~ MOV 02382 INVESTIGATE STROKE TIME DISASSEMBLED VALVE CLEAN AND INSPECTED INTERNALS 850620 PG
REASSEMBLED VALVE WITH NEV BO UET GASKET. STEM,

PLUG AND ROTATE REPACKED VALVE

2-MOV-E MOV 02141 OVERHAUL VALVE REPACKED VALVE WITH GARLOCK 98 850620 PMS

2-MOV-E MC ' 20359 '.NSTALL GREASE FITTING INSTALL GREASE FITTING #2295726 850620 DC

2-MOV-F ML7 02333 INVESTIGATE STROKE TIME DISASSEMBLED VALVE REPLACED STEM,. DISC TOR 00E KEY. 850620 PG

GASKET DISC WASHER-100 PERCENT BLUE CHECK
REASSEMBLED VALVE

2-MOV-E MOV 20984 2-M0V-E ASSIST MECH ADJUSTED TORQUE SWITCH SETT!stG TO 2 850624 PMS

2-MOV-F MOV 20935 2-MOV-F ASSIST MECHS VALVE CYCLED SAT AS PER OPERATIONS / NO ADJUSTMENTS 850624 PMS
NECESSARY

2 ";DV-A MOV 20983 2-MOV-A ASSIST MECH VALVE CYCLED SAT AS PER OPERATIONS / NO 85062f PMSc
ADJUSTMENTS VERE NECESSARY |

2-MOV-E MOV 18177 2-MOV-E DISCON/RECONN VOID COMPLETED ON WO 020934 850627 VOID
2-MOV-A MOV 13646 STROKE TIME EXCEEDS AVG PT18.6 VOID VALVE CYCLED SAT 6/20/85 NO WORK PERFORMED 850528 PMS
1-MOV-A MOV 2275 REPLACE AGASTAT VO!D TO MR 1405251145. 850711 VOID ,

!

1-MOV-B MOV- 2276 REPLACE AGASTAT VOID TO 1405251146.- 850711 VOID

Y 1-MOV-C MOV 2277 REPLACE AGASTAT VOID TO MR 1405251147. 850711 ' VOID

$ 1-MOV-D MOV 2278 REPLACE AGASTAT VOID TO MR 1405251148. 850711 VOID
1-MOV-E MOV 2279 REPLACE AGASTAT VOID TO MA 1405251149. 850711 VOID

1-MOV-F MOV 2280 REPLACE AGASTAT VOID TO MR 1405251150, 850711 VOID
1-MOV-D MOV 22962 1-MOV-D INVESTIGATE TRIP WORKED WITH OPERATORS AND CYCLED VALVE: 850814 PG

SATISFACTORY,NO PROBLEMS FOUND (OPEN 2.5 AMPS,

CLOSED 2.5 AMPS).
2-MOV-B MOV 4203S 2-MOV-B PERFORM EVR WORK INSTALLED NEW NEATERS AND CHANGED FIELD LEADS AS 851012 DC

PER PROCEDURE 10/10/86. SET UP THRUST VALVES AS
PER EWR

2-MOV-A MOV 20540 2-MOV-A WONT XFER CONTR REPLACED Coll ON LATCHING RELAY OLD COIL BURNT UP 851029 PG

2-MOV-A MOV 25950 2-MOV-A INSTAtt T-DRAIN REPLACED OLD PLUGS WITH 2 BREATHER PLUGS IN MTR. 851101 DC

2-MOV-B MOV 25949 2-MOV-B INSTALL T-DRAIN REPLACED OLD PLUGS WITH 2 BREATHER PLUGS IN MTR 851101 DC

2-MOV-C MOV 25948 2-MOV-B INSTALL T-DRAIN REPLACE OLD PLUGS WITH 2 BREATHER LUGS IN MTR. 851101 DC

2-M0Y-E MOV 25946 2-MOV-E INSTALL T-DRAIN REPLACED OLO PL'JGS WITH 2 BREATHER LUGS IN MTR. 851101 DC

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - YOIDEU MD - MINOR DEFICIENCY SL - SEAT LEAKAGE

DC - DESIGN CHANGE PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SWITCH
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Table B.I.c. (continued)

MODE / MECHANISM (if applicable!

MARK NO. COMPONENT M R. t PROBLEM DESC HISTORY SLHMARY RTSVDT CLASSIFICATION *- |

2-MOV-D ~ MOV 25947 2-MOV-D ]NSTALL T-DRAIN REPLACED CLD PLUGS WITH -2- BREATHE 9 PLUGS IN MTR 851104 DC

2-MOV-F- MOV 25945 2-MOV-F INSTALL T-DRAIN REPLACED OLD PLUGS WITH 2 BREATHER PLUG IN MTR 851104 DC .l
2-MOV-D MOV 3S412 -L-ACTUATOR INSPECT!ON/ REPAIR BAD GREASE / WRONG GREASE INSTALLED 851128 PMS |

'

REMOVED DISASSEMBLED CLEANED. REASSEMBLED AND
INSTALLEDJ CHANGED CUT TRIGGER FINGER.
PARTS -7/16- 9/16- 15/16- 1 1/16-

2-MOV-E MOV 35413 -L-ACTUATOR INSPECT!DN/ REPAIR BAD GREASE / WRONG KIND 851128 PMS
RMO. DISASSEMBLED. CLEANED REPLACED
AND LUBRICATED ACTUATOR. PLACED TRIGGER FINGER
SPRING. PARTS- EXXON NEBULA EP-0

1-MOV-F M0V 2963 INVESTIGATE STROKE TIME VOID - NOT REQUIRED AS PER ATTACHED MEMO. 851213 YO10

1-MOV-D MOV 29685 INVESTIGATE /REPA!R MOV RESET THERMO OVERLOADS. TURNED BREAKER CN AND 860128 PG
VALVE AUTOMATICALLY WENT OPEN DRAWING 2.7 AMPS.
DREW 2.7 ALL THE WAY CLOSED. THEN DREW 11.3 AMPS.
WE THINK THE TORQUE SWITCH !$ BR0rEN.

1-MOV-D MOV 2992D E-INVESTIGATE / REPAIR AS AS FOUND - DISASSEMBLED LIMITOROUE. FOUND NO 860131 PG

REQUIRED INTERNAL DAMAGE OF COMPONENTS. GREASE WAS VERY
HARD. CLEANED ALL PARTS AND HOUSING, CHANGED OUT

GREASE WITH EP-0. AND REASSEMBLED.

Y 1-MOV-D MOV 29937 1-MOV-D DISCONNECTED MOTOR AND LIMIT. SWITCH. 1/28/86. 850204 PMS

g DISCONNECT / RECONNECT REMOVED LIMIT SVITCH AND TORQUE SWITCH. ' ~~)
REMOVED MOTOR FOR MECHANICAL DEPARTICNT,

1/29/86; HOOKED UP AND PERFORMED EMP-C-Mov-11
SATISFACTORILY.

1-MOV-D MOV 35288 PACKING ADJUSTMENT LEAK /PACKINC 860607 BL
T:GHTENED PACKING.

1-MOV-D MOV 30701 INVESTIGATE / REPAIR LEAK INVESTIGATION REVEALED THAT GREASE VLS NOT 860009 VOID
LEAKING. IT WAS JUST RECENTLY CHANGED AND THE
GREASE THAT VAS SEEN VAS JUST EXCESS THAT DIDN'T
GET WIPED OFF. GREASE WIPED OFF.

1-MOV-A MOV 36114 EWR 85-018C. 85-261A 85-2248 BRIDGED AND MEGGERED 100 AMP READING. MOTOR 860610 : 45
PULLED HIEHER AMPS THAN NORMAL.

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY SL - SEAT LEAKAGE

DC - DESIGN CHANGE - PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE GF LIMIT SVITCH

j
. . . . . . . . . . - _ .
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Table B.1.c. (continued) I

t

MODE / MECHANISM (if applicable) i
MARK NO. COMPONENT M. R. # PROBLEM DESC HISTORY SUMMARY RTSVDT CLAS$1FICATION* ;

1-MOV-A MOV 35258 ACTUATOR INSTALLATION GREASE / NORMAL WEAR 860611 PMS
DISASSEMBLED. CLEANED, INSPECTED ACTUATOR.

REPLACED BAD GASKETS. AND SEAL 0-RINGS.
REINSTALLED AND LUBRICATED ACTUATOR. T00L5 1-1/16
COMBINED. 18-

1-MOV-D MOV 35255 ACTUATOR INSPECTION BAD LUBRICANT / WRONG LUBRICANT 860611 PMS
REMOVED ACTUATOD. DISASSEMBLED. CLEANED,

INSPECTED REPLACED GASKETS. AND LUBRICATED AND
REINSTALLED.

1-MOV-E MOV 35254 ACTUATOR ]NSPECTION GREASE / NORMAL WEAR 860611 PMS ,

DISASSEMBLED. CLEANED INSPECTED ACTUATOR. !

REPLACED CAD GASKETS, 0-RINGS. QUAD-RINGS. AND
REINSTALLED AND LUBRICATED ACTUATOR.

1-MOV-F MOV 36992 1-MOV-F STATIC TEST HIGH AMP READINE. 6/17/86. ASSISTEC MOVATS IN 860624 PMS
TESTING OF VALVE. VALVE OPERATED SATISFACTORY,

6/17/86. THRUST SETTINGS 15160. OPENED 15838. t

1-MOV-8 MOV 37045 uov-B EWR 86-224. 85-224C COMPLETED EVR BS-224-PI. FINAL THRUST VALVES NO. 860701 PMS
16160 OPEN. NO. 16020 CLOSE.

1-MOV-8 MOV 36362 MOV-B EWR 85-2248.261A.018C RESET TORQUE SVITCH 5/31/86. PERFORMED EWR 86'
[ 85-2248. 85-01. AND 85-261 A.

_ PMS

d 1-MOV-F MOV 37040 MOV-F EWR 86-224. 85-224C COMPLETED EVR 86-224-Pl. VALVE OPERATED 860702 PMS
SATISFACTORY. 6/20/86.

1-MOV-D MOV 36367 MOV-D EWR. 85-2248, 261 MADE ADJUSTMENTS 0N TORQUE SWITCH OLD SETTING. 860705 PMS
018C 2-1/4 OPEN: 2-1/4 CLOSE. CHDIGE TO 2-3/8 OPEN;

2-3/8 CLOSE. PERFORMED EWR 85-2248.85-C68C. AND
1-MOV-D MOV 37043 MOV-D EWR 95-224. 85-224C COMPLETED EVR 86-224-PI. COMPLETED EMP-COMOV-151, 860705 PMS

COMPLETED EMP-C-MOV-18. RETAGGED MOV-MOV-D . TAG
REPORT No. SI-8318

1-MOV-E MOV 36115 EWRS 85-018C. 85-261A E3-2248 BRIDGED AND MEGGERED. AND TOOK LOAD CHECK. 860705 PMS
1-MOV-E HOV 37042 MOV-E EVR 86-224, 85-224C COMPLETED EWR-86-224-Pl. 6/16/86. ASSISTED M0'v ATS 860705 PMS "

!N TESTING OF VALVE. COMPLE1ED EMP-C-MOV-151.
VALVE OPERATED SATidfACTORY.

* PMS - PREVENTIVE MAINTENANCE BL - BOUNDARY LEAK VOID - VOIDED MD - MINOR DEFICIENCY SL - SEAT LEAKAGE
~

DC - DESIGN CHANGE PG - PLUGGING FAILURE SWITCH - NON-FUNCTIONAL FAILURE OF LIMIT SWITCH

>
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Table B.1.J. { continued)

P/AK NO. COMPONE4T M. R. # PROSLEM DESC HISTORf SUMMARY RT5vDT CLAS5IFICATION*

FW-FT-100A PIPING 210130841 FLA4GE LEAK VOID - TO BE DCME Cm PW 1312081531 831216 MID
1-FV-FE-1004 ELEMENT 312081531 FURMANITE STEAM LEAK SEAL WELDED PIPE'PLtas 831230 m3
i-FV-153 BRACKET 403081501 TUBING TRAf BROKEN OFF REWELD SL7 PORT 840313 m3
2-FW-89 PIPE 403171E38 REMOVE RESTRAINT AS NECESSARY RD CrID AND REPLACED RESTRAINT 840411 PMS

1-FV-FE-101 A ' ELEMENT 404131324 BLA K CAVITATING VENTURI BLANC VENT'Ji! FOR HYDRO 840427 FM5
2-FV-PP-151 PIPE 406211048 REMOVE FURMANITE BOX. REFAIR VOID - TO BE CDMPLETED Cs WO 002510 840816 VOID

-

* PM5 - PREVENTIVE PAINTENANCE YOID - OIDED PD - MINOR DEFICIENCY DC - CESIGN CHANGE
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Table B.2

Maintenance Records Broadly Classified as Failures
for the Auxiliary Feedwater System
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TeFle B.2.c. (continued)

M00C/MECMAN!5"(if app 16 cable}
MARK NO. COMPONENT M.R.# PROBLEM DESC HISTORY SL* MARY RTSVDT CLASSIFIt.AIICN*

2-MOV-D MOV 02382 INVESTIGATE STROKE TIME DISASSEM8 LED VALVE CLEAN AND INSFECTED INTERNALS 850620 PG
REASSEMBLED WALVE WITH NEW Boh4ET GASKET. STEM.
PLUG AND ROTATE REPACKED VALVE

2-MOV-F MOV 02333 INVESTIGATE STROFI TIME DISASSEMetED VALVE AEPLACED STEM. DISC TOROUE KEY. 850620 PG
GASKET DISC WASHER-100 PERCENT BLUE CHECK
REASSEMBLED VALVE

I-MOV-D MOV 22962 I-MOV-D INVESTIGATE TRIP WORKED WITM OPERATORS AND CYCLED VALVE; 850814 PG
SATISFACTORY.hc PROBLEMS FOUhD (GrEN 2.5 AMPS,

CLOSED 2.5 A"PS).
2-MOV-A MOV 20540 2-MOV-A WONT XFER CONTR REPLACED CC:L ON LATCH!kG RELAY 01.0 CDIL BUR 4T UP 851024 PG
I-MOV-D MOV 29885 INVESTIGATE / REPAIR MOV RESET THER*3 OVERLOADS. TURNED BREAKER CM AND 660128 PG

VALVE AUTCMATICALLY WENT CPEN DRAWING 2.7 AP*S.
DREW 2.7 ALL THE WAY CLOSED. THEN DREV II.3 A"PS.
VE THINK THE TORQUE SVITCH IS BROKEN. ;

I-MOV-D MOV 29920 E-INVESTIGATE / REPAIR AS AS FOUND - DISASSEMBLED LIMITORQUE. FOU43 k0 860131 PG |

REQUIRED INTERNAL DAMAGE Or C0"PONENTS. GREASE WAS DERY
HARD. CLEANED ALL PARTS AND HOUSING. CHANGED CUT
GREASE WITH EP-0...AND REASSEMBLED.

2-MOV-D MOV 37688 2-MOV-D WILL NOT OPEN FAILURE / VALVE WOULD NOT OPER. 860715 PG
W AUX. CONTACTS STUCK. CHECKED AND FOUND AUX.

h CONTACTS WERE STUCK OPERATED AND CHECKED SAT.

I-MOV-D MOV 45967 INVESTIGATE / REPAIR AS HEEDED ASSISTED OPERATORS IN OPENING VALVE FULLY FROM 861123 PG
MCC. VALVE WENT FULL OPEN. FULL CLOSE VITH PROPER
INDICATION. WORK PERFOR*ED ON WO 047506. I/8/87.

I-MOV-E MOV 49801 INVESTIGATE MALFLNCTION VALVE WOULEN*T OPEN/ AUXILIARY OPEN 870219 PG
INTERLOCK STUCK CM OPENING CIRCUIT. REPLACED
CONTACTOR 2/18/87. CHECKED SATISFACTORY.
TIMES. FLA 2.4 ACTUAL. TI 2.4. 72 2.4. AND T3 2.4
OKAY.

2-MOV-C MOV 46218 REPAIR VALVE S'1 TING PACK DISASSEMSLED 12/30/86. S/N 347490. 870225 PS
INSTALLED SPRING PACK CNLY. LEFT WITH MOVAT.
WORK VAS PERf0D=ED BY MOVAT.

* PG - PLUGGING FAILURE

. . .
... .

.

.
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Table 8.2 e . MAINTENANCE RECORDS BROADLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM 3-INCH CHEC8: VALVES |
:

1
'

MODE / MECHANISM (if applicable)

MARK NO. COMPONENT H. R. # PROBLEM DESC HISTORY SUMw.ARY RTSVDT CLAS$1FICATION*

1-CV-J VALVE 4102000 INSPECT VALVE REPAlRED VALVE 8D0415 LK

1-CV-H VALVE 4150916 INSPECT INTERNALS AND RCPAIR REPAIRED VALVE 800417 LK

1-CV-1 ' VALVE 4150915 INSPECT INTERNALS AND REPAIR INSPECTED AND $ -" .AJ VALVE 800424 LK . ;
'

1-CV-1 VALVE 109210813 DVERHAUL VALVE COMPLETED AS A8 - 810930 LK

1-CV-H VALVE 109210811 DVERHAUL VA1VE ,0MPLETED At E .. 810930 LK#

1-CV-J VALVE 109210815 OVERHAUL VA A COMPLETED AS ABGVL 810930 LK

2-CV-H VALVE 110290942 REPLACE VALVE REPLACED FV CHECK VALVE 2-CV-H 811205 LK :

2-CV-1 VALVE 110290938 REPLACE VALVE REPLACED CHECK VALVE 811205 LK I

Z-CV-J VA VE 1102900 1 REPLACE VALVE REPLACED CHECK VALVE 2-CV-J 811215 LK
2-CV-H VALVE 312071039 CHECK VALVE LEAKS THROUGH LAPPED VALVE DISH TO SEAT 831214 LK '

2-CV-I VALVE 31207 M O CHECK VALVE LEAKS THRDUGH CUT DUT SEAL VELD 831221 LK |

2-CV-J VALVE 3120717 1 CHECK VALVE LEAKS THROUGH LAPPED SEATS E11221 LK ;

1-CV-H VALVE -312150902 LEAKS THRDUGH CLEANED VALVE & LAP SET 840107 LK
2-CV-J VALVE 403131437 OPEN & INSPECT VALVE CUT 00T VALVE, SHIP TO CRANE FOR REPAIR 840406 LK ;

2-CV-1 VALVE 403131441 OPEN AND INSPECT VALVE CUT OUT VALVE.' SHIP 70 CRANE FOR REPAIR 840406 LK
2-CV-H VALVE 401031301 REPAIR TO ORIGINAL FURMANITED SHIPPED VALVE TO CRANE FOR REPAIRS 840406 LK
1-CV-H VALVE 404080900 CHECK VALVE LEAKS THROUGH OVERHAULED CHECK VALVE 840509 LK ,

1-CV-! VALVE 2385 CVERHAUL VALVE DISASSEMBLED VALVE AND INSPECTED INTERNALS. LAP 841210 LK |
!

- SEAT AND DISC GOT 100% BLUEING. REMOVED 2-PIN

}|
RETAIN!G PLUGS. srSTALLED PIN, RETAINING PLUGSu
AND VELDED.

* LK - UNDETECTED LEAKAGE FAILURE

t
t

.

E

i
1

1

4
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Table B.2.f. MAINTENANCE RECORDS BROADLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEECWATER SYSTEM -INCH CHECK VALVES

MODE / MECHANISM (if applicable)
- MARK NO. COMPONENT M. R. # PR0rLEM DESC HISTORY SUMMARY RTSVOT CLASSIFICATION * !

' !
1-CV-C VALVE 304291402 LEAKS BACK.THROUGH REPAIR VALVE 830504 LK/00
1-CV-8 VALVE 304291400 LEAKS BACK THROUGH REBUILT VALVE 830525 -iK/00 ;2-CV-C VALVE 305040509- CHECK VALVE LAPPED SEAT REPLACED NUTS 830925 LK/00
2-CV-C VALVE 311181137 CHECK VALVE LEAKS BY PERFORMED CLEANilNESS INSPECTION 831119 LK/00
2-CV-C VALVE 311201310 2-CV-C IS LEAKING BY IhSPECTED VALVE INTERNALS 831120 LK/00
2-CV-C VALVE 401270925 RESEAT VALVE LAPPED SEAT AND O!SC 640128' LK/00 i

,

2-CV-C VALVE- 403070933 LEAKS THROUGH RESEAT VALVE CHECKE0 2-CV-C 840313 LK/00 '

2-CV-C VALVE 01799 OVERHAUL VLV. DISASSEMBLE VALVE LAPPED SEAT AND DISC. HAVE 641218 LK/00'
r100% BLUEING. '

,

i
*

LK - UNDETECTED LEAKAGE FAILIME . 00 - BACKFLOW FAILURE '

i
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Table B.3

Maintenance Records Broadly Classified
as Failures for the Auxiliary Feedwater System,

Rewritten Formatt

,

,

i

B--69 NUREG/CR-5378
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Table B.3.a. (continued)

MARK NO. COMPCNENT M. R. # PROBLEM / REPAIR SUMMARY RTSVOT CL ASS *

|

|

2-TDP PUMP 109271700 HIGH BEARING VIJRATIONS REQUIRED THE ADJUSTMENT OF THE PUMP TO MOTOR COUPLING. 831013 FR

!

1-TDP PMP GOV 312311328 THE GOVERN 0R WAS FOUND TO BE DAwAGED AN3 THE SEAT WAS REPLACED. 840111 FR

2-TDP SWITCH 402240947 THE DISCHARGC PRESSURE SWITCH WAS NOT AUTouATICALLY TRIPPING THE PUuP. THE SWITCH WAS REPA! RED. 840330 FR

1-TDP PUMP 14061 THE MECMNICAL LINKAGE WAS FOUhD TO BE BROKEN AND WAS REPAIRED. 850214 FR

2-TDP PUMP 23379 PUuP WAS SAID TO SE INDPERABLE. OUTBOARD THRUST SHOE WAS FOUND WIPED IT WAS REPLACED. 850EIf FR

1-TDP ? UMP 27017 INSUFFICIENT OIL FLOW RESULTED IN BEARING DA" AGE. THE BEARINGS WEpr ,EPLACED. 860509 FR

l-TDP PUMP 4170 THE BEARINGS WERE DAMAGED AS A RESULT OF A BAD SLINGER. THE SLINGER AND BEARINGS WERE CEPLACED. 860MO FR

1-TDP PL**P 40487 THE GOVERNOR VALVE WOULD NOT OPEN. SPRING VAS REPLACED BUT THIS DID NOT HELP.
660;27 FR

1-IDP PLyP 41325 GOVERN 0R WAS REMOVED AND DVERHA'JLED BECAUSE POOR OPERATION. 860927 FR

(THIS EVENT SHOULO WAS COMBINED WITH RECORD 40487)

d 1-TDP PUMP 40450 ADDITIONAL GOVERNOR WORK COMBINED WITH RECORD 40487. 660930 FR

l-TDP PUMP 40488 ADDITIONAL GOVERNOR WORK COM31tED WITH RECORD 40487. 860930 FR

1

| 1-TDP PUMP 4049*. ADDITIONAL GOVERNOR VDRK COMBIhED WITH RECORD 40487. 860c30 FR

* FR - FAILURE TO RUN FS - FAILURE TO START |

|

,
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Table B.3.b. (continued)

MARK NO. COMPONENT M. R. # RDBLEM/ REPAIR SUMMARY RTSVDT CLASS *

1-MDP-A PUMP 203261300 THE PUMP FAILED BECAUSE THE BREAKER TRIPPED OPEN. BREAKER SHUT SATISFACTORILY AFTER REPAIR. 820330 FS j

i IT WAS ASSUMED THAT THE BREAKER TRIPPED ON PUMP START.

1-MDP-A PUMP 210050528 A FEED WATER LEAK VAS FOUND UPSTREAM OF LUBE OIL COOLER, THE LEAKING 3/4" PIPE WAS REPAIRED. 821014 FR

1-MDP-A BREAKER 306072125 A PHASE A RELAY DROPPED OUT. IT IS ASSUMED THAT THE PUMP TRIPPED SINCE A MEGGER WAS REQUIRED D'JRING 830511 FS
REPAIR.

'

2-MDP-A MOTOR 309211500 THE MOTOR HESTERS REQUIRED FEPLACEMENT, THEY WERE REPLACED. 831006 FS

'
2-MDP-A RELAY 310060105 A RELAY COIL FAILED IN THE START OR POWER CIRCL'IT AND IT IS ASSUMED THAT THE PUP 9 FAILED TO START, 831012 FS

THE RELAY VAS REPLACED. ,

2-MDP-9 PUMP 15531 THE MOTOR HEATER WAS BAD, IT WAS REPLACED. 850712 FS

1-MDP-A PUMP 39854 .THE MOTOR GOT WET, IT WAS DIRED AND CHECKED. 860326 FS

1-MDP-B PUMP 39853 THE MOTOR GOT WET. IT WAS DIRED AND CHECKED. 86C326 FS

2-MDP-A PUMP 51214 LUBE OIL COOLER HAD A VATER TO CIL LEAK, IT WAS CHECKED OUT. 87C331 FR

1-MDP-8 PUMP 49509 THE MOTOR HEATER WAS BAD. IT VI' REPLACED. 870522 FS

2-MDP-B PHHP 52414 LUBE OIL COOL VAS LEAKING, IT VAS REPLACED. 870807 FR

* FR - FAILURE TO RUN FS - FAILURE TO START ;

,
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Table B.3.c. MAINTENANCE RECORDS BROADLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM 3-IhCH MOTOR OPERATED VALVES, REWRITTEN FORMAT

MARK NO. COMPCNENT M.R.# PROBLEM / REPAIR SUtHARY RTSVOT CLAS$*

2-MOV-D MOV 804061950 THE VALVE WOULD NOT STAY CLOSED, A SWITCH WAS ADJUSTED. 780407 PG ;

1-MOV-F MOV 806022200 THE TORQUE SWITCH VAS FOUND TD BE BAD, IT WAS REPLACED. 780505 PG

1-MOV-B MOV 806302330 THE SUPPLY BREAKER TRIPPED OPEN AND COULD MT BE RESET THE BREAKER WAS REPAIRED. 780706 PG (
i2-MOV-A ' MOV 810110135 THE VALVE DID NOT OPEN AUTOMATICALLY, THE CONTROL CIRCUIT WAS REPA! RED. 781015 PG '

!1-MOV-E MOV 1061910 THE MOTOR HOUSING FOR THE VALVE SHATTERED AND HAD TO BE REPLACED, IT WAS REPLACED WITH 251E "0 TOR. 800107 PG !

1-MOV-E MOV
1061825- POWER WAS DISCONNECTED AND RECONNECTED TO FACIL. TATE MOTOR REPLACEMENT. C0" SINE WITH 1061910.800219 PG

2-MOV-E HOV 1062046 THE MOTDR (AND MAYBE'THE VALVE?) VAS REMOVED FOR USE ON UNIT 1. C0" SINE VITH 1061910. 800323 PG [
2-MOV-F VALVE 4291230 THE MOTOR WAS DISASSEMBLED FOR INSPECTION AND FOUND TO BE STUCK. IT WAS REPAIRED. 800503 PG

,

2-MOV-D ~ VALVE
4211429 THE VALVE CONTROL CIRCUIT DID NDT OPERATE CORRECTLY AS THE VALVE WAS OPEN WHEN IT SHOULD HAVE BEENB00513 PGSHUT, THE CCNTROL CIRCUIT WAS REPAIRED.

i

2-MOV-D MOV
$281601 THE SUPPLY BREAKER TRIPPED OPEN APPARENTLY ON OVERLGAD. A (TORQUE?) SWITCH WAS ADJUSTED TO FIX THE MOV. 800602 PG

2 2-MOV-B MOV 8230940 A BROKEN VIRE WAS FOUND IN THE TORQUE SWITCH CIRCUIT. THE VIRE WAS REPAIRED. 80082'i ' PG

2-MOV-B MOV
11011730 THE MOV WOULD t0T OPERATE AND BAD LEADS VERE FOUND. THE LEADS VERE REPAIRED.

i
801104 Pu ,

!1-MOV-F MOV
906180842- ' THE VALVE WAS LEAKING THROUGH DUE TO IMPROPER WlRING. THE CIRCUIT WAS REWIRED. 610325 PG

!1-MOV-E MOV
'106100420' THE CONTROL CIRCUIT WAS CHECKED FOR A SUSPECTED GROUND. THE RESULTS ARE NOT INCLUDED IN THE SUMMARY.810611 PG

1-MOV-A' MOW 103110840 THE VALVE WAS FOUND TO BE STIFF IN ITS OPERATION, IT WAS REPAIRED SOMEHOW. 810618 PG [

1-MOV-F MOV - 110011750 THE MOV INDICATED CLOSED LOCALLY, THE VALVE VAS FOUND NOT TO OPERATE SATISFACTORILY.
,

811001 FG
!2-MOV-C VALVE' 111121519' THE BEVEL GEAR IN THE OPERATOR WAS WORN AND HAD TO BE REPLACED.

{
811207 PG

* PG - PLUGGING FAILURE

i

!

I
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Table B.3.c. (continued)

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SUMMARY RTSVDT CLASS *
,

i

1-MOV-F MOV 208140700 THE OPERATOR WAS REPLACED. 220614 PG

l-MOV-F MOV 208120135 THE VALVE VOULD WT OPERATE AND CAUSED THE BREAKER TO TRIP DN THERMAL OVERLOAD. 820814 PG
COMBINE WITH RECORD 208140700.

1-MOV-F MOV 210130602 THE VALVE WOULD NOT FULLY CLOSE. COMSINE WITH RECORD 210140101. 821014 PG

1-MOV-F MOV 213I40101 THE VALVE WOULD NOT CLOSE, THE SEAT RING VAS MACHINED TO ALLOW CLOSURE. 821018 PG

2-MOV-80F CONTROL 212172011 ALL THREE VALVES OPERATED If? CORRECTLY UPON RECEIVING A LO-LO S/G LEVEL SINGLE. THE SUPPLY BREAKERS 821218 PG
WERE REWIRED TO REPAIR THE VALVES. ,

1-MOV-E MOV 303100215 THE AGASTAT CONTACT VAS STICKING. IT WAS ADJUSTED. 830313 PG

1-MOV-D VALVE 304072030 VALVE OPENED BUT WOULD NOT CLOSE INDICATING A CONTROL CIRCUIT PROBLEM, THE LIMITS VERE ADJUSTt0. 830411 PG ;

1-MOV-C MOV 304230521 THE VALVE MOTOR WAS FOUND TO BE LOOSE. IT WAS REPA! RED. 830223 PG

2-MOV-F VALVE 304240145 THE VALVE CAME BACK OPENED WHEN IT WAS CLOSED INDICATING A CONTROL CIRCUIT PROBLEM. IT IS NOT APPARENT 830424 PG
HOW THE VALVE WAS REPAIRED OR EVEN IF IT WAS REPAIRED.

"
2-MOV-C VALVE 304230659 THE DRIVE MECHANISM VAS FOUND TO BE BROKEN. THE OPERATOR VAS REPLACED. 830426 PG

1-MOV-D MOV 305111830 THE VALVE CLOSED APPARENTLY WHEN IT SHOULD NOT HAVE. IT IS NOT PPARENT FROM THE SUMMARY HOW THE 830520 PG
VALVE WAS REPAIRED.

2-MOV-F MOV 307050610 THE VALVE WOULD NOT STAY CLOSED INDICATING A CONTROL CIRCUIT PROBLEM. IT IS NOT APPARENT FROM THE 830819 PG
SUMMARf HOW THE VALVE WAS REPAIRED.

* PG - PLUGGING FAILURE

,

_ _



Table 8.3.c. (continued)

MARK NO. COMPONENT M. R. # PROBLEM /RIPAIRSUMMARY RTSVDT CLASS *

2-MOV-F VALVE 401131605 THE VALVE OPENED WHEN IT SHOULD NUT HAVE INDICATING A CONTROL CIRCUIT PROBLEM. THE AGASTAT WAS FOUND 8404I2 PG
TO BE STICKING AND WAS REPAIRED.

1-MOV-D VALVE 406140300' LIMIT SVITCH GEAR WAS WORN AND WAS REPLACED, COMBINED WITH RECORD 406190105. 840614 PG

1-MOV-Pe VALVE 406191135 THE GEAR ASSEMBLY VAS REPLACED, COMBINED WITH RECORDS 406190408. 840620 PG

1-MOV-D VALVE 406190408 THE VALVE WOULD NOT CLOSE OR OPEN, THE LIMITS WERE REPLACED. 840620 PG

l-MOV-F MOV 13893 1HE SUPPLY BREAKER TRIPPED, IT VAS CHECKED. 850213 PG

2-MOV-B MOV 02140 THE VALVE WAS REPAIRED DUE TO EXCESSIVE STROKE TIME. 850620 PG

2-MOV-D MOV 02382 THE VA'VE WAS REPAIRED DUE TO EXCESSIVE STROKE TIME. 850520 PG |

-1

I2-MOV-F MOV 02333 THE VALVE WAS REPAIRED DUE TO EXCESSIVE STROKE TIME. 850E20 PG

1-MOV-D MOV 22962 THE SUPPLY BREAKER TRIPPED, IT WAS CHECKED. 850814 PG

2-MOV-A MOV 20540 COIL IN LATCHING RELAY FAILED, IT WAS REPLACED, 851C29 PG
Fg 1-MOV-D MOV 29885 BREAKER TRIPPED ON THEMAL OVERLOAD, OVERLOADS RESET, NO FURTHER FAILURES. 860128 PG

1-MOV-D MOV 29920 VALVE MALFUNCTION, RECORD UNCLEAR. 860131 PG

2-MOV-3 MOV 37688 VALVE DID NOT CPERATE BECAUSE AUXILIARY CONTACTS WERE STUCK, CONTACTS REPAIRED. 860715- PG

1-MOV-D MOV 45967 VALVE MALFUNCTION, RECCRD UNCLEAR. 861123 PG

t-MOV-E W1/ 29920 VALVE DIC NOT OPEN DUE TO A STUCK INTERLOCK IN OPENING CIRCUIT. CONTACTOR REPLACED. 870219 FG

1-MOV-C MOV 46218 SFRING PACK HAD TD BE REPAIRED, APPARFNTLY THE VALVE WOULD NOT WORK. 870225 PG

* PG - PLUGGING FAILURE

y_
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Table B.3.d. MAINTENANCE RtCORDS BROADLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM 6-INCH MOTOR OPERATED VALVES. REWRITTEN FOR*AT

MARK NO. COMPONENT H. R. f PROBLEM / REPAIR SUMMARY RTSVDT CLASS * i

2-MOV-J VALVE 810030726 THE VALVE WOULD NOT OPERATE. UNSPECIFIED REPAIRS WERE MADE AND THE VALVE WAS TESTED. 781006 FC

2-MOV-J MOV 812040631 THE SUPPLY BREAKER TRIPPED ON THERMAL OVERLOAD. THE VALVE WAS CLEANED AND THEN TESTED. 781204 FC

2-H0V-1 MOV 7211425 THE VALVE WAS BINDING UP, UNSPECIFIED REPAIRS WERE MADE COMBINE WITH 8050929. 800801 FC f

2-MOV-! MOV 8050929 THE LIMITORQUE OPERATOR WAS REPLACED OR REPAIRED. 800807 FC

,2-MOV-J MOV 8122234 THE VALVE WOULD NOT COME FULLY OPEN, IT WAS CHECKFD AND ND PROBLEMS WERE FOUND. 800914 FC

2-MOV-J VALVE 101131200 THE VALVE WAS BINDING AND WO'JLD NOT CLOSE. THE STEM THREADS WERE CLEANED. 810!20 FC ;

1-Mov-G MOV 6120630 THE VALVE WOULD NOT GPEN, UNSPECIFIED REPAIRS WERE MADE. 810423 FC

1 HOV-G MOV 112120420 THE VALVE WOULD NOT CYCLE, THE LIMITS WERE ADJUSTED. 811212 FC

2-MOV-! VALVE. 304191635 'THE MOTOR WAS DRAWING HIGH CURRENT DURING VALVE CYCLING. THE PACKING WAS ADJUSTLD. 830423 FC

2-MOV-I . VALVE 304231500 THE VALVE WOULD h0T OPEN, THE TORQUE SWITCH WAS CLEANED. COMBINE WITH 3014191635. 830423 FC

f 2-MOV-J VALVE 304191637 THE MOTOR WAS DRAWING HIGH CURRENT DURING VALVE CYCLING, THE PACKING WAS ADJUSTED. 830423 FC
:1

2-MOV-J VALVE 304231427 THE VALVE WOULD NOT OPEN. THE TDRQUE SWITCH WAS ADJUSTED. COMBINE WITH 3014191637 830423 FC

1-MOV-G MOV 23350 REPIARED THE' TORQUE SWITCH. '

850823' FC

1-MOV-H rt0V 30387 VALVE WOULD NOT STROKE. IT WAS CHECKED. 860211 FC

1-MOV-H MOV 39300 IT WAS NECESSARY TO REPLACE THE VALVE BEARINGS. 660807 FC
.

* FC - CROSS-CONNECTING FAI' LURE

i

h
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Table B.3.e. MAINTENANCE RECORDS 8RCADL) CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM 3-INCH CHECK VALVES, REWRITTEN FDRMAT

. MARK NO. COMPONENT M. R. f PROBLEM / REPAIR SUMMARY RTSVOT CLASS *

1-CV-J VALVE 4102000- THE WAS INSPECTED AND UNSPECIFIED REPAIRS VERE ?ERFORMED. 800415 LK

1-CV-H VALVE 4150916. THE WAS INSPECTED AND UNSPECIFIED REPAIRS WERE PERFDRRED. 800417 LK

1-CV-! VALVE 4150915 THE WAS INSPECTED AND UNSPECIFIED REPAIRS WERE PERFDRMED. 800424 LK

1-CV-I VALVE 109210813 THE VALVE WA3 OVERHAULED FDR SOME UNSPECIFIED REASON. 810930 LK

1-CV-H VALVE 109210811 THE VALVE WAS OVERHAULED FDR SOME UNSPECIFIED REASON. 810930 LK

1-CV-J VALVE 109210815 THE VALVE WAS OVERHAULED FDR SOME UNSPECIFIED REASON. 310930 LK

2-CV-H VALVE 110290942 THE VALVE WAS REPLACED FOR SOME UNSPECIFIED REASON. 811205 LK I

2-CV-! VALVE 110290938 THE VALVE WAS REPLACED FOR SOME UNSPECIFIED REASON. IT HAD BEEN FURMANITED PREVIDUSLY. 811205 LK

2-CV-J VALVE 110290941 THE VALVE WAS REPLACED FOR SOME UNSPECIFIED REASON. 811215 LK
c

2-CV-H VALVE 312':!1039 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 831214 LK

! 2-CV-1 VALVE 312071040 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS "EPAIRED. 831221 LK
,I

3$ .
2-CV-J VALVE 312071041 THE CHECK VALVE SEAT WAS LEAKING THE SEAT WAS REPAIRED. 831221 LK

1-CV-H VALVE 312160902 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 840107 LK

2-CV-J VALVE 403131437 THE VALVE WAS !NSPECTED FOR SOME REASON, IT WAS CUT OUT AND SENT TO CRANE FOR REPAIR. IT HAD BEEN 840406 LK
FURMANITED SINCE IT WAS LAST REPLACED.

2-CV-! VALVE 403131441 THE VALVE WAS INSPECTED FDR SOME REASON, IT VAS CUT OUT AND SENT TO CRANE FOR REPAIR. 840406 LK

* LK - UNDETECTED LEAKAGE FAILURE

,



_
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Table B.3.e. (continued)

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SUPMARY RTSVDT CLAS$*

2-CV-H VALVE 401031301 THE CHECK VALVE WAS SENT TO CRANE TO REPAIR IT TD ORIGINAL CONDITION FOLLOWING USE OF FURMANITE. 840406 LK

1-CV-H VALVE- 404080900 THE CHECK VALVE SEAT WAS LEAKING,THE SEAT WAS RIPAIRED. 840509 LK

1-CV-! VALVE 2385 THE CriECK VALVE WAS OVERHAULED. IT WAS ASS'JMED TO BE BECAUSE OF A LEAR. 841210 LK

* LK - UNDETECTED LEAKAGE FAILURE

f
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Table 8.3.f. MAINTENANCE RECORDS BROADLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEE 0 VATER SYSTEM 4 -INCH CHECK VALVES, REVRITTEN FCRMAT

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SLHMARY RTSVOT CLA$S*

1-CV-C YAI VE . ' 3042913.02 THE CHECK VALVE SEAT VAS LEAKING, THE SEAT WAS REPAIRED. 830504 LK/00 |

1-CV-8 VALVE 304291400 THE CHECK VALVE SEAT WAS LEAKING, TF.E SEAT VAS REPAIRED. 830525 LK/00

2-CV-C VA'.VE 305040509 . THE CHECK VALVE SEAT WAS LEAK!NG, THE SEAT WAS REPAIRED. 830926 LK/00
'

2-CV-C VALVE 311181137 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS INSPECiED, 831119 LK/00
3

2-CV-C VALVE 311201310 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS INSPECTED. CO*BINE WITH 311181137. 831120 LK/00
1

2-CV-C VALVE 401270925 THE CHECK VALVE SEAT WAS LEAKING THE SEAT WAS REPAIRED. 840128 LK!00
,

2-CV-C VALVE 403070933 THE CHFCK VALVE SEAT WAS LE AKING. THE VALVE WAS CHECKED. 840313 LK/00

2-CV-C VALVE 1799 THE CHECK VALVE SEAT WAS LAPPED, IT VAS ASSLHED TO HAVE BEEN LEAKING. 841218 LK/C0

,

* LK - INCIPIENT UNDETEC1ED LEAKAGE FAILURE 00 - BACKFLOW FAILURE
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Table B.3.g. MAINTENANCE RECORDS BROADLY CLASSIFIED AS FAILUAES FOR 14E AUXILI ARY FEEDWATER SYSTEM 6-INCH CHECK VALVES. FEWRITTEN FORMAT.

MARK AD. CCHPONENT M. R. F PROBLEH/ REPAIR SL*.ARY RTSVDT CLASS *

2-CV-A VALVE 30!!31150 THE CHECK VALVE SEAT VAS LEAKING. THE SEAT WAS REPAIRED. 830117 LK/00

2-CV-F VALME 304212311 fME CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 830426 LK

2-CV-G VALVE 304212312 THF CHECK VALVE SEAT WAS LEAKING. THE SEAT VAS REPAIRED. 830426 LK

1-CV-A VALVE 304291401 THE CHECK VALVE SEAT WAS LEAKING. THI SEAT WAS REPAIRED. 830520 LK/00

2-CV-D VALVE 301131002 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT VAS REPAIRED. 830815 LK

F-CV-F VALVE 301131004 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 830926 LK

2-Ct-A VALVE 311201520 THE CHECK V R VE SEAT WAS LErKING. THE ; EAT WAS DISASSEMBLED REPAIR VAS NOT SPECIFIED. 831129 LK/00

2-CV-F VALVE 312071055 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS INSPECTED. REPAIR VAS NOT SPECIFIED. 831212 LK

2-CV-J VALVE 403271000 THE VALVE WAS INSPECTED. THE REWLTS VERE NOT SPECIFIED.
840406 L K,

2-CV-D VALVE 404031130 THE CHECK VALVE SEAT VAS LEAKING. THE 3 EAT WAS REPAIRED. COMBINE VITH 403271000. 84:406 LK

- 2-CV-C VALVE 403270840 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 840406 LK

2-CV-F VALVE 404072152 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 840408 LK~

2-CV-F VALVE 404031540 THE CHECK VALVE SEAT VAS LEAKING. THE SEAT WAS REPAIRED. COM3INE WITH 404072152. 840408 LK

2-CV-F VALVE 404070928 THE CHECK VALVE SEAT VAS LEAKING. THE SEAT WAS REPAIRED. COM8INE VI N 404072152. 840408 LK

2-CV-F VALVE 404081000 THE VALVE VAS INSPECTED, THE RESULTS VERE NOT SPECIFIED. CO*3INE VITH 404072152. 84C408 LK

2-CV-F VALVE 404021320 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT VAS REPAIRED. CDMSINE WITH 404072152. 840408 LK

* LK - UNDETECTED LEAKAGE. FAILURE 00 - BACKFLOV FAILURE
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Table B.1.g. (continued)

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SLMMARY KISVDT CLASS'*

2-CV-E VALVE 1222 THE CHECK VALVE SEAT WAS LEAK!hG. THE SEAT WAS REPAIRED. 841114 LK

2-CV-D VALVE 25924 THE C5iECK VALVE SEAT WAS LEAKIhG. THE SEAT WAS REPAIRED. 861202 LK

2-CF-E VALVE 30558 !T WAS NECESSARY TO INSPECT AND REPAIR THE VALVE. IT IS ASSimED THAT IT WAS LEAKING. 870104 IK

1-CV-A VALVE 49606 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 870214 LK/00

1-CV-A VALVE 49048 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. COMBINED WITH RECORD 49606. 870218 LK/00

1-CV-A VALVE 53704 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT VAS REPAIRED. 870528 LK/00

* LK - UNDETECTED LEAKAGE FAILURE 00 - BACKFLOW FAILURE
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Table B.4

Maintenance Records Narrowly Classified
as Failures for the Auxiliary Feedwater System,

Rewritten Format

.
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Table B.4.b. MAINTENANCE RECORDS NARROWLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM MOTOR DRIVEN PLP8PS, REWRITTEN FORwAT

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SUMMARY RTSVDT CL ASS *

2-MDP-B PUMP 722215S THE PUMP WOULD NOT START AUTOMATICALLY, IT WAS SOMEHOW REPAIRED. 800725 FS

1-MDP-A PUMP. 203261300 THE PUMP FAILED BECAUSE THE BREAKER TRIPPED OPEN. BREAKER SHUT SATISFACTORILY AFTER 8trAIR. 820330 FS
IT WAS ASSUMED THAT THE BREAKER TRIPPED ON PUMP START.

1-MDP-A- BREAKER 306072125 A PHASE A RELAY. DROPPED OUT, IT IS ASSUMED THAT THE PledP TRIPPED SIhCE A MEGGLR WAS REQUIRED DURING 830511 FS
REPAIR,

2-MDP-A RELAY 310060105 A RELAY COIL FAILED IN THE START OR POWER CIRCUIT AND IT IS ASSUMED THAT THE PUMP FAILED 10 START, 831012 FS
THE RELAY WAS REPLACED.

* FR - FAILURE TO RUN FS - FAILURE TO STM T
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Table B.4.c. MAINTENANCE RECORDS NARROWLY CLASSIFIED AS FAILtRES FOR THE AUXILI ARY FEEDWATER SYSTEM 3-INCH MOTOR OPERATED WALVU, REWRITTEN FCMAT

MARK NO. COMPONENT M. R. # PROBLEM / REPAIR SUMMARY RTSVDT CLASS *

1-MOV-B MOV 806302330 THE SUPPLY BREAKIR TRIPPED OPEN AND COULD ft0T BE RESET. THE BREAKER WAS REPAIRED. 780706 PG ,

2-MOV-A MOV 810110135 THE VALVE DID NOT OPEN AUTOMATICALLY THE CONTROL CIRCUIT WAS REPAIRED. 781015 PG

1-MOV-E MOV It61910 THE MOTOR HOUSING FOR TME VALVE SHATTERED AND HAD TO BE REPLACED, IT WAS REPLACED WITH 251E MOTOR. 800107 PG

1-MOV-E MOV 1061825 POWER WAS DISCONNECTED AND RECONNECTED TO FACILITATE MOTOR REPLACEMENT. C0" SINE WITH 1061910. 600219 PG

2-MOV-E MOV 1062046 THE MOTOR (AND MAYBE THE VALVE?) VAS REMOVED FOR USE ON UNIT 1. COMBINE WITH 106190. 800323 PG *

2-MOV-F VALVE 4291230 THE MOTOR WAS DISASSEMBLED FOR INSPtCTION AND FOUND TO BE STUCK. IT WAS REPAIRED. 800509 PG !

2-MOV-D MOV 5281 Sci THE SUPPLY BREAKER TRIPPED OPEN APPARENTLY ON OVERLOAD. A (T0000ET) SWITCH WAS ADJUSTED TO FIX THE MOV. 800502 PG-

2-MOV-8 MOV 11011730 THE MOV WOULD NOT OPERATE AND BAD LEADS WERE FOUND. THE LEADS 1FRE REPAIRED. 801104 PG

1-MOV-F MOV 110011750 THE MOV INDICATED CLOSED LOCALLY. THE VALVE WAS FOUND NOT TO DPERATE SATISFACTORILt. 811001 PG

1-MOV-F MOV 208140700 THE OPERATOR WAS REPLACED. 820314 PG
'

. { 1-MOV-F MOV- 208120135 THE VALVE WOULD NOT OPERATE AND CAUSED THE BREAKER TO TRIP ON THERMAL OVERLCAD. 82G814 PG
CCM51NE WITH RECORD 208140700.y

2-MOV-C VALVE 304230659 THE DRIVE MECHANISM WAS FOUND TO BE BROKEN. THE ODERATOR VAS REPLACED. 830426 PG

1-MOV-D MOV 305111830 THE VALVE CLOSED APPARENTLY WHEN IT SHOULD NOT HAVE. IT IS NOT APPARENT FROM THE SUMMARY NOW THE 830520 PG
VALVE WAS REPAIRED. ;

\

* PG - PLUGGING FAILURE

,

7

h
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Table B.4.c. (continued)

NARK NO. COMPONENT M. R. # PROBLEM / REPAIR StrMARY RTSVDT CLASS *-

1-MOV-D YALVE 406140300 LIMIT SWITCH GEAR WAS WORN 00 WAS REPLACED, C0"SINED WITH RECORD 406190408. 8#0514 PG

1-MOV-D VALVE 406191135 THE GEAR ASSEMBLY WAS REPLACED, CCMBIhED WITH RECORDS 406190408. 840620 PG

1-MOV-D VALVE 406190408 THE VALVE WOULD NOT CLOSE OR OPEN, THE LIMITS WERE REPLACED. 840620 PG

1-MOV-D MOV 13893 THE SUPPLY BREAKER TR PPED, IT WAS CHECKED. 85C213 PG

1-MOV-D MCV 22962 THE SUPPLY BREAKER TRIPPED, IT VAS CHECKID. 850814 PG

2-MOV-A MOV 20540 COIL IN LATCHING RELAY FAILED, IT VAS REPLACED. 851029 PG

1-MOV-D MOV 29803 BREAKER TRjPPED ON THEMAL DVERLOAD, DVERLCADS RESET, NO FURTHER FAILURES. 650128 PG

2-H0"-D MOV 3768-3 VALVE DID NOT OPERATE BECAUSE AUXILIARY CONTACTS VERE STUCK, CONTACTS REPAIRED. E50715 PG '

1-MOV-E MOV 29920 VALVE DID NOT CPEN DUE TD A STUCK INTERLOCK IN OPENING CIRCUIT. CONTACTOR REPLACED. 870219' PG

* PG - PLUGGING FAILURE
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Table B.4.e.
MAINTENAhCE RECORDS NARROWLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDVATER SYSTEM 3-INCH CriECK VALVES, REVEITTEN FORMAT

f

MARK NO. COMPONENT M. R. # PROBLEM /REPAlt StMMARY
,

RTSVDT CLAS$*
!2-CV-H VALVE 312071039 THE CHECK VALVE SEAT VAS LEAKING, THE SEAT WAS REFAIRED.

831214 LK [
2-CV-I VALVE

312071040 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 831221 LK
2-CV-J VALVE 312071041 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 831221 LK

t
1-CV-H VALVE

312160902 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT VAS REPAIRED. 840107 LK L

* LK - UNDETECTED LEAKAGE FAILURE
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Table B.4.f. MAINTENANCE RECORDS NADRMY CLASSIFIED AS FAILURE! FOR THE AUXILIARY FEEDWATER SYSTEM 4-INCH CHECK VALVES, REWRITTEN FORMAT

HARK NO. CCHPONENT M. R. # PROBLEM / REPAIR SUMMARY RTSVDT CLASS *

1-CV-C VALVE 304291402 THE CHECK VALVE SEAT WAS LEAKING THE SEAT VAS REPAIRED. 830504 LK

1-CV-B VALVE 304291400 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 830525 LK

2-CV-C VALVE 305040509 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 830926 LK

2-CV-C VALVE 311181137 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS INSPECTED. 831119 LK

2-CV-C VALVE 311201310 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT VAS INSPECTFD. COMBINE WITH 311181137. 831120 LK

2-CV-C VALVE 401270925 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 840128 LK

2-CV-C VALVE 403070333 THE CHECK VALVE SEAT WAS LEAKING. THE VALVE VAS CHECKED. 840313 LK

!

* LX - INCIPIENT UNDETECTED LEAKAGE FAILURE j
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Table 8.4.g. MAlhTENANCE RECORDS NARROWLY CLASSIFIED AS FAILURES FOR THE AUXILIARY FEEDWATER SYSTEM 6-INCH CHECK VALVES, REVRITTEN FORMAT

1

MARK NO. COMPONENT M. R, # PROBLEM / REPAIR SUMMARY RTSYCT CLASS *

2-CV-A VALVE 301131150 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRFD. 830ill LK

2-CV-F VALVE 304212311 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 830426 LA

2-CV-G VALVE 304212312 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRE5 830426 LK

1-CV-A VALVE 304291401 THE CHECK VALVE SEAT WAS LEAKING THE SEAT WAS REPAIRED. 830520 LK

2-CV-D ' VALVE 301131002 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 830815 LK

2-CV-F VALVE 301131004 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 830926 LK

2-CV-A VALVE 311201520 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS DISASSEPSLED REPAIR WAS NOT SiECIFILD. 831129 LK

2-CV-F VALVE 312071055 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS INSPECTED. REPAIR WAS h0T SPECIFIED. 831213 LA

2-CV-D VALVE 404031130 THE CHECK VALVE SEAT WAS LEAKING THE SEAT WAS REPAIRED. COMS]NE WITH 403271000. 840406 LK

i2-CV E VALVE 403270840 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 840406 LK

I' 2-CV-F VALVE 404072152 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 840408 LKs
2-CV-r VALVE 404G31540 THE CHECK VALVE SEAT WAS LEAKING THE SEAT WAS REPA! RED. COMBINE WITH 404072152. 840408 LK

2-CV-F VALVE .404070928 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. COMBINE VITH 404072152. 840408 LK.

2-CV-F VALVE 404021320 THE CHECK VALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. COMBINE WITH 404072152. 840408 LA

2-CV-E VALVE 1222 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED 841114 LK

2-CV-D VALVE 25924 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 861202 LK

1-CV-A VALVE 49606 THE CHECK YALVE SEAT WAS LEAKING, THE SEAT WAS REPAIRED. 870214 LK

1-CV-A VALVE 49048 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. COM31NED WITH RECORD 49606. 870214 - LK

1-CV-A VALVE $3704 THE CHECK VALVE SEAT WAS LEAKING. THE SEAT WAS REPAIRED. 870528 LK

* LK - UNDETECTED LEAKAGE FAILURE.
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